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Preface

Friction, Wear, and Wear Protection 2008
Basics – Materials – Tools – Parts – Coatings – Processes

It is certainly one of the major challenges of material scientists and mechanical engineers to
cope with the demands for long lasting and reliable systems in all markets and for all applica-
tions. The loss of energy by friction and the limits of endurance by wear should be countered by
well selected materials and surfaces. The economical and ecological significance of this is un-
disputable and can sum up to 4 % of the gross national product of industrial countries. Although
the basic understanding of the mechanisms of friction and wear has remarkably increased du-
ring the last five decades, many technical solutions are still carried out following "trial and er-
ror". But any well-aimed selection of the most suitable surface materials, the optimal
topography, and the properly adjusted chemistry in combination with productional and structu-
ral properties require a systematic approach and a deep understanding of the acting mechanis-
ms. Thus friction, wear, and wear protection are truly interdisciplinary fields that integrate
scientists from basic and applied science as well as engineering. 

This publication represents the contributions of many different aspects of tribology which
have been presented at the International Symposium on Friction, Wear, and Wear Protection
from April 9th to 11th, 2008, in Aachen, Germany. 

Beside aspects of metals, ceramics, polymers and their composites as bulk materials or thick
and thin coatings modelling and the emerging field of computer simulation were of certain inte-
rest. Thus new understanding could be gained by modern testing and surface analysis tech-
niques supported by computer simulations on all length scales. This combination helps to
correlate the macroscopic parameters with the micro- and nanoscopic alterations of topography,
chemistry, physics and microstructure of near surface materials, the interfacial media, and the
environment.

Today we can find wear resistant and low friction materials by means of a systemic analysis
for any tribosystem e.g. under extreme environments or the demand of being environmentally
friendly. Still these materials cannot be separated from appropriate production processes of
whatever kind, which finally must result in a reliable and affordable product. 

Besides the traditional areas like mining, plant construction, automotive, air- and spacecraft,
tooling, and civil engineering modern tribomaterials have to be also available for micro- and na-
nosystems as well as for information and medical technologies. Thus members from all discip-
lines working in basic and applied research, development, and the application of tribomaterials
took part and discussed the latest findings on the basic understanding of friction and wear and
shared possible solutions for wear protection.
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Abstract

The amount of wear occurring in high-performance rolling and sliding contacts is often quite
small, and such contact surfaces often become glossy. To obtain good contact conditions, it is
necessary that the form and the topography of the surfaces be good, that the materials and treat-
ments be properly chosen, and that the lubrication be adequate for the contact. Such advantageous
conditions – often referred to as ‘mild’ – are what engineers normally strive to attain. Sometimes
severe conditions may arise, however, creating rough or scored surfaces; severe wear conditions
are normally unacceptable in any modern high-performance machine.
Predicting the amount of mild wear is generally thought to be rather difficult and uncertain;

this paper addresses this difficult task, outlining some possibilities for predicting mild wear in
rolling and sliding contacts. Typical machine elements that include high-performance rolling and
sliding contact surfaces are gears, cam mechanisms, and roller bearings. If the rolling and sliding
contacts are moving under boundary or mixed lubricated conditions, the contact surfaces may be
subject to mild wear. If the lubricants in the rolling and sliding contacts are contaminated with
particles, wear may occur even if full-film conditions are predominant.
In a rolling and sliding contact, the two interacting surfaces characteristically move at different

speeds in a tangential direction. The Tribology Group at KTH Machine Design has worked on
simulating wear in rolling and sliding contacts for a fairly long time. Themodelling principles the
Group has successfully used are based on 1) the single-point observation method and 2) treating
wear as an initial-value process. Two simple examples will be presented here, demonstrating
how these principles can be used. As well, some of the Group’s efforts at simulating mild wear
in rolling and sliding contacts will be presented.

1 Introduction

Wear can be defined as the removal of material from solid surfaces by mechanical action. An
acceptable amount of material removed is often quite small for rolling and sliding contact surfaces
in high-performance machines. Wear can appear in many ways, depending on the materials of
which the interacting contact surfaces are made, the operating environment, and the running
conditions. In engineering terms, wear is often classified as either mild or severe. Mild wear
is what engineers strive for by creating contact surfaces of appropriate form and topography.
Choosing adequate materials and surface treatments is also necessary in order to obtain mild
wear conditions. Often, however, the surface lubrication is the most important factor in ensuring
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that mild wear conditions are obtained. Sometimes, severe wear may occur, producing rough or
scored surfaces; severe wear is usually unacceptable in high-performance machines.
Wear may also be classified in terms of the fundamental wear mechanisms involved, the wear

mechanisms described in the literature being adhesive wear, abrasive wear, corrosive wear, and
surface fatigue wear. Adhesive wear is a type of wear that occurs due to adhesive interactions
between rubbing surfaces. Such wear is also referred to as scuffing, scoring, seizure, and galling
due to the appearance of the worn surfaces. Adhesive wear is often associated with severe wear,
but is probably also a mechanism involved in mild wear. Abrasive wear occurs when a hard sur-
face or hard particles plough a series of grooves in a softer surface. The wear particles generated
by adhesive or corrosive mechanisms are often hard and will act as abrasive particles, wearing
the contact surfaces as they move through the contact. Corrosive wear occurs when the contact
surfaces chemically react with the environment and form reaction layers on their surfaces, layers
that will be worn off by the mechanical action of the interacting contact surfaces. The mild wear
of metals is often thought to be of the corrosive type. Another corrosive type of wear is fretting,
which is due to small oscillating motions in contacts. Corrosive wear generates small sometimes
flake-like wear particles, which may be hard and abrasive. Surface fatigue wear, which can be
found in rolling contacts, appears as pits or flakes on the contact surfaces; in such wear, the
surfaces become fatigued due to repeated high contact stresses.
The possibility of predicting the type and amount of wear is generally thought to be limited.

Even so, many wear models are found in the literature [1]. These models are either simple ones
describing a single wear mechanism from a fundamental point of view or simple empirical re-
lationships fitted to particular test results. The wear models easily found in the literature are
normally inconvenient or very difficult to apply in many practical cases.

2 Classic Wear Models

Surfaces in rolling and sliding contact may wear if they are not completely separated by a clean
oil film; they may also wear if the oil film separating them contains abrasive particles. The
amount of wear is dependent on the mechanical and chemical properties of the surfaces, surface
topography, and lubrication and running conditions. The wear models that have been formulated
often describe sliding contacts. The best-known such wear model is

V

s
= K
FN
H

(1)

where V is the wear volume, s is the sliding distance, K is the dimensionless wear coefficient,
H is the hardness of the softer contact surface, and FN is the normal load. This model is often
referred to as Archard’s wear law [2], even though the basic form of the model was first de-
scribed by Holm [3]. The wear coefficient, K, however, is interpreted differently by Holm and
by Archard.
By dividing both sides of equation (1) by the apparent contact area,A, and by replacingK/H

with a dimensional wear coefficient, k, we get the following, often used wear model:

h

s
= k · p (2)
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where h is the wear depth and p is the contact pressure. Some scientists have tried to analyze the
validity of the wear model according to equations (1) and (2), and one result of this is the wear
map presented in Figure 1. That figure depicts two wear mechanisms, namely, delamination wear
and mild oxidational wear. Both these mechanisms can be considered mild wear mechanisms, in
engineering terms, and both produce thin, plate-like wear debris. The intention of delamination
wear theory, as developed by Suh [5], is to explain flake debris generation. He based his theory
on the fact that there is a high density of dislocations beneath the contact surfaces. Under sliding
interactions between the contact surfaces, these dislocations form cracks that propagate parallel
to the surfaces. The total wear volume was assumed to equal the sum of the wear volume of each
contact surface; the basic wear model, developed by Suh [5], is as follows:

V = N1 · (s/s01) ·A1 · h1 +N2 · (s/s02) ·A2 · h2 (3)

whereV is the wear volume,Ni is the number of wear sheets from surface i,Ai is the average area
of each sheet, hi is the thickness of the delaminated sheet, sOi is the necessary sliding distance to
generate sheets and s is the actual sliding distance. It is noticeable that the wear volume from each
contact surface is building up the total wear volume, which was not clearly formulated before.
The other is that he stated that you need a certain sliding distance before a wear particle is formed.
However, The sliding distance is set equal for both surfaces which indicate that he has not been
aware of the single point observation method.

Figure 1:Wear map by Lim and Ashby [4].

Another interesting sliding wear mechanism is the oxidative wear mechanism proposed by
Quinn [6]. Quinn stated that the interacting contact surfaces oxidize. The oxide layer will grad-
ually grow until the thickness of the oxide film reaches a critical value, when it will separate
from the surface as wear debris. Even in this case you need a certain sliding distance before
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wear debris will be formed. Depending on if the oxide growth is linear or parabolic, the wear is
direct proportional or proportional to the power of sliding distance. Experimental observations
indicate that under steady-state mild conditions, the wear is nearly directly proportional to the
sliding distance.

3 Wear Maps

Lim andAshby [4] comprehensively classified wear mechanisms and correspondingwear models
for dry sliding contacts. They studied the results of a large number of dry pin-on-disc experiments
and came up with a wear map, presented in Figure 1. The parameters used by Lim and Ashby are
Q̃ = V

As , p̃ = FN
AH , and ṽ = vr0

a0
, where V is the wear volume,A is the apparent contact area, FN

is the normal load,H is the hardness of the softer material in the contact, v is the sliding velocity,
r0 is the radius of the pin, and a0 is the thermal diffusivity of the material.
For lubricated contacts, the degree of surface separation by a lubricant very strongly influences

the type and amount of wear. The degree of separation in a contact is often divided into boundary
lubrication, mixed lubrication, and full-film lubrication.

Figure 2: Friction and wear of a sliding contact as a function of the type of lubrication.

Boundary lubrication refers to lubrication in which the load is supported by the interacting
surface asperities and the lubrication effect is mainly determined by the boundary properties of
the lubricant between the interacting asperities. In mixed lubrication, the lubricant film itself
supports some of the load in the contact, though the boundary properties of the lubricant are still
important. In this case, the hydrodynamic and elastohydrodynamic effects are also important.
Mixed lubrication is therefore sometimes referred to as partial lubrication or partial elastohy-
drodynamic lubrication (EHL). In full-film lubrication, the interacting contact surfaces are fully
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separated by a fluid film. In the literature, full-film lubrication is sometimes referred to as elas-
tohydrodynamic lubrication, since the film-formation mechanism of high-performance contacts
and local asperity contacts is probably elastohydrodynamic.
Friction and wear under mild conditions vary depending on whether the surfaces are running

under boundary, mixed, or full-film lubrication. Figure 2 shows how friction and wear normally
vary in different sliding contacts as a function of the type of lubrication.
As mentioned in the introduction, the transition from the desired mild wear situation to a se-

vere situation should be avoided. Research has been done to determine when and under what
conditions transitions from one kind of wear to another may occur in lubricated contacts. In such
studies a so-called IRG transition diagram [7] was developed. Using it, one can identify the dif-
ferent lubrication regimes: a mixed or partial elastohydrodynamic lubrication regime, a boundary
lubrication regime, and a failure regime. The last regime is sometimes called the scuffed or un-
lubricated regime and is a severe condition. The other regimes are mild. The transition from a
desired mild wear regime to a severe regime has also been studied by Andersson and Salas-Russo
[8]. They found that for bearing steels, the surface topography has a stronger influence on the
mild to severe transition level than does the viscosity of the lubricant.

Figure 3: A schematic wear curve from a pin-on-disc test with a flat ended cylindrical pin.

4 Sliding and Wear in a Rolling and Sliding Contact

Wear in rolling and sliding contacts can be of different types, as mentioned above. If a surface
is subject to high repeated dynamic loading, surface fatigue may occur, and pits of different
forms may form on the surface. In this paper, however, we will not deal with surface fatigue or
severe wear; instead, we will focus our attention on mild sliding wear. For lubricated surfaces,
wear can occur if the lubrication is boundary or mixed and if the lubricant is contaminated with
abrasive particles. To illustrate the wear process, a typical wear curve obtained in a pin-on-disc
testing machine using a flat-ended cylindrical pin rubbing against a disc under mild conditions
is shown in Figure 3. A typical wear process always starts with a short running-in period in
which the highest asperities and the contact surfaces in general are probably plastically deformed
and initially worn; this is followed by a steady-state period in which the wear depth is directly
proportional to the sliding distance. The initial running-in period is rather brief but not very well
understood. The general appearance of awear curve seems to apply to dry as well as boundary and
mixed lubricated contacts; it also applies to contacts lubricated with lubricants contaminated with
abrasive particles. Aside from ease of testing, the pin-on-disc configuration is likely a popular
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testing geometry because most of the wear is on the pin. The distance a point on the pin’s contact
surface slides against the disc is much longer than the corresponding distance a contact point on
the disc slides against the pin during a single revolution of the disc.

Figure 4: The basic principle for determining of the sliding distance in a rolling and sliding contact.

Simple pin-on-disc test results indicate that sliding distance is an important parameter deter-
mining sliding wear. For rolling and sliding contacts, the sliding part of the surface interactions,
although not obvious, is therefore of interest. Some people maintain that the effect of sliding is
negligible in most rolling and sliding contacts. Various investigations have demonstrated, how-
ever, that the distances the contacts slide against the opposite interacting surfaces during a mesh
are sufficient to form wear debris in most rolling and sliding contacts. For this reason, I will show
how much a point on a contact surface slides against an opposite contact surface during a mesh.
Consider two discs that are pressed together and run at different peripheral velocities (see

Figure 4). This is a typical situation in tractive rolling contacts. The absolute value of the sliding
distance, si, is for i = 1 a point on the contact surface of body 1 and for i = 2 a point on the
contact surface of body 2. The sliding distance, si, during one mesh at a point on one of the
contact surfaces sliding against the opposite interacting surface is equal to

si = 2a ·
∣∣∣∣v1 − v2vi

∣∣∣∣ (4)

where a is the half width of the contact, v1 is the peripheral velocity of surface 1, and v2 is the
peripheral velocity of surface 2. The sliding distances in rolling and sliding contact according
to equation (4) apply to rollers. For contacts between other bodies, such as gears, determining
the sliding distances may be more complicated (see, e.g., Figure 5). The principle, however, is
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Figure 5: [9]

the same, namely, to study how great a distance a point on a contact surface slides against the
opposite surface during a single mesh. In the examples shown, the elastic deformations of the
contact surfaces in the tangential direction are ignored; those displacements would reduce the
sliding distance a little, but micro-displacements normally have very little effect on the contact
conditions.

5 Single-point Observation Method

The single-point observation method was found to be very useful during our work on simulating
the mild wear of boundary-lubricated spur gears [10]. Long before those efforts, formulas for
the sliding distances had been derived by the author in his PhD. thesis [9] (see Figure 5). The
distances a point on a gear flank slides against an opposite flank during one mesh vary depending
on the position on the flank, the gear ratio, the size of the gears, and the loads applied on the
gear tooth flanks. The principle for determining these sliding distances and the corresponding
equations are shown below. The sliding distance depicted in Figure 5 is referred to as g, but we
will use s to refer to sliding distance elsewhere in this paper.
The distance, g1, point P1 on the pinion flank and the distance, g2, point P2 on the gear flank

slide during one mesh; position I corresponds to the moment in time when P1 and P2 come into
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contact with each other, while positions II and III correspond to the moments in time when P1
and P2 disengage, respectively.

Figure 6: [11]

Obtained FZG test results indicate that the amount of wear on the gear flanks seems to be in
line with the sliding distances recorded. That observation and many years of pin-on-disc tests
(see Figure 3) have inspired me and others to try to simulate wear in rolling and sliding contacts.
Our first such effort was a simulation of the mild wear of tooth flanks working under boundary-
lubricated conditions [10]. The wear simulation was then based on the wear model, equation (2),
i.e.,

h

s
= k · p

The simulation was simplified by assuming that the wear coefficient was constant throughout
the process. The initial running-in period was not considered. The contact pressure between
the flanks during one mesh was assumed to be constant, i.e., the mean contact pressure during
a mesh was determined and used. By means of these simplifications and the sliding distance
during one mesh as determined according to the above equations, it was possible to simulate the
wear depth at a particular point on a gear flank (the wear simulation was run in Excel). The
wear distribution and estimated wear coefficient were found to be in reasonably good agreement
with the experimental observations from FZG tests conducted. Our awareness of the risk that the
principle used and the simplifications made might only be relevant to the studied case, however,
impelled us to continue our research into simulations of wear in rolling and sliding contacts.
Further studies were therefore conducted to find out how generally applicable the principle and
the simplifications are.

6 Wear as an Initial-value Process

A wear process is seldom a steady-state process, even if steady-state conditions are desirable and
often comprise a dominant part of the wear process. Normally, the running-in wear is greater
than the ensuing wear. The forms of the contact surfaces are often such that the wear depth will
vary with time. Furthermore, it was found that in slow-running thrust roller bearings, mild wear
of the contact surfaces caused geometrical changes that initiated other wear processes. Olofsson
[12] found that mild wear of the contact surfaces of spherical thrust roller bearings caused an
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increase of the contact pressure at the pure rolling points. Consequently, the increased contact
pressure initiated surface fatigue wear at the pure rolling points much earlier than expected.
As a direct result of that finding and because wear simulations often contain many simplifi-

cations, we looked at wear simulations from a mathematical-numerical point of view. We found
that simulations of wear processes can advantageously be regarded as initial-value problems [13].
We know the initial conditions and properties of the contacts fairly well, so if we can formulate
how the surfaces change, it should also be possible to predict the states of the surfaces at any time
during operation. The wear of contact surfaces can thus be treated as an initial-value problem.
The wear rate may then be formulated according to the following model:

dh

dt
= f (material, topography, lubricant, load, velocity, temperature,........) (5)

where h is the wear depth at a particular point on an interacting surface and t is time. This
formulation is in agreement with that of the dynamic behaviour of mechanical systems and can
easily be numerically integrated. A model often used in many wear simulations is

dh

dt
= k · p · vs (6)

The wear model in equation (6) may be regarded as a generalization of Archard’s wear law, i.e.,
equations (1) and (2) above.
Equation (6) is often reformulated thus:

dh

ds
= k · p (7)

since

ds = vs · dt (8)

where vs is the sliding velocity.

7 Numerical Integration of a Wear Model in a Rolling and Sliding Contact

A commonly used wear model is equation (6). Numerically integrating a wear model entails mak-
ing geometry and time discrete. The simplest numerical integration method is the Euler method.
The wear depth at a chosen point on a gear flank or a roller, for example, is then determined by

hi,new = hi,old + n · k · pi · |v1 − v2| ·∆t

where hi,new is the obtained wear depth on surface i, hi,old is the wear depth on i in the simulation
loop before the actual loop, n is the number of time steps, meshes, or revolutions before the
geometry is changed, k is the dimensional wear coefficient, pi is the local pressure at i when
the actual time step starts, and ∆t is the time step. The Euler integration method is the simplest
numerical integration method. Other numerical integration methods can of course be used in the
same way, as different schemes are used in behavioural simulations of technical systems. After
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a simulation, one must always check the accuracy of the simulation. Common tests for doing so
are the n and ∆t checks, though if the values chosen for these are too great, the results may not
be correct. A common way to handle this is to see whether the same results are obtained using
half the values of n and ∆t. One of the most difficult and time-consuming parts of a simulation
is determining the pressure at a particular point in each simulation loop, pressure at any point
being dependent on the pressure at all other points in the contact.

8 Determining the Wear of Interacting Rollers

Figure 7: Interacting cylindrical rollers.

We consider two cylindrical rollers both of radius R. The rollers are pressed together with
force FN and rotated at angular velocities ω1 and ω2, respectively. The peripheral velocities of
the contact surfaces are v1 = ω1 ·R and v2 = ω2 ·R. The wear of the contact surfaces is assumed
to be properly described by the following wear model:

dhi
dt

= ki · p · vi,s

where i = 1 for roller 1 and i = 2 for roller 2; h is the wear depth at a point on surface i when
it rubs against the opposite contact surface, ki is the wear coefficient for a point on surface i
when it rubs against the opposite contact surface, p is the local contact pressure, and vs,i is the
sliding velocity at a point on surface i sliding against the opposite interacting surface. The sliding
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velocity, vs,i, for points on both contact surfaces equals

vs,i = |v1 − v2|
We assume that the rollers are subject to a constant load and that the angular velocities are

constant. The wear model will then obtain the following form after integration:

hi∫

0

dhi = ki · |v1 − v2|
∆t∫

0

pdt

hi = ki · |v1 − v2| ·
∆t∫

0

pdt

If we study complete meshes, the contact pressure, p, can be replaced by the mean contact
pressure, pm. The wear depth is small compared with the radius of the rollers; pm can thus
be determined once and used for all simulated revolutions. The integral equation can thus be
reformulated according to the following:

hinew − hiold = ki · pm · |v1 − v2| ·∆t
If ∆t is brief, so that only one point on each of the contact surfaces has passed the contact

once, then the wear of each surface per mesh will be

h1/mesh = k1 · pm · |v1 − v2|
v1

· 2a

and

h2/mesh = k2 · pm · |v1 − v2|
v2

· 2a

respectively.
Surface 1, however, is moving faster than surface 2. In the long run, points on surface 1 will

be in contact more often than points on surface 2. Consequently, the wear of the two surfaces
will only differ in relation to the wear coefficients. This can be demonstrated by the following
relationships: Assume that the mechanism has been running for a fairly long time and that roller
1 has rotated n1 revolutions. Roller 2 has then rotated n1 revolutions. The wear of the rollers
will then be as follows:

h1/longtime = k1 · pm · |v1 − v2|
v1

· 2a · n1

h2/longtime = k2 · pm · |v1 − v2|
v2

· 2a · n2

= k2 · pm · |v1 − v2|
v2

· 2a · ω2
ω1
· n1

= k2 · pm · |v1 − v2|
v1

· 2a · n1
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Figure 8: Interacting modified roller and cylindrical roller.

since v1 = ω1 ·R and v2 = ω2 ·R.
From an experimental point of view, it is advantageous to change the form of roller 1 so that the

contact surface will have a radius of R/2 perpendicular to the direction of motion of the contact
surface (see Figure 8). The contact will then be a point contact instead of a line contact as in
the previous example. This change will improve the experimental setup but unfortunately make
the wear simulation more difficult (see Figure 9). The assumption that the wear coefficients for
points on each surface are constant throughout the whole process, however, is relevant even in this
case. The sliding velocity can also be assumed to be constant and the contact pressure variation
during a mesh can, as in the previous example, be assumed to be replaced by a mean pressure.
An important difference, however, is that the mean pressure does not remain constant throughout
the wear process, since the wear of the contact surfaces will change the pressure distribution in
the contact. We assume that the same wear model as in the previous example is valid in this case
as well, and that the developed equation, after considering the simplifications, will be as follows:

hi,new − hi,old = ki · pm · |v1 − v2| · (tnew − told)

When the contact surfaces wear, the forms of the surfaces will change and thereby also the pres-
sure distribution in the contact. This means that we cannot assume that the pressure is constant, so
we cannot, as in the previous example, run a large number of revolutions in one simulation loop.
The main problems in this case, therefore, are determining the local pressure at an observed point
in every loop and deciding on the duration of each loop before a new local pressure determination
must be made.
Determining the contact pressure at a particular point is often the trickiest and most time-

consuming part of a wear simulation. The deformation at one point is dependent on the defor-
mation at all other points around the observed point. This implies a rather complex process for
accurately calculating the pressure distribution. Today, three different ways are used to deter-
mine the contact pressure. FE calculation is a method that is becoming increasingly popular as
computer power increases and FE programs are improved. The main drawback of the FE method
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Figure 9: Contact point and coordinate system. Sliced contact.

is that determining the pressure distribution often entails considering a great many small ele-
ments on the surfaces. That is often difficult to do, since the combination with the body models
often leads to a huge number of elements and a very long calculation time. The FE method will
probably be used more in the future for interface-related problems than it is today. Some smart
combinations of BE and FE methods are probably needed to speed up the calculations. To de-
termine the micro topography in the contact zone, BE methods are commonly used. The BE
programs used are often based on the same assumptions as Hertz used when he derived his equa-
tions. This means that most BE programs cannot be used in all applications. A common way to
simplify the determination of local pressure is to use a third way, namely, the Winkler surface
model. The surfaces are then replaced by a set of elastic bars; the shear between the bars can be
neglected and the contact pressure at a point is then only dependent on the deformation at that
point according to

p = KN · uz
where uz is the deformation of the elastic rod. The spring constant, KN , can be determined by
[14]:

KN = Cw · E
′

b

whereCw ∼ 1,E∗ is the combined elasticmodulus of the contact surfaces, and b is approximately
the width of the elastic half axle according to Hertz. In this case, we do not have a standard
Hertzian contact case, so we make b equal to the half axle of a sphere of radius R/2 against a
plane. A Winkler surface model of rod stiffnessKN has been used to simulate the wear process
of a modified roller interacting with a cylindrical roller (see Figure 8). The contact surfaces are
then divided into a number of sliced surfaces of width ∆y = b/10 perpendicular to the sliding
direction (see Figure 9). We assume that we can simplify the wear simulation by determining
the wear for each slice in the same way as above. The penetration, d, of the modified upper
roller against the lower cylindrical roller is determined so that the sum of the load of each slice



16

support equals the applied force, FN . The local wear is now determined and the geometry of the
contact surfaces is modified. Thereafter, a new penetration, d, is determined, and so on. Figure 10
presents some simulation results for a modified upper roller interacting with a cylindrical roller.
The rollers will wear during running, The wear of the discs will increase in both depth and width
with time (see Figure 10).

Figure 10: Simulated wear of an ellipsoidal roller 1 interacting with a cylindrical roller 2. R1x =25E-6 m, R1y = 12,
5E-3m, R2x =25E-3 m, FN=100 N, v1=1,25 m/s, v1-v2=6E-2 m/s. Series 1 is at t=0, Series 2 after n revolutions,
Series 3 after 2n rev., Series 4 after 3n rev. and series 5 after 4n rev.. The figure show the form changes of the
contact surface of the rollers during running.

9 Some Simulation Work of the Tribology Group at KTH

The wear modelling and simulation activities conducted by our Group began with the simplified
simulation of the wear of gear tooth flanks mentioned previously in this paper [10], followed by
the introduction of the principle of single-point observation. Then came several other wear sim-
ulation efforts, the main focus of which was to overcome some of the difficulties in determining
various parameters, such as contact pressure and sliding speed, at each incremental step of the
simulation process. The wear model, equation (8), or complemented versions of the model have
mainly been used in the different simulation efforts of the Tribology Group.
A more accurate simulation of gear wear than the initial simulation was done by Flodin [15],

whose simulation results were experimentally verified by FZG testing. He simplified the contact
pressure simulations by using a Winkler surface model. Flodin considered the pressure variation
during a mesh, the changed conditions, for example, when the load quickly changes in a gear
contact, and the influence of the local displacements around the pitch point.
Another method to determine contact pressures in the contact between gear flanks was used

by MackAldener [16], who combined an FE model with an analytical Hertzian solution to the
contact problem. He developed an FE-based program and studied the noise of gears arising from
manufacturing errors and wear.
A very complex simulation of a rolling and sliding contact was done by Hugnell et al. [17].

They simulated the wear between a cam and a follower. The main problem in that case, besides
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determining the contact pressure distribution, was determining the motion of the interacting sur-
faces.
Oscillating sliding wear was simulated by Podra [18]. He used FEM to open up the possibility

of simulating any contact, and also studied the applicability of the Winkler surface method in
wear simulations.
Rolling and sliding mild wear in roller bearings was simulated by Olofsson et al. [19]. That

simulation confirmed that themildwear of the contact surfaceswas the reasonwhy surface fatigue
occurred much earlier than expected. They used a slicing method similar to that in the above
example.
You may find rolling and sliding contacts in many applications. Spiegelberg and Andersson

[21] studied the friction and wear between a valve bridge and a rocker arm shoe of a cam mech-
anism in a diesel engine; that contact is a rolling and sliding contact. They used a brush model,
which can be regarded as a modified or further developed Winkler surface model.
Nilsson [20] studied abrasive wear caused by particles in the oil lubricating a rolling and sliding

contact. He derived an abrasive wear model.
Wear can be regarded as a random process, so wear models always represent mean values.

Andersson et al. [22–24] have accordingly worked on developing a general wear model. They
have so far based their work on a Greenwood and Wlliamson surface model, which has some
similarities to the Winkler model.
An advanced wear simulation of a rolling and sliding contact was done by Brauer and An-

dersson [25] in working with gears with flank interference; FE technique was mainly used, but
integrated with analytical contact determination.

10 Conclusions

The mild wear of rolling and sliding contacts can be simulated. The basic principles used by
the Tribology Group at KTH Machine Design are 1) the single-point observation method and 2)
treating the wear process as an initial-value problem. Using these principles, nearly any practical
case can be simulated. The most common wear model is the so-called Archard’s generalized
wear model:

dh

dt
= k · p · vs

How well that model describes the wear process has yet to be investigated in detail. In many
cases, however, the simulatedwear distributions agree fairly well with experimental observations.
During wear simulation, it is fairly common for the wear simulation to be done stepwise, with
repeated determinations of pressure, sliding velocities, etc. Determining the pressure distribution
in the contact is often considered the most difficult and time-consuming task. Most simulations
are done numerically, and choosing the appropriate surface element size and time step is critical.
Too long a time step may produce incorrect results or an unstable simulation, while too short a
time step, on the other hand, may result in excessively time-consuming calculations.
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1 Introduction

The use of polymer composites in many fields of application has become state of the art. High
performance composites, consisting of a high volume fraction of continuous glass or carbon fibers
(e.g. arranged in form of unidirectional layers) in a thermosetting or thermoplastic matrix, are
building the basis for lightweight structural components in the aircraft and motor-sport indus-
try. Discontinuous, short fiber or particulate reinforced systems have found their application in
many automotive parts under the hood , often being loaded under additional friction and wear
conditions. In all of these cases, the diameter of the individual reinforcing elements is in the m-
size range (glass fibers have a diameter of ca. 10 m). Their length can vary between 200 m
(typical for injection moldable short glass fiber reinforced thermoplastics), several millimeters to
centimeters (long fiber filled systems), and up to meters in case of continuous fiber composites.
The principle composition of typical composite materials is demonstrated in Figure 1.

Figure 1: Systematic illustration of the structural components of composite materials

Polymer composites belong to the group of multiphase materials. They are characterized by a
softer matrix containing harder and stronger particles or fibers. The latter act as the reinforcing
phase, which sometimes also causes a certain degree of anisotropy. Under tribological loading
conditions, the corresponding properties (coefficient of friction; specific wear rate) depend on
the system in which these materials must function, including effects of the type and size of the
counterpart asperities (e.g. abrasive particles; roughness of the mating steel partner). Quite often
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sliding is the dominant wear mode, and the materials have to be designed for low friction and
low wear against smooth metallic counterparts (e. g. as gears or bearings), but sometimes also a
high coefficient of friction, coupled with low wear, is required (e. g. for brake pads or clutches)
(Figure 2).

Figure 2:Machine elements made of polymer composites, and their different requirements, depending on the type
of application

In the following part, different methods concerning the design of wear resistant polymer com-
posites are discussed. In all cases it was of primary concern to develop polymeric composites
that were supposed to have low friction and lowwear under dry sliding conditions against smooth
steel counterparts.

2 Rule of Mixtures for Short Fiber Reinforced Thermoplastics

From several studies in the past it is well known that the friction and wear behavior of polymer
materials can be improved by a lower adhesion and a higher stiffness and strength [1–3]. This
can be achieved quite successfully by using special fillers. To reduce the adhesion, e. g., internal
lubricants, such as PTFE or graphite are frequently incorporated. Short aramid, carbon or glass
fibers are used to increase the stiffness and strength of the polymer system (Figure 3).
As an example for the design of a polymer composites, used for injectionmoulded sliding shoes

in textile drying machines, Figure 4 illustrates for room temperature testing that in three different
high temperature resistant thermoplastics (PEN, PEEK, PEEKK) the fibers (GF = glass; CF = car-
bon) primarily reduce the wear rate, whereas the internal lubricants, such as polyetrafluoroethy-
lene (TF) and graphite (Gr), result in an improvement of the coefficient of friction. Regarding
both, the coefficient of friction and the specific wear rate, a system consisting of a PEEK-matrix
with 10 % of each, CF, TF, Gr seems to be the best compromise, because in the temperature range
considered (20 °C to 150 °C) a low coefficient of friction (µ < 0.2) and a low wear rate (WS<
1.5 E-6mm3/Nm) can be achieved for an applied pressure of p = 1MPa and a sliding velocity of
v = 1 m/s.
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Figure 3: Classical design of polymer composites with low friction and low wear (region IV), and typical
microstructure of a high temperature resistant polyetheretherketone (PEEK), filled with polyterafluoroethylene
(PTFE) particles and short carbon fibers

Figure 4: Design of a polymer composite for sliding shoes in textile drying machines

To illustrate the effects of various short fiber reinforcements on the sliding wear characteris-
tics of various polymers in more detail, Figure 5 has summarized the result of many different
fiber/matrix systems. One should look more at the general trends, rather then at the individual
data. In those polymers that possess high specific wear rates in the unreinforced condition almost
any type of reinforcing fibers results in both significant reductions in wear and further improve-
ments of the mechanical properties. In addition, carbon fibers often improve the materials’ wear
resistance by a factor of five or more than the same volume fraction of glass fibers [4].
For predicting the general trend in these curves, a modified rule of mixtures was developed,

based on the dominating wear mechanisms (matrix wear = plastic deformation, plowing, cutting,
cracking; fiber wear = thinning, cracking, interfacial removal). The equation is given in Figure
6, and Figure 7 illustrates the tendency , if in a given matrix (here: PEN = polyethernitril) the
fiber cracking and interfacial removal term is improved, e.g. by the use of more wear resistant
fibers ( here: Idemitsu Pitch-Based Carbon Fibers, in comparison to PAN-Based CF) and a better
bonding between the fibers and the matrix [5].
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Figure 5: Influence of fiber volume fraction on the specific wear rate of various short fiber reinforced thermoplastics

Figure 6: Complex rule of mixtures equation for predicting the specific wear rate of the composite

3 Artificial Neural Networks for Wear Prediction

Relating wear to other mechanical properties is another way to estimate the tribological perfor-
mance of materials in general. However, as wear processes are usually complex and depend on
many mechanical and other parameters, simple functions cannot always describe in sufficient
detail all the prevailing wear mechanisms. For predictive purposes, an artificial neural network
approach has therefore been recently introduced into the field of wear of polymers and com-
posites[6]. This is based on an empirical model which allows to analyze practical tribological
situations in which many parameters (p) influence the wear behavior of a material. The model
should be non-linear and have enough free parameters to model the “curved” dependence of a
volume loss (∆V) on p1,...,pn. To obtain optimized neural network constructions, a given dataset
is divided into a training data set and a test data set. The training data set is used to obtain the
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Figure 7: Use of the complex rule of mixtures equation for predicting theoretically the tendency in the specific
wear rate as a function of fiber volume fraction (comparison between experimental data for two types of fibers and
theory)

Figure 8: Schematic set-up of an artificial neural network, with input parameters (left), including mechanical
properties of the materials, and output parameters, such as specific wear rate and coefficient of friction.

coefficients of the neural network equation (e.g., ai, bij) such that the mean squared error of the
predicted wear volume is minimized (Figure 8).
Figure 9 demonstrates for a polyamide 4.6 (PA4.6) composite the changes in the coefficient

of friction and the specific wear rate as a function of PTFE particle- and carbon fiber- content.
The grids refer to the predictions by the well trained artificial neural network, and the three error
bars in each diagram represent experimental values for testing the predictions. The agreement
between the two data sets is quite convincing.
The polyamide 4.6 (PA 4.6) composites developed in this study were used for friction torque

limiters in damped flywheel clutches of modern automotives (Figure 10). They are important
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Figure 9: Proof of the prediction quality of an ANN approach

components, that have to limit the transmittable torque during engaging and disengaging, and in
this way they protect both the engine and the transmission from torque peaks.

Figure 10: Use of PA 4.6 composites for friction torque limiters (left) in damped flywheel clutches (right)

The requirements for the tribological properties of the material are that (1) the coefficient of
friction must not change during the entire lifetime, (2) there is no or only a very short running-in
behaviour, and (3) the sliding wear resistance is very high.

4 Nanoparticles in Combination with Classical Tribofillers

More recently, new developments have shown that much smaller reinforcing dimensions can lead
to special effects, which cannot be reached so easily with the traditional fillers. In this class of
the so-called nanocomposites, at least one dimension of the reinforcing elements is in the range
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Figure 11: How to design polymer composites for high sliding wear resistance

of about 10 to 100 nm [7]. Under these conditions, the structure of the material is composed
of a much larger interface between the fillers and the nanoparticles, being able to create a quite
different mechanical performance of the material in comparison to a traditional composite with
the same filler volume fraction [8-10]. In addition, the tribological properties of polymers and
polymer composites can be changed by the use of nano-sized fillers. This has been demonstrated
by many authors, of which only a few can be listed here (e.g. [11-13]). However, often the
optimum effects for improving both, the coefficient of friction and the wear rate, can only be
achieved if the nano-particles are used in combination with some of the traditional tribo-fillers
(Figure 11) [14]. It is the objective here to demonstrate this on different examples of practical
applications.

Figure 12: Calender roller covers for paper making industry. (Source: Stowe Woodward GmbH)

One example for wear resistant particulate filled epoxies is their use as thick covers for calender
rollers, i.e. very important parts in paper making machines. Such rollers can be 10 m in length
and 1 m in diameter, and the thickness of the covers can be a few centimeters, which requires
ca. 500 kg of the polymer compound (Figure 12). The major position of such rollers is in the
final part of the paper machine, where the paper is supposed to run through a final smoothening
process. Additional requirements, besides a good resistance against abrasive/adhesive type wear,
are a high impact toughness and elastic modulus. It is illustrated in Figure 13, that a combined
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use of hard micrometer sized SiC-particles and nano-sized Al2O3-particles leads to remarkable
improvements, when various properties are compared simultaneously to the values of the current
standard material (9601 D 31, Stowe Woodward, Germany).

Figure 13: Illustration of property improvements by nanofillers.

Which additional effects can be achieved in epoxy resins by the use of nano-sized fillers, was
the focus of recent investigations on their sliding wear resistance. Figure 14 illustrates the results
of the specific wear rate of differently filled EP-compositions, as tested by the use of a block on
ring-device (against ball bearing steel rings (100Cr6, German Standard)). Relative to the neat
epoxy, the wear resistance (inverse of the wear rate) could be improved by almost a factor of
3 after the addition of 4 to 6 vol.% of 300 nm sized TiO2-particles. Adding traditional fillers
for wear and friction improvement, e.g. short carbon fibers (here: M-2007S, Kureha Chemicals,
Japan) and graphite flakes (here: Superior 9039), the wear improvement was more effective than
just in the case of the nanoparticles. However, a combination of both of them led to a synergistic
effect, i.e. both advantageous mechanisms superimposed each other.

Figure 14: Specific wear rate of epoxy and selected composites with and without 300nm-TiO2 particles.
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Similar conclusions, which have been drawn for the epoxy resins with regard to the coopera-
tive effects of nano- and micro-sized filler particles, can also be drawn in case of thermoplastic
matrices. On the example of polyamide 4.6 (PA4.6), which was used in the above mentioned
friction torque limiter, it is shown in Figure 15 that the use of traditional micro-fillers alone is not
sufficient to reach the desired friction and wear characteristics. But the addition of nanoparticles
resulted in a clear reduction of the running-in period, a lower scattering of the friction coefficient
(therefore less vibration and noise development in the car), and a much better wear resistance
[15].

Figure 15: Coefficient of friction of PA4.6 composites without (left) and with (right) additional nanoparticles

From the SEM-figures of the worn surfaces of another polyamide system it can be concluded
that the hard TiO2-nano-particles possess a smoothening effect on the topography of the worn
composite surface (Figure 16). In addition, it seems that simultaneously the thermal conductivity
of the composite is improved, or at least the transport of heat out of the contact region through
the steel counterpart is favorably changed due to the smoothening effect of the nano-fillers.

Figure 16: Comparisons of the worn surfaces of graphite+SCF/PA6,6 (left) with nano-TiO2+ graphite+SCF/PA6,6
(right) under a wear condition of 2 MPa and 3 m/s.

It should be pointed out here, that similar tendencies have been found for a high temperature
resistant thermoplastic, i.e. polyetheretherketone (PEEK). The addition of nano-particles led to
an improved performance in wear and coefficient of friction at room temperature testing con-
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Figure 17: Sliding bearings for automotive applications. (Source: KS-Gleitlager GmbH)

Figure 18: Variation in the coefficient of friction (left) and the specific wear rate (right) as a function of testing
temperature

ditions, and this tendency could also be preserved when the materials were tested under sliding
against smooth steel counterparts at elevated temperatures (150°C and 220°C). This has finally
led to the use of these compounds as thin coatings on steel substrates, a material used for hybrid
bushings in wear loaded components of automotive engine parts (Figure 17) [16]. The tribolog-
ical performance of this material in comparison to another commercial product is illustrated in
Figure 18. Especially at elevated temperatures ( up to a testing temperature of 225°C ) the new
nanoparticle modified PEEK composites exhibited both a much lower coefficient of friction and
specific wear rate.

5 References

[1] Häger, A.M., Davies, M., inAdvances in Composite Tribology. (Ed. K. Friedrich), Elsevier
Scientific Publishers, Amsterdam, The Netherlands, 1993, Chapter 4, p. 107–157



30

[2] Friedrich, K., in Application of High Temperature Polymers. (Ed. R. R. Luise), CRC Press,
Boca Raton, USA, 1997, Chapter 12, p. 221–246

[3] Reinicke, R., Haupert, F., Friedrich, K., Composites Part A 1998, 29, 763–771

[4] Friedrich, K., in Advances in Composite Tribology. (Ed. K. Friedrich), Elsevier Scientific
Publishers, Amsterdam, The Netherlands, 1993, Chapter 6, p. 209–273

[5] K. Friedrich, J. Karger-Kocsis, T. Sugioka and M. Yoshida, Wear 1992, 158, 157-170.

[6] Zhang, Z., Friedrich, K. and Velten, K., Wear 2002, 252, 668–675

[7] Nalwa, H. S. ,Handbook of Organic-Inorganic Hybrid Materials and Nanocomposites, Vol.
2, American Scientific Publ., Stevenson Ranch, California, USA , 2003

[8] Wetzel, B., Haupert, F., Zhang, M. Q., Composites Science and Technology 2003, 63,
2055–2067

[9] Wetzel, B.: Mechanische Eigenschaften von Nanokompositen aus Epoxydharz und kera-
mischen Nanopartikeln, Dissertation Technische Universität Kaiserslautern, Germany,
February 2006.

[10] Zhang, M. Q., Rong, M. Z., Friedrich, K. in Handbook of Organic-Inorganic Hybrid Mate-
rials and Nanocomposites, Vol 2: Nanocomposites, (Ed. H.S. Nalwa), American Scientific
Publ., Los Angeles, USA, 2003, p.113–150.

[11] Schwartz, C. J., Bahadur, S., Wear, 2000, 237 ,261–273.

[12] Xue, Q., Wang, Q.,Wear, 1997, 213, 54–58.

[13] Haupert, F., Xian, G., Oster, F., Walter, R., Friedrich, K. Proc. 14th Int. Colloquium Tri-
bology, Stuttgart, Germany, January 13–15, 2004, p.5–11.

[14] Zhang, Z., Breidt, C., Chang, L., Haupert, F., Friedrich K., Composites Part A, 2004, 35,
1385–1392

[15] Gebhard, A., Englert, M., Bittmann, B., Haupert, F., Schlarb, A.K., in Proc.2nd Vienna
International Conference on Micro- and Nano-Technology, Vienna, Austria, March 14-16,
2007, p. 41–48.

[16] Oster, F., Haupert, F., Friedrich, K., Bickle, W., Müller, M., Tribologie und Schmie-
rungstechnik 51 (2004) 3, 17–24.



Part II

Lectures



Effect of Graphite and Silicon Carbide Addition on the Hardness

and Wear Resistance of Al-4wt%Mg Alloys

Adel Mahmood Hassan, Ghassan Musa Tashtoush, and Ja’far Ahmad Al-Khalil
Faculty of Engineering, Jordan University of Science and Technology, P.O. Box: 3030, Irbid, 22110, Jordan

Abstract

Particulate metal matrix composite components (PMMC) consisting of Al-4wt% Mg alloys as a
matrix and containing different mass fractions of graphite and silicon carbide particles as rein-
forcement were studied. The composite components were produced by compocasting technique.
By this casting technique the graphite particles and silicon carbide particles were added into a
stirred semi-solid melt of Al-4wt%Mg alloy. All the steps carried out in the production of these
PMMC components were described. Then the effect of graphite and silicon carbide particles
added on the hardness and wear resistance of the produced cast composite components were
studied. The study showed that there was a decrease in hardness, but an increase in wear re-
sistance by the addition of graphite and an increase in these two properties, if silicon carbide
is added. These two properties are important for materials used in the manufacturing of bear-
ings. Accordingly, it is thought, that there is a possibility of using these aluminum based cast
composites as bearing materials especially in transport industry.

1 Introduction

In very early time, the problem of finding the most suitable material to satisfy the requirement
of a specific job had been concentrated on the already existing materials. Later on it was found
that the right combination of different materials may produce properties which were superior to
those of the existing materials if each was considered separately. This had lead to carry out more
intensive researches in order to develop new combination of different materials with specific
desired properties. The new combination of materials, which are still under development, is
known today as composite materials. Composite materials are multifunctional materials that
provide characteristics not obtainable from any discrete material. They have cohesive structure
made by physical combination of two or more compatible materials, differing in composition and
characteristics and some times in form [1]. A Composite material generally consists of a matrix
and reinforcements. At present several methods are used to classify composites, among these is a
method, where the composites are classified as metal matrix, polymer matrix and ceramics matrix
composites according to the material of the matrix [2]. Another method concerns with dividing
composites according to the reinforcements, such as particle reinforced or fiber reinforced or
structural composites [3].
Metal matrix composites (MMC) are making a remarkable success in different applications

in industries, especially in automotive and aerospace industries, because of their high strength,
high modulus of elasticity, high service temperature, high wear resistance, low weight and pro-
duction cost [4]. Different conventional methods are available for the fabrication of MMCs such
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as powder metallurgy, spray deposition and casting process. The most important and most dif-
ficult problem associated with fabrication of metallic composite materials is the production of
good bonding between the reinforcement and the metal matrix. As the bonding strength is an
important factor in the selection of matrix-reinforcement combination. Adequate bonding is es-
sential to maximize the transition of stress from the matrix to the reinforcement [1]. There are
several methods which can be used to enhance the magnitude of this bond, in order to improve
the strength between the matrix and reinforcement. Rohatgi et al. [1] mentioned that the addition
of Magnesium to an Aluminum melt improves the strength of this bond, because of the lower
surface tension of Mg compared with the surface tension of Al.
Wettability can be defined as the ability of a liquid to spread on a solid surface, and represent

the extent of intimate contact between a liquid and a solid. One of these methods to increase
wettability is to add alloying elements to the matrix alloy. A mechanical force can also be used to
overcome surface tension and improve the strength between the matrix and the reinforcements.
One of the most important types of mechanical forces used is the stirring of the reinforcement
within the melt, especially when the melt is in a semi- solid phase. This method is usually called
compo-casting or stir-casting [5, 6, 7 and 8].
The most important advantages of compo-casting are: low processing temperature, high pro-

duction cycle time, reduction of solidification shrinkage, close tolerance products and conven-
tional foundry practices can be used to produce composites.
The disadvantages that may occur when process parameters are not adequately controlled are:

the non homogenous particle distribution [4] and the possible existence of high level of porosities
through out the casting [9 and 10].
In particulate metal matrix composites (PMMCs) relatively small size particles are dispersed

throughout the matrix. These dispersed particles can be graphite, SiC, Al2O3, TiO2, ZrO2 and
many other industrial ceramics. One of the promising fields in the application of such compos-
ites is the possible use of it as a bearing material [11]. Usually bearing material should possess
sufficient hardness and wear resistance, but at the same time the hardness should not be very high
relative to the hardness of the shaft or journal in order to avoid metal to metal contact particularly
during the starting up process especially, when lubrication is used. Also the strength of the bear-
ing material should be sufficient to sustain the load without, plastic deformation and to possess
considerable toughness in order to resist shock loading [2]. It seems many of these apparently
conflicting requirements can possibly be met by particulate metal matrix composites. These re-
quirements were the motivation for the present work, where a soft metal matrix was reinforced
by certain particles distributed throughout the matrix using a compo-casting process. The study
is an attempt to examine the effect of graphite, SiC and the combination of graphite and SiC
particles and the change in their amount percentages on the hardness and wear resistance.

2 Experimental Details

2.1 Test Materials

A high purity aluminum (99.85 %) as a matrix metal as shown in Table 1 with a density of
2.71 g/cm3, fine graphite particles with average 300µm in size and density of 1.7 g/cm3, silicon
carbide particles with 600µm in size and 3.21 g/cm3 density were used for the fabrication of
the composite cast bars examined in the present study. Magnesium with a density of 1.7 g/cm3
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Figure 1: Schematic diagram representing the experimental set-up

was used in a bulk form in order to promote the wettability between aluminum and the reinforce-
ment particles. The amount of Magnesium added was 4wt%, as it has been suggested by other
researchers [12 and 13].

Table 1: Chemical compositions of aluminum.

Al Fe Zn Mg Si Ti Ni Cu

99.85 0.08 0.0032 0.003 0.04 0.0043 0.0014 0.0005

2.2 Preparation the Test Specimens

2.2.1 Melting Furnace and Stirrer

The experiments were carried out using a relatively simple experiment set-up, which consists of
an electrical furnace and stirring arrangement. The schematic diagram of the experimental set-up
is shown in figure 1.
An electrical furnace, which was designed and constructed in previous work [14], was used

to melt the charge inside a graphite crucible. The dimensions of the furnace were suitable to
use different sizes of graphite crucibles and different types of stirrers. The inside dimensions of
the furnace were 42 cm in length and 42 cm in width and 52 cm in height. At the center of the
top surface of the furnace, there was a square hole of dimensions 10 cm× 10 cm, which can be
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Figure 2: Schematic diagram of pitched-4 blades stirrer.

used to intrude the stirrer inside the furnace. The stainless steel stirring rod diameter was 1cm,
which was fitted to an electrical motor having speed range from 150 to 1200 rpm. The motor of
the stirrer was held rigidly over the furnace by a gripping steel structure arrangement shown in
figure 1. A control unit with two indicators was used to control the temperature of the furnace
and the stirring period. The two indicators could be set at the beginning of the stirring process.
A special type of a thermocouple was used to measure the temperature of the molten metal

inside the crucible inside the furnace. The thermocouple was covered with stainless steel in
order to protect it from the damage that may be caused by the high working temperature inside
the furnace. This thermocouple was connected to a digital display in order to read the temperature
of the melt.
A four stainless steel flat blade stirrer was used, figure 2. Each blade was inclined by a 30◦

from the horizontal axis and distributed along the vertical axis of the stirrer’s shaft at different
height and their center lines differ by 90◦ from each other [15].

2.2.2 Casting Procedure

Pure aluminum was placed in the graphite crucible and inserted inside the electrical furnace. The
furnace was heated up to 850 ◦C until the aluminum inside the crucible was completely melted.
After melting of the aluminum, the furnace was switched off to cool down the melt, which its
temperature wasmonitored by the thermocouple, whichwas inserted inside the crucible to a depth
of about 1 cm to 1.5 cm beneath the surface of the melt. Then a proper amount of magnesium was
added to the molten aluminum taking into consideration an estimated weight loss of 20% due
to evaporating and burning. The added magnesium was wrapped in aluminum foil, and plugged
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into the melt at temperature between 710–740 ◦C with the aid of holder. The magnesium lump
was manually stirred inside the melt until it is completely melted. The surface of the melt was
cleaned by skimming it with the aid of steel rule, prior to stirring stage. The stirrer was inserted
inside the furnace for about 30 seconds in order to preheat it, then it was coated with aluminum
oxide (alumina) powder in sodium silicate, and dried in air, in order to prevent dissolution of the
stirrer blades in molten aluminum, when the temperature of the melt reached 640 ◦C, the stirrer is
inserted into the melt and was vigorously agitated at speed of 600 rpm. The furnace was switched
on again, when the temperature of the melt reached 635 ◦C, in order to have a constant holding
temperature of 635 ◦C just below the melting temperature )660 ◦C of the aluminum. When the
reinforcement particles were less than 4%vol. of the total volume of the charge inside the crucible,
they were wrapped in aluminum foil and preheated to 400 ◦C for 1 hour, before immersing it in
the melt, and stirred inside the melt for 4 minutes. But when the reinforcement particles were
4% vol. or more, these particles were added in two stages, by divided the amount of the particles
into two equal parts, then stirring each added part for about 2 minutes. At the end of the stirring
period, the molten metal inside the crucible was taken outside the furnace and poured inside a
metallic mould of size 3 cm diameter and 17 cm height, to be cooled in air, and solidified to
cast metallic matrix composite bars. A small amount of all cast bars’ surfaces were machined to
remove possible oxide and contamination during the casting process and prepared for testing by
cutting each bar into three portion (top, middle, and bottom) to be used for further study, as it
will be seen later in the next paragraphs of the present work.

2.3 Hardness Test

In order to measure the hardness of the cast bars, three samples from top, middle and bottom
of each cast bar were prepared for this test. Each sample were cut to a height of 4 cm and turn
diameter of 2.5 cm. A lubricant was used during turning to reduce the affect of the increase in
temperature, during turning, on the proceeding measurement of hardness. The hardness test was
carried out using the Rockwell hardness testing machine with scale B.

2.4 Wear Test

The wear test specimens were studied under dry wear conditions using pin-on-disc wear test-
ing machine, figure 3. The disc was made from hardened medium carbon steel with 50mm in
diameter, and 10mm thickness, while the pin was made from the already cast bar with 0.4 cm
in diameter, and height of 2.5 cm, figure 4. The tests were carried out under a constant load of
40N and rotational speed of 150 rpm. The time of the test was constant and equal to 60 minutes.
The mass of each test pin was measured, using a precision balance having 0.1 mg sensitivity,
before and after the test to determine the amount of the mass-loss for each tested metallic matrix
composite pin.
This mass-loss obtained from each test will give an indication of the wear resistance for the

considered different type of composite materials.
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Figure 3:Wear test apparatus.

Figure 4:Wear test pin and rotating disc

3 Results and Discussion

3.1 Hardness

3.1.1 Effect of Graphite Addition on Rockwell Hardness Number

Figure 5 shows the effect of graphite addition on the Rockwell hardness numbers for the three
parts taken from each cast composite bar (see section 2.2.2). The Rockwell hardness number
is increased from bottom toward the top of each cast bar. It can be observed, also, from this
figure that the Rockwell hardness number decreases with increasing graphite addition in each
considered specimen. It was mentioned by Hassan et al. [10], that an increase in porosities in
the structure of composites leads to a decrease in the total hardness. As the hardness testing
machine’s indenter will cause a plastic flow in the material being tested. Porosity is one of the
disadvantages, as mentioned earlier, of the compcasting process. The pores in the indentation
zone will cause a slight reduction in the resistance of the cast material to the intruding action of
the indenter. Accordingly, it can be said, that the presence of pores results in lowering the resis-
tance of the compocast material to deformation, and causing a decrease in the hardness measured
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Figure 5: Effect of graphite addition on the Rockwell hardness number.

value. In addition, the presence of graphite, which acts as a lubricant, facilitates the slipping or
sliding within the material during the deformation process caused by the penetration action of the
hardness machine’s indenter. This will lead even to more reduction in hardness.
The slight differences between the hardness along the cast composite bar is due to the low

density of graphite, as mentioned earlier (see section 2.1), which causes the graphite particles to
float upwards during the pouring and solidification processes of the molten metals. Not many of
these particles can float, because of the fast rate of solidification and small cross-sectional area
of the metallic mold. Still, the small amount of graphite particles, which can escape and float up,
will cause the slight difference in hardness, as shown in figure 5.

3.1.2 Effect of Silicon Carbide Addition on Rockwell Hardness Number

The effect of silicon carbide particles addition on the Rockwell hardness number is shown in
figure 6. The figure indicates that the hardness of the investigated composite is increased with
the increasing in the amount of silicon carbide particles. Also, it seems from this figure, that, the
Rockwell hardness number along the cast composite bar from the top to the bottom increases.
Silicon carbide, as an industrial ceramic, has a very high hardness. Its hardness (9 Mohs scale)

is near that of diamond (10 Mohs scale) [11]. The presence of the hard particles in the tested
composites will cause the observed increase in hardness. The density of SiC is higher than the
density of the matrix (see section 2.1). Because of the difference in densities of the matrix and
reinforcement, the SiC particles tend to descend to the bottom of the mould during pouring and
solidification processes, but most of them will be trapped, due to the fast solidification rate of the
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Figure 6: Effect of Silicon Carbide addition on the Rockwell hardness number.

matrix material. This can explain the slight differences between the hardness along the length of
the cast composite bar.

3.1.3 Effect of Graphite and SiC Addition on the Rockwell Hardness Number

Figure 7 shows the effect of both the silicon carbide particles and the graphite particles addition
on the Al-4%wtMg alloy, the hardness of these composites is increased with the increasing in the
amount of silicon carbide particles at a constant value of graphite particles in the alloy. When the
percentage of graphite particles is increased in the composite at constant value of silicon carbide
particles, the hardness of the composite is decreased.
This can be explained by the difference between the properties of silicon carbide and graphite

particles and their effects on the final properties of the metallic matrix. These results verify the
results, which has been discussed in previous two sections.

3.2 Wear Resistance

3.2.1 Effect of Graphite Addition on the Wear Resistance of Al-4%wt Mg Alloy

Figure 8 illustrates the effect of graphite addition on the mass loss in wear of the considered alu-
minum alloy. It can be clearly seen that, mass-loss of the considered aluminum alloy is decreased
with the increasing in the amount of graphite addition to the metallic matrix.
Themain reason of the decrease in mass-loss is the presence of graphite particles, which acts as

a solid lubricant causing a reduction in the temperature and the coefficient of friction between the
mating interfaces. Also, the pin will always expose new layer, which is rich in graphite particles
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Figure 7: Effect of graphite and SiC addition on the Rockwell hardness number.

Figure 8:Mass-loss in wear of Al-4%wt Mg-Graphite composites
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Figure 9:Mass-loss in wear of Al-4%wt Mg-SiC composites.

instead of the worn one. This action will provide a continuous film of graphite lubricant on the
mating surfaces, which leads to a reduction in mass-loss of the composite material pin.

3.2.2 Effect of SiC Addition on the Wear Resistance of Al-4%wt Mg Alloy

Figure 9 indicates that the mass-loss of the considered composites decreases with the increase
in the amount of added silicon carbide particles to the matrix. The addition of the abrasive hard
particles of SiC to the Al-4%wtMgmatrix leads to an increase in the resistance of the composites
to wear, providing, that the wettablity between the reinforced particles SiC and the Al-Mg matrix
is sufficiently good. This statement can be held true for all hard particles or fibers added as
reinforcements to produce composites.

3.2.3 Effect of Graphite and SiC Addition on the Wear Resistance of Al-4%wt Mg Alloy

Figure 10 shows the effect of graphite and SiC particles addition to the considered Al-4%wt Mg
alloys on the mass-loss in wear. It can be observed from this figure that the increase in the added
amount of graphite and SiC particles decreases the mass- loss in wear of the produced composite
materials.
These results are expected due to the previous discussion carried out in section 3.2.1 and 3.2.2

above. The SiC particles will increase the hardness of the matrix, while the graphite particles act
as solid lubricant between the mating parts in the wear test. Both actions of the different added
particles will improve the resistance of the compocast composites to wear.
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Figure 10:Mass-loss in wear of Al-4%wt Mg-Graphite-SiC composites.

4 Conclusions

The following conclusions can be withdrawn from the present study:

1. Metal matrix composite materials can be produced successfully by using compocasting
method. As it has been shown, that this method together with the equipment needed for the
production of cast composites are rather cheap and simple in design and operation.

2. The hardness of the produced composites decreases with the addition of graphite, due to the
lubricating action of this material, while the addition of SiC increases the hardness, Because
of the high hardness of this industrial ceramic material.

3. Both graphite and SiC particles, when added to the considered metallic matrix, will increase
the wear resistance of the considered composites. This is due to the formation of a lubricating
film between the mating materials’ interfaces, when graphite is added and the resistance to
wear property of the hard and abrasive SiC particles.

4. Wettability is a very important factor, which has to be considered, when composites are pro-
duced. In order to increase the wettability of the composites used in the present study, an
amount of 4% wt. magnesium is added to aluminum to form the matrix, in order to improve
the wettability between the considered matrix and the different used reinforcements.

5. Because of the smearing action of graphite, and the hardness of SiC, it can be suggested,
that the light weight Al-4%wtMg-Graphite-SiC PMMC can be used as a bearing material,
especially in transport industry, where weight is a decisive factor.
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1 Introduction to Sliding Materials

The demands posed on sliding materials are numerous: from a mechanical standpoint, high tem-
perature stability and good sliding properties are critical to ensure a long-term reliability of jour-
nal bearings. Therefore several heterogonous layers of different materials plated on top of each
other are used. Each of these layers is optimized for a specific function. Aluminum is a widely
employed matrix due to its low density, its cost effectiveness and good heat conduc-tivity. Its
tribological properties can be easily improved by the addition of soft phases such as tin. During
casting tin and aluminum form a heterogeneous alloy, fine tin inclusions are inter-spersed in the
aluminum matrix.
In technical applications up to 40% tin is incoperated into the matrix. Fig. 1a shows a typical

mixture composed of 20% tin. The soft phase tin has a lower melting point than the aluminum
matrix. When reaching a critical temperature, the tin melts and leaves the micro-structure. It now
acts as a “liquid lubricant”, thus greatly improving the dry-running proper-ties of the component.

Figure 1: a) AlSn20Cu – Al-matrix with soft tin inclusions [1]; b) Strength of AlSn20Cu and SnSb8Cu4Cd [2, 3,
4]; notice the generally lower fatigue strength of the Babbitt metal.

One must consider the trade-off between structural stability and “forgiving overload or dry-
running behavior” when determining the appropriate metal composition. Sn-basis materials, the
so-called Babbitt alloys, possess the best sliding properties but the lowest ability towith-standme-
chanical loading. Especially at elevated temperatures the breakdown of the mechani-cal strength
of tin-based alloys becomes limiting. Fig. 1b shows that at 150 °C the fatigue strength at one
million cycles of the Babbitt metal is just 22MPa. In contrast, the fatigue strength of AlSn20Cu
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is 37 MPa. Current oil sump temperatures reach 145 °C. The increasing loads on engines will
further boost the temperatures.
One primary goal of materials design is the optimization of the soft-phase content and soft-

phase distribution in the matrix material. It is therefore necessary to fully understand the tri-
bological events taking place. As these events can not be elucidated using traditional compo-nent
tests, tests on model scale are necessary. In this publication we want to demonstrate the influence
of the soft phase on the tribological properties based on the examples Al99.6, AlSn20Cu, and
AlSn40.

2 Test Method for Visualizing Tribological Properties

The method for testing the sliding properties is based on the test configuration ring-on-disc. The
large contact surface is significant for journal bearing application and represents the primary
advantage of this set up. The test configuration is depicted in Fig. 2a. A rotating disc of approxi-
mately 30mm diameter is pressed against a fixed steel ring (34CrNiMo6), see Fig. 2b for details.
The system is fully immersed in formulated engine oil. Sensors measure the temperatures T1 and
T2, as well as mechanical wear and frictional torque.
One should not underestimate the importance of a carefully selected and fine-tuned test pro-

gram to realistically represent the system properties and investigative goals. Fig. 2c shows
schematically the applied seizure test program. The load is increased while the rotating speed is
maintained at a constant level. The increase in temperature melts the Sn inclusions in the matrix
and thus activates the dry-running properties. The energy input is substantially lower than in
component tests that use, for example, full journal bearings. This way it is possible to extend the
failure process to over several hours and sufficient time is available to perform damage analytical
tests at different time intervals and damage levels.

Figure 2: a) Test configuration ring-on-disc [5]; Detail [6]; Seizure test program [6].
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3 Results – Tribometrics and Damage Analysis

In the following section we would like to present tribometric and damage analytical results for
the materials Al99.6, AlSn20Cu, and AlSn40.

3.1 Pure Aluminium Without a Soft Phase – Al99.6

Fig. 3 shows the results of a characteristic test run employing pure aluminum. The sliding ve-
locity is 0.7m/s. The load is steadily increased after an initial running-in phase of approximately
10000m. System stability starts to degrade from approximately 14 MPa onwards. The Coef-
ficient of Friction (COF) before seizure is low, which is characteristic for comparatively hard
frictional surfaces. It then increases sharply from 0.01 to 0.06. This increase in COF is ac-
companied with an increase in temperature. Mutations of the material relevant to dry-running
processes could not be observed. Fig. 3b shows a characteristic surface shortly after the start of
seizure. The observed friction is due to adhesion.

Figure 3: Al99.6: a) Results seizure test [4]; b) Adhesion marks [1]; c) Fe-particles structured surface [1].

Tribological loading over extended periods of time, such as during a long term test, results
in incorporation of wear debris of the steel ring in the aluminium surface (see Fig. 3c). The
steel counterpart also shows substantial wear. Fig. 4a depicts the associated topography of the
aluminium disc and the steel ring. The wear for aluminium is 300 m in average and up to 15 m

for steel. The surface topographies match each other perfectly.
Microscopic investigation of the boundary layer revealed a break down of delaminated Fe-

particles. The paradox observation of thewearing down of the hard steel (hardnessHV ˜ 630–700)
by the soft Al99.6 material (hardnessHV ˜ 60) can not be explained by traditional theory of solid
mechanics. We postulate that mixing processes are responsible for modifying the properties of
the surface material (see Fig. 4b). These mixed zones show unique properties in that they are
substantially harder (measured values HV 167 and HV 208) than the Aluminum matrix (HV 57)
(see Fig. 4c). This hardening of the boundary layer can be explained by two factors, first by the
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formation of Al2O3, which is a factor of 60 times harder than metallic aluminum, and second, by
the incorporation of iron particles from the steel matrix.

Figure 4: Al99.6: a) Surface topographies Al-Disc and Steelring; b) Cross-section of Al99.6 - formation of mixed
zones; c) Indentation measurements [1].

3.2 Aluminium With 20 Percent Tin – AlSn20Cu

The addition of a soft phase alters the tribological behavior of the system. Fig. 5a illustrates a
characteristic seizure test, in this case with an addition of 20 mass percent tin. The running-in
phase is more pronounced than with pure Al99.6. A loss of stability occurs at approximately 11
MPa, typical values range from 10 to 14MPa. At higher temperatures the soft phase Sn becomes
tribologically active. Fig. 5b illustrates that Sn is capable of preventing adhesion events on the
surface. As a consequence, the soft phase is gradually used up and the sliding properties are lost.
This is manifested by an increase in COF. At the same time mixed zones start to form (Fig. 5c).
Fig. 5d depicts, largely magnified, a scanning electron micrograph of such a mixed zone. It is
clearly visible that the Sn is now distributed very finely inside the matrix. The following chemical
composition of the fine grained mixed zones was detected, based on EDX-measurements: 6%
C, 28% O, 51% Al, 13% Sn and 2% Fe [5,7]. Indentation tests help to quantify the hardness
of the material: Measurement of the soft phase resulted in a hardness value of 19 HV and 64 HV
was determined for the Al-matrix. The mixed zone, in contrast, possesses more than 300 HV .
This increase in hardness can be attributed mainly to the formation of Al2O3 [5,7].

3.3 Aluminium With 40 Percent Tin – AlSn40

The addition of 40% (by mass) of a soft phase results in a superior sliding performance during
operation, but also an increased wear. The plot depicted in Fig. 6a illustrates the events. The
increase in COF before loss of stability at 18 MPa is characteristic, the typical range is from 16
to 18 MPa. The gradual increase in COF is an indicator for a degradation of the surface layer
and a deformation of the matrix material. As a consequence, there is less lubricant in the area
of contact. After loss of stability the system behavior is less erratic than with AlSn20Cu. In
this particular test run, the COF gradually declines and a significant wear can be observed. Fig.
6b is a micrographic image depicting the surface at the end of the test. Sn-beads are visible,
they are responsible for decreasing adhesion. Fig. 6c and 6d show that mixing processes do not
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Figure 5: AlSn20Cu: a) Results seizure test [8]; b) Soft phase tin prevents adhesion; c) Mixed boundary layer; d)
Detail – mixed zone (SEM).

occur in the matrix. These processes start to appear only at high speeds. The absence of mixing
processes is an indication for lack of mechanical stability. Initially plastic deformation of the
matrix material takes place, followed by a removal of the outermost layers. Mixing processes
require a high degree of mechanical resistance. They can only occur if the matrix is hard enough
to offer sufficient counterpressure.

Figure 6: AlSn40: a) Results seizure test; b) Soft phase tin prevents adhesion; c) Cross section - mixed boundary
layer; d) Detail - mixed boundary layer.

4 Tribological Functional Model of AluminumWith Soft Phase

The measured test results and results obtained from damage analysis were combined to formu-
late a functional model of the events taking place in the boundary layer (Fig. 7). Initially the soft
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phases are still intact. This is before the runnung-in phase (state no. 1). With increasing tribo-
logical loading the soft phases become activated and melt. They are squeezed out of the matrix
material and contribute to the dry-running properties. The soft phase is consumed (state no. 2).
Additionally, the formation of hard aluminium oxide, which is pressed into the boundary layer,
and mixing processes generate highly wear-resistant regions (states no. 3 and 4). In any case,
these tribomutations are now responsible for carrying the tribological load. This „Double Effect
Model“ is therefore capable of explaining both the dry-running properties and the load-bearing
capacity of the system after consumption of the soft phase.

Figure 7: DE-Model, different states in AlSn20Cu [5, 7].

5 Conclusion and Outlook

The employed test method is capable of visualizing the differences of the tribological behavior
of the materials. Systems composed of pure aluminium are able to withstand high loads under
optimal conditions. They do, however, also show a tendency for spontaneous failure. The
addition of a soft phase makes the system more failure tolerant, but significantly reduces the
mechanical stability of the component. In the case of AlSn40, mixing processes do not occur
anymore and the wear is high. The response is similar to the Sn-based Babbitt metal. The
stability of AlSn20Cu is higher and after the consumption of the soft phase, the mixed zones are
able to fulfill the load-bearing function. The authors described this behavior in a tribological
functional model. Individual states were modeled on a micromechanical level. This model
serves as the basis for a direct optimization of sliding materials. Our model can be expanded to
include the effects of layer forming additives. In this context is should be emphasized that to
this date almost no investigations concerning layer-forming effects of non-iron systems have
been conducted. Unlike previously published methods, the presented methodology is suitable
for such investigations, as it takes the load-bearing capacity into consideration.
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Abstract

The automotive industry has been increasingly utilizing magnesium alloys because of their high
strength to weight ratio. Their inferior wear and corrosion properties are the chief constraints on
further applications of magnesium alloys. This study investigates the friction and wear behavior
of the magnesium alloy AZ91D sliding against the normalized steel 16MnCr5 under lubricated
conditions with an Optimol SRV test system. Hydrocarbon-based fluids such as mineral oil or
polyalphaolefin exhibited better tribological characteristics than polar base fluids such as esters
and polyalkylene glycol. Conventional AW/EP additives displayed different antiwear effects in
a magnesium-steel pair than expected. A scanning electron microscope (SEM) and an energy
dispersive X-ray spectroscopy (EDS) were used to analyze the worn surfaces.

1 Introduction

With similar mechanical properties, magnesium is roughly one third lighter than aluminum and
is characterized by excellent castability, processability and recyclability. Given the automotive
industry’s great demand for lightweight materials, it has again been increasingly utilizing mag-
nesium as a structural material in recent years [1, 2]. The basic disadvantages of technically
utilizing magnesium alloys are their inferior creep resistance, poor corrosion behavior and infe-
rior wear resistance. The mechanical and corrosive properties of magnesium alloys have already
been studied in depth [3–6]. The tribological properties of coated and uncoated magnesium sam-
ples in non-lubricated tribocontacts were set forth in [7–10].
To date, there have been few publications on the friction and wear behavior of lubricated mag-

nesium contact pairs. Huang et al. [11, 12] determined that borate additives improve the antiwear
effect of mineral oil, the borate additive with chlorine being more effective than that with sulfur
or nitrogen. These authors are of the opinion that the reasons are to be found in the formation of
magnesium chlorides on the magnesium surface. Nitrogenous additives also positively affected
the wear behavior of the magnesium alloy AZ91D [13, 14]. The number of NH2 groups and the
length of the CH2 chains played a crucial role in the nitrogenous additives. The reaction products
on the tribologically stressed surfaces were assumed to be H2NCH2COOMg, MgNH(CH2)2NH2
and friction polymers.
To reduce tool wear and prevent arcing and dusting, industry employs coolants and cutting

fluids for the machining of magnesium alloys. When water immiscible cooling lubricants were
applied, a mineral oil-based cutting oil proved very expedient [15]. Water-miscible cooling lu-
bricants for the machining of magnesium alloys typically consist of water, mineral oil/ester oil,
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emulsifiers and other additives. Fatty alcohols and/or ester oils are used as the base fluid when
magnesium is machined with lubricant starvation.
This study investigates the friction and wear behavior of the pressure die-cast magnesium al-

loy AZ91D in contact with a counterbody made of the normalized steel 16MnCr5 under mixed
lubrication conditions. The antiwear performance of different base oils and additives as well as
manufactured lubricants on steel and magnesium pairs was tested on an oscillating test bench
under model conditions. Furthermore, a scanning electron microscope (REM) and energy dis-
persive X-ray spectroscopy (EDS) analyzed the surfaces of selected test pieces after they had
been tribologically stressed.

2 Experimental Procedure

2.1 Test Pair and Conditions

The model tests with oscillating motion were performed on an Optimol SRV test system. Figure
1 presents the test pair selected and the test conditions applied. Each individual test was repeated
at least twice.

Figure 1: Test pair and conditions

2.2 Test Materials

The cylinders for the tests were made of the normalized steel 16MnCr5 (Martens hardness: ap-
prox. 2170 N/mm2) and the discs of the magnesium alloy AZ91D (Martens hardness: approx.
610 N/mm2). Table 1 specifies the chemical composition of the two test materials.

Table 1: Chemical composition of the test materials 16MnCr5 and AZ91D (in percent by weight)

Si Mn Cr C Fe Al Zn Mg

16MnCr5 < 0.4 1.1–1.3 0.8–1.1 0.14–0.19 Balance
AZ91D < 0.1 0.1 < 0.005 8.3–9.7 0.35–1.0 Balance

2.3 Test Lubricants

Altogether five different base oils (mineral oil, polyalphaolefin, monoester, polyol ester and
polyglycol) were used. Their physical properties are specified in Table 2. At the selected test
temperature of 110 °C, the kinematic viscosities of all five base oils are approximately equal.
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Thus, any influence of oil viscosity on the friction and wear behavior of the test pairs can be
ruled out.
In order to ascertain the different additives’ effects on the friction and wear behavior of the

steel-magnesium pairs, six additives were admixed to the mineral oil and all the thusly additized
fluids were tested under the same test conditions (see Figure 1). Table 3 specifies the chemical
composition and dosage of the individual additives admixed to the mineral oil.
In addition, three manufactured lubricants were tested, i.e. an engine oil SAE 5W30 (uncon-

ventional base stock + ZnDTP additive package), an automatic transmission fluid ATF (mineral
oil + S/P additive package) and a hydraulic oil HEES (polyol ester + S/P additive package).

Table 2: Physical properties of the base oils

Density
[g/cm3]

Kinematic
Viscosity
at 40 °C
[mm2/s]

Kinematic
Viscosity
at 100 °C
[mm2/s]

Viscosity In-
dex

Pour Point
[°C]

Mineral oil (MO) 0.87 32.0 5.4 97 -15
Polyalphaolefin
(PAO)

0.83 31.0 5.9 135 -68

Monoester 0.86 24.8 5.4 157 -33
Polyol ester 0.94 20.0 4.4 140 -51
Polyglycol 1.05 21.0 5.3 169 -30

Table 3: Chemical composition and dosage of the additives (in percent by weight)

S P Zn Ca B dosage

Antioxidant (AO) 0.5
Corrosion inhibitor (CI) 36.1 0.3
Zinc dialkyldithiophosphate (ZnDTP) 10.5 4.7 4.5 1.0
Sulfur/phosphorus (S/P) 33.4 0.5 3.5
Detergent (DG) 1.8 10.3 3.0
Borate additive package (Borate) 10.8 0.5 0.3 0.4 2.4 8.5

2.4 Test Evaluation

The friction coefficient was continuously measured and evaluated during the SRV tests. The wear
coefficient (wear volume / (normal force x sliding distance)) was applied as the wear index. REM
images and EDS analyses were drawn on to establish the appearance and chemical composition
of the magnesium surfaces.

3 Results and Discussion

3.1 Influence of Base Oils on Friction and Wear

Figure 2 plots the friction coefficients over the sliding distances and the wear coefficients from
the tests of different base oils. Tests of polyol ester and polyglycol were broken off after a sliding
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distance of approximately 105 m or a runtime of approximately 17 minutes because of high fric-
tion (friction coefficient > 0.4). The base oils clearly exert a significant influence on the friction
and wear behavior of the steel-magnesium pairs. Wear principally occurred on the softer mag-
nesium discs. The nonpolar hydrocarbon-based oils MO and PAO exhibited better friction and
wear behavior than the polar base oils monoester, polyol ester and polyglycol, i.e. the base oil’s
polarity negatively influenced the friction and wear behavior of the lubricated steel-magnesium
pairs. The polar groups (COOR and OH) of the base oils ester and polyglycol presumably react
with the magnesium. This produces intense tribochemical wear. For the most part, the high fric-
tion is attributable to the high wear on the disc. A trough forms on the disc, which induces high
friction at the reversal points.

Figure 2: Friction and wear coefficients from SRV tests of different base oils

Figure 3: Friction and wear coefficients from SRV tests of different manufactured lubricants

The tested manufactured lubricants 5W30, ATF and HEES also exhibited poorer antifriction
and antiwear performance than the pure mineral oil (Figure 3). The ester-based hydraulic oil
HEES proved to be particularly unsuitable. This corroborates the base oil’s great influence. The
ATF’s (mineral oil + S/P additive package) poorer tribological behavior than mineral oil indicates
the S/P additive acts adversely. This is examined in more detail below.
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3.2 Influence of Additives on Friction and Wear

Since the mineral oil exhibits good tribological behavior, it was used to test the effectiveness of
different additives as base stock. The admixture of the borate additive package and the admixture
of the antioxidant improved the mineral oil’s tribological performance in the lubricated steel-
magnesium pairs (Figure 4). Conversely, the admixture of the detergent, corrosion inhibitor,
ZnDTP and S/P additive to the mineral oil degraded the base oil’s friction and wear behavior, the
additivation of S/P to the mineral oil producing the highest friction and wear values. The reasons
for this can be identified with the aid of REM images and EDX analyses.

Figure 4: Friction and wear coefficients from SRV tests of different additized mineral oils

Figure 5: LM and REM images of test bodies after testing different lubricants
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Figure 5a and Figure 5b show the cylinder and disc surfaces respectively after the test with
pure mineral oil. EDX analyses verified that magnesium was transferred from the magnesium
disc to the steel cylinder in all the tests. Use of the pure (Figure 5c) or borate-additized mineral
oil (Figure 5d) scored the magnesium surface. This may well have been produced by the abrasive
activity of wear particles. By comparison, the magnesium surfaces are noticeably smoother when
the ZnDTP (Figure 5e) or S/P additized mineral oil (Figure 5f) is used.
The elemental compositions in the tribologically stressed region of the magnesium disc are

compiled in Table 4. The high oxygen content in all four samples indicates an oxide layer on
the magnesium surface. The additive elements S, Zn and B detected on the magnesium surface
suggest that presumably an antiwear tribofilm developed on the magnesium surface when the
borate additive package was used, which prevented direct metal-to-metal contact. The ZnDTP
or S/P additive also reacted with the magnesium (the elements S and Zn being detectable on the
magnesium surface), yet caused strong tribochemical wear.

Table 4: Elemental compositions in the tribologically stressed region of the magnesium disc after the tests with
different additized mineral oils (EDS analyses with an accelerating potential of 5 kV, in atom percent)

Mg Al C O S Zn B

MO 36.8 4.0 27.4 31.7
MO + Borate 59.2 6.1 17.0 11.0 3.3 0.4 3.0
MO + AO + ZnDTP 52.0 4.9 19.8 19.8 2.1 1.4
MO + AO + S/P 46.6 4.1 20.1 22.6 6.6

4 Conclusion

The tribological tests yielded the following findings:

• The hydrocarbon-based base fluids mineral oil and PAO exhibited noticeably better friction
and wear behavior in steel-magnesium pairs than the polar base fluids monoester, polyol ester
and polyglycol. The base oil’s polarity negatively influenced friction and wear behavior.

• The manufactured lubricants 5W30, ATF and HEES likewise exhibited poorer tribological
properties than the pure mineral oil in steel-magnesium pairs.

• The conventional antiwear additives, i.e. ZnDTP and S/P, degraded the mineral oil’s good
tribological properties in steel-magnesium pairs. These additives caused strong tribochemical
wear in a steel-magnesium pair.

• The admixture of a borate additive package increased the mineral oil’s antiwear effect. In this
case, a tribofilm protected the magnesium surface against wear even though the surface had
been scored.
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1 Introduction

Laser-Interference-Metallurgy is a rather new surface processing technology, allowing a quick
as well as direct structuring of geometrically precise periodic and long range ordered microstruc-
tures on macroscopic areas. In this technique, a high power nanosecond laser pulse is split into
several coherent sub beamswhich interfere on the surface of the sample. This technique facilitates
various metallurgical processes such as melting, recrystallization, recovery and the formation of
intermetallic phases for example on the lateral scale of the microstructure but also topography
effects in metals, ceramics or polymers. [1] With regard to topography effects, laser surface tex-
turing is for many years an established method to reduce stiction in magnetic storage devices or
to enhance the tribological properties by the production of micro dimples serving as lubricant
reservoirs. [2, 3]
In this research work, we will focus on the microstructural tailoring of metallic thin films i.e.

Au thin films and TiAl multilayer systems. The idea is to create lateral periodic grain size and
intermetallic phase composites consisting of hard and soft regions and therefore providing an im-
proved wear resistance. Many classical wear theories only emphasize the importance of hardness
as the main factor influencing wear resistance. According to Archard´s equation, the volume loss
per sliding distance is linearly proportional to the applied normal load FN and reciprocal to hard-
ness H. [4, 5] Recent studies revealed the relevance of the ratio of hardness to Young´s modulus
(H/E), called the elastic strain to failure. Therefore, thin films being composed of hard nanocrys-
talline and soft microcrystalline grains or hard intermetallic phases laterally arranged in a ductile
matrix could exhibit superior properties. By controlling the size and distribution of the corre-
sponding phases, it could be possible to make a balance between hardness and elastic modulus
which is decisive with respect to tribological applications.

2 Experimental Details

2.1 Materials

Two different samples were produced in order to study the effect of tailored microstructures on
tribological properties. First, Ti/Au thin films were e-beam evaporated on double-sided polished,
(100) - oriented p-type silicon wafers from pellets with a purity of 99.95% in standard equipment
(Balzers, PLS 570). At a residual base pressure of less than 5 · 10−7mbar, the deposition process
of both metal types is started and performed subsequently without breaking the vacuum to avoid
oxidation effects. The titanium layers have a nominal thickness of 10 nm and serve as an adhesion
promoter. The Au top layers have a thickness of 300 nm.
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The second set of samples are TiAl multilayer thin films with an individual layer thickness of
17 nm for Ti and 5 nm for Al to achieve a certain stoichiometry of the intermetallic phases by the
laser treatment. The total thickness of the TiAl multilayers is 300 nm. Here, a magnetron sputter
facility (von Ardenne, PPS – A200) was used to deposit the multilayers at a sputter power of 100
W and a Argon gas pressure of 10–4 mbar on (100) oriented silicon wafers.

2.2 Laser Interference Experiments

A high power pulsed Nd: YAG laser (Spectra Physics, Quanta Ray PRO 290) with a fundamental
wavelength of 1064 nm, a frequency of 10 Hz and pulse duration of 10 ns was employed for the
laser interference experiments. Dependent on the particular pattern, the primary laser beam was
split into two sub beams to interfere with each other on the sample surface resulting in a line-like
interference pattern. The intensity of each individual beam can be controlled by using suitable
beam splitters. The laser energy density was determined to be 476 mJ/cm–2 for Ti/Au as well as
the TiAl layers. Due to the absorption characteristics of Au and Ti, the fourth harmonic of the
Nd: YAG laser at 266 nmwas selected. Moreover, because of the high reflectivity of Al, the final
layer of the TiAl multilayer systems was chosen to be Ti. Details of the experimental setup have
already been published elsewhere. [1]
Due to the ambient conditions of the laser-interference experiments, the lack of a native oxide

layer in the case of gold is advantageous. Currently, a more flexible environmental chamber is
build up to allow the laser interference experiments being conducted in vacuum or protective
gases.

2.3 Sample Characterization

All samples were imaged with a high resolution scanning electron microscope equipped with a
field emission gun (FEI, Strata DB 235) at 5 kV acceleration voltage. An Electron Backscatter
Diffraction system with a TSL OIM analysis unit for micro-textural studies is integrated in the
abovementioned FEI dual beam workstation. The Kikuchi patterns are generated at an acceler-
ation voltage of 20 kV, and are recorded by means of a DigiView camera system, facilitating a
maximum recording speed in the range of 0.05 s/pattern. [6] The analysis of the wear tracks is
conducted by a white light interferometer (Zygo, New View 200).
For the evaluation of the mechanical and tribological properties a Tribo Indenter Nanome-

chanical Testing System (Hysitron Inc.) and a Nanotribometer (CSM Instruments) were used to
perform the tests. The selected peak loads in indentation experiments were around 50 N in the
order to limit the indentation depth up to 10% of the total film thickness. Additional details about
the nanoindentation experiments can be found in [7]. Regarding tribological tests, a normal load
of 1 mN was applied to the samples. As a counter body, we have used polished Al2O3 balls
with a diameter of 1.5 mm. The linear sliding velocity was 1 mm/s. All the experiments were
performed at room temperature with a relative humidity of 30 % controlled by a dew point ruler.
The amplitude in the linear mode was set to be 400 m.
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3 Results and Discussion

Figure 1 shows three different types of periodic patterns fabricated on 300 nm thick Au thin films.
The line-like interference pattern in Figure 1 (a) results from two interfering sub beams. Hereby,
different morphological regions can be identified. At first, elongated and needle shaped grains are
visible in the so called laser intensity maximum positions. The formation of the large grains at the
interferencemaxima positions with such a preferred growth direction is based on the local melting
and posterior re-solidification of the film following the temperature gradient perpendicular to the
interference fringes. This phenomenon is known as Super Lateral Growth (SLG). [8] This SLG-
regime was identified to take place in a very narrow processing window, in which the films show
a nearly complete melting. Within the SLG-regime large-grained polycrystalline microstructures
with grain sizes many times larger than the film thickness can be achieved. The transformation
scenario associated with this regime was modeled by Im and co-workers. [9] Above a given laser
intensity, laterally growing grains appear originating from the non molten areas (interference
minima) and propagating to the nearly completely molten regions (interference maxima). In
Figure 1 (a) a centre-line at the interference maxima is observed, which results from the growth
of the grains from both sides following the temperature gradient.
Cross-like pattern geometry can be obtained by a 90° sample rotation and a subsequent laser

irradiation. The Au layers are molten twice at the intersection between the interference lines, and
thus a different grain-morphology can be created. These grains are thus larger and are oriented
following the temperature gradient of the second pulse.
Three interfering beams lead to a dot-like interference pattern. In this case, the grains are

radially distributed also following the thermal gradient [6].

Figure 1: Laser induced crystallization of 300 nm thick Au layers. In (a) a line – like interference pattern resulting
from the interference of two sub beams is visible. The needle shaped elongated grains correspond to the intensity
maximum. The surrounding is the laser intensity minimum (pristine microstructure). (b) Cross – pattern after
90° sample rotation and subsequent laser irradiation. (c) Dot – like pattern geometry after interference of three
individual laser beams.

The average length of the lateral grains is up to 1.5 m and the width has a maximum value
of approximately 0.4 m. By a variation of the energy density, it is possible to adjust the extent
of the recrystallized area and therefore to tailor the microstructure. Other factors, which strongly
influence the width of the recrystallized area, are the periodicity, the laser pulse duration and the
substrate temperature. Cross-sections of the patterned Au-films conducted by a focused ion beam
(FIB) milling technique revealed that the laser induced recrystallization is not only located at the
surface. Instead, the film was recrystallized throughout its entire thickness. [7]
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In order to study the effect of film thickness and energy density on the microstructure, Au films
with two different thicknesses were deposited on Si-wafers by e-beam evaporation. [8] Figure
2 displays a series of scanning electron micrographs for 300 and 690 nm thick Au films with
increasing laser fluence. The center positions in each micrograph represent the laser intensity
maximum and the adjacent areas the laser minima. For moderate laser fluences (476 mJ/cm2)
both films show a laser induced recrystallization area at the maxima positions with very different
morphologies 2 (a) and 2(d). The 300 nm sample demonstrates the abovementioned SLG-regime
(see fig. 2 (a)). The thickness dependent grain morphology and especially the grain orientation in
the Au films were determined by electron backscatter diffraction. Figures 2 (c) and 2 (f) highlight
the recorded inverse pole figure maps with the orientation triangle and the corresponding pole
figures for the [001], [110] and [111] directions for both films. The microstructural morphology
as well as the microtexture reveals the strong influence of film thickness. In the case of the 690
nm Au film, there is an increased pole density at ψ = 0° which refers to a (111) - fiber texture.
By decreasing the film thickness, the texture undergoes a change from the observed (111) - fiber
texture to a distinct (001) - cube texture (see fig.2(c)).

Figure 2: Thin film morphology dependent on laser fluence for a 300 (a-c) and 690 nm (d-f) thick gold films. Only
one laser intensity maximum with the neighboring minima positions is depicted. (a, b, c, d) SEM images with
corresponding (c, f) inverse pole figure maps and pole figures. The laser fluence was varied between 476 and 636
mJ/cm2.

Besides the microstructure and the grain orientation, the mechanical properties for the as de-
posited Au and TiAl films were evaluated by nanoindentation.
For the Au-samples, a decrease in the hardness of the laser treated parts due to recrystalliza-

tion and grain growth in the irradiated area could be observed. The average grain size in the
nanocrystalline area is approximately 70 nm and in the irradiated region around 300 nm. Due
to the Hall-Petch relationship, the hardness in the recrystallized area is reduced from 2.2 to 1.4
GPa for an indentation depth of 20 nm which is equal to a decrease of approximately 36 % in
hardness.
For the TiAl multilayer samples, the change in hardness and Youngs modulus is even more

pronounced due to the formation of the intermetallic phase TiAl2. Figure 3 shows a SEM mi-
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crograph of the laser irradiated TiAl thin film. The periodicity is around 4 m. The left diagram
represents the reduced Young´s modulus as a function of the lateral position. On the right side, the
hardness depending on the lateral position is displayed. Evidently, the increase in hardness in the
intensity maxima positions is up to 47 % compared to the neighbored minima positions. Accord-
ing to the effective heat of formation model by Pretorius et al., the TiAl3 is the first intermetallic
phase to nucleate at the aforementioned stoichiometry. The effective heat of formation model
describes moreover the phase formation sequence in which an effective concentration moves in
the direction of the remaining element and the next phase to form at the growth interface is the
next phase richer in the unreacted element in that case the observed phase TiAl2. [10]
The (H/E) ratio for the gold films varies between 0.02 and 0.03 which is in the same magnitude

as the (H/E) ratio of hardened high speed steel. In case of TiAl, this ratio is even higher, reaching
the typical values of some well known wear resistant materials such as TiN and Al2O3 with a
(H/E) ratio of around 0.05. [11]

Figure 3: Laser irradiated TiAl sample with a fixed periodicity of 4 m. Diagram on the left side shows the reduced
elastic modulus for the maxima and the minima positions respectively and the right diagram the measured hardness
in GPa.

In order to study the influence of the as tailored microstructures in Au and TiAl films, sliding
tests with a nanotribometer at a normal load of 1 mN were performed. As a counterbody Al2O3
balls with a diameter of 1.5 mm were used. Before the sliding tests, the ball surface was imaged
by a white light interferometer to measure the roughness of the ball and to compare the surface of
the ball before and after the tribometer test. After every test, the ball was cleaned with ethanol.
The sliding time for the Au films was limited to 250 s because at longer sliding times the wear
scar depth was already larger than the film thickness of 300 nm. Figure 4 reveals the evolution
of the wear scars dependent on the number of cycles.
The difference in the tribological behavior of the sliding motion parallel and perpendicular

was however negligible. Therefore, we only focus on the results gained during the perpendicular
motion of the cantilever. In consequence of a strong temperature and an associated surface tension
gradient during the local laser heating of the films, there are Marangoni forces acting on the film
surface moving material from the minima to the maxima regions in this case. [7] As a result,
there is a slight topography with an average height of 100 nm related to a structure periodicity
ranging from 2 to 12 m for the Au layers. Concerning TiAl, the topography is less than 20
nm for a fixed periodicity of 4 m. It is visible in figure 4 (b) that first the elevated maxima
positions in the patterned Au films are worn which are softer than the nanocrystalline minima
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Figure 4: Evolution of wear scar in 300 nm thick Au layers as dependent on the number of cycles. (a) 1 cycle, (b)
5 cycles and (c) 10 cycles.

regions. After 10 cycles, a continuous wear track appears indicating a rapidly degrading surface
by plastic deformation. Similar results were obtained for the TiAl multilayers. EDX analysis of
the ball surface after the experiment showed no Au signal. Furthermore, no flattening of the ball
could be detected.
With regard to a quantitative analysis of the worn volume, a representative set of wear tracks

were studied by white light interferometry. The worn volume was determined by the measure-
ment of the total length, the width and depth of the corresponding wear scars. In some cases,
the use of the usual geometric formulae led to large error bars which can be attributed to the
very irregular and asymmetric shape of the wear tracks. The results are plotted as a function of
the structural periodicity. Due to the experimental setup and the thermal diffusivity of metallic
samples, the periodicity is restricted to a minimum of 2 m and a maximum of nearly 12 m in
our laser facility.

Figure 5: Wear volume determined by white light interferometry for Au films depending on the periodicity and
sliding direction on the left side and for TiAl multilayer for a fixed periodicity at 4 m.

Obviously, there is a dependence of the wear volume on the structural periodicity. For the 2 m
periodicity, the decrease in wear volume is approximately 31 % compared to the not structured
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sample. TiAl multilayers also show for a constant periodicity of 4 m a decrease in wear volume
ranging from 31 % up to 58 %. A detailed investigation of the relationship between periodicity
and worn volume for the TiAl samples is still in progress. Nevertheless, more sample sets are
necessary to finally verify this scaling dependency.
In conclusion, the friction coefficient versus the sliding time was recorded for both samples.

As can be seen in figure 6 (a), the friction coefficient exhibits strong fluctuations presumably
arising from the sample topography or the fast degrading surface (see fig. 4).
There are no significant differences between the forward and backward motion for both sample

types.
Considering figure 6 (b), it is evident that the friction coefficient is less fluctuating over sliding

time, because the topography is only slightly pronounced (< 20 nm). However, it can be stated
out that is generally less for the structured samples in comparison to the not structured film
surfaces.

Figure 6: Friction coefficient as a function of sliding time in s for a structured Au sample with a periodicity of 2
m recorded in forward and backward motion (left graph) and for TiAl with a periodicity of 4 m compared to the
not patterned sample.

4 Conclusions

It has been shown that Laser-Interference-Metallurgy is a powerful tool for the microstructural
design of thin metallic films. Due to the precisely determined laser intensity distribution the mi-
crostructure in terms of controlled recrystallization and phase formation can be designed. Thus,
texture, residual stresses and also topography may be controlled and various functional properties
on macroscopic areas can be tailored in a unique way.
For micromechanical systems under dry friction, this method could be one promising approach

to enhance tribological properties.
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Cu-graphite Composites: Composition Dependence of Friction
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1 Introduction

Tin or lead copper matrix alloys or Cu-alloy/graphite composites are widely used in sliding bear-
ings and brushes applications [1–2]. In the case of low voltage and high current densities, typ-
ically for sliding parts of welding machines, it is required to employ materials with a very high
electrical conductivity, good thermal conductivity and low friction coefficient. Such conditions
are well fulfilled by copper-graphite (Cu-graphite) composite material [3–6]. Various preparation
methods can be used to prepare Cu-graphite systems [3, 7–9]. However, the proper preparation
method is usually selected according to the required composition, manufacturing cost and desired
industrial application.
Recently Moustafa et al. [10] and authors [11] studied the wear and coefficient of friction

of Cu–graphite composites made by powder metallurgy from Cu-coated graphite particles or
mixtures of copper and graphite powders in the composition range of 0–50 vol.% of graphite.
Moustafa et al. [10] explained very precisely the wear mechanism in the investigated composites
from the point of view of applied load. It was found that both coated and uncoated Cu-graphite
composites exhibited the same wear mechanisms, namely, oxidation induced delamination, high
strained delamination, and sub-surface delamination. Concerning composition dependence of
sliding properties it was found that with increasing concentration of graphite the coefficient of
friction and wear rate of coated and uncoated composites at first decreases. When a critical
concentration threshold of graphite is reached, the coefficient of friction becomes independent
on the composition while the wear rate decreases further. This threshold is not simply 20 vol.%
of graphite as stated Rohatgi et al. [2] for metal matrix composites, but it significantly depends
on the composite structure: For uncoated composites, it is 12 vol.% of graphite for fine graphite
powder (16µm), while for coarse powder (25–40µm, [10]) it is 23 vol.% of graphite. For coated
composites the concentration threshold was found above 25 vol.% of graphite. The reason is that
the increased number of fine copper debris within graphite rich tribolayer occurs homogeneously
also at high graphite composition.
The main aim of this work is to model the observed composition dependence of the friction co-

efficient of copper-graphite composites at constant load for both uncoated and coated composite
systems.

2 Experimental

At the beginning it is necessary to define the used preparation method and measurement condi-
tions of friction tests for a better understanding of the observed results.
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2.1 Preparation of Composites

Cu-graphite composites were prepared by HIP-ing using pure copper (particle size < 70µm,
average particle size 22µm, purity 99.9%) and graphite (average particle size 16µm, purity
99.9%) powders. The copper powder has dendritic shape while graphite powder is of the flake
shape. The uncoated powders were used to prepare particulate Cu-graphite composites in the
range of 0–50 vol.% of graphite [3, 4]. The same graphite powder was homogeneously copper
coated using a conventional electroless coating process ([12] and references therein) at company
Platingtech, Austria. The resulting volume fraction after coating is about 50 vol.% of graphite [6].
SEM investigations (see Figs. 1 and 2) of particles showed that the copper coating covers whole
surface of each graphite particle and is approximately 2µm thick. The amount of coated copper
corresponds to 50 vol.% of graphite in the final composite. Cu-graphite coated composite with 30
vol.% of graphite was prepared by admixing of copper powder to copper coated graphite powder.
The same powdermetallurgical approachwas used for the preparation: The starting powderswere
wet mixed (if necessary) and dried afterwards. Then the mixture was cold compacted to a pellet,
which was put into a steel tube, evacuated and sealed. The sample was put into hot isostatic
pressing equipment and was HIP-ed at 950 °C for 1.5 hour under the pressure of 150 MPa.

2.2 Friction Tests

Coefficient of friction of uncoated composites in the composition range of 0–40 vol. % of graphite
was measured using pin-on-ring tribometer SaFM-3 at the Department of Materials and Technol-
ogy. The samples of 10 × ×10 × 35mm were tested. A steel ring (DIN ST 60-2) was used as
a counterpart. Sliding was performed under ambient conditions (temperature 21 °C, humidity
60%) in air at a sliding velocity of 0.11ms–1 and nominal load of 100N for 20 minutes twice for
each composition.
Coefficient of friction and wear rate of prepared coated and uncoated composites with 30 and

50 vol.% of graphite were measured using pin-on-disc tribometer at Austrian Research Centre,
Seibersdorf, Austria. The sample of various lengths and diameter of 2.4mm were tested. A steel
disk (ASTM A295) of diameter 60 mm was used as a counterpart. Sliding was performed under
ambient conditions (temperature 24 °C, humidity 50%) in air at a sliding velocity of 0.5ms–1 and
nominal load of 30 N. Track radius was 21 mm and total tested distance was 1200 m. The results
of this measurement are further marked as pin-on-disc (30N).
Measuring conditions from the work of Moustafa et al. [10] are as follows: Coefficient of

friction and wear rate of prepared uncoated and coated composites in the composition range of
0–20 vol. % of graphite were measured using pin-on-ring tribometer. The samples with the
diameter of 7.9mm and length of 12mm were tested. A steel ring (SAE 1045) was used as a
counterpart. Sliding was performed in air at a sliding velocity of 0.2 ms-1 and nominal load
varied between 50 – 500 N. For the data comparison the data at nominal load of 100 N are used.
Total tested distance was 2160 m.

3 Model

During sliding of two pieces of material a tribolayer usually denoted as “mechanically mixed
layer” (MML) [13] is created. The presence of theMMLdecreases the direct contact area between
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Figure 1: SEM photos of Cu- graphite composite structure at 30 vol. % of graphite prior to sliding: left – uncoated,
right – coated graphite [11].

Figure 2: SEM photos of Cu- graphite composite structure at 50 vol. % of graphite prior to sliding: left – uncoated,
right – coated graphite [11].

the composite and the counterpart, therefore improving the wear resistance of the composites.
As graphite is a good lubricant material, almost small volume fraction of graphite in a copper
matrix composite leads to the significant decrease of the coefficient of friction. It is the result of
the mechanical properties of graphite and also of only mechanical bonding between copper and
graphite (due to the low solubility of carbon in copper - solubility does not exceed 0.02 atom %
up to high temperatures [14]).
This mechanical bonding between copper and graphite enables us to model the composition

dependence of the friction coefficient in a simple way. Unfortunately, until now, there is no rigor-
ous way how to model composition dependence of the friction coefficient for composites. From
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the experimental results [11] it was suggested that composition dependence of the coefficient of
friction of Cu-graphite composites is similar to S-shaped curve already used for the prediction
of electrical and thermal conductivity, and modulus of elasticity of these composites. S-shaped
curve is described in general effective medium theory [15, 16] in a following way

f
σ

1/t
lo − σ1/teff
σ

1/t
lo + gσ

1/t
eff

+ ( 1− f) σ
1/t
hi − σ1/teff

σ
1/t
hi + gσeff1/t

= 0 (1)

where t is the characteristic exponent for the effective property – eff , f is volume fraction of
the phase possessing low coefficient of friction – lo, g is a parameter connected to percolation
threshold as f c = g/(1–g) and σ is considered here as coefficient of friction.

Table 1: General effective medium theory fitting results for Cu-graphite composite systems

g [-] f c [vol.%] t [-] Coefficient of friction
of graphite

Uncoated 0.03011 ± 0.00278 1.5 -8.98204 ± 2.07802 0.13656 ± 0.00779
Uncoated Moustafa
et. al.

0.14631 ± 0.00087 12.8 –10.28794 ± 0.47692 0.14858 ± 0.00166

Coated 0.07999 ± 0.01376 7.4 –23.9584 ± 725.77939 0.15373 ± 0.32184
Coated MWCNTS
Tu et. al.

0.03996 ± 0.01168 3.8 –23.48862 ±
639.23445

0.08918 ± 0.28576

As can be seen from Figs. 3-6 the model describes well the obtained experimental result. The
values of the fitting parameters obtained by nonlinear curve fitting are listed in Table 1. The
critical volume fraction of graphite in this case differs from the critical concentration thresh-
old of graphite determined in previous work [11]. The second indicates the amount of graphite
at/above which the properties MML are fully dominated by graphite content. On the contrary
the first parameter, determined using proposed model, indicates the concentration of graphite
at/above which the graphite phase placement within composite starts to influence significantly
the properties of MML and also the coefficient of friction of composite. Therefore a signifi-
cant decrease of the coefficient of friction can be observed in the vicinity of the critical volume
fraction of graphite f c.
Moreover, it is evident that the both parameters depend on the size of used graphite particles

significantly. For example Figs. 3 and 4 indicate the critical volume fraction of graphite of 1.5 vol.
% of graphite for fine uncoated composites and approximately 12.8 vol. % of graphite for coarse
uncoated composites [10]. A small critical concentration of about 3.8 vol. % of multiwalled
carbon nanotubes (CNTS) can be found for Cu – CNTS composites investigated by Tu et al. [17]
(see Fig. 6). However it can be generally stated that the smaller the size of graphite phase prior
preparation method the smaller are both studied parameters for the coefficient of friction – see
the results for coated composite.
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Figure 3:Composition dependence of friction coefficient on graphite phase content for uncoated composite system
and GEM fitting function.

Figure 4:Composition dependence of friction coefficient on graphite phase content for uncoated composite system
and GEM fitting function data from Moustafa et. al.[10]

Figure 5: Composition dependence of friction coefficient on graphite phase content for coated composite system
and GEM fitting function.
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Figure 6: Composition dependence of friction coefficient on graphite phase content for coated composite system
with MWCNTS and GEM fitting function – data Tu et. al. [17]

4 Conclusion

It can be concluded that the proposed empirical model seems to describe relatively well the com-
position dependence of Cu-graphite composite systems. However it must be checked and verified
on other metal matrix composite systems to confirm its validity.
Authors would like to express their gratitude to Slovak Government for funding of this work

within following projects: APVV-20-057805, VEGA2/7167/27, VEGA1/4102/07. One of them,
. E. thanks to AMTT, Austrian Research Centers, Seibersdorf (LSF contract HPRI-1999-00024)
for funding of pin-on-disk wear measurements.
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1 Introduction

Among other techniques, laser nitriding has proven to be a promising way to enhance the poor
tribological behavior of titanium alloys [1, 2]. In contrast to conventional gas or plasma nitriding,
laser nitriding involves the melting of the metals surface in a nitrogen containing atmosphere.
Due to the strong affinity of the molten titanium to nitrogen, nitrogen is very rapidly picked up
and distributed within the melt by convection and diffusion, leading to the formation of titanium
nitrides during solidification. Deep wear resistant layers of up to 1.5mm thickness, exhibiting
hardness in the range of 500–1500HV could be achieved by laser nitriding of different titanium
alloys [3–6].
In contrast to sliding and abrasive wear protection which requires a high surface hardness,

a moderate hardness in the range from 400–800HV has already shown suitable to improve the
cavitation and water droplet erosion resistance of commercial pure (cp) Ti and (α+β)-Ti alloy
Ti-6Al-4V [7–10]. To accomplish such moderate hardness, the laser nitriding has to be done
under diluted gas atmospheres. However, up to now no systematic information exists about the
correlation of processing parameters with microstructure, hardness and erosion behavior.
It is the aim of the present study to show that the cavitation erosion resistance of cp-Ti and

Ti-6Al-4V can be significantly enhanced by laser nitriding under strongly diluted nitrogen atmo-
spheres. For this reason the titanium alloys were laser nitrided using a CO2 laser and mixtures
of nitrogen to argon ratio below 1:3. The hardness and the microstructure of the laser nitrided
layers were investigated by metallography and scanning electron microscopy (SEM). In addition
the cavitation erosion behavior of the samples in deionized water was studied.

2 Experimental

2.1 Specimens and Laser Treatment

For the present work cp-Ti (grade 2) and the (α+β)-Ti alloy Ti-6Al-4V with the following com-
position: Al = 6.4, V = 4.1, Fe = 0.19, O = 0.156, C = 0.007, N = 0.007, Ti = balance (wt%) were
used. Specimens SI60mm by SI40mm or SI110mm by SI40mm, each SI6mm thick, were laser
nitrided utilizing a SI6kW cw CO2 laser. Sets of 45 overlapping tracks were produced using
mixtures of nitrogen to argon in the range from 0 : 100 to 25 : 75. To ensure a fine adjustable as
well as oxygen free gas atmosphere with defined nitrogen concentrations a bell shaped inert gas
device was used, which had been developed in our previous work [5]. The laser nitriding was
done using 3.1 kW laser power, SI3.5mm beam spot diameter, 9mm/s traverse speed, 2.75mm
track overlap and a constant gas flow of 100 l/min.



75

2.2 Characterization Methods

Metallographic cross sections of the laser nitrided samples were prepared by a sequence of cut-
ting, grinding, polishing and etching and analyzed by optical microscopy. Further information
about the structure and the spatial distribution of the phases formed during laser nitriding was
obtained by SEM. The hardness of the samples was measured at the cross sections by means of
a Vickers microhardness tester using a 100 g load.
An ultrasonic induced cavitation device was used to carry out the cavitation erosion tests in

deionised water at 25 ◦C (ASTM G32-92). The specimens were set opposite to a vibrating tip
of Ti-6Al-4V. Cavitation was induced by longitudinal oscillation at 20 kHz at an amplitude of
40µm and a distance between tip and sample of 0.50mm. The mass loss was determined at
specific intervals during a total testing of 20 h exposure to cavitation with an accuracy of 0.1 mg.
All samples to be tested were mechanically ground before the beginning of the test.

3 Results

3.1 Microstructure and Hardness

Laser nitriding of cp-Ti and Ti-6Al-4V under gas atmospheres containing 0–25% nitrogen led to
the formation of macrocrack free layers of about 0.5 mm thickness. Figures 1 and 2 exemplarily
demonstrate how the nitrogen concentration of the gas atmosphere influences the structure of
the laser nitrided layers. Although general structural features are similar for both laser nitrided
cp-Ti and Ti-6Al-4V there are specific differences which result from the unequal chemical com-
position of the two alloys. The structure formed in laser nitrided cp-Ti for very low nitrogen
concentrations is massive martensite, consisting of relatively coarse packets of α-plates (Fig. 1a
and c). However, if the nitrogen concentration is above 7%, the main structural feature is fine
and homogenous arranged acicular martensite (α′-Ti), (Fig. 1b and d). The solidification of sep-
arate nitrogen rich phases does not start for nitrogen concentrations below 19%. Hence, cp-Ti
samples laser nitrided under gas atmosphere of 19% and 25% nitrogen concentration contained
a few titanium nitrides, exhibiting a plate-like shape.
Remelting of Ti-6Al-4V under pure argon atmosphere resulted in a solidification structure con-

sisting of large β-Ti grains. Upon rapid cooling to room temperature the bcc β-Ti crystal struc-
ture transformed martensitically forming α′-Ti [11]. The prevailing structure of laser nitrided
Ti-6Al-4V is still α′-Ti if gas atmospheres containing less than 5% nitrogen are used (Fig. 2a
and c). However, the martensitic transformation is suppressed for nitrogen concentration above
5%. The structure of Ti-6Al-4V laser nitrided under gas atmospheres containing 5-25 % nitro-
gen mainly consists of small α-Ti grains, which are surrounded by a thin film of β-Ti [11]. In
contrast to cp-Ti the first titanium nitrides are already formed at nitrogen concentrations above
11 %. These titanium nitrides exhibit globular and plate-like shapes. From literature [12] and
own TEM investigations [13] we know that the globular and plate-shaped titanium nitrides are
hexagonal TiN0.3. In Ti-6Al-4V already a considerable amount of TiN0.3 is formed if laser ni-
trided under gas atmospheres containing 19 % and 25 % nitrogen (Figs. 2b and d). The dendritic
crystallization of fcc TiN, a characteristic feature of cp-Ti and Ti-6Al-4V laser nitrided with ni-
trogen concentrations above 60 %, is only sparsely seen in Ti-6Al-4V laser nitrided under gas
atmospheres containing 25 % nitrogen.
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Figure 1:Micrographs of cross-sections through specimens of cp-Ti laser nitrided under different gas atmospheres.
a) and c) N2/Ar = 5 : 95, b) and d) N2/Ar = 20 : 80
a) and b) Overview (optical micrograph), c) and d) Detail (SEM micrographs)

Figure 3 shows the measured hardness depth profiles and mean microhardness of laser ni-
trided cp-Ti and Ti-6Al-4V. It is evident, that the hardness of both Ti alloys can be considerably
increased by laser nitriding. With respect to the as delivered state the hardness of Ti-6Al-4V
considerably increases due to laser nitriding under gas atmospheres containing 2–13 % nitro-
gen but achieves a plateau at about 560 HV at nitrogen concentrations above 13 %. In contrast
to Ti-6Al-4V, the hardness of laser nitrided cp-Ti continuously increases in the whole range of
nitrogen concentration from 2-25 %. However, laser nitrided cp-Ti generally exhibits a lower
hardness than laser nitrided Ti-6Al-4V over the whole range of nitrogen concentrations consid-
ered in the present study.
The increase in hardness observed in the laser nitrided cp-Ti and Ti-6Al-4V can be correlated

with the structure formed in the laser nitrided layers. For both alloys the increase in hardness
can be mainly attributed to solid solution hardening of nitrogen interstitially dissolved in the
α- and α′-Ti lattice since hard fcc TiN phase is not formed if the nitrogen concentration of the
gas atmosphere is set below 25 %. The observations that in laser nitrided cp-Ti the formation of
titanium nitrides starts at higher nitrogen concentrations than in laser nitrided Ti-6Al-4V provides
evidence that low alloyed cp-Ti can dissolve more nitrogen interstitially in theα- andα′-Ti lattice
than the more alloyed Ti-6Al-4V.
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Figure 2:Micrographs of cross-sections through specimens of Ti-6Al-4V laser nitrided under different gas atmo-
spheres. a) and c) N2/Ar = 5:95, b) and d) N2/Ar = 19:81
a) and b) Overview (optical micrograph), c) and d) Detail (SEM micrographs)

Figure 3:Microhardness measured at the cross section of laser nitrided cp-Ti and Ti-6Al-4V
a) Depth profile, b) Mean hardness in a depth of 200µm
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3.2 Cavitation Erosion Behavior

The cumulative volume loss during cavitation erosion of cp-Ti and Ti-6Al-4V in the as delivered
and different laser nitrided states are plotted in the figures 4a and b, respectively. Usually, the
erosion curves consist of an incubation period without any measurable volume loss, a transition
period, where the rate of erosion increases towards a maximum and a steady state period, in
which the material removal commences with constant erosion rate. Comparing the as delivered
states of the both Ti alloys it is apparent that Ti-6Al-4V already exhibits an excellent resistance
to cavitation erosion whereas the cavitation erosion resistance of cp-Ti is relatively poor. Inde-
pendent of this different starting conditions the cavitation erosion resistance of both Ti alloys
is considerably improved by laser nitriding with low nitrogen concentrations. Both, cumulative
volume loss (Figs. 4a and b) and the erosion rate in the steady state period (Fig. 4c) distinctively
reduce with increasing nitrogen concentration but reach a plateau at nitrogen concentrations of
about 13 % for both Ti alloys. It is remarkable, that although the cavitation erosion resistance
of Ti-6Al-4V is superior to cp-Ti in the as delivered state, the wear resistance of both materials
becomes comparable if they are laser nitrided under gas atmospheres containing more than 9 %
nitrogen. As a consequence, laser nitriding of cp-Ti and Ti-6Al-4V under gas atmospheres con-
taining between 9-25 % nitrogen produce hard and wear resistant layers with excellent protection
against cavitation erosion.

Figure 4: Cavitation erosion behavior of laser nitrided cp-Ti and Ti-6Al-4V a) Cumulative mass loss: cp-Ti, b) Cu-
mulative mass loss: Ti-6Al-4V, c) Erosion rate in dependence of the nitrogen concentration of the gas atmosphere,
d) Correlation of erosion rate and microhardness
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In figure 4d the erosion rate in the steady state period is plotted against microhardness. Initially,
for both laser nitrided Ti alloys the erosion rate continuously decreases with increasing layer
hardness. However the erosion rate of laser nitrided cp-Ti and Ti-6Al-4V does not further reduce
even though their hardness still increases if the nitrogen concentration of the gas atmosphere was
set above 13 %. It is apparent from figures 4c and 4d that compared to laser nitrided Ti-6Al-4V
the erosion rate of laser nitrided cp-Ti reduces more steeply. Thus in both laser nitrided alloys the
same cavitation erosion resistance can be achieved even though laser nitrided cp-Ti exhibits lower
hardness than laser nitrided Ti-6Al-4V. To clarify the microstructural mechanisms responsible
for the slightly different cavitation erosion behavior of the both laser nitrided Ti alloys detailed
investigations are currently in progress.
In the present work the influence of the nitrogen concentration of the gas atmosphere in the

range of 0–25 % on the microstructure, hardness and cavitation erosion behavior of laser nitrided
cp-Ti and Ti-6Al-4V has been investigated. The following conclusions are drawn.

1. The nature, volume fraction and distribution of the phases formed during laser nitriding are
determined by the chemical composition of the alloy and by the nitrogen concentration of
the gas atmosphere. Laser nitrided cp-Ti exhibits massive martensite structure and acicular
martensite structure for nitrogen concentrations below and above 7 %, respectively. In con-
trast, the microstructure of laser nitrided Ti-6Al-4V changes from acicular martensite to a fine
mixture of α-Ti and β-Ti grains if the nitrogen concentration exceeds 5 %. For higher nitro-
gen concentrations in both Ti alloys the formation of globular and plate-shaped TiN0.3 phase
is observed.

2. The increase in hardness in the laser nitrided layers of both Ti alloys is mainly attributed to
solid solution hardening of nitrogen dissolved in the Ti lattice.

3. The cavitation erosion resistance of both Ti alloys can be distinctly improved by laser nitrid-
ing. Optimal cavitation erosion resistance is already achieved by laser nitriding under gas
atmospheres containing relatively little nitrogen (9–13%).
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Production of Coal Crushing Hammer Heads by Bi-metal Casting

Turgut Kirma, Ekrem Selçuk, Ali Kalkanli, Arda Çetin
Department of Metallurgical and Materials Engineering, Middle East Technical University, 06531 Ankara, Turkey

Abstract

In this study, by considering different mechanical properties such as wear resistance and tough-
ness of two different metal alloys in design and production stages, bi-metal casting technique
was used for producing composite material which will be a solution for the wear and crack for-
mation problem in coal crushing hammer heads and also impact bars. The failure analysis of the
classical hammer heads and impact bars which are made from Hadfield steels (austenitic steel)
showed that there are crack formations through austenitic grains, and SEM results showed that
there are dimples which indicate ductile fracture, and also during the phase transformation from
austenite to martensite, weight of the material decrease from 90 kg to 50 kg and it approximately
corresponds 45% weight loss.
The main aim of this study is trying to find an optimum conditions to produce bi-metal as an

alternative wear resistant product. High chromium white cast iron (16% Cr) was chosen for the
wear resistant part and ductile iron was chosen as a tough part of the bi-metal. At first part of the
study, unalloyed white cast iron and grey iron were investigated to form a bi-metal, than these
results were applied to alloyed materials.
Thermal analysis is the basic technique in this study to determine the solidification condi-

tions. By using thermocouples with a suitable set-up, the cooling curves of the materials were
obtained. By using a Newtonian thermal analysis technique, the solid fractions of the materials
during solidification were obtained by using cooling curves data. Different bi-metal producing
experiments were done under different solid fractions and the specimens were analysed.
Keywords: Wear resistance, Bi-Metal composite casting, Hadfield Steels, Thermal Analysis,

1 Introduction

In coal-fired power generation stations the coal has normally to be crushed and milled before
use. Wear has a great influence on the mill performance and maximization of the materials’ life
is important for the operators and manufacturers.
The crusher hammers are installed at the rotor and rotate at high speed. These hammers are

subject to complex stresses following impact and thrust motions, abrasion and in the case of
clinker mills frequent high temperatures. Under these conditions the plant operator expects high
wearresistance as well as 100% operational safety. As shown in Figure 1, the limits of wear resis-
tance using mono-metallic components have been reached. Wear on plant components represents
a considerable cost factor for the operators of excavating and processing machines. Degradation
of power components is mainly due to abrasion by quartz and alumina-silicates that are in the
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coal [1]. In addition to material composition, the service conditions also play a significant role
in degradation of the components. Material properties such as hardness, fracture toughness and
microstructure are also important factors in degradation of material and/or material removal due
to interactions with abrading media [2]. One possible way of improving wear resistance lies
in making components of composite castings. It is advantageous if different materials which
selfcombine, and therefore can not be detached from one another, are combined in one cast com-
ponent [3]. This means that one component can contain specific combinations of properties, such
as impact resistance and wear resistance and these materials are called bi-materials.

Figure 1:Wear of the Bi-Metallic hammer head compared with mono-metallic [3]

2 Experimental Procedure

2.1 Material Used

For the first part of the bi-metal production experiments; unalloyed white cast iron was used
as a wear resistant material and grey iron was used as a tough material. Chemical composition
of them are shown in Table 1. At the second part of the bi-metal production experiments, high
chromium white cast iron was used as wear resistant material whereas ductile iron was used as a
tough material, Table 2.
High-chromium white cast irons are in demand for the mining, mineral processing, metal-

lurgical and cement industries. Very high abrasive wear resistance combined with relatively low
production costs make these alloys particularly attractive for applications where grinding, milling
and pumping equipment is used to process materials such as ore, coal, and gravel. Another im-
portant application of these iron alloys is the manufacture of working rolls for hot strip mills.
In abrasion-resistant cast irons, chromium content is in the range of 14–28%; the chromium

goes entirely into the carbide phase and serves to enhance the carbide stability [4,5]. For lower
amounts of Cr in this range, the carbides are generally M3C. When the amount of Cr is higher,
the as-cast structure consists of discontinuous (CrFe)7C3 carbides and the γ phase which may be
completely or partially transformed to martensite during cooling.
In todays’ technology, low carbon steel is used as a tough part of bi-metallic components. In

this study, ductile iron was used instead of low carbon steel. Ductile iron, frequently referred to as
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nodular or spheroidal graphite iron provides a wide spectrum of mechanical properties that can be
obtained either by altering certain processing variables or through various heat treatments which
present different and better combination of properties for application with special requirements.

Table 1: Chemical Composition of Unalloyed White Cast Iron and Grey Cast Iron.

C % Si % P % S% Mn% Cr % Carbon Equivalent

White Cast Iron 3.2 1.18 0.006 0.003 0.033 0.02 3.6
Grey Cast Iron 3.5 2.4 0.01 0.003 0.31 0.015 4.3

Table 2: Chemical Composition of Alloyed White Cast Iron and Ductile Iron

C % Si % P % S %

16 % Cr White Cast Iron 2.66 0.76 0.03 0.01
Ductile Iron 3.5 2.5 0.01 0.01

2.2 Mold Design and Experimental Set-Up

A specially designed mould in bi-metal casting must be used as shown in Figure 2. Two different
metals are poured and so two risers are used. The first metal is poured from the first riser up to
3 level( interface of the bi-metal) and when it solidifies up to a critical solid fraction, the second
material is poured from the second riser.

Figure 2:Mould design for bi-metal casting.

As shown in Figure 3, there is a thermocouple at the point 3 where is the interface of bi-metal.
By using a K-type thermocouple and thermal analysis control system, the temperature of the
interface are recorded by time. Then, these temperatures give the cooling curves of the materials.

2.3 Thermal Analysis

Solidification process parameters are identified and measured by thermal analysis may then be
used to evaluate the effects of processing variables on solidification. When cast iron solidifies
from the molten state, it passes through several phase changes.
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Figure 3: Experimental Set-Up.

The first phase change is the beginning of primary austenite formation; this is commonly called
liquidus. The second phase change represents the end of austenite formation and the beginning
of solid state transformation; this is commonly called solidus.

2.4 Newtonian Thermal Analysis of Cast Iron

Computer aided cooling curve analysis (CACCA), such as Fourier Thermal Analysis (FTA) and
Newtonian Thermal Analysis (NTA) are valuable tools that give a deeper understanding of the
solidification of cast alloys. The interest on these techniques relies on the successful identifica-
tion of several cooling curve parameters by conventional cooling curve analysis. This allows the
prediction of the microstructure of cast products. Another reason is the need to develop more
elaborated cooling curve data processing methods in order to gain a better understanding of so-
lidification and a closer control of the melt quality before pouring.
Newtonian Thermal Analysis (NTA) analyzes a cooling curve that is obtained with thermal

analysis instruments, shown in Figure 4. NTA calculations are performed on the first derivative
of that curve. In the classical version of this method , the times of start and end of solidifica-
tion are located. The zero baseline curve is obtained from an exponential interpolation between
these points. Integration of the area between the cooling curve and the zero baseline curve gives
relevant information of the solidification kinetics [6].

Figure 4: Thermal Analysis Instruments.
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3 Results and Discussion

3.1 Metallographic Investigation of Hadfield Steel

As shown in Figure 5, the unused sample, which was taken from Çatalagzı Thermal Power Plant
in Turkey, is fully austenite and there are no carbides. It is possible to say that, heat treatment of
the steel is succesful.

Table 3: Chemical Composition of Hadfield Steel Hammer Head and Impact Bar Used in Coal Crushers and
Grinders

C % Mn% Cr %

GX 130 Mn Cr Hammer Head 1.20 17.0 1.5
GX 120 Mn 13 Impact Bar 1.20 13.0 0.5

Figure 5:Optical micrograph showing unused Hadfield steel impact bar specimen at 50X and 100 Xmagnification.

Figure 6: Optical micrograph showing used Hadfield steel impact bar specimen at 50X and 100 X magnification.

The specimens were taken from the surface of the component which were exposed the impact
and abrasive wear. In Figure 6, the cracks are seen through the grains of the used Hadfield
steel specimen. Also the matrix is still fully austenite. Addition to these microcracks there is an
important degree of wear rate and it results 45 % weight lose.
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3.2 Scanning Electron Microscop Analysis

By deformation during the crushing and grinding processes, due to high work hardening capa-
bility of Hadfield steel, phase transformation from austenite to martensite starts. By the transfor-
mation, the hardness of the material increases and wear resistance also increases.

a) b)

Figure 7: SEM micrograph of used Hadfield steel impact bar specimen. a) Partial phase transformation, 2500X,
b) Martensite phase, 7500X

a) b)

Figure 8: SEM micrograph of used Hadfield steel impact bar specimen. a) Austenite grain, 7000X, b) Dimples,
3700X

As shown in Figure 7, the ratio of martensite in the microstructure is low. It means that the
hardness which is necessary for resistance to abrasive wear is still low. Also, as it can be seen in
Figure 8, there are dimples in used/scrap components which indicates ductile fracture. Finally,
the material is still tough and service conditions are not enough to provide high impact for an
effective phase transformation.
Hadfield steels are usually less resistant to abrasion than are martensitic white irons or marten-

sitic high-carbon steels, but are often more resistant than pearlitic white irons or pearlitic steels
[7]. Its some mechanical properties are ; 0.2 % offset yield strength 379 MPa, ultimate tensile
strength 965 MPa, as quenched hardness 190 HB, hardness at fracture is 500 HB. The approx-
imate ranges of tensile properties in other alloy steels by heat treatment are developed in man-
ganese steel by work hardening. It is preferred choice where high shock resistance, toughness
and absorption of energy are required. Excellent resistance to metal to metal wear, as in sheave
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wheels, crane wheels and car wheels. An important use is in railway tracwork, such as frogs,
switches and crossings, where the multiple impacts at intersections are especially severe [7].

3.3 Experiments of Bi-metal Production

3.3.1 Initial Experiment

The initial bi-metal production experiment showed that, there must be a critical time to pour the
second material. At this experiment, white cast iron was firstly poured into the mold and 60
seconds later the second material, grey iron, was poured.

a) b)

Figure 9: a) Digital photograph of bi-metal specimen, b) Interface of initial bi-metal specimen.

As seen from Figure 8, there is not a good combination between two materials and there is a
porous interface which is very brittle. According to this initial experiment results, it was deter-
mined that, starting point had to be thermal analysis of each material and then bi-metal would be
produced.

3.3.2 Thermal Analysis

Figure 10: Cooling curves of white and grey cast iron.

Cooling curves, Figure 10, gave us the solid fraction values shown in Figure 11, by using
Newtonian Thermal Analysis.
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Figure 11: Solid Fractions by Temperature (°C).

3.3.3 Evaluation of Experiments

1. Firstly, white cast iron was poured and waited until the temperature decreased to 1150 °C.
Then grey cast iron was poured at 1400 °C. 1150 °C corresponds 36.5 % solid fraction for
white cast iron.

2. Secondly, the white cast iron was poured and waited until the temperature decrease to 1180
°C. Then the grey cast iron was poured at 1400 °C. 1180 °C corresponds 29.4 % solid fraction
for white cast iron.

3. Grey cast iron was poured firstly and waited until the temperature decrease to 1150 °C. Then
the white cast iron was poured at 1400 °C. 1150 °C corresponds 25 % solid fraction for grey
cast iron.

a) b)

Figure 12: Optical micrograph, at 100X magnification, 36.5 % solid fraction, a) Polished, b) Etched with 2 %
Nital.

Hardness transition is significant in bi-metals. The hardness transition must be gradually. The
hardness of the interface should have the value between two materials. As shown in Figure 15,
the hardness increases gradually. In addition, the interface must behave as a third phase between
two different materials. There must be transitions between two different phases. As shown in
Figure 16 there are transitions between two different materials while solidifying.
At the second part of the bi-metal production experiments, high chromium white cast iron as

a wear resistant material and ductile iron as a tough material were examined.
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Figure 13: Digital photograph and hardness transition of first bi-metal specimen.

a) b)

Figure 14: Optical micrograph, at 100X magnification, 29.4 % solid fraction, a) Polished, b) Etched with 2 %
Nital.

Figure 15: Digital photograph and hardness transition of second bi-metal specimen.

After investigating the high chromium cast iron and ductile iron, final bi-metal casting ex-
periment had been done. The casting conditions, especially solid fraction value were decided
according the results of first part of bi-metal experiments.
By using the solid fraction graphs of ductile iron, Figure 18, the necessary temperature and

time for casting the second material, high chromium cast iron, was decided.
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Figure 16: Optical micrograph, at 100X magnification, 25 % solid fraction.

Figure 17: Digital photograph (macroetched with 10 % Nital) and hardness transition of third bi-metal specimen.

a) b)

Figure 18: a) Cooling Curve of Ductile Iron, b) Solid Fractions of Ductile Iron by Temperature (°C).

Finally, two alloys were prepared in two different induction furnaces at the same time. At
first ductile iron was poured and waited until the solid fraction of it became approximately 30 %.
Then, 16 % Cr white cast iron was poured at 1400 °C.

4 Conclusion

Hadfield steels are usually less resistant to abrasion than are martensitic white irons or martensitic
high-carbon steels, but are often more resistant than pearlitic white irons or pearlitic steels. So
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a) b)

Figure 19: Optical micrographs a) Ductile Iron, 200X, b) 16 % Cr White Cast Iron, 400X.

Figure 20: Optical micrograph of final bi-metal specimen, 200X magnification.

for example, if impact and shock are absent in the system, a martensitic cast iron is a much better
choice. If light or moderate impact is involved, the specification of a hardened steel may be justi-
fied. But if heavy impact is expected Hadfield steel is the logical choice [7]. In coal crusher and
grinder systems, abrasive wear is the main wear mechanism so abrasive wear resistance of ma-
terial is more important than its impact resistance. Abrasive conditions results in the progressive
removal of material and due to various phase transformations from austenite to martensite intro-
duces surface volume changes and causes the generation of cracks and further lead the failure of
the component [1]. One possible way of improving wear resistance lies in making components of
composite castings. It is advantageous if different materials which self-combine, and therefore
cannot be detached from one another, are combined in one cast component [3]. This means that
one component can contain specific combinations of properties, such as impact resistance and
wear resistance and these materials are called bi-materials.
The basic principle for producing bi-metals was to obtain the best solid fractions tomake the in-

terface behave as a third phase between two different materials. For this reason, different bimetal
producing experiments had been done under different experimental conditions. The results of the
experiments showed that, for white cast iron and gray iron duplex structure recommended tem-
perature range for white cast iron is 1150–1180 °C. The grey cast iron is poured at 1400 °C on
to this white cast iron. In this temperature range, solid fraction values are calculated as 40 %
and 30 % for white cast iron. For high toughness the spheroidal graphite cast iron (ductile iron)
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was choosen and produced instead of low carbon steel which is being used in todays’ technology
whereas 16 % chromium white cast iron was choosen as a wear resistant material.
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1 Introduction

Steel plate designed with high wear resistance is used in industrial plants and machinery subject
to wear. Typical applications of the wear-resistant structural steels are in plants for the extraction
and processing of raw materials such as coal, ore, rocks, etc. These include excavator shovels,
dumper truck bodies, crushers, shovel blades, side cutters, but also agricultural machinery and
railway points elements (Fig. 1).
For a detailed evaluation of the reliability of these materials in such structures, knowledge of

their wear behavior and expected durability in the effective operating conditions is particularly
important. The wear behavior of the plates depends on their material properties, especially their
hardness and strength, but also on the properties of the counter body and the ambient medium
as well as the structural conditions. Any wear incurred is therefore not a material, but always a
system property. These relationships can be described schematically by the tribological system
configuration.

Figure 1: Shovel excavator.

In this paper, these relationships are studied in depth for the above-mentioned applications in
order to create an appropriate basis for the selection of wear-resistant special structural steels to
meet application requirements and accordingly to predict their durability in application.
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Table 1: Chemical composition.

2 Special Structural Steels

2.1 Chemical Composition

By way of introduction, the production and properties of the wear-resistant special structural
steels are outlined below. Table 1 provides an overview of the chemical composition of plates
made of wear-resistant special structural steels. In plate thicknesses up to 100mm, the character-
istic alloying elements of the steels are Mn, Cr, Mo and Ni at a C content up to 0.47%. The steels
exhibit hardness values from around 300 to 650 HB with acceptable toughness. The steels are
produced mainly by water-quenching and -tempering. The steel plate is usually rolled and then
re-austenitized and quickly quenched in water in order to ensure transformation into the marten-
sitic or bainitic stage. The plate can be directly quenched from rolling heat. During cooling,
the carbon content of the steel is important as this has a crucial influence on the hardness after
quenching [1].

2.2 Microstructure

Important for the wear behavior of the special structural steels is their hardness, which is adjusted
based on the production process and the selected chemical composition in conjunction with a
tailored microstructure. With the hardness determined by the carbon content forced to remain
dissolved in the martensitic matrix, the selectively defined very small packet size of the lath-like
martensite of < 10 m is the basic precondition for optimum wear resistance. Characteristic is
also the arrangement of the individual laths at various angles to each other. Fig. 2 shows this lath
structure in a SEM image. Precipitated within this structure are fine carbides, which are shown
in the analysis as cementite (Fe, Mn, Cr, Mo)3 C or ultra fine NbC particles (Fig. 3).
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Figure 2: Lath structure.

Figure 3: Carbide inclusions.

Contents of up to 5% Mn, Cr and Mo are dissolved within these carbides. They show a
high hardness of > 1000 HV. Owing to their vol. fraction and extremely fine distribution, they
not only contribute to the high hardness of the martensitic basic matrix, but are also a significant
factor ensuring high wear resistance, as they are responsible for an additional strengthening of the
microstructure to prevent cold deformation and crack formation. The volume percentage of hard
carbides and the package size of the martensite can be controlled based on the steel composition,
the rolling process and the heat treatment. Corresponding microstructural investigations for a
detailed insight in the microstructural processing of these steels during wear are in progress.
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3 Wear Behavior

In the above-mentioned applications for the wear-resistant special structural steels, the charac-
teristic wear mechanisms affecting the plates are abrasive or grooving wear. The plate surface
is “scratched” by contact with an abrasive hard counter body (sand, rock, etc.) so that material
is removed from the surface. A further important wear mechanism is impact wear. The impact
of a counterbody leads to surface fatigue of the microstructure, which also results in the loss of
material from the surface. The share of the effective wear type is essentially dependent on the
angle of incidence of the wear material. Moreover, irrespective of the wear type, depending on
the ambient medium, an additional corrosion attack and therefore tribochemical reactions ensue,
which change the properties of the boundary layers and therefore increase the loss of material
from the surface [7].
In the interaction between the wearing counter materials and the plate, the level of the wear

stress depends essentially on the hardness relationship Hp. This is the key factor and defined by
the quotient of the hardness of the counter materials and the hardness of the plate material:

Hp =
HCounterbody

HPlate

This always results in the formation of upper- and lower shelf characteristics as shown in Fig.
4. If the hardness of the counter material is low relative to the hardness of the plate, this results
in comparatively low wear. With a much higher hardness of the counter material compared to
the plate, much higher wear is exhibited. The transition can usually be expected in the range of
equal hardness. Corresponding limits for Hp can be specified for the upper and lower shelf.

Figure 4: Characterization of the wear (schematic).

Working from this knowledge and preliminary considerations, tests on the wear behavior of
wear-resistant special structural steels on grooving and impact wear were conducted at the Centre
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of Expertise on Tribology at the University of Mannheim. Materials with different chemical
compositions, microstructures and hardness values were tested.

4 Materials and Methods

4.1 Materials

To cover the largest possible range of composition properties, around 20 test materials with dif-
ferent chemical composition with graduated contents of C, Mn, Cr, Mo and Ni were tested in
the test series. The plates were tested in a hardened or quenched and tempered state and had a
martensitic or martensitic-bainitic microstructure. Depending on the composition of the steel,
the plates exhibited hardness values from around 300 to 650 HB. As a reference material, a S355
with a ferritic-perlitic microstructure was used; this is available in the normalized state and has a
hardness of around 170 HB.

4.2 Test Rigs (Abrasive Wear Pot, Solid Particle Erosion System)

The test plan included two different test rigs [12]. In the first step, an abrasive pot was used to
exclusively test the grooving wear. Rounded silica gravel with a hardness of around 1150 HV10
was used as the abrasive material, so that here the behavior in the upper shelf region could be
examined. In a second stage, tests on impact wear were performed on suitable specimens in a
commercial solid particle erosion system. Besides quartz/corundum (1100–1600HV10), here salt
(around 200 HV10) and cast steel gravel (400–450 HV10) were also used so that the wear could
be tested in the upper and lower shelf regions and in the transition region. All tests with different
abrasive materials were performed at an impact angle of 30° (maximum wear, determined in
preliminary tests [12]) and an impact pressure of 6 bars.

5 Test Results and Discussion

5.1 Test Results

The crucial characteristic for evaluation of the wear incurred by the specimens is the wear amount
Wr. This is determined based on the difference in weight of the specimen before and after
the test and can be later converted, for example, into a plate thickness reduction rate per 1000 h.

For determination of the wear, all specimens were processed over a constant test time. This was
chosen so it lies in the range of the constant wear rate and no run-in effects can be expected. The
wear behavior of the steels tested with pure grooving and impact wear can be evaluated with the
help of Figs. 5 and 6. Precise details on the materials, test conditions and results are contained
in [12].
The hardness or the hardness ratioHp resulting from the steel composition and heat treatment

conditions is shown to be an important wear parameter for the two types of wear. On every level
of hardness, the achieved wear resistance is also dependent on the microstructure (e.g. carbide
content, etc.).
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Figure 5: Influence of the hardness on the relative wear amount (pH value≥ 7) with grooving wear.

5.2 Modeling of the Wear Behavior

In the modeling of the wear behavior, the mathematical description of the wear characteristics
showed in Fig. 4 is important. Here the hardness ratioHp is a key influencing parameter. Knowl-
edge of the respective transition pointsHp1 andHp2 is also important. According to [7–10], the
limitHp1≈ 0,9 to 1,3 applies for the end of the lower shelf region whileHp2≈ 1,3 to 1,6 applies
for the beginning of the upper shelf. The objective of the mathematical modeling of the wear
behavior is the calculation of the wear amount Wr relative to S355 as a function of the hardness
of the steel, the counter material and the steel composition and, if appropriate, the ambient con-
ditions (pH value, temperature, etc.). The mathematical modeling is done in stages for the upper
shelf, the lower shelf and the transitional regions.
It appears expedient to first to analyze the upper shelf behavior, i.e. Hp > Hp2. According to

the relationships determined in the tests, the following model has proven suitable for the optimal
description of the wear in the upper shelf region:

WH =Wr/Wr,S235 = A · exp(λ ·HB∗)

Here A is defined by the steel composition based on

A = α+
∑
βi · (C,Si,Mn....)

and HB∗ as the hardness of the steel standardized to the range of ± 0.5 in the hardness ranges
120 to 600 HB based on

HB∗ =
HB − 120

600− 120
− 0, 5
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Figure 6: Influence of the hardness on the relative wear amount with impact wear.

α, β and λ are constants or coefficients; they can be calculated by multiple regression.
In the tested cases of grooving and impact wear, besides the hardness (C content), the Cr and

Nb are shown to have a significant influence on the wear amount. The relative wear decreases
with the addition of Cr and Nb. The Cr influence is comparatively stronger in the case of the
grooving wear than with regard to impact wear. These effects can be explained metallurgically
as the increase in Cr leads to a rise in the volume percentage of the carbides, with a positive effect
on the reduction of the abrasive wear. Nb makes the microstructure finer so that the deformability
of the wear-resistant special structural steel is increased. This leads to increased microploughing
during grooving wear and increased crater formation in impact wear, i.e. to less material removal
overall. In the case of the grooving wear, it can be seen that the positive Cr effect increases with
decreasing pH value. With an additional corrosion-inhibiting effect [10], Cr should then have
a particularly positive effect on abrasive wear resistance. Fig. 7 shows the good agreement of
the measured results of the above empirical tests with the preliminary calculations for grooving
and impact wear in the upper shelf region. The coefficient of determination for the relationships
established is around 80%. In the lower shelf region, i.e. Hp < Hp1, hardly any wear is incurred.
Here it is expedient to use an almost constant value. Based on the empirical results, for the
grooving wear, here the value

WT =Wr/Wr,S235 = 0, 05

and for impact wear the value

WT =Wr/Wr,S235 = 0, 08

are used.
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Figure 7: Comparison of measured and calculated wear (upper shelf).

In the transitional wear region, i.e. at Hp1 < Hp < Hp2, a transitional function is defined;
here mathematically the functional model

W =Wr/Wr,S235 = C · (1 + tanh(D ·HP ))

can be chosen. The value of the constantsC andD in this transitional equation can be determined
from the conditions

WH =W and
dWH
dHp

=
dW

dHP
.

Depending on the formation of the upper and lower shelves and the position of the transitional
points Hp1 and Hp2, a corresponding transitional range with functionally smooth transitions
between the lower and upper shelf regions is automatically modeled.
The equations obtained for the upper shelf region, transitional region and lower shelf region can

describe in detail the wear behavior during grooving and impact wear. By combining this model
with equations for calculating the mechanical properties of wear-resistant special structural steels
[13], a universal integrative modeling program – ProWear – could be devised for wear-resistant
special structural steels. This low-cost and time-saving software facilitates the selection and
design of steels subject to an abrasive or impact wear load to meet application requirements. Fig.
8 shows the model system in a user-friendly interface on a computer.
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Figure 8: ProWear program interface.

5.3 Practical Modeling Applications

The system described is used as technical pilot plant both for steel production and the practical
application of corresponding plates exposed to wear. It enables the determination of damage
curves for the wear of different steels in the upper shelf regions.
As a result the wear of different steels relative to S355 can be determined and relative changes

during service lifetimes based onmaterial changes estimated. Influencing variables are the chem-
ical composition of the steels, the hardness value of the counter material, the impact angle (only
for impact wear) and the characterization of a wet environment based on the pH value. Fig. 9
shows model calculations for grooving wear as an example. Here the wear behavior of plates of
varying hardness with a defined content of Cr and Nb is shown when exposed to wear from iron
ore, feldspar and quartz in a neutral environment (pH = 7). According to this, steel with around
400 HB hardly suffers any wear (lower shelf) after attack with iron ore with around 450 HV10
(rd. 430 HB). For feldspar or quartz attack, however, an increase can be expected, which amounts
to around 60% of the wear of an S355. In addition, the model calculations enable the prediction
of wear when the steels are exposed to the combined wear of more than one abrasive component
with different hardness values as is often encountered in practical applications in industry.
To verify the usefulness of the modeling method in the field, data on the wear of the bodies

in dump trucks used in extensive ore mines was collected, evaluated and compared with the
calculations. The abrasive counter material comprised a mix of different minerals such as quartz,
pyrite and feldspar. Its mean hardness is 6 on the Mohs scale (around 760 HV). Particularly
interesting is wear at the hotspot of the dump body, which refers to the rear-centre section of a
dumper body that is exposed to constant wear during loading and unloading of the bulk solids.
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Figure 9:Wear behavior for different plate hardness values and abrasive materials (results of the pre-calculations).

Fig. 10 shows the result of a comparison between the empirically determined wear in the field
test (internal TKS test results by ultrasonic measurement of the plate thickness at defined points
after certain working hours) and the corresponding predictions. The wear rates calculated with
ProWear largely correspond to the mean material removal rates of the dumper body in the critical
hotspot (red circle). The calculation program enables a good integral analysis of the actual wear
behavior of the dumper body and should therefore also prove suitable for field-oriented estimation
of the behavior of real abrasive systems.

Figure 10: Comparison of measured and calculated (ProWear) values.
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6 Conclusion

The present essay is about tests on the wear behaviour of wear-resistant special structural steels
on grooving and impact wear. In addition, micro structural analyses provide information on the
active relationship between micro structural compositions and wear resistance. The coherence
between the hardness values of the plate and the abrasive counterbody is illustrated and test results
are shown.
Models and methods for the mathematical simulation of the wear behavior of plates exposed

to abrasion and solid-particle erosion are discussed and the ProWear simulation model for the
prediction of the wear behavior developed from the results of the tests is outlined. Potential
applications for the model as an aid to material selection are explained.
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Effect of Die Material on Friction During Iron Powder

Compaction
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1 Introduction

During compaction of the base iron powder, which most sintered structural parts are made of, a
fundamental impediment to higher densities and, thus, better mechanical properties is the friction
between the powder and the tool walls. To reduce the friction, an organic solid state lubricant is
mixed to the powder. The organics, however, occupy a certain volume fraction of the compo-
nent which cannot be filled with metal. For this reason larger amounts of internal lubricants are
prohibitive. The task during compaction is to balance the density reducing effects of tool wall
friction and amount of solid state lubricant. Tool wall friction can be affected by the tool material
itself. In this study dies of nominally identical dimensions and surface finish were manufactured
from conventional HS12-1-4-5 steel and a powder metallurgical highly alloyed tool steel con-
taining 1.8% nitrogen. The nitrogen in this steel is supposed to effectively prevent or mitigate
adhesive wear.

2 Background

If powder is pressed in one-sided die compaction, according to the so-called elementary theory,
the pressure transmission from top to bottom is not hydrostatic because of the frictional shear
stresses between powder and die wall. Fig. 1 illustrates schematically this situation for a die of
cross-section Q, circumference U and total peripheral friction surface M . The equilibrium of
forces for a volume element QUdx is under these conditions

paQ = (pa − dpa)Q+ τUdx (1)

where pa is the axial pressure and τ the frictional shear stress. Assuming a Coulomb friction
mechanism, τ could formally be determined as the product of friction coefficient µ and radial
pressure pr. Two simple conceptual approximations can be thought of for a relationship between
radial and axial pressure, firstly, with a constant pressure transmission coefficient q, the radial
pressure is estimated as pr = qpa and secondly, the radial pressure can be assumed as axial
pressure diminished by the deformation resistance k of the powder mass pr = pa–k. In both
cases q or k must not vary along the height of the die in order to integrate eq. 1, which is to say
q and k must be pressure-independent. For the first case, pr = qpa, eq. 1 delivers with Fig. 1

pLP = pUP exp(−qµM/Q) (2)

and the second assumption leads to

pLP = (pUP − k) exp(−µM/Q) + k (3)
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If powder compacts are pressed with differentM/Q rations in a stationary die and the upper
and lower punch forces are measured, the pressure ratio pLP /pUP plotted logarithmically versus
M/Q should yield a straight line for the mechanism according to eq. 2 and a systematic curvature
if the mechanism of eq. 3 prevails.

Figure 1: Pressure distribution assumed for the analysis by the elementary theory

From several investigations [1–3] it is, however, known that the radial pressure in die com-
paction of iron and steel powders is by no means a fixed fraction of the axial pressure and also
the deformation resistance of a powder changes during compaction. For these reasons eq. 2 and
3 can at best be first approximations. In [1] radial pressures were extensively measured via radial
pins through the die walls supported by load cells. For the same powder as in this investigation
but with a different lubricant the radial pressures from this work are shown in Fig. 2 as depending
on local axial pressure up to 800N/mm2. Neglecting the effect of the different type of lubricant,
a relationship can easily be established between axial and radial pressures by a parabola:

pr = apba (4)

With τ = µpr, integrating eq. 1 yields then

p1−bLP − p1−bUP = (b− 1) · a · M
Q

(5)

and finally

µ = (p1−bLP − p1−bUP )Q [Ma(b− 1)]
−1 (6)

From Fig. 2, a = 0.00514 and b = 1.7179 up to 800N/mm2. As will be shown later, beyond
about 800N/mm2 axial pressure, pure iron powder with 1% solid state lubricant does virtually
not increase further in density and, therefore, it is justified to assume a more or less constant de-
formation resistance for higher pressures. Beginning above 800N/mm2 the coefficient of friction
is, thus, calculated from eq. 3 as

µ =
Q

M
ln
pUP − k
PLP − k (7)
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where k = 300N/mm2 is taken from Fig. 2 as difference between axial and radial pressure.

Figure 2: Relationship between radial and axial pressure during one-sided die compaction of iron powder with1 %
lubricant [1]

3 Experimental procedure

The objective of this study was to see whether a steel with a very high nitrogen content has lower
frictional shear stresses in powder compaction than a conventional tool steel. To this end two
cylindrical compaction dies were built, one from the conventional high speed steel HS12-1-4-5
(1.3202) and the second one from the hot isostatically pressed powder metallurgical tool steel
Vancron 40, which is alloyed with 3.7% W, 3.2% Mo, 8.5% V and 4.5% Cr. In addition to
its carbon content of 1.1% this steel contains 1.8% N, making it an unusual alloy which should
have the potential to counteract adhesive wear. Both steel cores were salt bath hardened and
triple tempered to about 66 HRC, shrink fitted in a high carbon unalloyed steel case and ground
to a cavity diameter of Ø 18mm. Finally both dies were polished with diamond paste of grit size
3 m to a surface finish of Rz ≈ 1 m.
Unalloyed water atomised pure iron powder ASC 100.29 from Höganäs AB was mixed for 20

min with the widely used solid state lubricant Kenolube P11 from the same supplier.
Compaction took place as depicted in Fig. 3: The upper punch was backed with a 50 to force

transducer and connected to the stationary upper crosshead of the press. Lower punch and die
were assembled to the moveable table of the press. The table was lifted against the stationary
upper punch hydraulically via tie rods. A full bridge of strain gages was bonded to the cylindrical
shaft of the lower punch and carefully calibrated. To vary theM/Q ratio in this arrangement, the
die cavity height accepting the powder must be changeable. This was accomplished by a series
of dead stops fixing the distance between lower punch foot and lower die face. For ejection the
press table is lowered, the stops are removed and a slotted steel bush of sufficient length is placed
around the upper punch. On lifting the die, the compact emerges from the cavity.
During the tests with five different filling heights and ten different upper punch pressures the

upper and lower punch forces were registered versus the distance between die and upper punch.
To each compaction ten nominally equal slugs were pressed to calculate average pressures. One
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Figure 3: Experimental conditions for measurements with instrumented die

sample each was used for Archimedian density measurements according to DIN ISO 2738. The
pressures ranged from 154 to 1156 N/mm2 which covers the full industrially applied field.

4 Results

In Fig. 4 the compressibility of the powder-lubricant mixture processed here is shown for the two
die materials as depending on the upper punch pressure and theM/Q ratio. Especially, below
about 400 to 500 N/mm2 the effect of theM/Q ratio is rather pronounced, short slugs having up
to 0.25 g/cm3 higher densities than longer ones. There is no clear difference between HS12-1-
4-5 and Vancron 40. At pressures in excess of 600N/mm2 the density becomes more and more
independent of the M/Q ratio. Details can be revealed from Fig. 5, where the as-compressed
density is plotted versus the M/Q ratio with the pressure as parameter. The two die materials
differ only negligibly with very minor advantages for Vancron 40 up to about 500 N/mm2.

Figure 4:Compressibility of the investigated powder mix with differentM/Q ratios and two different diematerials

Eq. 6 and 7 were used to calculate the coefficient of friction from the measured values of
upper and lower punch pressure,M/Q ratio after compaction and radial pressure or deformation
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Figure 5: Density drop with increasingM/Q ratio as depicted by upper and lower limit in Fig. 4

resistance according to Fig. 2. These data are plotted as a function of upper punch pressure in
Fig. 6. In order to show the strong pressure dependence, the values of the fiveM/Q ratios per
pressure were averaged. At low pressures the coefficient of friction attains very high values,
an observation which was also reported in [1]. In excess of 900N/mm2 a more or less constant
friction coefficient below 0.1 seems to be asymptotically approached. The differences between
HS12-1-4-5 and Vancron 40 are negligible. At 800N/mm2 upper punch pressure, where the
evaluation is changed from eq. 6 to eq. 7, there is no discontinuity in Fig. 6. As mentioned
before, Fig. 5 proves that the density increase and, thus, the deformation resistance growth is not
of importance beyond 800 N/mm2. Therefore the change from eq. 6 to eq. 7 at that pressure is
well supported by the experimental evidence.

Figure 6: Dependence of friction coefficient on upper punch pressure as averages from the variousM/Q ratios

In powder compaction simulations, the axial and radial pressure distribution is often approxi-
mated by eq. 2, presumably for reasons of simplicity [3]. If eq. 2 is a suitable approximation of
the reality, a semilogarithmic plot of the lower punch pressure versusM/Q must give a straight
line. Fig. 7 compares the results for the two dies with least square straight lines through the
measured data. The slope of the lines is proportional to −q. Even though the deviations from
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linearity are systematic for both dies up to about 700N/mm2 upper punch pressure, admittedly
the curvature

Figure 7: Semilogarithmic plot of the lower punch pressure versusM/Q

is not pronounced within the range of M/Q ratios investigated here. Therefore, as an approxi-
mation also eq. 2 may be useful, particularly at higher pressures above some 600 N/mm2 where
the difference between the coefficient of friction according to eq. 6 and 7 and the product q
from eq. 2 is not very large. The drawback of eq. 2 is the fact that q and cannot be separated
without a finite element analysis of the stress development during compaction [3].

5 Conclusions

Taking into account measured radial pressures from iron powder compaction, an elementary the-
ory equation can be arrived at, which allows to determine coefficients of friction during the den-
sification state only from measured data without further assumptions.
The results gave very high friction coefficients ofµ ≥ 0.5 for an iron powderwith 1% lubricant

at pressures below 300 N/mm2 and a continuous transition to values of µ < 0.1 for upper punch
pressures exceeding 800 N/mm2.
The two die steels which were compared in this investigation did not differ, within experi-

mental error, in their friction behaviour, in spite of the extreme nitrogen content in one of the
steels. Thus, the alloyed nitrogen of Vancron 40 does not reduce the coefficient of friction during
compaction to any mentionable extent.
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1 Introduction

Abrasive wear and aluminium adhesion (sticking or galling) on tools are the common failure
modes of tools in aluminium forming and machining processes [1, 2]. Abrasive wear of the
bearing surface of the tools deteriorates the dimensional tolerance and surface quality of the pro-
file [3]. Aluminium adhesion to the tool surface results in the necessity for heavy lubricants
in aluminium cold forming, hot forging and machining processes [4]. Inadequate lubrication
of the forming metal and tool will cause poor surface quality of the product [4]. This problem
becomes severe when productivity related factors such as forming speed and thickness reduc-
tion are increased [4]. Nevertheless, lubricants are generally detrimental to the environment [5].
To improve abrasive wear and reduce aluminium adhesion on the tools, many new coating tech-
niques, e.g. physical vapour deposition (PVD) and chemical vapour deposition (CVD) have been
investigated [2–6]. Some coatings such as TiB2 and DLC (diamond like carbon) gave promising
results to reduce the aluminium adhesion, but they are often too thin (2–5 m) to withstand heavy
abrasive wear during the forming process [3]. Consequently, untreated cold work tool steels or
nitrided hot work tool steels are still by far the most common choice as aluminium forming tools
[1, 2]. On the other hand, steel matrix composites bring new possibilities to produce extreme
abrasive wear resistant materials owing to their good manufacturing properties combined with
the possibility of heat treatment and low cost [7, 8]. However, so far very limited information is
available on the aluminium adhesive resistance of reinforced steel composites.
In the present work, NbC, TiB2 andWC/Co reinforced steel matrix composites were developed

by a hot isostatic pressing (HIP) procedure, and the anti-adhesion properties of the composites
during sliding against an aluminium alloy were investigated.

2 Experimental Procedures

2.1 Development of Materials

Hotwork tool steel (H13) in powder formwith particle size in the range 22–45µm, high vanadium
tool steel (CPM10V) powder with size less than 106µm and high speed steel (HSS-ANVAL23)
powder with particle size in the range 106-212µm, all manufactured by Powdermet Sweden AB,
were chosen as unreinforced steels and matrices of the composites. Their chemical compositions
are shown in Table 1. NbC powder with particle size in the range 22–45µm, TiB2 powder with
particle size less than 22.5 m and Co-coated tungsten carbide with particle size between 22 and
45µm, all supplied by H. C. Starck GmbH, were selected as reinforcements. The experimental
unreinforced steels and composite materials were designed as shown in Table 2, and produced by
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a typical hot isostatic pressing (HIP) procedure. The full mixing of the steel powders and ceramic
powders were filled in capsules made of mild steel. The capsules were evacuated, sealed and put
into the HIP equipment. The HIP parameters were 1180 °C and 100MPa pressure for 3hrs.

Table 1: Compositions of unreinforced steel powders

Alloys Elements, in wt%
C Cr Mo V P Si Mn Ni S Fe

H13 0.42 5.04 1.33 1.06 <0.01 0.88 0.35 0.03 <0.01 Bal
CPM10V 2.43 5.24 1.39 9.6 <0.01 0.86 0.51 0.066 Bal
HSS 1.21 3.99 4.84 3.07 6.16W 0.25 0.27 0.9 0.017 Bal

After hipping, the materials were heat treated inside the capsules to avoid oxidation or de-
carburization. The heat treatment procedures were as follows: The H13 steel and its matrix
composites were preheated at 850 °C for 1hr and then austenitized at 1025 °C for 1hr, followed
by oil quenching. Afterwards, the materials were tempered: first at 560 °C for 2 hrs and then
at 600 °C for 2 hrs. The heat treatment of steels CPM10V and HSS as well as their composites
comprised preheating at 850 °C for 1hr, austenitizing at 1150 °C for 1hr prior to oil quenching.
Steel CPM10V and its matrix composites were 2 + 2 + 2 hrs triple tempered at 520 °C, while steel
HSS and its composites were 2 + 2 + 2hrs triple tempered at 560 °C.

Table 2: Experimental materials in this study

Material No. Material composition Material No. Material composition

H13 Unreinforced H13 PM10V Unreinforced CPM10V
H13-15NbC H13+15vol% NbC PM10V-15NbC CPM10V+15vol%NbC
H13-30NbC H13+30vol% NbC PM10V-30NbC CPM10V+30vol%NbC
H13-45NbC H13+45vol% NbC PM10V-45NbC CPM10V+45vol%NbC
H13-15TiB2 H13+15vol% TiB2 HSS Unreinforced HSS
H13-30TiB2 H13+30vol% TiB2 HSS-30NbC HSS+30vol%NbC
H13-45TiB2 H13+45vol% TiB2 HSS-30WC/Co HSS+30vol%

(88WC+12Co in wt.%)

2.2 Materials Characterization

The unreinforced steels and the composites were characterized by optical microscopy, electron
probe microanalyses (EPMA, JXA-8500F) and Rockwell hardness (HRC) testing. A total of 10
indentations were made to estimate the average hardness of each material. The bending strength
and the fracture deflections of the materials were determined using a three-point bending tester
with an applied load speed of 2mm/min.

2.3 Aluminium Adhesive Test

The apparatus for the aluminium adhesive test, called pin-on-ring, has been developed at SIN-
TEF. The pin is the test material specimen with a cross section of 14mm 14mm and height
of 8–12mm. Prior to testing, the sample surface was polished to 1 m-grit. The test rings
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(Ø100/135mm 12mm high) were made of aluminium (AA6082), whose chemical composi-
tions are given in Table 3. The pin was pressed against the ring with a normal force of 10N or
30N. The rotation speed of the ring was 200 rpm, giving a sliding speed of 1.2m/s. No lubricant
was employed in the sliding couple during the test. An attached computer recorded the friction
coefficient and the real load. The time from the start of the test till the friction coefficient abruptly
increased, is identified as the “non-sticking time”, and then this time was converted to a “non-
sticking distance (m)” to evaluate the aluminium adhesive resistance of a tool material. Three
tests were normally repeated for each tool material to obtain an average result.

Table 3: Composition of aluminium ring

Alloy Elements, in wt%
Fe Si Mg Ca Cu Ti Zn Na Mn Al

AA6082 0.2 1.04 0.67 6 ppm 30 ppm 0.01 0.005 4 ppm 0.54 Bal

3 Results and Discussion

3.1 Microstructure Evaluation

Figures 1a through 1c show typical microstructures of the H13 matrix composites reinforced
with 15, 30 and 45 vol % of NbC particles after hipping. Compared to the composite with
15 vol%NbC, the composite containing 30 vol%NbC particles appeared to have more uniformly
distributed reinforcements, while local agglomeration of NbC particle was found around the steel
matrix particles in the composite with 45 vol%, resulting in porosity or cracks (arrows in Figure
1c) due to contacts between hard, undeformable NbC, preventing densification. In Figures 1d
through 1f, it is seen that the TiB2 particles were uniformly distributed in the composite rein-
forced by 15 vol%TiB2, while TiB2 particles locally agglomerated around the matrix (H13) par-
ticles (arrows in Figure 1f) in the composites containing 30 and 45 vol%, giving rise to porosity.
The 15 vol%TiB2–reinforced composite has a relative uniform reinforcement distribution, but in
the NbC-reinforced composites, the reinforcement must reach 30vol% to obtain a uniform dis-
tribution. The reason for this is that the NbC particle size (22–45 m) was about twice that of
the TiB2 particle size (< 22 m). The backscattered images revealed that the NbC particles were
chemically stable in the steel H13 matrix composites, indicating that no new interface layer had
formed. However, TiB2 particles reacted with the H13 matrix and formed (Fe,Cr,V)2B laths and
small TiC particles around the TiB2 particle.
Figure 1g shows a typical microstructure of NbC-reinforced CPM10V matrix composite. Due

to a larger size difference between the matrix and the reinforcement particles, i.e.<106 m and
22–45 m, the NbC particles distributed around the prior matrix particle boundaries. This was
more obvious in the HSS matrix composite where the matrix particles were 106–212 m, i.e. the
continuous networks of the NbC particles and Co-covered WC particles are visible in Figures 1h
and 1i, respectively. The backscattered images in previous work [9, 10] demonstrated that the
NbC particles were chemically stable in the CPM10V matrix composites, and in the HSS matrix
composites, but that the original carbides in the HSSmatrix were dissolved in the vicinity of NbC
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particles. The outer parts of the Co-covered WC reinforcements in the HSS matrix composite
had dissolved significantly, and a new interface layer (M6C, M=W, Co and Cr) had formed [9].

Figure 1: Optical microstructure showing the distribution of reinforcements in typical composites.

3.2 Mechanical Properties

It is seen from Table 4 that the hardness of NbC-reinforced H13 matrix composites increases
with increasing reinforcement fraction from 15 to 30 vol%. However, the hardness of the com-
posite dropped to the same value as that of the unreinforced steel H13 when the NbC reinforce-
ments increased to 45 vol%. This is perhaps due to the presence of a larger amount of porosity
or cracks in the 45%NbC-reinforced composite (see Figure 1 c). The H13 matrix composites
reinforced by 15 and 30 vol%TiB2 exhibits abnormal behaviour, i.e. their hardness levels were
lower than that of unreinforced steel H13. Nevertheless, the hardness of the composite containing
45 vol%TiB2 reached the same hardness value as the composite reinforced by 30 vol%NbC. The
lower hardness of the composites containing 15 and 30 vol%TiB2 may be attributed to transforma-
tion into some amounts of non-martensitic constituents during quenching (further investigation
is needed).
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The NbC-reinforced CPM10V matrix composites exhibited a substantial increment when the
amount of reinforcement was increased form 15 to 30 vol%, and a much smaller increment from
30 to 45 vol%. This may imply that the optimum reinforcement fraction is 30 vol%NbC. The
hardness of the 30 vol%NbC-reinforcedHSS and the 30 vol%WC/Co-reinforcedHSS composites
was higher than that of the unreinforced HSS steel.
Table 4 also shows that the bending strengths and fracture displacements of the compos-

ites were substantially decreased with an increased reinforcement fraction. In general, NbC-
reinforcedH13matrix composites possess high bending strength and fracture displacements com-
pared to the corresponding composites with the same volume fraction of TiB2.

Table 4: Results of hardness measurement and three-point bend test

Material No. Hardness
(HRC)

Bending
strength
(MPa)

Bending dis-
placement
(mm)

Material No. Hardness
(HRC)

Bending
strength
(MPa)

H13 50.1 1678 3.889 CPM10V 62.5 2055
H13-15NbC 51.8 1107 0.574 CPM10V-

15NbC
63.8 1209

H13-30NbC 56.5 611 0.270 CPM10V-
30NbC

66.8 791

H13-45NbC 49.3 296 0.190 CPM10V-
45NbC

68.0 526

H13-15TiB2 25.5 494 0.276 HSS 62.9
H13-30TiB2 46.8 413 0.222 HSS-30NbC 67.5
H13-45TiB2 57.2 333 0.174 HSS-

30WC/Co
69.0

3.3 Resistance Against Aluminium Adhesion

Figure 2a shows that, among the NbC-reinforced H13 matrix composites, the longest sliding
distance without the presence of aluminium adhesion was found in the composite containing
30vol%NbC for both test loads 10N and 30N. This might be attributed to the relatively uniform
distribution of NbC particles, as shown in Figure 1b. However, an uneven NbC distribution
in the 15vol%NbC-reinforced H13 matrix composite and a lot of pores or cracks existing in
the H13 matrix composite containing 45vol%NbC are perhaps the main reasons for aluminium
readily sticking to these materials, particularly at the higher test load. The effect of volume
fraction of TiB2 on the aluminium sticking resistance of TiB2-reinforced H13 matrix composites
is unambiguous. In addition, no evident improvement in the adhesion resistance was found by
adding TiB2 reinforcement to the H13 steel. This result does not conform to the result obtained
on TiB2 PVD coated H13 steel [6].
In the present work, it is generally demonstrated that NbC-reinforced H13 matrix composites

have higher aluminium adhesion resistance than TiB2-reinforced composites. In particular this
is the case for 30vol%NbC-reinforced composite.
For NbC-reinforced CPM10V matrix composites (Figure 2b), the optimum added fraction of

NbC particles proved to be 30vol% in order to obtain a high aluminium sticking resistance re-
gardless of the test load. Among the HSSmatrix composites, 30vol%NbC-reinforced HSSmatrix
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Figure 2: Aluminium sticking resistance of the different materials and applied loads.

composite showed the highest aluminium adhesion resistance. WC/Co-reinforcement of steel did
not give any improvement, which correlates with the high aluminium adhesion on cemented car-
bides (92wt%WC+8wt%Co) [6]. In addition, although the reinforcement distribution was similar
(Figures 1f and 1g), the NbC-reinforced HSS composite has much higher aluminium adhesion
resistance than WC/Co-reinforced composite.
It is worth noting that there is no relationship between the aluminium sticking resistance and

the hardness for neither the unreinforced steels nor their matrix composites.

4 Conclusions

The results of the present investigation can be summarized as follows:

• NbC particles were stable in the H13, CPM10V and HSS steel matrix composites. TiB2 par-
ticles reacted with the H13 matrix and formed laths of (Fe, Cr, V)2B and small TiC particles.
Co-covered WC particles were partly dissolved in the HSS matrix.

• The hardness of the composites increased with increasing the amount of reinforcement to a
certain extent, depending on the size ratio of the reinforcement and the matrix powder.

• The bending strength and fracture deflections of the composites were substantially lower than
those of the unreinforced steels. No relationship between the aluminium adhesion resistance
and the hardness of the composites was found.

• 30vol%NbC reinforced H13 composite had a better aluminium adhesion resistance than TiB2
reinforced H13 composites.

• 30vol% NbC-reinforced HSS matrix composite has the best aluminium adhesion resistance
under the present test conditions.
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Graded Layers for Wear and Corrosion Protection Produced by

Laser Cladding
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1 Introduction

Graded materials offer the potential to combine various properties such as wear resistance, cor-
rosion resistance, strength and ductility which are difficult to achieve in a bulk material. These
materials are especially of interest for components which are exposed to complex operational
conditions, e. g. die casting or injection moulding tools. Such tools are exposed to wear (due
to friction), corrosion (due to reactions with the molten metal or polymer) and fatigue (due to
thermal cycling) [1]. Layers of graded materials can help to improve the performance and life
time of these tools which would be an important cost saving factor.
Amethod to produce graded layers is multi-layer claddingwith powder additivematerials. The

graded materials are formed in-situ layer by layer with a continuous change of the composition
in each layer. Some approaches for the production of graded layers or graded bulk volumes
are documented in the literature [2-5]. This paper reviews the research on graded layers for
injection moulding tools produced by laser cladding using powders as additive material. Graded
layers on the basis of Fe and Ni were developed aiming at the improvement of wear and corrosion
resistance as well as thermal shock resistance. Gradedmaterials based on Fe were also cladded on
a Cu substrate using a bonding layer based on Fe/Ni or Ni alloys. The layers were characterised
by metallographic investigations and hardness measurements. Since laser cladding is a near-
net-shape technology the layers have to be machined to the final dimensions. Typical methods
used in the tool making industry like milling, grinding, electric discharge machining (EDM) and
polishing were tested. The thermal shock resistance and the wear and corrosion properties of the
layers were investigated in special test equipment.

2 Process Engineering for Laser Cladding of Graded Layers

During laser cladding [6] the additive material and a thin layer of the base material are melted by
the laser beam. After solidification a dense layer with a metallurgical bonding to the substrate is
produced. Larger areas are cladded with overlapping tracks. The additive material can be pro-
vided either as powder or wire. Using powder is more flexible regarding the process (especially
3D cladding) as well as the choice and combination of materials. The typical layer thickness is
0.1 to 2 mm. Thicker layers can be produced by multi-layer cladding. The deposition rate of
laser cladding is smaller then for classic build-up welding techniques like PTA. However, laser
cladding features a higher precision and a low heat input into the substrate. It is therefore sophis-
ticated for a local treatment. Laser cladding is established in industry as a process for repair e. g.
for injection tools [1] or aero engine components [7].
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The experiments were carried out with a fibre coupled Nd:YAG laser (λ = 1063 nm). For
powder feeding a coaxial powder feed nozzle was used. Cladding of steel substrates is done with
a vertical incidence of the laser beam. In case of copper substrates the cladding head is tilted
(20 °) to avoid back reflections into the beam path which might damage optical components [7].
The graded layers are produced in-situ by using two powder feed hoppers containing powder A
and B. To produce a graded layer the feed rate of the hoppers is altered from layer to layer, e.
g. starting with 100 % A in the bottom layer and ending with 100 % B in the top layer. Table 1
shows the main process parameters for laser cladding for two different beam diameters.

Table 1: Process parameters for laser cladding of the graded layers

Parameter dbeam ≈ 2 mm dbeam ≈ 1 mm
Laser power, P 1–1.3 kW substrate steel 0.5–0.8 kW substrate steel

1–3 kW substrate Cu 0.8–1.5 kW substrate Cu
Velocity, v 0.5 m/min 0.5 m/min
Track offset,∆y 1.1 mm 0.6 mm
Carrier gas flow, mPF (Argon) 5 l/min 5 l/min
Coaxial shielding gas flow, mSG 20–30 l/min 20–30 l/min
Layer offset for multi-layer cladding,∆z 0.3-0.5 mm 0.2–0.3 mm
Final layer thickness (5 single layers), d approx. 2 mm approx. 1 mm
Overall powder feed rate, mP 1–4 g/min 0.5–2 g/min

3 Materials

As substrate materials plates of the hot working steel X 38 CrMoV 5-1 and the copper alloy
Cu2.5Ni0.7Si0.4Cr are used (thickness 10 -15 mm). Both alloys are commonly used for injection
moulding tools. The additive materials used are listed in Table 2. The NiCrBSi-alloy Deloro 60,
the aluminium bronze CuAl10 and Fe33Ni were only used for copper substrates.

4 Results and Discussion

4.1 Microstructure and Hardness of the Graded Layers

The developed graded layers are listed in Table 3. The alloy X 38 CrMoV 5-1 is the most impor-
tant alloy for die casting tools and injection moulds. Improvement of wear resistance is expected
when the precipitation of hard carbides (VC) is increased (graded material 1 and 4, Table 2). The
alloy X 42 Cr 13 is also used in the tool industry. It features a higher corrosion resistance than
X 38 CrMoV 5-1 but contains only Cr as carbide former. The addition of the alloy CPM 420 V
should increase the wear resistance (graded material 2 and 3, Table 2). On steel substrates crack
free layers can be produced up to a hardness around 60 HRC.
Copper alloys like Cu2.5Ni0.7Si0.4Cr are used in the injection moulding industry especially

for mould cores where high heat conductivity is needed to reduce the cycle time. However,
the wear and corrosion resistance of these alloys is inferior to that of hot working steels. Since
cladding of steel onto copper substrates leads to an inhomogeneous transition zone due to incom-
plete mixing of molten Fe and Cu a bonding layer has to be cladded first. For these investigations
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Table 2: Additive materials for the cladding of graded layers on steel and copper substrates

Alloy C Cu B Al Si Mn

X38 CrMoV5-1 (1.2343) 0.36-0.42 - - - 0.9-1.2 0.3-0.5
X42Cr13 (1.2083) 0.38-0.45 - - - < 1 < 1
VC 9 - - - - -
CPM 420 V 2.3 - - - - -
Deloro 60 (NiCrBSi) 0.7 - 3.1-3.5 - 2-4.5 -
CuAl10 - Bal. - 10 - -
Fe33Ni - - - - - -

Alloy Cr Mo V Ni Fe

X38 CrMoV5-1 (1.2343) 4.8-5.5 1.2-1.4 0.25-0.5 1.2-1.4 Bal.
X42Cr13 (1.2083) 12.5–13.5 - - - Bal.
VC - - Bal. - -
CPM 420 V 14 1 9 - Bal.
Deloro 60 (NiCrBSi) 14–15 - - Bal. 4
CuAl10 - - - - -
Fe33Ni - - - - 33 Bal.

the alloy Fe33Ni was chosen. The graded layer of CuAl10 and Deloro 60 is intended to improve
corrosion and wear resistance in combination with higher heat conductivity than for Fe-based
alloys (graded material 5, Table 2). On Cu substrates crack free layers can be produced up to
a hardness of only 50 HRC due to the difference in thermal expansion between Cu and Fe (Ni)
which generates high thermal stresses during cooling.
As an example the graded layer X 42 Cr 13 + CPM 420 V is described in more detail. Figure 1

shows the cross section of the graded layer. The layer is free of pores and cracks. Three regions
can be distinguished in the layer. In the upper region (layer 4 and 5) an equiaxed microstructure
has formed (Figure 1). The concentration of Cr and V in the grain boundaries is significantly
higher than in the grains which indicates that carbides have preferred precipitated in the grain
boundaries. In deeper regions of the graded layer the content of Cr and V decreases which leads
to less formation of carbides and some amount of martensite formation in the third layer. The
first two layers have transformed almost completely into martensite. The martensite is tempered
by the heat input during cladding of the subsequent layers. The decrease of Cr and V from top to
bottom in the whole graded layer is verified in the EDX line scan shown in Figure 1. The hardness
profile shown in Figure 1 is in good correlation with the above described microstructure. From
bottom to top the hardness increases due to the increased formation of carbides.

Table 3: Graded layers; Substrate: A = X 38 CrMoV 5-1, B = Cu2.5Ni0.7Si0.4Cr

No. Sub- Bonding Graded material Average hardness
strate layer on the surface

Comp. A Comp. B HV 0.3 HRC

1 A none X 38 CrMoV 5-1 X 38 CrMoV 5-1 + 5 wt.-% VC 830 65
2 A none X 42 Cr 13 CPM 420 V 780 63
3 B Fe33Ni X 42 Cr 13 CPM 420V 650 58
4 B Fe33Ni X 38 CrMoV 5-1 X 38 CrMoV 5-1 + 5 wt.-% VC 500 49
5 B none CuAl10 Deloro 60 (NiCrBSi alloy) 650 58
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Figure 1: Left: Micrographs of the graded layer X 42 Cr 13 + CPM 420 V, substrate X 38 CrMoV 5-1 (annealed);
Top left: overview; Down left: top layer with equiaxed grain structure; down right: transition zone between layer
2 and 3, dark phase martensite; Top right: Hardness profile across the graded layer; Down right: EDX Line scan
across the layer top left

4.2 Machining of the Graded Layers

The machinability of the graded layer is an important criterion for the use of these layers for
moulds and tools. The above described layers were tested with the following machining tech-
niques which are commonly used in the tool industry: milling, grinding, EDM and polishing
(Table 1). All graded layers can be machined without problems except the layer X 38 CrMoV
5-1 + (X 38 CrMoV 5-1 + 5 % VC) which shows some ripple formation after polishing. The rip-
ples are due to local differences in hardness caused by annealing of the martensite in preceding
tracks during cladding of the subsequent track.

Table 4: Evaluation of machining of various graded layers, composition see Table 3

Graded layer 1,4 2,3 5

Hardness (HRC) 58-60, 61-65 49-52, 62-64 60-62
hline EDM good good good
Grinding bad (ripple formation) good good
Milling good good good
Polishing bad (ripple formation) good good
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4.3 Thermal Shock Resistance

Thermal shock resistance was tested in a special test rig simulating typical condition
(Tmax = 500°C, duration per cycle 2 s) of the injection moulding process [7]. After 2000 cycles
the samples were investigated regarding cracks (dye penetration test), microstructure and hard-
ness. No cracks were found in the layers and none of the graded layers showed any change in
microstructure or hardness compared to the as-clad condition.

4.4 Wear and Corrosion Resistance

Wear and corrosion were investigated in a test apparatus especially designed for the injection
moulding process. Two test samples are placed opposite to each other leaving a small gap (0.2
mm) in between. The molten plastic is flowing through this gap (for details see [7]). Some test
conditions are listed in Table 5.

Table 5: Selected conditions for the injection moulding test

Parameter Value

Plastic Ultramid A3WG7 (PA66 + 35% glass fibres)
Temperature range of moulding material 255-270 °C
Injection time 6 s
Cycle time for single shot 28 s
Volume for single shot 50 cm3
Flow rate 40 kg for each pair of test samples, approx. 1200 shots
Sample size 15x12x5 mm3

As moulding material a plastic with additions of 35 % glass fibres is chosen. The glass fibres
generate severe abrasive wear conditions. The wear measuring quantity is the weight loss of the
test samples after 1200 shots. The tested layers are listed in Table 3.
The results of the wear tests of the layers cladded on the copper substrate are shown in Figure 2.

For the Fe-based alloy similar results were obtained for the layers cladded on the steel substrate.
The weight loss for the Fe-based layers is lower than for a nitrided steel 34 CrAlNi 7 which has
a surface hardness of approx. 1000 HV. Only ceramic materials like Al2O3 are superior. The
surface of the samples after the test show deeper grooves than the virgin layer (Figure 3). The
grooves also indicate that the wear mechanism is mainly abrasion due to the glass fibres. No
indications for corrosion could be found. The Ni-based graded layers show a higher weight loss
probably due to less formation of hard precipitations and also corrosion.

5 Summary

Graded layers on the basis of Fe- and Ni-alloys were developed for applications in the tool mak-
ing industry. The graded materials are formed layer by layer with a continuous change of the
composition in each layer using the technology of laser beam cladding with powder feeding. The
composition of the graded layers aims at the improvement of wear and corrosion resistance as
well as thermal shock resistance. Depending on the composition a surface hardness up to 65
HRC can be achieved. The layers on steel substrates are crack free up to 60 HRC. The graded
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Figure 2:Weight loss of various coatings after testing in a special test apparatus for injection moulding; parameters
see Table 5

Figure 3: Surface of test samples of the graded layer X 38 CrMoV 5-1 + (X 38 CrMoV 5-1 + 5 wt.-% VC) before
(left) and after the wear test (right)

materials can also be clad on a Cu substrate using the bonding layer Fe33Ni. The hardness should
be limited to values around 50 HRC to ensure crack free cladding. Machining of the materials
using milling, grinding, EDM and polishing was proved. A thermal shock test and a wear test
process have shown promising results regarding the applicability of the various graded layers for
the injection moulding process.
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1 Introduction

Regardless of the continuing development and improvement of internal combustion engines, the
wear of components still occurs. The current focus on new materials and processes as a mecha-
nism for improvement also means that previously unseen or insignificant problems can appear.
Of particular importance, and the driver for this work, is the wear of the valve, valve seat insert
(VSI) and cylinder head contacts. The wear of these components promotes incomplete combus-
tion and can cause exhaust gas emissions to rise and economy to fall. Even in situations where
these components themselves have not changed significantly, the operating conditions may have
altered, which can also promote wear. A particular example of this is the increase of in-cylinder
peak combustion pressures in diesel engines. These elevated pressures are reaching the strength
limits of aluminium cylinder heads prompting research into the use of different materials such as
compacted graphite iron (CGI).
The use of newer, or just different, materials, in components opens up avenues of research to

improve their performance. CGI has been used in relatively simple components, such as crank
dampers, but it is only in recent years that it has been investigated for use in components that
require subtle control of their microstructure. As a consequence, there is little literature on the
influence of common treatment processes, such as induction hardening, on the mechanical prop-
erties of CGI.

2 Background

2.1 Compacted Graphite Iron (CGI)

In general the properties of CGI, also known as vermicular cast iron, lie somewhere between
those of grey cast iron and ductile (or nodular) cast iron. It retains the castability of grey cast iron
but has some of the ductility and strength of ductile cast iron. Historically, the predominant driver
for the development of CGI has been that for weight reduction and up to a 10% reduction can
be typically achieved when compared to grey cast iron. Many components can be redesigned to
use less material whilst maintaining, or improving, their mechanical performance. Even though
CGI is 3.5 times denser than aluminium, the strength of CGI means components can be smaller
and a complete engine can weigh a similar amount than one made from aluminium [1]. More
recently, the focus has shifted towards using CGI to accommodate ever increasing combustion
pressures whilst maintaining existing engine weights and packaging requirements. In modern
direct injection turbo diesel designs the peak combustion pressure can reach over 200 bar, which
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is towards the upper limit of the ability of grey cast iron and aluminium to withstand cylinder
bore distortion.
Like ductile cast iron, the production of CGI relies on close control of the casting process and

the careful addition of alloying elements to control the microstructure. The development of CGI
components that require tight microstructural tolerances or require substantial machining has
been difficult. For example, the successful and reliable formation of CGI is extremely dependent
on the amount of magnesium in the material and can change the mechanical properties of the
material by up to 40%. The predominant characteristic is the presence of individual “graphite
worms” that connect to their nearest neighbours to form a coral-like structure that gives CGI its
superior mechanical properties. The combination of rounded edges and irregular surfaces create
strong adhesion between the graphite and iron and restrict the initiation and growth of cracks.

2.2 Induction Hardening

Induction hardening is a widely used heat treatment process that involves using a large alternating
electromagnetic field to rapidly heat the material into its transformation temperature range. This
is followed by quenching and produces a hardened, but more brittle, outer layer surrounding an
unchanged core of material. It can be controlled closely to produce locally hardened parts with
a minimal amount of thermal distortion and works particularly well with ferrous metals with
0.4–0.45% carbon. The properties of CGI lend themselves to induction hardening but there is
little literature to suggest much work has been carried out in this field.

3 Experimental Details

Previous work [2] has developed a test rig designed to provide assessment of the ability of a
particular material to resist wear due to impact and is shown in Figure 1. It is driven and con-
trolled by a 1.1 kW electric motor and cam/spring system. The cam is from a production 2.4 litre
D.O.H.C. diesel engine and acts directly onto a hardened flat present on the arm. Acting directly
opposite the cam, on another hardened flat of the arm, is a stainless steel compression spring
which recoils against the arm in hardened steel follower. The springs are easily interchangeable
to vary the impact energy and closing speed of the striker. The closing velocity can also be varied
by changing the clearance between the cam nose and the follower. Although the rig can operate
at high speed the actual loads on the cam, spring and bearings are relatively low, so lubrication
consists of light grease on the bearings and periodic applications of oil to the cam surface and
spring/follower sliding contacts. The rig is predominately mild steel in construction; notable ex-
ceptions being the arm (silver steel for strength and hardness) and striker block (aluminium to
reduce the mass at the end of the arm). The bearings that support the arm axle and the camshaft
are of the steel single row radial ball type.
Throughout this work, a 15mm diameter 400 series stainless steel ball bearing was used as

the striker and nominally strikes the test specimen at 10Hz. This can be altered by changing
the pulley ratios or by using a speed controller. The specimen is retained in position by a two-
part specimen holder and is nominally presented normal to the striker. Although not used in this
work, different specimen holders have been developed to present an angle to the striker (to induce
a small amount of sliding into the contact) and also to heat the specimen. The specimens are small
discs, 50mm in diameter and 10mm thick, all of the same composition. A custom inductor was
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Figure 1: Impact wear test rig

manufactured to suit the specimens and all specimens were treated equally, the only difference
being the nominal hardness depths of 2mm and 3mm.

4 Experimental Results

The typical properties of the specimens can be seen in Table 1.

Table 1: Specimen properties

Property Value Property Value

Nodularity 5%–15% Ultimate Tensile Strength 65MPa
Pearlite 96% Yield Strength 57MPa
Ferrite 3% Elongation 1%–2%
Carbide Trace – 0.5%

Before any testing was performed, hardness measurements were taken of the specimens. The
surface hardness of the untreated specimens was taken and assumed to be uniform throughout.
For the induction hardened specimens, a sample was taken and the hardness was measured at
0.5mm depth intervals. The hardness of the untreated specimens was assumed to be uniform.
The results can be seen in Figure 2.
All of the specimens were tested over a number of impacts ranging from 4500 to 72000 and

a new specimen was used for each test. An example of a worn specimen is shown in Figure 3.
The wear scar is the small light grey circle, typically 2mm in diameter, in the centre of the 50mm
disc. The coloured concentric rings are a product of the hardening process.
After each test, three the diameter of the wear scar was measured three times using an En-

gineer’s microscope. Then three profiles across the diameter of the scar were recorded using a
profilometer. The averages of these measurements were plotted against the total number of im-
pacts and can be seen in Figure 4. Each data point is derived from an individual test on a unique
specimen rather than a series of in-test measurements on the same specimen.
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Figure 2:Measured hardness through the specimen

Figure 3: Example of a worn hardened specimen

As the total mass lost is very small when compared to the specimen mass it is difficult to
measure. Also, some material may be displaced rather than removed. To calculate the wear
volumes, the wear scars were modelled to be spherical caps using the data derived from the
profiles. These volumes were plotted against the total number of impacts and can be seen in
Figure 5.

5 Discussion & Conclusions

The results clearly show that induction hardening has a positive effect on the impact wear resis-
tance of compacted graphite iron. It is interesting to note that the specimens that were hardened
to a nominal depth of 2mm performed better than those nominally hardened to 3mm. This in-
dicates that the depth of hardening should be optimized to obtain the desired hardening effect.
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Figure 4: Average Wear Scar Diameter vs. Number of Impacts

Figure 5: Average Wear Volume vs. Number of Impacts

As with other surface treatments, it appears that where the transitional zone between the treated
and untreated sections of the specimen is in relation to the stress field imparted by the impact is



129

important. With respect to the initial curvature of both sets results, it appears that the hardening
process has an effect on the rate of work hardening of the material.
It is instructive to compare the performance of the CGI against some other materials, both plain

and treated, that have been subjected to identical tests. Figure 4 also shows the results of the CGI
compared to an untreated cylinder head specification aluminium alloy and also cylinder head
specification cast iron that has been laser hardened to achieve a similar effect to the induction
hardened CGI. It should be noted that the performance of the induction hardened CGI is on a par
with that of the laser treated cast iron.
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1 Introduction

One of the most important objectives of the automotive industry in the near future is to reduce
emissions and fuel consumption. Both objectives depend on lowering the engine’s weight along
with the frictional resistance in the drive train. Especially the tribological system consisting of the
piston rings and the cylinder running surface offers potential to reduce the fuel consumption since
it is responsible for approximately 40 % of the friction losses within the engine. Decreasing the
engine’s weight is accomplished by using light-metal alloys, especially hypoeutectic aluminum-
silicon (AlSi) alloys. Since these alloys do not show a sufficient wear resistance, the surface in the
contact area between the piston rings and the cylinder bore wall has to be modified or replaced.
Generally, the material on the surface is replaced by pressed in or cast in cylinder liners made of
grey cast iron, which provides the required properties.
Besides high costs and an increase of the engines weight, the use of cylinder liners exhibits

further problems. The different thermal expansion coefficients of grey cast iron and aluminum
can cause a deformation of the liner and also local heat transfer problems if the liner disengages
from the engine block. Particularly the deformation of the liner leads to an increased oil and fuel
consumption and hence to increasing emissions.
A newer approach to produce iron based cylinder running surfaces on engine bore walls is to

apply thermally sprayed coatings onto the bore walls.
Thework presented was carried out within the framework of the joint project NaCoLab, funded

by the German Ministry of Research and Education.

2 Thermal Spraying of Cylinder Bore Walls

Thermal Spraying comprises processes in which surfacing materials are heated to the plastic or
molten state, inside or outside of the spraying gun, and then propelled onto a prepared surface.
The substrate remains unfused. As surfacing materials, polymers, metals and their alloys but also
ceramics can be used. The mechanism of bonding to the surface of thermally sprayed coatings is
mostly mechanical interlocking. Thus, a roughened surface, characterized by numerous under-
cuts is essential to gain sufficient bond strength. For that purpose in general the surfaces to be
coated are grit blasted prior to coating.
The process chain in the production of coated cylinder bores consists of four steps. First is

machining the cylinder bore to a certain diameter and then roughening of the surfaces to be
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coated. Next steps are the thermal spraying and the honing of the coated bore to receive a surface
topography that meets the tribological requirements.

2.1 Substrate Pre-Treatment

The substrate pre-treatment in the production of engine blocks with thermally sprayed cylinder
running surfaces can be carried out by grit blasting. Coatings applied onto grit blasted bore
walls show bond strength values of more than 30 N/mm2 which is considered to be the minimum
required value. This procedure requires additional grit blasting equipment. Hence, the procedure
is not considered to be the optimum solution for the production of engine blocks with thermally
sprayed cylinder running surfaces. Besides grit blasting there are other processes which can be
utilized to activate the bore surface, such as high pressure water jet blasting or the NiAl/Flux
procedure [6].
The optimum surface roughening process on the one hand has to enable a high bond strength,

on the other hand it should exhibit good integrability into the process chain. Ideally, the same
machines, that are used to bore up the cylinder bores, can be employed to roughen the bore
surfaces. Also, contamination of the cylinder block with lubricating oil or grit should be avoided,
otherwise an additional costly cleaning process would be necessary.
These requirements have led to different mechanical roughening processes (MRP). One pro-

cess was developed under the lead of the Institute of Machine Tools and Production Technology
of Braunschweig University (IWF) within the framework of this project.

2.2 Thermal Spraying Equipment

The coating of cylinder bore walls requires specifically designed thermal spraying equipment.
These systems in general are characterized by a gun head smaller than the bore diameter, which
is being mounted to a rotating spindle. The overlay of the rotary motion of the gun head and
its axial infeed thereby enables a 360° coating of the bore. At the moment there are at least 4
systems with this specification either under research or already in serial production. Out of the
four systems one uses powdery feedstock while the three others process wire feedstock.
The coatings within the scope of this work were produced with the Plasma Tranferred Wire

Arc (PTWA) process (Flame Spray Industries, Inc., Port Washington, USA).
The gun head of the PTWA system consists of a tungsten cathode, an air-cooled pilot nozzle

made of copper and an electrically conductive consumable wire that is the anode, Figure 1.
The gun head is mounted to a spindle, which rotates with up to 600 rpm. The wire is fed

perpendicularly to the center orifice of the nozzle. To start the process, a high voltage discharge
is initiated, which ionizes and dissociates the gas mixture between the cathode and the nozzle.
Due to a constricting orifice in the pilot nozzle, the plasma is forced to exit the nozzle at supersonic
velocity. The elongated plasma is transferred to the consumable anode, the wire, completing the
electrical circuit. A constant current power supply maintains the plasma from the cathode to the
wire with an arc voltage of 100–120 V and a current of 60–100 A. This melts the tip of the wire
and then the high-pressure plasma gas together with the atomizing gas strips the molten particles
from the end of the wire. Thereby a jet of finely atomized particles is created, which is accelerated
towards the substrate at high speed. The atomizing gas can be any non-combustible gas. In this
work a mixture of argon and hydrogen is used as the plasma gas and compressed air is used to



132

atomize and accelerate the molten particles. With this system, cylinder bores with a diameter of
35 to 360 mm can be coated.

Figure 1: Picture of the Plasma Transferred Wire Arc system (left) and a schematic of the PTWA gun head (right)

2.3 Finishing of the Coatings

The finishing step in the process chain is the honing procedure. The honing procedure of ther-
mally sprayed coatings varies from the honing of cast iron liners since the coatings show a higher
roughness than the surfaces of cast iron liners. They also contain, depending on the coating ma-
terial, embedded hard phases. Hence the honing of thermally sprayed cylinder running surfaces
is a three step procedure. First, the roughness peaks have to be evened by using a coarse grained
honing stone. In a second step the cylindrical shape of the bore is further improved by removing
a large volume of material. The finishing is carried out by using a honing stone of fine graining
to produce a run capable surface.
The surface is similar to cast iron liners in that it is characterized by the honing grooves which

store a certain amount of oil to lower the friction between the piston rings and the bore wall. Since
thermally sprayed coatings contain some porosity that is machined open by the honing process,
the surface provides an additional oil storage capacity.
The thickness of the coating after the honing operation is typically 100–150 m. Because of

the as-sprayed roughness of the coating and the required machining allowance, the thickness as
sprayed is typically 200–300 m.

3 Experimentals

3.1 Surface Pre-Treatment

All substrates to be coated were roughened with a modified fine boring process, which was devel-
oped by the Institute of Machine Tools and Production Technology, Braunschweig, Germany.
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Figure 2: Schematic of the mechanical roughening process (dove tail like topography) and the cutting tool (source
IWF, Braunschweig, Germany)

Different profiles were developed and evaluated. With this procedure the same machining
centers which are used to bore up the cylinder bores of the engine blocks, can be employed to
roughen the bore walls. Hence, the process provides, contrary to grit blasting, good integrability
into the process chain. The cutting process was developed as a lube oil free process in order to
avoid an additional cleaning operation.
The bond strengths of the coatings were determined with a PAThandy pull off adhesion tester

(DFD-Instruments, Kristiansand, Norway). Compared to the established testing method follow-
ing DIN EN 582, it is possible to measure the bond strength directly on coated parts such as the
curved surface of a bore. Thereby, a cylindrical test element with the face side machined to the
same curvature as the bore wall is glued onto the coating. In a second step all the coating has to
be cut from the substrate surrounding the test element to define a specific area for the adhesion
test which was done by laser cutting. The test element is then connected to the pulling head. With
a hand-held hydraulic pump pressure is applied onto the four jack cylinders which tears the test
element and the coating off the substrate. The pressure at which the coating separates from the
substrate is measured and converted into the bond strength.

3.2 Surface Building Materials and their Processing

The low alloyed carbon steel feedstocks used as reference material contain 0.10–0.82 wt-% car-
bon. However, one of the aims of this project is to develop iron based wire feedstocks that, when
processed by thermal spraying, form wear resistant, friction optimized coatings with embedded
MxBy-precipitations. Therefore, besides other alloying elements such as Cr, Si, W, the wires
contain between 1.9 wt.-% and 5 wt.-% of boron. Because of the high content of alloying el-
ements (approx. 25 %), the wires, called SUNA, were produced as cored wires. The powder
fillings were made of either crushed powders of coarse grain (-350 m) or a mixture of crushed
and gas atomized powders of a smaller grain size distribution (-180 m, + 45 m). Two different
materials were used for the sheaths, Fe and FeCr.
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All materials were sprayed with the Plasma Transferred Wire Arc (PTWA) process onto me-
chanically roughened liners made of aluminum EN AW 6060 (AlMgSi0.5) with an internal di-
ameter of 83.3 mm and a height of 120 mm. Micrographs of the coatings were produced to
evaluate the microstructure. To gain further information on the coating, especially on the size of
the precipitations, transmission electron microscopy (TEM) investigations were carried out by
the Institut fuer Produkt Engineering of Duisburg-Essen University, Germany.
The thickness of the coating after the honing operation is typically 100 – 150 m. Because of

the as-sprayed roughness of the coating and the required machining allowance, the thickness as
sprayed is typically 200 –300 m.

4 Results

4.1 Substrate Pre-Treatment

The investigations show, that bond strength values of more than 30 N/mm2 can be reached
for coatings applied onto mechanically roughened substrates. Early attempts at a mechanically
roughened surface led to a bond strength of 40 N/mm2. A micrograph of such a profile is given
in Figure 3, left.

Figure 3: Micrographs of two investigated MRP topographies: early profile (left) and the “dove tail” like profile
(right)

In order to produce a profile characterized by symmetrically arranged undercuts and thus in-
crease the interlocking of substrate and coating the “dove tail” like profile was developed, Figure
3, right. For coatings applied onto liners, that were pre-treated with this process, an increase of
the bond strength by 45 % was measured (58 N/mm2).

4.2 Carbon Steel Coatings

When low carbon steel is used with the PTWA thermal spraying process and compressed air is
used as the atomizing gas, the iron in the alloy reacts with the oxygen of the atomizing gas and
forms FeO (wuestite), a high temperature oxide, which, due to the high cooling rates, is frozen
at room temperature . Wuestite has a cubic closed packed structure. Due to its crystallographic
shearplane it acts as a low shear strength, lubricous phase, that is responsible for the good tri-
bological properties of Fe/FeO-coatings, especially in both top and bottom dead centers of the
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cylinder running surface, where the relative speed between the piston ring and the cylinder run-
ning surface is near zero (mixed friction).
Typical spray parameters for producing steel coatings are given in Table 1 (parameter setting

1). To produce a coatingwith approximately 300 m in thickness, 16 passes are required, whereas
the material throughput is 4 kg/h.

Table 1: Typical parameters for processing C-steel with the PTWA system. slpm: standard liters per minute, WFR:
wire feed rate, I: current. The axial infeed of the gun head is 1.75 m/min

Setting Ar
[slpm]

H2
[slpm]

I
[A]

WFR
[m/min]

Air
[slpm]

Revolution
speed gun
head [min–1]

1 67 29 65 4.3 1100 400
2 70 10 65 4.3 1200 600

In order to lower the substrate temperature during the coating procedure, and thereby minimize
the risk of overheating the substrate, the composition of the plasma gas was changed to 70 slpm
Ar and 10 slpm H2 (setting 2). With this parameter setting the temperature at the outside of the
sample liners with a wall thickness of 6 mm drops from approximately 100 °C to max. 85 °C
compared to setting 1. An increase in the revolution speed of the gun head from 400 min–1 to
600 min–1 leads to more finely distributed oxides within the coating.
Figure 4 shows a micrograph of a PTWA thermal spray coating made from 0.82%C-steel. The

coating was produced with parameters, which were optimized in order to increase the material
throughput and thereby reduce the cycle time. Therefore, the current was increased to 80 A, the
wire feed rate to 5.7 m/min (5.4 kg/h), the axial infeed to 2.0 m/min and the plasma gas flow
to 105 slpm. The H2-content of 30 % was retained. With this parameter setting the cycle time
could be reduced by 12 %, compared to settings 1 and 2. The time required to spray one of the
liners mentioned above was 59 sec. The coating contains very little porosity of less than 1 % and
approx. 30 % of oxides. Both properties were determined by optical image analysis.

Figure 4:Micrograph of a 0.82 % C-steel coating applied with the PTWA system

For the 0.1 % C-steel coatings the hardness values range from 254 to 412 HV 0.1 with a mean
value of 295 HV 0.1. The hardness of the 0.82 % C-steel coatings is significantly higher, the
average ranges from 550 to 620 HV 0.1. For the coating which was produced with the optimized
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parameters, the coating hardness was 590 HV 0.1. Because of the oxides the single values varied
from 448 to 745 HV 0.1.

4.3 Nanostructured Coatings

The first developments of the SUNA feedstocks, called SUNA 2 and 3, were made from coarse
(grain size –350 m) crushed powders in an iron sheath with a high content of boron (5 wt.-%).
The coatings made from this feedstock have a high hardness of 1200 HV 0.1. In the micrographs,
numerous micro cracks and also disruptions were found.
This brittle behavior indicated, that this material is not suitable for the application in cylinder

bores. Nevertheless, one coated liner was honed to determine the oil storage capacities caused by
the honing grooves and the machined open pores. It was shown that due to the brittle behavior,
many particles quarried out during the honing process and left behind a surfacewith the oil storage
capacities of the machined open pores being too high (0.17 mm3/cm2) to meet the requirements
of a cylinder running surface.
For the second batch (SUNA 6), the content of boron was lowered to 1.9 wt-%, which led to

dense coatings free of micro cracks. A micrograph of such a coating is given in Figure 5.

Figure 5:Micrograph of a honed coating made from SUNA 6 wire

The spray parameters are similar to those for processing C-steel (setting 2), only the current
was increased to 85 A. Some un-melted particles of the powder filling and semi-melted pieces of
the iron sheath were found within the coatings. Figure 6 shows two TEM bright field pictures of a
SUNA 6 coating. The picture on the left hand side indicates a predominantly amorphous matrix,
whereas the picture to the right shows nanoscale (Fe, Cr)23B6-precipitations in an amorphous
matrix. The hardness of these coatings is 680–700 HV 0.1. the oil storage capacities of the
machined open pores of these coatings lay within the recommended range.
In order to produce more homogeneous coatings, with the next batch (SUNA 6-3) the powder

filler made of crushed material was replaced by a mixture of gas-atomized and crushed powders
of a smaller grain size (–180 m, +45 m). Because of the smaller grain size, the wire feed rate
could be increased by 30 %, which equals a material throughput of 4.3 kg/h. Contrary to the
SUNA 6 coatings, only a small number of un-melted particles from the powder filling was found
within the coatings, which was affiliated to the smaller grain size distribution of the powder
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Figure 6: TEM bright field pictures of a PTWA sprayed SUNA 6 coating. In the picture to the left an amorphous
structure is shown while the picture on the right hand side shows nanoscale precipitations (by courtesy of M. Hahn,
Institut fuer Produkt Engineering, Duisburg-Essen University, Germany).

filling. Figure 7 gives a micrograph of such a coating with some semi-fused sheath material
embedded (left). On the right hand side a SEM-image of a honed SUNA 6-3 coating is given.
The image shows some machined open pores which serve as oil storage cavities.

Figure 7: Left: Micrograph of a SUNA 6-3 coating with some sheath material embedded. Right: SEM image of a
PTWA-sprayed and honed SUNA 6-3 coating.

The inclusion of semi-fused sheath material was affiliated to the malleable behavior of the
wire, respectively the sheath. Due to the ductility of the wire, it could not be straightened as
required. For the PTWA-process, a piece of wire of 300 mm in length has to fit in between two
parallel planes with a distance of 5 mm in between them. With the three wires, this was difficult
to achieve. With a wire, that is not well-straightened, the distance between the wire tip (the
anode) and the cathode fluctuates, which causes an unsteady fusion of the feedstock and thus an
inclusion of the sheath material. By carrying out TEM investigations, the presence of nanoscale
MxBy- and M3O4-precipitations could be verified.
Finally, the iron sheath (SUNA 6-5) was substituted by a FeCr sheath to further improve the

process stability and to avoid the inclusion of semi-fused sheath material. The hardness of these
coatings lies within the same range as the SUNA 6 coatings. Compared to the coatings made
of SUNA 6 and 6-3, the homogeneity of the coatings was further improved, as shown in Figure
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8. From the latter three materials crack-free coatings could be produced, even if the coating
thickness was 600 m.

Figure 8:Micrograph of a SUNA 6-5 coating.

Besides test liners, so far, two Ford Zetec in-line 1.4 l engines were coated with the reference
material 0.1%C-steel and the SUNA6-3 feedstock. Friction tests were carried out with a stripped
down engine for the 0.1 % C steel coating.
Thereby the engine is driven by an electric motor. The torque required to rotate the crankshaft

with the pistons is recorded. The test can be carried out with or without the cylinder head. For
the engine including the cylinder head, the friction was determined to be 6.8 % below the values
measured for the standard engine with liners made from grey cast iron. Without the cylinder
head, the friction was 14.1 % lower compared to the standard engine. The SUNA 6-3 coated
engine has not been tested yet. However, a decrease in friction of 10 % was calculated for the
stripped-down engine with the mounted cylinder head, also compared to the standard engine .

5 Summary and Outlook

Within this study it could be shown, that substrate roughening by fine boring with a geometrically
defined cutting edge provides a good alternative to the commonly used grit blasting process in
the automotive industry. Bond strength values of nearly twice the required minimum value of
30 N/mm2 could be proved.
Furthermore wire feedstocks were developed, that, when processed by Plasma Transferred

Wire Arc spraying, lead to coatings with embedded, nano-scale boridic precipitations.
In order to evaluate the SUNA feedstocks with regard to their tribological behavior, at the

moment honed coatings are being tested on a reciprocating and on a rotating sliding wear tester
against nitrided and also against electroplated, alumina reinforced chromium coated (CKS) piston
rings.
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1 Introduction

The future development of motor engine design and technology governs the increasingly de-
manding requirements on materials in terms of friction and wear properties. In order to reduce
emissions and achieve economical and environmentally sound solutions thermal sprayed coatings
are an option to manufacture wear resistant and low-friction cylinder running surfaces. Studies
revealed that in automotive engineering versatile thermal spray processes and material combina-
tions have been applied. Wear protection as well as reducing friction are of major concern and
led to the development of powder and wire consumables adapted to the specific features of the
different spraying processes for manufacturing and repair [1]. The structure and therefore the
properties of metal sprayed coatings are governed by the thermal and kinetic energy introduced.
Hitherto ferrous alloy powders, for example low alloyed carbon steels with 0.1 to 0.9 wt% C,
have been successfully used for cylinder bore coatings [2].
Beside others two potential processes for coating cylinder bores are the Plasma Transferred

Wire Arc (PTWA) and the High Velocity Oxygen Fuel (HVOF) spraying.
The energy to heat the feedstock and the kinetic energy to accelerate the molten particles to

the substrate differ within these processes consequently resulting in differing lamellar microstruc-
tures of these coatings. Particle velocities vary from 100–130ms–1 for the PTWA process up to
750 ms–1 for HVOF what makes the molten particles deform to splats when hitting the surface
and leads to the characteristic lamellar structure including pores. Hard phases, which are either
introduced by alloying (e.g. C for carbides) or by the atmosphere during spraying (e.g. O for ox-
ides), are related to a sufficient strength of these coatings. Figure 1 shows the lamellar structures
of an HVOF and a PTWA sprayed steel coating. The distribution of oxides can be perceived as
dark phases within these cross sections. Depending on the spray processes and parameters the
PTWA coatings (Figure 1 b)) exhibit coarser splat grains and contain inhomogeneous distributed
oxide accumulations (oxide islands) where as the HVOF coatings (Figure 1 a)) have a fine lamel-
lar structure with fine pores and might contain many oxide particles. Open machined pores in
the layered microstructure function as oil storage capacity and, therefore, benefit lubrication.
Cylinder bores experience large variations in load concerning piston ring velocity, thermal

and mechanical impact and lubrication regimes that can last from boundary to hydrodynamic
lubrication. This results in different wear appearances along the cylinder wall [3, 4]. Within
cylinder bores the coatings undergo high temperature corrosion in the combustion chamber (CC),
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Figure 1: Light microscopy images of an HVOF (a) and a PTWA (b) steel coating (cross sections).

impact and sliding wear at the top dead center (TDC) and the bottom dead center (BDC) as well
as sliding wear within the stroke. Ignition pressures allow for mechanical fatigue in the upper
and lower region of a cylinder. Though piston ring – cylinder bore assemblies are lubricated and
therefore assumed with mild wear conditions [5].
Local contacts in sliding systems of metal against metal cause large plastic strains which

changes the near-surface areas in ways which makes the material unstable to local shear. Adhe-
sion has a prominent influence on the development of transfer pieces, deformation and fracture of
this material produces an ultrafine grained structure which is finally mixed with the environment
by mechanical alloying [6]. The refinement of the microstructure to grains of tens of nanome-
ter is determining the mechanical properties in the surface near zones. Lubrication additives
reacting with the surface also have an influence on the chemistry of the surface zone. Chemical-
mechanical mixing at surface near zones incorporates elements from lubrication into the surface.
The properties in this surface layers would change significantly [5, 6, 7].
This contribution focuses on describing the wear mechanisms and microstructural changes un-

der the different given thermal and mechanical load conditions in two different engines. Sample
material was available from a PTWA spray coated cylinder of a grey cast iron 2.5 l diesel engine
and an HVOF spray coated cylinder of a die-casted aluminium 2.0 l gasoline engine.

2 Materials and Experimental Method

2.1 Test Engines

Table 1 compares the different manufacturing and performance characteristics of the two motors
examined in this investigation.
The grey cast iron engine block (2.5 l DI Transit Diesel, Ford) had been revised by PTWA

spraying and was provided for investigations after a road test performance of 56.700 km. The
coating had been applied onto the cylinder walls in three steps: The cylinder surfaces were not
mechanically roughened but treated with a flux for a sufficient bonding of coating and substrate.
Then a NiAl bond coat (approx. 50 m) and finally the steel coating from a wire feedstock with
0.1 wt% C (SAE 1010, FeC0.1) was sprayed [8]. After honing the coating had a thickness of
approx. 150 to 200 m.
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Table 1:Motor engine blocks

Ford2.5 l DI Transit Diesel GM2.0 l GDI L850 Gasoline

spraying process PTWA HVOF
feedstock FeC0.1 FeC0.1
test mode road test engine test bench
performance 56,700 km 250 h in a motor test run

The cylinder bores of the aluminium die-cast engine block (2.0 l GDI L850 Gasoline, GM)
have been surface treated by mechanical roughening with high pressure water jet blasting and
afterwards coated by HVOF spraying with the same steel wire feedstock (FeC0.1) as the PTWA
sprayed cylinder. Coating thickness after honing has been approx. 100 to 150 m. This engine
has been run in an engine test for 250 h whereas different load cycles had been applied.

2.2 Microscopy

Two different methods of sample preparation were used for each cylinder position. A special
sample preparation of the surface cross section was necessary. Furthermore samples were made
by using a focused ion beam (FIB). A detailed description about the preparation techniques for
analysis with light-, scanning and transmission electron microscopy are published elsewhere [9].
Scanning electron microscope (SEM) examinations of the worn surfaces have been implemented
in a field emitter SEM (LEO 1530 Gemini, Zeiss), for transmission electron microscopy (TEM)
investigations were carried out in an EM 400 (Philips) with 120 kV acceleration voltage and
for detailed investigation of the microstructure in the near surface zones a high resolution TEM
(Tecnai G2 F20, FEI) with 200 kV was used.
To gain an overview about the wear depth in TDC the surface topography has been estimated

by using a confocal white light microscope ( surf, Nanofocus AG).

3 Results

3.1 Wear Appearances

3.1.1 PTWA Coated Road Test Motor

The SEM and depth estimation images in Figure 2 reveal the acting wear mechanisms tribochem-
ical reaction, surface fatigue and abrasion. The impact of correlating mechanisms on the surface
in the different positions of the cylinder is significantly different. Figure 2 a) is showing the area
of CC and TDC, the stroke is shown in Figure 2 c) and BDC in Figure 2 d). The back scattered
SEM images visualize the distribution of oxides as dark phases in the surface. Deformed ma-
terial is visible in TDC where the piston ring stops which is found likewise in BDC. The depth
estimation image in Figure 2 b) demonstrates the deformation and wear depth that the piston ring
causes in TDC; in the area of CC one can perceive a tribofilm on the surface. EDX analyses at
CC detected a high concentration of carbon and in TDC increased carbon as well as oxygen.
Surface fatigue turns out as delamination of individual fractures of splats (Figure 2 c)). The

coating cohesion is provided by mainly interlocking of splat particles and adhesion strength.
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Crack propagation will follow the splat boundaries where smooth surfaces hinder mechanical
interlocking and finally a perpendicular microcracking can remove the splat particle from the
surface. At a low rate this must not be detrimental because the open volume can store motor oil
and benefit lubrication. But one has to notice that delamination of splats can already occur in
the course of honing and a differentiation at what stage, manufacturing of the surface or engine
operation, a splat particle is removed is unlikely possible when the piston ring slides over and
modification of the surface is progressed.

Figure 2: SEM and depth estimation images showing the wear appearances in different positions of the cylinder: a)
back scattered SEM image of CC and TDC; b) depth estimation image of TDC; c) secondary electron SEM image
of the stroke; d) back scattered SEM image of BDC

Another wear mechanism within the stroke is found to be abrasion. Grooves of different width
can be seen in sliding direction of the piston all over the surface (Figure 2 c)). A three-body
abrasion is revealed as a result of the piston carrying hard particles with it at every stroke which
are ploughing the surface of the cylinder. The honing texture has been abraded completely.

3.1.2 HVOF Coated Bench Test Motor

Wear mechanisms found at the surface of the HVOF coated cylinder are similar as for the PTWA
one but it seems less worn. Honing grooves are still visible in CC and the stroke (Figure 3 a)
and c)), grooves from abrasion are smaller in width (Figure 3 c)) and the depth estimation image
(Figure 3 b)) shows less deformation and wear depth in TDC. In Figure 3 d) the surface at BDC
seems to be polished by the piston ring, it is less deformed than at TDC but the surface appears
very smooth. With EDX analyses again a high carbon concentration was detected in CC just like
in CC of the PTWA cylinder.
Delaminated splat particles are due to the fine lamellar structure of the HVOF coatings much

smaller and will bring about fine grooves with abrasion. Honing has probably loosened some
splats in the surface as we can find delamination of splat particles frequently at the edges of
honing grooves.
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Figure 3: SEM and depth estimation images showing the wear appearances in different positions of the cylinder:
a) secondary electron SEM image of CC and TDC; b) depth estimation image of TDC; c) secondary electron SEM
image of the stroke; d) secondary electron SEM image of BDC

3.2 Initial Microstructure

3.2.1 PTWA Steel Coating

TEM investigations exhibit the underlying microcrystalline ( c) matrix of ferrite (α-Fe) and
nanocrystalline (nc) precipitates of cementite (Fe3C) and wuestite (FeO). Figure 4 shows the
micrographs and diffraction patterns. The nc structure of cementite lamellas within the ferrite
grains (Figure 4 b) and c)) indicates the formation of troostite. Due to the high cooling rates
of the splats within the PTWA process (up to 106 C/s) mild steels solidify under second order
supercooling and form these nc cementite lamellas [10]. Figure 4 c) presents very fine, round
shaped oxides. This fine distribution of hard phases in the microstructure results in an effectual
hardness and strength of the material.

Figure 4: TEM micrographs of the initial microstructure showing the c α-Fe matrix (a) and nc precipitates of
Fe3C and FeO in the bright field (b) and dark field image (c).

3.2.2 HVOF Steel Coating

The HVOF coating reveals a differing microstructure (Figure 5). The matrix consists of c fer-
rite or wuestite (Figure 5 a)); nc precipitates were calculated from diffraction patterns as either
wuestite or ferrite. Carbon could not be detected as cementite.
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Figure 5: EM micrographs of the initial microstructure showing the c matrix of α-Fe and FeO (a) and nc precip-
itates of FeO and α-Fe in the bright field (b) and dark field image (c).

The precipitates shown in the bright and dark field image in Figure 5 b) and c) are round
shaped and consist of ferrite whereas the matrix is FeO. A high density of lattice imperfections
is representative for the HVOF steel coatings.
Wuestite is a high temperature oxide but, due to the high cooling rates remains stable at room

temperature. It is known as a lubricious oxide which can also occur naturally on the surface of
Fe-based metals during tribological action. The lubricity of solid oxides is determined by the
crystal chemistry and lattice structure [11]. Ionic potential and a cubic closed packed structure
which has beneficial crystallographic shear planes originate a self-lubricating phase. Thus solid
lubricants can backup lubricants in mixed and boundary lubrication regime [12].

3.3 Microstructural Alterations

3.3.1 Combustion Chamber (CC)

On the surface of the PTWA sample at CC an amorphous layer was detected containing nc wear
particles. The micrographs in Figure 6 a) and b) are showing particles around 10 nm in size,
the layer thickness is about 100 nm. The surface zone revealed a very fine nc layer of 50 to
100 nm thickness consisting of nc grains of 10 to 30 nm in size. Figure 6 c) and d) is showing the
subsurface zone which appears as an ultrafine crystalline (ufc) structure. The grain size is about
100 to 150 nm and the depth of this subsurface zone outreaches approx. 0.5 to 1 m.

Figure 6: TWA coated cylinder: TEMmicrographs of position CC: a) Bright and b)dark field micrographs showing
an amorphous layer in CC with incorporated nc wear debris; c) Bright and d) dark field micrographs showing the
subsurface zone with ufc-structure of α-Fe, Fe3C and FeO.

Figure 7 shows the microstructure of the HVOF coated cylinder in CC. An amorphous layer
with incorporated wear particles can be found likewise as in CC of the PTWA coated cylinder.
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Figure 7:HVOF coated cylinder: TEMmicrographs of position CC: a) Bright and b)dark field micrographs show-
ing an amorphous layer in CC with incorporated nc wear debris; c) The subsurface zone shows ufc-structure of
α-Fe and FeO.

Particle size is even smaller as for the PTWA coating, around 5 to 10 nm (Figure 7 b)). The layer
thickness varies from 50 to 200 nm. The surface zone reveals a nc structure of 50 to 100 nm
thickness consisting of nc grains of 10 to 50 nm in size. The subsurface zone in Figure 7 c)
shows a ufc structure of ferrite and wuestite with nc precipitates.

3.3.2 Top Dead Center (TDC)

At position TDC of the PTWA coated cylinder a nc structured layer can be found with a grain
size of 10 to 30 nm (Figure 8 a)). The thickness of this layer varies from 50 to 100 nm. A plastic
deformation and refinement of grains according to the sliding direction of the piston ring can be
seen in the subsurface zone (Figure 8 b)). The ufc structure has a grain size of 100 to 300 nm and
the depth of this subsurface zone outreaches 0.5 to 1 m.

Figure 8: PTWA coated cylinder: TEM micrographs of position TDC; a) nc-structured surface zone; b) The sub-
surface zone has a ufc-structure.

Figure 9 shows the HVOF microstructure in TDC. The surface zone seems to be highly de-
formed as the grains appear to be flattened and are aligned tangential to the surface (Figure 9 a)
and b)). The thickness of this layer is about 100 nm. The structure turns out to be rather ufc than
nc. In some areas an amorphous layer as shown in Figure 9 a) is still visible. The subsurface zone
reveals a ufc structure with a grain size from 100 to 400 nm (Figure 9 b)). Diffraction patterns
depict a mixture of wuestite and ferrite structures.
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Figure 9: HVOF coated cylinder: TEM micrographs of position TDC; a) Highly deformed grains in the surface
zone showing an ufc structure; b) The subsurface zone has a c-structure.

3.3.3 Stroke

A microstructural alteration in the surface zone of the stroke is not verifiable within this investi-
gation for both coatings. The samples were prepared as bulk samples, tangential to the surface, so
that it should be possible to have a plane view in the contact zone. In Figure 10 a) the PTWA coat-
ings shows ferrite grains with high amounts of dislocations. Diffraction evaluated the structure of
a c ferrite matrix and nc precipitates of cementite. The HVOF coating is shown in Figure 10 b).
The microstructure here matches the one of the initial microstructure.

Figure 10: TEM micrographs of the surface zones in stroke for a) PTWA and b) HVOF coated cylinder

3.4 Bottom Dead Center (BDC)

For the PTWA coating the surface zone of BDC again shows a nc structure consisting of ferrite,
cementite and wuestite (Figure 11 a) and b)). In this case the grain size is about 50 to 100 nm and
a deformation of material in preferred orientation of the sliding direction of the piston ring can
be perceived. The subsurface zone shows a c structure with cell wall formation and subgrain
structure (Figure 11 c)). The diffraction pattern verified the existence of wuestite.
Figure 12 shows the results for BDC of the HVOF coated cylinder. At the surface zone a ufc

structure can be found where the grains again appear highly deformed according to the piston
ring sliding direction (Figure 12 a) and b)). The subsurface zone has an c structure.
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Figure 11: PTWA coated cylinder: TEM micrographs of position BDC; a) Bright and b) dark field micrographs
showing a nc structure of α-Fe, Fe3C and FeO; c) The Subsurface zone shows a c structure with cell walls
consisting of FeO.

Figure 12:HVOF coated cylinder: TEMmicrographs of position BDC; a) and b) Bright (left) and dark field (right)
micrographs showing a highly deformed nc structure of α-Fe and FeO; c) Subsurface zone showing a c structure.

4 Discussion

Both investigated cylinder running surfaces, PTWA and HVOF coated, showed similar wear
appearances apart from the degree of wear. Different findings in terms of the microstructural al-
terations within both cylinders concerning the investigated positions CC, TDC, stroke and BDC
have to be considered in relation with the different load situations in the cylinder and differ-
ent affecting mechanisms. Comparing the two mild steel coatings, PTWA and HVOF sprayed,
differing microstructural changes might be related to the different process dependent solidifica-
tion, microstructures and mechanical properties. The amount of hard phases introduced during
spraying, like oxides, and the amount of lattice imperfections differ a lot.
Samples from CC of both cylinders revealed amorphous layers with incorporated debris. The

size of the wear particles found in the amorphous layer of CC matches the grain size that was
pointed out in TDC. This leads to the conclusion that debris found in CC might have its origin in
TDC and is moved with piston ring sliding. High gas pressures and ignition temperatures sintered
residues from combustion and lubrication to an amorphous coating wherein wear particles are
trapped.
PTWA and HVOF sprayed coatings from low alloyed carbon steels are known to form oxide

layers under tribological stressing, especially in unlubricated metal on metal contacts when the
oil film breaks down [13]. A formation of an oxide layer in TDC of the PTWA sprayed coating
is likely as a higher amount of oxygen could be detected with EDX analyses. From diffraction
patterns of the nc surface zonewuestite could be verified but was overlaidwith diffraction patterns
from ferrite and cementite. In literature a formation of various oxides like Fe2O3 and Fe3O4 is
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described [13, 14]. Wuestite should not be stable under tribological stressing and additional
oxides could be generated. Rainforth et al. showed that friction induced oxides in contact zones
of ferrous alloys play a major role in wear of these materials. Oxides where identified by X-ray
diffraction and TEM as nanocrystalline structured and mixed with the metal matrix [14]. Wear
particles generated in TDC of both coatings therefore could be tribologically induced oxides.
This should be analyzed in further investigations.
In TDC of the PTWA coating a tribofilm could not be found on the surface but one can recog-

nize a distinct modification of the surface near volumes up to a several hundred nanometer. Di-
enwiebel et al. showed that anti-wear films do not necessarily remain on surfaces with increasing
tribological stresses, they are also not replenished which is presumably related to unsatisfactory
conditions in contact pressure or frictional energy needed for film formation [15]. The fine grain
size (10 to 30 nm) stands for a prominent changing of the surface zone and therefore a changing
of the mechanical properties. The nc material in the surface zone reacts differently to the initial
microstructure. In this surface layer the size of grains causes grain boundary sliding and supports
easy shearing of the material [5]. Shakhvorostov et al. described the effect of grain size on plastic
deformation for grey cast iron. According to the Hall-Petch effect decreasing grain size causes
grain boundary sliding and the material becomes viscous which results in low shear strength
whereas the subsurface zone is work hardened due to suppressed dislocation motions [16]. This
effect can be reflected in the deformed grains with high amount of lattice imperfections found
in the subsurface zone of TDC of the PTWA coating. The HVOF coating showed heavy plastic
deformation in the surface zones of TDC and BDC which seems to flatten the grains. In com-
parison to the PTWA coating in TDC one can not recognize a tribomaterial due to mechanical
mixing. The surfaces near zones are deformed to a very fine lamellar structure where the grain
size of the flattened grains is ufc or nc.
The investigation of the microstructure in the stroke showed no alterations in this investiga-

tion for both coatings. Lubrication regime has a great influence on wear mechanisms. Within
boundary lubrication wear mechanisms and wear rates will change with friction. Tribomechan-
ical alterations of the surface near volumes go along with a low wear rate; high wear rates will
remove material in deeper layers and therefore inhibit microstructural alterations. A high fric-
tion level might cause grain removal without former grain refinement and therefore cause high
wear rates [16]. Sample preparation in the stroke has been done as bulk preparation. However
microstructural alterations in the surface near zones might occur only in a very thin layer of a few
tens of nanometer. A cross section or FIB preparation might bring out more detailed informa-
tion about the wear mechanisms in the stroke. The results shown in this investigation for wear
appearances (Figure 2 c) and Figure 3 c)) depict that abrasion was presumably the predominant
wear mechanism in the stroke of both cylinders. Material transfer from the piston ring could not
be verified on the cylinder running surfaces, thus adhesion is unlikely.
The surface zone of the PTWA coating in BDC showed an nc microstructure. In the subsur-

face zone one can find a microstructure with cell walls and formation of subgrains. Rigney et al.
characterized a nucleation-controlled mechanism by dislocations [6]. In different tribotests cell
walls and subgrain structures occurred in surface near zones in analogy to the findings shown in
Figure 11 c). These cell walls make it energetically favourable to remove subgrains from the sur-
face during sliding. In case of rotation of the subgrains into a shear unstable orientation transfer
of material occurs at sliding contact. Finally the material can be smeared, flattened, fractured and
mixed with the environment to produce ufc or nc material [6]. The different acting mechanisms
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found in TDC and BDC of the PTWA sprayed coating might be related to a temperature gradi-
ent along the cylinder length. Ignition heats the cylinder walls in TDC temporarily up whereas
cooling and lubrication keep temperatures in the stroke and BDC lower. An effect related to tem-
perature gradient could not be observed within the HVOF cylinder. Here deformation of grains
to a very fine lamellar structure could be identified for both TDC and BDC.

5 Conclusion and Outlook

SEM and TEM investigations were carried out in four positions of two different thermal sprayed
motor engine cylinders. Alterations in terms of microstructure and chemistry in the surface and
subsurface zones of all investigated positions could be found for both coating systems, PTWA
and HVOF. The different findings regarding the formation of a nc surface layer, layer thickness
and character of the subsurface zone are closely related to variations in load along the cylinder.
Piston ring velocity, the extent of thermal and mechanical impact as well as lubrication can be
associated with differing surface modifications. Wear particles were found in CC incorporated
in an amorphous layer that stems from combustion residues. Nc and ufc surface layers occurred
in TDC and BDC, differing in grain size and layer thickness whereas subsurface zones showed
differing microstructures like ufc structures with deformed grains or cell walls. The findings in
stroke showed no microstructural changes within this investigation which is attributed to pre-
dominantly abrasion.
In further investigations chemical analyses of the surface near zones will be accomplished to

backup the differing results in tribofilm and tribomaterial formation for the selected positions and
within the different coating systems.
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1 Abstract

This paper discusses hot direct extrusion as a novel method to produce long cylindrical rods of
a metal-matrix composite (MMC) and co-extruded rods of a low alloyed steel substrate cladded
with a MMC layer. The excellent abrasive wear resistance of MMC is based on hard phase and
iron powder mixtures, which can be tailored to the respective abrasive environment. This pro-
duction process combines sintering of capsuled powder blends and subsequent pressing of the
capsules through an extrusion die to produce an (almost) completely densified MMC. In contrast
to HIP cladding (hot isostatic pressing), the standard method of producing powder metallurgical
components (PM) and PM-layers, the simpler capsule technique is less expensive. The extruded
MMCwere investigated with respect to their microstructure, wear properties and the microstruc-
tural and mechanical properties of the interface of substrate and MMC layer.

2 Introduction

Increasing demands on technical surfaces, i.e. wear, corrosive or thermal load often prompt the
development of tailored materials and coatings. In highly abrasive environments often MMC
with an excellent wear resistance are put into application. Such materials are produced from a
metal matrix (MM) based on Fe, Ni or Co and additional hard phases (HP), such as carbides,
borides or oxides [1–2]. The use of powder metallurgical techniques offers a chance to adapt the
particle size, the content and the distribution of the added HP to the tribological system in a large
scale. HIP cladding is an established method of producing such MMC. A successful example
of a wear resistant surface protection system produced by HIP-cladding is presented in [3]. The
5–30mm iron based MMC-layer on a comminution roller surface extended the service life of
these rollers by factor of 5–10 compared to a deposition welded surface. But due to its near net
shape capsule technique HIP is quite expensive and prevents the acceptance of this technique in
many areas of applications. In addition the limited dimensions of the equipment make the use
of HIP inappropriate for long products. Because of these reasons hot direct extrusion of cap-
sules filled with powder blends was researched in a DFG-Project as a method of producing long
cylindrical products. Aiming at a high abrasive wear resistance in combination with moderate
costs, powder blends of hardenable tool steels with additions of fused tungsten carbide (WSC)
or titanium carbides (TiC) were used.
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3 Material Selection and Experimental Method

3.1 Metal Matrix (MM)

The two standard tool steel powders X220CrVMo13-4 (1.2380, cold work tool steel) and
X40CrMoV5-1 (1.2344, hot work tool steel) were chosen as the metal matrix on basis of the
working temperature. The high wear resistance of the ledeburitic cold work steel 1.2380 permits
its use for die cutting and extrusion tools in polymer processing industry. A carbon content of
0.6–0.8 wt% soluted in themetal matrix during austenitisationmakes it hardenable to 54-62HRC.
In addition a content of approx. 19 vol% of chromium-rich M7C3 and 4 vol% vanadium-rich MC
carbides precipitated in the metal matrix increases the hardness and the wear resistance of this
steel [4]. In contrast to that, the carbide free metal matrix of 1.2344 reaches a typical hardness
of 50–56 HRC. This causes a good wear and thermoshock resistance in a temperature range of
400–700 °C.

3.2 Hard Phases (HP)

The wear resistance of the two metal matrix powders was improved by the addition of coarse
fused tungsten carbides (FTC) and titanium carbides (TiC) (+36 m -125 m). Monolithic FTC
is an eutectic carbide with a high density of 16.53 g/cm , which offers a good ratio of hardness
(2200–2600 HV0.05) and fracture toughness (5–6MPa

√
m). In contrast TiC with a density of

4.93 g/cm reaches a microhardness of approx. 2900–3100 HV0.05 and a lower fracture tough-
ness (2–3MPa

√
m). Because coarse monolithic TiC was not available agglomerated TiC had to

be used. The influence of the volume fraction of coarse carbides in aMMC on the wear resistance
was tested by the addition of 10 or 30 vol% of coarse hard phases. These limits were chosen, be-
cause lower and higher hard phase additions do not change the wear resistance significantly. All
powder mixtures were blended in a shaker-mixer for 1 h. The compositions and the designations
of the tested MMCs are given in Table 1.

Table 1:Designation and composition of MMC; C= cold-, H =Hot work tool steel, W=FTC, T =TiC, 1 = 10 vol%,
3 = 30 vol%

Designation
CW1 CW3 CT1 CT3 HW1

vol% / MM-type 90 / 1.2380 70 / 1.2380 90 / 1.2380 70 / 1.2380 90 / 1.2344
vol% / HP-type 10 / FTC 30 / FTC 10 / TiC 30/ TiC 10 / FTC

3.3 Hot Direct Extrusion

Preheating of Fe-base extrudates (900–1200 °C) can reduce the pressing forces during the ex-
trusion significantly but leads to sintering of the powder blends. The use of gas atomized tool
steel powders reduces the densification so that the increase of the required pressing forces is lim-
ited. Sintering tests led to the conclusion that preheating of the powder blends at 1150 °C for
2 h gives an optimized sintered condition for the subsequent extrusion. All tests were performed
at an 8MN horizontal extrusion press at the Extrusion Research and Development Center of the
Technical University of Berlin. The capsules (d = 78mm, l = 200mm) were filled with powder,
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precompressed to tap density by vibration, evacuated and sealed by TIG welding. Figure 1 shows
a scheme of the used capsules.

Figure 1: Cross sections of a capsule for : a) full MMC rods, b) co-extrusion of a steel core to be cladded with a
wear resistant MMC-layer. Extrusion of sheet capsules protects the powder blends from oxidation [5].

To coat a cylindrical substrate a steel core (1.2714) of 30mm diameter is placed in the capsule
before filling it with powder (Figure 1b). Prior to heating the capsules were coated with anti-
oxidant. The friction between die and capsule was reduced by rolling the hot capsule in glass
powder (acts as a lubricant and solidifies during cooling down to room temperature). These
coated capsules were put in the preheated extrusion container (480 °C, to minimise the heat loss)
and subsequently extruded to rods of 35 mm in diameter (ram speed 36–38mm/s, extrusion ratio
4.8–5.2 : 1).

3.4 Materials Testing

All samples were cut from rods by electrodischarge machining. The microstructure was charac-
terised by grinding the samples on diamond discs, polishing with diamond suspension on buffs
and etching with V2A or HNO3 pickle if necessary.
In pin on disc tests against the three 80-mesh abrasives flint (1200 HV0.05), corundum (2100

HV0.05) and SiC (2700 HV0.05), the wear resistance was accessed by measuring the mass lost
∆m at room temperature. The dimensionless wear rateW = ∆m/(� · l ·A) could be calculated
by the density �, the length of the wear path l, which is covered during the test, and the contact
area A.

4 Results and Discussion

4.1 Hot Direct Extrusion

In the first step of the extrusion process the presintered powder blend is compacted in combina-
tion with the upsetting of the capsule to fit the diameter of the extrusion container. The required
forming force increases steeply, because the friction between the rod and the die has to be over-
come to pass the capsule through the die. After the capsule has begun to flow, the pressing forces



155

decrease continuously, because the decreasing length of the capsule reduces friction, which is
generated between container and capsule. The die forces measured in these trials varied between
2.0 MN (CW1+1.2714) and 4.6 MN for the capsule filled with CW3. Recapitulatory the press-
ing forces tend to rise by increasing additions of HP. FTC additions have a strong effect on the
required forces, while the deformation of capsules containing a steel core lead to a decrease of
the forming forces.
The taken samples show that the adapted extrusion parameters result in rods with a high densi-

fication (> 97.5%, decreasing with increasing HP-volume fractions) and in case of co-extrusion
in perfectly dense coatings. Moreover tensile, bending and shear tests show a high interfacial
strength and failure in the MMC-coating [6]. MMC with TiC additions show lower densities,
because the agglomerated TiC particles are often porous and can’t be filled with MM during the
extrusion process.
In addition the extrusion ratio of∼ 5:1 causes an anisotropic microstructure, which is analysed

in section 4.2. The deformation leads to diameter reduction in combination with a movement of
the HP because of the material flow. The friction between rod and die creates a velocity gradient
in the rod, so that the material in the outer diameter flows slower than in the core. These effects
cause an alignment of the longitudinal axis of the HP parallel to the extrusion direction. Figure
2 illustrates the material flow during the extrusion.

Figure 2: Scheme of hot direct extrusion

4.2 Microstructure

The deformation of the capsules during the extrusion process produces a microstructural
anisotropy [7], which can be seen in Figure 3. Figure 3a shows an axial cross section (in extrusion
direction) of the HW1 rod with a quite homogenous dispersion of the HP, while Figure 3b illus-
trates a radial cross section (perpendicular to the extrusion direction) in which the agglomerated
TiC-particles are disrupted leading to a bead-like arrangement parallel to the extrusion direction,
while FTC-particles were only aligned. It can be concluded, that the higher forming forces of the
MMC with a FTC addition can be ascribed to the incompressibil-ity of the FTC. In contrast the
brittle inner interfaces of the agglomerated TiC-particles failure under hydrostatic and shear load
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while the capsule is passing the extrusion die. The disruption of the porous particles reduces the
volume fraction, which has to be deformed and lowers the required pressing forces.

Figure 3: Cross sections of MMC rods : a) HW1 in axial direction b) CT1 in radial direction

Among the deformation, the properties of the materials are influenced by the microstructure
of the atomised powders and by the sintering. The atomisation of 1.2344, leads to a marten-sitic
microstructure without carbides. In contrast 1.2380 has a hypoeutectic structure, in which the
primary solidified metal cells are surrounded by chromium rich M7C3- and vanadium rich MC
eutectics. During the presintering of 1.2380 Oswald ripening of the lamellar eutectic car-bides
starts which become spherical and grow to 3–5 m. At the same time a formation of diffusion
seams at the interfaces of MM and FTC is caused by interdiffusion. This results in the generation
of the low carbon phases M2C and M6C while the released carbon is dissolved in the MM. EDX-
measurements of these seams showed high W, Fe and C contents, so it can be concluded that
they are of M6C type (Figure 3a). While high resolution SEM investigation of the TiC / MM
interface of TiC-reinforced MMC showed no diffusion, EDX-linescans veri-fied a diffusion of
V-atoms into the TiC, which does not change the microstructure signi-ficantly. Recapitulatory a
formation of diffusion seams is preferable, because the gradient of properties between themetallic
bonding of the MM and the covalently bonded HP is reduced.

4.3 Wear Resistance

The pin on disc tests were executed with quenched and tempered samples. These samples were
secondary hardened to produce a high wear resistance combined with a sufficient toughness. The
tests can be used to evaluate the efficiency of the added HP against the different abrasives and to
prove the influence of increasing volume fractions of HP on the wear resistance. The measured
wear rates of all tests are summarised in Table 2.
It is obvious, that the increasing hardness of the abrasives increases the wear rates. These tests

underline in addition the influence of the HP-particle size and the added volume fraction [8].
The disrupted TiC particles are too small to act as an obstacle against the grooving abrasives and
were worn out of the contact surface. Furthermore the brittleness of the inner interfaces of the
agglomerated TiC causes microfracturing and HP-particle break-out. Compared to the pure MM
the addition of TiC does not influence the wear rate significantly.
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In contrast to that increasing volume fractions of FTC are an effective wear protection against
the softer abrasives SiO2 and Al2O3. The addition of 30 vol% FTC in 1.2380-MM lowers the
wear rate up to two orders of magnitude. This can be ascribed to the good bonding of the HP in
theMM (diffusion seams) and the higher fracture toughness of FTC. The coarse FTC particles act
as an obstacle against the grooving abrasives. Against the hard SiC, which is able to scratch all
phases of the extruded material, the effect on the wear resistance is only minor. The dependence
of the wear rates on the extrusion direction can be ascribed to the partial rotation of the HP during
extrusion. The aspect ratio (length to width) of the FTC particles leads to a higher HP-fraction
in the contact area in radial samples and therefore to a better wear protection. More detailed
information on the wear resistance are summarised in [9].

Table 2:Wear rates of MM and MMC against different abrasives (80 mesh)

Denotation Wear rate against
MMC silicon carbide (SiC) Corundum (Al2O3) flint (SiO2)

Cradial 4.08 10–5 3.48 10–5 2.26 10–5

CW1radial 3.19 10–5 1.22 10–5 5.40 10–6

CW1axial 3.59 10–5 1.50 10–5 7.48 10–6

CW3radial 2.33 10–5 3.72 10–6 3.92 10–7

CT1radial 4.52 10–5 2.69 10–5 2.01 10–5

CT3radial 4.75 10–5 2.64 10–5 1.40 10–5

Hradial 4.06 10–5 4.20 10–5 3.04 10–5

HW1radial 4.70 10–5 2.34 10–5 1.58 10-5

5 Conclusions

Hot direct extrusion of metal matrix composites based on tool steel matrices and reinforced by
hard particles is introduced as a novelmethod to producewear resistant rods. Optimized extrusion
parameters lead to a high densification which qualifies the materials for service in abrasive envi-
ronments. The alignment of the hard phases during the deformation process causes a dependency
of the wear rates to the extrusion direction. The wear rates can only by decreased significantly
by the addition fused tungsten carbides, while agglomerated TiC-particles have minor influence
on the wear rate.
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Abstract

The heat-resistant Fe-Cr-Al alloys with high content of chromium (> 40weight %), alloyed with
rare-earth and carbide-forming elements, were undergone mechanical grinding and polishing up
to formation of amorphous layer of 20 nm thickness. After the treatment, the initial samples were
oxidized in atmospheric environment at 1200 °C for small periods of time, totally 10 hours. SEM
and Auger-spectroscopic studies showed that microstructure of the oxidized surface with the pre-
cise contours of modulation is formed during the first hours of oxidation, and remains stabile for
the whole cycle. The distinctive feature of the oxide film is that it is composed of mixture of oxide
nanocrystallites (≤ 500 nm). Heat resistance of the samples were assessed via periodic measure-
ments of weight gain (W, mg/cm2), which varied between 0.2 and 0.7mg/cm2, depending on
oxidation duration. The latter indicates at improved heat resistance of the tested samples. The
protective oxide layer, which mainly consists of α-Al2O3, is characterized by good tribologi-
cal and mechanical parameters as well. Subsequent mechanical and chemico-thermal treatment
of the alloys with the above oxide layer, including its saturation with iron phosphate, provides
a drastic increase in wear resistance of the initial material. After lubrication the final product
remains practically unchanged within the definite ranges of friction rate and loading.

1 Introduction

Resources saving and lifetime of metallic structures and machine components are strongly con-
nected with their wear and corrosion. Currently, wear of machine components working in coarse
and aggressive environment is most problematic. Therefore, design and development of the com-
ponents which do not need major repairs during the whole performance period, and number of
their minor repairs is considerably reduced, will practically double capacity of engineering plants
[1].
The analysis of the existing experimental and theoretical data [1–6] leads to the conclusion that

the processes of mechanical wear, corrosion and corrosion-mechanical fracture, actually repre-
sent a variety of one and the same phenomenon. Thus, the induced classical problems of wear
and corrosion do not seem to be solved independently [1].
Such structural materials as stainless steels, not to mention conventional steels, are not able to

ensure the required level of tribological behaviour of wearing parts working in severe conditions.
The precondition of reliability and durability of wearing parts is a formation of special features of
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their surfaces. The latter may be realized in two ways: 1. conventional alloying and 2. formation
of coatings. The first way implies production of homogeneous bulk material, all the new surfaces
of which have the same required properties. The second way assumes a formation of one or more
layers with the required properties on the surface of conventional material.
The authors of this paper suggest a third way: the synthesis of the above two. Following this

way, based on the classical principals of alloying, an extremely refractory and corrosion resistant
homogeneousmaterial is formed on the surface of which, subsequently, a barrier scale with stabile
oxides is created in the optimal mode of its oxidation [2]. This scale, possessing good tribological
property, and the main component of which is α-Al2O3, is acting as a protective coating during
the performance period.
Preliminary research led to an assumption that mechanical and chemicothermal treatments

(including impregnation with phosphate solutions), causing transformation of surface layer [7],
will additionally increase its wear resistance.

2 Experimental

The stabile experimental zones of the corrosion-resistant Fe-Cr-Al alloys [8,9], in which a maxi-
mum heat resistance was ensured, were determined using a descriptivemodeling and a correlation
analysis of the obtained results. The nearly equiatomic Fe-Cr solid solutions, containing 43–48
wt% of Cr and 3–5 wt% of Al with small additions of La and carbide-forming elements, were
melted using an arc melting in argon environment and studied after forging. The initial surfaces
of disk-like samples were mechanically grinded and polished till obtaining a mirror-like appear-
ance. Thereupon the samples were oxidized in quite air at 1200 °C over a period from 1 to 10
hours. The heat resistance of the samples, assessed by means of periodic weighting, varied from
0.2 to 0.7mg/cm2 depending on oxidation time. Some of the samples were also impregnated with
the iron phosphate solution.
The morphology of the mechanically treated flat surfaces were studied by a scanning electron

microscope (DSM-960, Zeiss, Germany). Auger spectra of the oxide films were taken using a
LAS-2000 spectrometer (RIBER, France). The distribution of elements in the near-surface layers
of the mechanically polished samples was determined within 1 depth via consecutive removal
of the coats with the pace of 20–30Å and 0.25 using ion-beam scattering and anodic dissolution
respectively. The structure and phase composition of the subsurface layers situated deeper than
one micron were controlled by X-ray diffractometry.
The tribological behaviour of the samples containing 45wt% of Cr and 4.0wt% of Al was

investigated via sliding on a counterface made of tool steel Y8 (0.75–0.84C, 0.40Mn, 0.35Si,
S≤0.03, P≤0.04). All tribological tests were conducted in ambient atmosphere using an IM-
58 machine (typical device for torso friction, USSR) with overlapping coefficient equal to 1.
The friction and wear properties were measured at room temperature in the mode of half-wet
lubrication with the load of 0.2MPa and sliding velocity varying from 0.125 to 1.25m/s.

3 Results and Discussion

Since alumina scale is resistant to high-temperature gas corrosion and abrasive wear, an alumina-
forming alloy based on nearly equiatomic Fe-Cr solid solution with small additions of rare-earth
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and carbide-forming elements, was selected as an initial material. Formation of scale structure
with the most distinct contours of modulation (see Fig.1a,b) has begun during oxidation of these
alloys in the temperature range 1000–1400 °C. Its development began at 1200 °C during the first
hours and remained without any appreciable changes for the whole oxidation cycle [3,5].
The surface morphology of scale formed at initial stages of high-temperature oxidation es-

sentially depends on the structural condition of matrix. The scale formed due to the mechanical
grinding and polishing of the metallic matrix generally represents a mixture of alumina and chro-
mia nanocrystallites with the sizes 100÷500 nm (Fig.1), and has a modulated structure without
oxide ridges in contrast to the widely investigated alumina- and chromia-forming alloys [10].

Figure 1: SEM image of the surface of mechanically treated sample after oxidation at 1200°C during 1 hour (a)
and 5 hours (b).

The Auger-spectra taken from the samples oxidized under the above conditions at 1200 °C
shows that all the main components of the metallic matrix are in chemical bonding with oxygen
since the scale formation on the surface actually takes place in parallel with the nucleation of
oxides of Fe, Cr and Al (Fig. 2). To the authors’ opinion this is facilitated by an amorphized
Beilbi layer on the mechanically treated (grinding, polishing) surface and the sublayer hardening
caused by a plastically deformed, fine-grained, matrix layer. It is evident that such nonequilib-
rium surface layers are rapidly saturated with oxygen atoms causing simultaneous formation of
scale.
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Figure 2:Auger-spectra of the sample oxidized at 1200 °C for 5 hours. a) metallic matrix, b) matrix/scale interface.

Electron diffraction patterns taken from the polished surface of grinded samples after removal
of layers of different thickness are in accordance with the authors’ assumption on structural
changes with the thickness of scale.

Figure 3: Electron diffraction patterns obtained via reflection from surface of the sample after removal of layers
with the following thicknesses: a – 50Å , b – 500Å and c – 1300Å.

The changes of structure with the thickness of the mechanically treated surface are schemati-
cally shown in Fig. 3d. The diffuse haloes (Fig. 3a), formed after removal of some ten-angstrom
thickness layer, correspond to the absorbed atmospheric air elements. Under this layer a so-called
Beilbi layer is situated.
Total thickness of both parts of Beilbi layer, truly amorphous and amorphous according to X-

ray diffraction, is about 600Å (Fig. 3). The specific structural features in the plastically deformed
fine-grained layer of matrix, with the thickness of∼ 1300Å (Fig. 3d), were determined from the
distribution of oxygen, carbon and the metallic components as well as from the analysis of the
respective electron diffraction patterns (Fig. 3c).
The combination of the above-considered factorsmakes it possible to create suitable conditions

for alumina formation which may well be protective against chemical and abrasive attack of an
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aggressive environment. Such conditions are realized at 1200 °C during 1 ÷ 5 hours of oxidation.
The tribological parameters for various states of Fe-45%Cr - 4%Al – 0.25%La alloy samples are
shown in Table 1.
The results of preliminary study seem quite promising: mechanical grinding and polishing of

the samples with optimal composition and subsequent purposeful oxidation results in consider-
able improvement of their tribological properties in comparison with the untreated ones. The
impact of chemicothermal treatment on tribological behaviour is evident as well. Moreover, the
material impregnated with the ion phosphate solution, after the above treatment and then lubri-
cated with machine oil, does not practically wear within the definite range of friction velocity
(Table 1). Starting from the most adopted point of view [7], this effect is conditioned by filling
up of open porosity and reduction of gas-permeability in alumina scale.

Table 1: Tribological Properties of The Material Depending on Treatment (* wear is not fixed)

Material state Sliding velocity
V [m/s]

Friction tem-
perature
t [°C]

Friction coeffi-
cient
f

Linear wear
∆h× 10−3

Wear intensity
I × 10−11

Untreated 0.125
0.25
0.38
0.62
1.25

22
28
28
45
55

0.05
0.16
0.16
0.16
0.18

0.37
0.13
0.17
0.21
0.42

80
9
5.5
4.6
9.3

Mechanically

treated and

oxidized

0.125
0.25
0.38
0.62
1.25

22
28
30
40
55

0.085
0.080
0.053
0.085
0.085

0.15
0.07
0.01
0.01
0.01

3.3
1.4
0.7
0.44
0.22

Impregnated

with phosphate

solution after

mechanical

treatment and

oxidation

0.125
0.25
0.38
0.62
1.25

20
22
24
25
25

0.080
0.027
0.035
0.043
0.020

– *
–
–
0.015
0.009

–
–
–
0.60
0.21

4 Summary Remarks

Preoxidation of high-chromium-content Fe-Cr-Al-La corrosion-resistant alloys with the opti-
mal mode of their oxidation (1–5 h, 1200 °C), after grinding and mechanical polishing, leads
to the formation of scale with the most distinct contours of modulation (see Fig.1). Also, the
distinguished feature of this scale is its fine-grained structure – a mixture of nanocrystallites
(≤ 500 nm), mainly of alumina and chromia. Such a structure is formed during the first hours
of oxidation and remains practically unchanged for a long period of time, retaining its protective
abilities against both corrosion and abrasion.
A deep structural changes taking place under geometrical surface layer during mechanical

and chemicothermal treatments, can be used for the considerable improvement of tribological
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behaviour of the initial material. The results of preliminary study in this direction appear to be
forward-looking, and may be a good starting point for further research work.
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Sliding Friction: Global Versus Local Analysis
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Abstract

Friction appears at the physical interface between two surfaces in contact and affects all mechan-
ical systems. Friction is strongly influenced by the interfacial environment, either as lubricants
or as dry films or contaminants between the surfaces. There is a wide range of physical phenom-
ena that affect friction; this includes elastic and plastic deformations, fluid mechanics and wave
phenomena. Friction was studied extensively in classical mechanical and there has lately been a
strong resurgence driven by strong engineering needs and the availability of new material solu-
tions and also high resolutionmeasurement techniques. Despite the availability of several friction
models as the Amontons-Coulomb, the Dahl model and bristle models like Haessig & Friedland’s
and the LuGre model, the experience shows that for most applications friction difficultly could
be conveniently explained by any of the available models. The generality of models for con-
tact with friction involve global analysis resulting on a friction coefficient, calculated based on
the relationship between forces. Assuming that the friction coefficient value is independent of
the stress distribution, a constant value is applied in local analysis, as for example Finite Element
Analysis. The most elaborated models consider the effect of local sliding speed or local displace-
ment. The present work aims to analyze and discuss the effect of stress distribution on friction
in unlubricated sliding contacts. Based on a set of experiments carried out on load-scanning type
equipment, the friction behavior of a 1045 AISI steel and the validity of the Coulomb model will
be discussed for both elastic and elastic-plastic contacts.

1 Introduction

Friction is ever-present in all mechanical systems involving parts with relative motion. In most
mechanical applications friction has a disadvantageous effect; but, in many other cases, friction
is the key factor which assures the system main function. Considering the several aspect of the
friction, in most cases friction operates as a force that resists to relative movement; however, in
other applications friction acts as a dissipation mechanism or even as a mechanism of energy
transfer. In different applications friction has different roles, thus any discussions about it should
take into account the specific characteristics of the application.
In spite of the enormous development of tribology in the second half of the 20th century, very

simple relations are considered in the mechanical design to take into account the effect of the
friction. In fact the Amontons’s friction laws [1, 2] support most of the design rules. Therefore,
the mechanical design requires the knowledge of the friction coefficient value for the contact
condition under study. This friction coefficient is calculated based on the relationship between
forces. Assuming valid the 2nd Amontons’s law, the friction can be assumed constant in any point
of the contact area. However, in the substantiation of the Amontons’s laws, which occurs only
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after the 40’s, especially with the work of Bowden and Tabor [3], the behavior of the contacting
materials is usually considered as elastic-perfectly plastic.
Another important issue is the fact that the friction measurement involves global analysis of

the total forces applied to the entire contact area, usually used to calculate a friction coefficient.
Assuming that the friction coefficient value is independent of the stress distribution, a constant
value is applied in local analysis, as for example Finite Element Analysis. The most elaborated
models consider a correction factor based on local sliding speed or local displacement.
The present work aims to analyze and discuss the effect of the stress distribution on the friction

in unlubricated sliding contacts. Based on a set of experiments carried out on load-scanning type
equipment, the friction behavior of a 1045 AISI steel and the validity of the Coulomb’s model
will be discussed for both elastic and elastic-plastic contacts.

2 Materials and Experimental Details

The test equipment used in this study was developed to allow sliding contact under increasing
normal loads [4]. The geometry of the specimens is cylindrical. If the specimens are placed in
such a way that the sliding direction makes 45º relative to the axis of each cylinder, the sliding
movement uses fresh contact points in both specimens, figure 1 a).

Figure 1: a) Outline of the contacting specimens. b) Picture of the experimental set-up.

The experimental equipment, figure 1 b), includes two high precision linear actuators placed
in perpendicular directions; one to drive a spring normal load system and the other to produce
the tangential relative displacement. The linear actuators are numerically controlled resulting in
very accurate motion, allowing to follow different displacements or loading trajectories. A three
components load cell supports the lower specimen; therefore both friction and normal forces are
accurately measured during the test and their values are acquired using a suitable hardware and
software.
In the present study the normal load was applied with a linear trend, increasing from 0 to

45 N (nominal values) with a loading rate of 4.5 N/s, while the specimen slides with a relative
speed of 1 mm/s. In such conditions, the load increases 4.5 N for each mm of the wear track,
in the direction of the cylinder axis. Figure 1b shows a picture of the specimens during the
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test. The material used was the steel AISI 1045 sliding against itself. The tests were performed
unlubricated in air with 20 ºC and 50 %RH. One of the advantages of this test is the fact that, for
each specimen, a different and fresh contact point is used for each value of normal load. This
fact allows the calculation of the contact stresses in each point, because both contact geometry
and contact forces are absolutely well known.
In order to vary the contact stresses, keeping the contact loads, the diameter of the contact

cylinders was changed. Seven different diameter values of: 4, 6, 8, 10, 12, 15 and 19 mm, have
been tested. The cylindrical specimenswere polished up to 1000-grit emery paper. The roughness
of the specimens was measured in the axial direction obtaining: Ra = 0.47µm and Rsk = –1.1.
Prior testing the specimens was ultrasonically cleaned with acetone.

3 Results and Discussion

3.1 Theoretical Considerations

Considering only the effect of the normal load, therefore considering the Hertz’s contact model
[5], the contact stresses can be calculated as a function of the normal load and of the cylinders
radius. Figure 2 shows the evolution of the contact stresses in the contact circle along the x axis
(see the axis system in figure 1 a)) for a normal load of 14 N and considering cylinders with
10 mm of diameter. Figure 2 a) displays the evolution of normal stresses σr, σθ and σz, while
figure 2 b) shows the evolution of the maximum tangential stress. Considering the mechanical
properties of the AISI 1045, presented in table 1, and assuming the maximum tangential stress
as yield criterion, it is possible to identify the part A1 of the contact where plastic deformation
occurs. In figure 2b) the plastic deformation occurs in the circle inside the points P1 and P2.
Therefore the plastic deformation is predominant in the contact if A1 > A2, thus r1 > 0.707 r2,
being r1 the radius of the plastic zone A1 and r2 the radius of the Hertz circle.

Figure 2: Graphic of the stresses on the contact plane considering the Hertz contact model and cylinders with φ =
10 mm and a normal load of 14 N. a) Normal stresses on the normal, tangential and radial directions. b) Tangential
stress and identification of the contact area (A2) and plastic deformed area (A1).
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Applying this criterion to all the cylinder diameters under study, it is possible to establish an
equation to identify the threshold value of the force above which the contact is predominantly
plastic, equation (1). In equation (1), r is the radius of the contacting cylinders in mm and Fn is
the transition value of the force in N.

Fn > 0.65 r2 (1)

As the nominal domain of the normal load range from 0 to 45 N, applying equation (1) to the
medium value, 22.5 N, the value of 11.8 mm was obtained for the cylinders diameter. Therefore,
from the former theoretical analysis, the diameter of the cylinders of around 12 mm establishes
the limit between two distinct cases: for higher cylinder diameters the contact is predominantly
elastic whereas for smaller cylinder diameters the contact is predominantly plastic.

Table 1:Mechanical properties of the AISI 1045 steel

Property Value

Tensile strength (MPa) 707
Yield stress (MPa) 425
Elastic modulus (GPa) 207
Poisson ratio 0.28

3.2 Experimental Results

Both friction and normal forces were acquired during each entire test. Figure 3 shows the graphic
of the friction force against the normal force for the test of the 4 mm diameter cylinders. Taking
into account the Amontons-Coulomb friction model, the friction coefficient is the slope of the
evolution of the friction force plotted against the normal force; therefore, the slope (0.16) of the
trend-line presented in figure 3 is the friction coefficient. As along the test, the normal load range
from 0 to 45 N, it is expected that the dimension of the contact increases continuously. Figure 3
displays also the evolution of the wear track width along the load trajectory.
The results obtained for all the tested specimens reveal a linear evolution similar to that showed

in figure 3. Nevertheless, the values of the friction coefficient change with the increase of the
cylinders diameter, as shown in table 2. In fact, the cylinders with diameters higher than 12 mm
lead to an unchanged value of the friction of 0.129. However, for smaller cylinders, the friction
coefficient ranged from 0.140 to 0.159.

Table 2:Measured friction coefficient for the different cylinder diameters.

Diameter (MM) 4 6 8 10 12 15 19
Frict. Coeff. 0.154 0.146 0.140 0.159 0.128 0.129 0.129

Considering the results obtained applying the Hertz contact model, the experimental tests leads
to conclude that if the stresses in the contact plane are predominantly plastic the friction coeffi-
cient increases almost 20%.
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Figure 3: Friction force against normal force evolution for the test of the 4 mm diameter cylinders and evolution
of the wear track width along the load trajectory.

In spite of the clear tendency displayed by the results, a deep study must be done to support
a complete understanding of the influence of the plastic deformation on the friction. However,
as the material used, the AISI1045 steel, presents a small strain-hardening effect, it is expected
that materials with more ability to increase the mechanical resistance by strain could have a more
marked change of the friction coefficient.

4 Concluding Remarks

Load scanner tests were applied to study the hypothetic interactions between contact stresses and
friction coefficient.
Tests have been done using cross-cylinders contact submitted to normal loads increasing from 0

to 45 N under unidirectional sliding at a relative speed of 1 mm/s. The diameter of the cylindrical
specimens has been increased from 4 to 19 mm to allow the change of the contact regime from
predominantly plastic to elastic contact.
In spite of the cylinder diameters, all the tests reveal linear relations between the friction force

and the applied normal load.
Applying the Hertz contact model, therefore considering only the normal load effect, and con-

sidering the Tresca’s yield criterion, it was demonstrated that the contact is predominantly plastic
or elastic when the cylinders diameter is lower or higher than 12 mm, respectively.
For contacts under predominantly elastic deformation, the measured friction coefficient was

0.129 while for contacts leading to predominantly plastic regime in the contact plan, the friction
coefficient increases up to 0.159.
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Deformation of WC-Co Hardmetals During Scratch Testing
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1 Introduction

WC-Co hard metals are well established powder metallurgy products. The unique composite
structure of hard WC grains in a tough cobalt matrix results in excellent wear resistance. Recent
developments have led to the production of nanostructured WC-Co hard metals which consist
of nanoscale tungsten carbide grains in a cobalt matrix. These nanostructured hard metals are
reported to have enhanced wear properties as a result of their increased hardness and the increased
constraint of the WC grains in the binder phase which results from the reduced binder mean free
path [1, 2]. Nanoindentation is a well established experimental technique to investigate the local
mechanical properties of materials and a Nanoindenter can also be used for scratch testing of
materials [3]. The local wear behaviour of WC-Co hard metals will thus be investigated using
scratch testing. The mechanical and wear properties of WC-Co hard metals on the local scale
will be investigated with emphasis on the WC grain size and the cobalt content.

2 Experiment

2.1 Materials

Seven commercial hard metal grades with varying cobalt content ranging from 6 to 15% were
tested in this study. The grades are classified as ultra fine (UFG), medium (MG) and coarse
grained (CG) depending on the size of the WC grains. The characterisation data is given in
Table1.

Table 1: Composition and properties of the investigated WC-Co cemented carbides

Sample Average
WC
grain
size
( m)

Description Binder
wt%

Vickers
hardness
Hv

Indentation
hardness
(GPa)

Young’s
Modulus
(GPa)

J15 2.65 CG 15 1017 12.7 555
NY15 0.25 UFG 15 1486 19.7 561
T06M 1.21 CG 6 1380 18.4 530
T06MF 0.60 MG 6.5 1575 22.1 638
T06MG 0.48 UFG 6 1760 21.8 476
T06F1 0.66 MG 6 1710 22.0 615
T06SMG 0.25 UFG 6 1940 25.5 623
1Contains 0.5% VC and 0.2% Cr3C2
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The specimens were prepared for scratch testing by polishing to a 1 m diamond finish. After
each polishing step the samples were cleaned in ethanol in an ultrasonic bath. The microstructure
of four of the samples is shown in figure1.

Figure 1:Micrographs of the samples (a) T06MG (b) T06SMG (c) J15 and (d) NY15

2.2 Instrumented Scratch Testing

Nanoscratch tests on the hard metals were performed using a Nano Indenter XP with a load
controlled head. The maximum load capacity for the standard system is 500 mN with a precision
of less than 1 mN. All the scratch tests were performed with one corner of a Berkovich indenter
in the scratch direction since the tip orientation has been found to have an effect on the wear
behaviour [4, 5]. The normal load ranged from 5 mN to 500 mN with a tip velocity of 10 m/s.
Two single scratches and one multiple scratch test were carried out for each load. The scratch
depth and width were measured at 5 m intervals along the length of the scratches. The average
scratch depth for each load is reported. Tip calibration was performed using fused silica before
each series of tests to monitor the tip function and no significant change in the tip shape was
observed. The worn samples were examined using an atomic force microscope (AFM) and a
scanning electron microscope (SEM).

3 Results

3.1 Low Cobalt Content

The scratch depth was determined using the section analysis mode of the AFM. Figure 2 shows
the increase in scratch depth with increasing load for the samples containing 6 wt% cobalt binder.
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A plot of the grain size versus the scratch depth was made at a load of 100 mN (figure 3) and
shows that an increase in theWC grain size leads to an increase in the scratch depth i.e. a decrease
in scratch resistance. A lower scratch depth was measured for the UFG sample (T06SMG) com-
pared to the coarse grained hard metal (T06M). At a load of 100 mN the coarse grained sample
exhibited a scratch depth of 297 nm compared to 227 nm for the UFG sample (T06SMG) for a
single scratch.

Figure 2: Plot of scratch depth against scratch load for the 6 wt% Co samples
(a) single scratch and (b) multiple scratch test (20 passes)

Figure 3: Plot of scratch depth against WC grain size at 100 mN(a) single scratch and (b) multiple scratch test

T06MF and T06F have similar WC grain sizes and therefore the difference in the scratch depth
measured could be due to the chemical additions to the binder in T06F. This sample contains 0.5%
VC und 0.2% Cr3C2 which resulted in a better wear performance of the material.
An increasing scratch depth was found for multiple scratch passes. The scratch depth increased

from 298 nm to 1.022 m and from 227 nm to 632 nm for T06M and T06SMG respectively, after
20 scratch passes. Scratch testing at low loads resulted in grooving of the WC grains and the
formation of cracks in the WC grains as shown in figure 4. Multiple scratches at low loads led
to the removal of material via WC grain fracture and fall out. In the UFG sample a film was
observed on the surface of the damaged region as discussed in earlier work [6].
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Figure 4:Micrographs of (a) T06F and (b) T06M after a single scratch test at 500 mN

At high loads single scratches resulted in more severeWC grain cracking and ductile deforma-
tion of the WC grains was also observed with extensive slip line formation as shown in figure 4a.
The deformation of the cobalt binder was also observed, it attains a porous-like structure during
scratching which makes it easier for WC grain fall out (figure 4b). Multiple scratches at high
load led to the formation of a mechanically mixed layer composed of WC fragments and cobalt
binder. There was also material loss as a result of grain fall out and fracture

3.2 High Cobalt Content

The UFG sample (NY15) displays a consistently higher scratch depth at all tested loads as shown
in figure 5. Multiple scratch tests saw a significant increase in scratch depth for both samples
with the UFG sample exhibiting a poorer behaviour. For example the change in depth from a
single to a multiple scratch test at a load of 500 mN is 150 % for the coarse grained material and
84 % for the UFG sample.

Figure 5: (a) The variation in scratch depth with load for the 15 wt% Co samples (b) scratch depth plotted against
WC grain size at 100 mN

An examination of the sample with a SEM showed that the wear mechanisms in the UFG
sample were much more severe. Grooving of the WC grains and pile-up of the binder phase was
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observed in the CG sample after single scratch tests at low loads and multiple scratch testing
resulted in chipping of the WC grains due to crack growth and intersection. Extrusion of the Co
binder was also observed (figure 6a). The UFG sample exhibited cracking and chipping of the
WC grains and fall out of the smaller WC grains as shown in figure 6b. Multiple pass tests led
to increased material removal and the formation of a mechanically mixed layer on the material
surface.

Figure 6: SEMmicrograph of WC-15 wt% Co sample after single scratch test at 5 mN (a) CG sample and (b) UFG
sample (please note the different scale bars)

The typical wear damage observed in the CG sample after single scratch tests at higher loads
is shown in figure 7a. This shows the formation of slip lines in the larger WC grains and crack
formation approximately normal to the slip line direction. Cutting and chipping of theWC grains
was also found which led to the removal of material. Multiple scratch tests resulted in more
material loss and the formation of a mechanically mixed layer. Single and multiple scratching in
theUFG sample at high loads resulted inmore extensive grain removal, fracture and the formation
of the mechanically mixed layer which was also observed at multiple passes at low loads. The
marked area in figure 7b shows a region on the edge of the scratch where WC grains have been
removed from the bulk material after a single scratch with a 100 mN load.

Figure 7:WC-15 wt% Co after a single at 100 mN (a) CG sample (b) UFG sample

T06SMG and NY15 have a WC grain size of 250 nm and were compared to determine the
influence of binder content. The 6 wt% Co sample showed a lower scratch depth than the 15 wt
% Co sample for both single and multiple scratch tests
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4 Discussion

4.1 Low Cobalt Content

During a scratch test a load is first applied and the indenter penetrates the sample and then moves
across the sample at the chosen velocity. At low loads the penetration depth of the indenter is
very low and it only scratches the surface of the material which leads to cracks and grooves in the
WC grains. Multiple scratching at low loads leads to fracture of theWC grains as a result of crack
growth and intersection. The fractured grain segments may remain embedded in the material or
be lost. Grain fall out occurs due to the movement of the sharp indenter tip which repeatedly
pushes against grains which are loosely anchored as a result of binder extrusion. Grain fall out
in the UFG samples was very limited, this is because these materials are harder and therefore
the penetration depth of the indenter is lower and the damage mainly occurs on the surface of
the material. At higher loads the penetration depth is increased and the damage occurs deeper in
the material surface. A cross section of a scratch is shown in figure 8a and this shows that the
cracks in the grains extend into the bulk material. The micrograph also shows that the material
is not completely pore free and small pores can be seen in the material as marked. The presence
of pores can be detrimental to the material during scratch testing as the pores compromise the
material integrity.
The binder phase exhibits a porous like structure after scratch testing, which makes it much

easier for the WC grains to be removed from the material (figure 4b). This explains the extensive
grain fall out observed in theWC-6wt%Co samples during multiple scratch testing at high loads.

Figure 8: (a) Cross-section of multiple scratch on T06MF (b) Schematic of wear mechanism

4.2 High Cobalt Content

At low scratch loads the coarse grained material exhibits very low scratch depths and the damage
is confined to grooving of the WC grains and extrusion of the cobalt binder. The UFG material
on the other hand shows much more severe damage mechanisms. Single scratches resulted in
grooving, cracking and chipping of the WC grains and also the fall out of WC particles in the
UFG sample. A schematic of the proposed wear mechanism is shown in figure 8b. A low load
results in a relatively low penetration depth, however due to the high content of the binder phase
the penetration depth is higher than that in the WC-6Wt%Co samples. In the CG samples the
grains are very large and even at the higher penetration depths only the surface of the WC grains
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is damaged. In comparison the grain size in the UFG sample is comparable to the penetration
depth and the movement of the indenter across the material can lead to the removal of the WC
grains. At higher loads a similar mechanism would be expected. At a load of 500 mN a scratch
depth of 614 nm was observed for the CG material after a single scratch test, this is very small in
comparison to the average grain size of 2.65 m. The scratch depth for the UFG sample at the
same load was 1.024 m which is more than four times the average grain size of the material.
Thus the material behaviour in the WC-15wt%Co samples during scratch testing is influenced

by the local material properties and not the bulk material properties. It must however be noted
that multiple scratch tests at high loads led to similar wear mechanisms in both the UFG and CG
15 wt% samples. In the case of the WC-6wt%Co samples the bulk material properties appear to
play a bigger role in the material behaviour regardless of theWC grain size. This phenomena was
reported for the erosive wear of WC-Co hard metals by Anand and Conrad [7]. They found that
fine-grained materials responded in bulk to erosive attack when the damage zone was comparable
to the microstructural dimensions. In coarser materials the microstructure was comparable to the
damage zone and the constituent phases of the material responded individually to the erosive
attack.

5 Conclusions

A finerWC grain size was found to result in a better wear performance for the 6 wt% Co samples.
However a coarser grain size resulted in better wear performance in the 15 wt% samples. The
UFG 15 wt% Co sample showed extensive WC grain fall out, not observed in the CG material.
A lower binder content (for a given WC grain size) was found to improve the scratch resistance
of the material. Therefore it could also be concluded that ideal microstructure for good scratch
resistance would be a low binder content and ultra-fine WC grain size.
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1 Introduction

The invention of the atomic force microscope [1] made it possible to study friction on atomic
scale: The normal force acting on the cantilever, i.e. the interaction between the surface and
the tip normal to the surface, leads to a bending of the cantilever. Lateral forces originating
from friction during the movement of the tip lead to a tilt of the cantilever. Both are detected
simultaneously by means of a reflected laser beam and a four quadrant detector. Although many
insights have thus been gained on the atomic level, we still have to go a far way to obtain a true
understanding of all the origins of friction.
One difficulty of the friction measurements on the atomic scale in ambient environment are

capillary forces between tip and the surface due to humidity. Experiments under ultra high vac-
uum (UHV), however, require expensive instrumentation; another disadvantage is that adsorbates
in most cases cannot be reversibly desorbed in short times – heating usually is necessary. The
study of electrochemical interfaces offers the advantage that surfaces can nowadays not only be
studied with a cleanliness and reproducibility as surfaces under UHV conditions, but that adsor-
bates can quickly and reversibly be formed and desorbed. Thus, effects due to the change of the
tip structure will be immediately noticed. Moreover, electrochemical interfaces are extremely
important: in a wet stage, each metallic surface is an electrode surface, the electrode potential
being defined by the environment: the ambient atmosphere, the composition of the liquid or other
metals contacting the material under consideration (and thus forming a galvanic cell).
Astonishingly, despite of this, importance of electrochemical measurements of friction, there

are only two independent reports on friction measurements on the atomic scale, both on HOPG
surfaces.[2–4] We recently presented first friction measurements performed on Au(111) single
crystal electrodes modified by Cu. [5, 6] Here, we extend this to Pt(111) and give further results
for a Au(111) electrode.

2 Experimental

The single crystals (obtained from Metal Crystals & Oxides) were orientated within an accuracy
of 0.5°. The preparation of the single crystal was performed by flame annealing. The cooling was
performed in a H-cell over Milli-Q water in a 5N argon atmosphere. The electrolyte consisted
of 0.05 M H2SO4 and 0.4 mM CuSO4. In some experiments a pure 0.05 M H2SO4 solution
was used. A gold wire was used as the counter electrode. As a reference electrode, a Cu wire
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was immersed in a Cu containing solution, separated from the AFM cell by a glass frit. All
potentials are quoted with respect to the Cu/Cu2+ redox couple. During the measurements the
AFM cell was maintained under an argon atmosphere. The measurements were performed with
a commercially available AFM scanner (Molecular Imaging) and a Nanoscope III E controller
(Digital Instruments, Santa Barbara, CA) fitted with a liquid cell. Commercial Si cantilevers
were used (Vecco MP31100).
The nominal spring constant was 0.9N/m. The spring constant for this type of cantilever

varies between 0.6 and 1.2N/m (manufacture specifications). External load was calculated as
the product of the z-displacement of the cantilever and the nominal force constant. Since the
exact torsional force constant of the cantilever is unknown, the value for the friction force will
be given in volts (output signal of the photo detector).
During the friction force measurements the lateral signal is recorded while the tip travels along

a length of the surface in opposing directions (trace↔ retrace). The forward and reverse direction
components of the loop are subtracted. Because the direction of forces arising from topograph-
ical effects will be invariant with the direction of motion of the tip, while friction forces always
oppose the tip motion, the resulting signal is proportional to twice the frictional force. In im-
age acquisition, a friction image is obtained by subtracting images acquired with opposing scan
directions.

3 Effect of Cu-deposits on Friction

The advantage of an electrochemical study of the effect of metal deposits is demonstrated in fig.
1 and 2. In the experiment shown in fig. 1, Cu was electrodeposited on an atomically smooth
Au(111)electrode surface at a potential of –80mV vs. Cu/Cu2+. This leads to the formation
of many 3-dimensional Cu Clusters of a triangular shape. (Fig 1a). The corresponding friction
image shows that friction on top of the cluster is increased (Fig.1b). Fig. 1c and 1d were recorded
during a potential sweep to more positive potentials (values as indicated in fig. 1c).The cluster
starts to dissolve at 0V. Interestingly, at those parts of the surface which before were covered by
the Cu cluster, the brighter colour in the friction image shows that friction there is still increased,
although no deposit is visible in the topographic image. Please note: in grayscale friction force
images, brighter colors correspond to a higher friction force.
This effect, which is only observed after a lifetime of the cluster of about 30min, is indicative

of an alloy formation between Cu and Au.
The surface around the cluster is covered by a densely packed Cu monolayer at the potential

of 20 mV , but at 180mV only by 2/3 of a monolayer of Cu[7]. The dark stripe at 180 mV in Fig.
1d) shows that friction is then reduced. In fig. 1b and 1d, also an increase of friction at the edge
of the Cu cluster is visible. This is not just a geometric effect – moving the tip “uphill” requires
an additional lateral force – a friction increase also occurs when the tip is moving “downhill”,
when for geometric reasons the energy win should lead to a reduced force.
Such effects are also visible on an atomic scale: In fig.2, a Cu monolayer was repeatedly de-

posited and dissolved; such a deposition occurs several hundred mV above the reversible Nernst
potential of bulk Cu deposition (“underpotentical deposition”).The following is noteworthy: (1)
When the load on the tip is low (90 nN, left image), friction on the bare Pt(111) surface and on
the Cu covered areas is similar. However, at high loads friction on areas covered by a monolayer
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Figure 1: Copper cluster on (Au111) and dissolution of this cluster.
Left: Topographic images
Right: Friction images (bright colour corresponds to high friction)
Top: after deposition of Cu clusters at –80mV vs. Cu/Cu2+

Bottom: During a potential step to +20mV, where Cu dissolves, a further step to 180mV and back to 20mV.

of Cu is clearly higher than on the bare substrate. (2) For both loads, friction is particularly large
(dark horizontal stripes) during the transition from the bare surface to the Cu monolayer, i. e.
when the surface is covered by single adatoms before the formation of a 2D lattice. (3) Even
monoatomic steps lead to an increased friction (bent vertical dark stripes).
Fig. 3 shows the dependence of friction on load on the smooth parts of the surface. Classi-

cally, a linear dependence should be observed. However, a transition occurs around a load of
140 nN, above which the slope and thus the friction coefficient greatly increases. A similar ef-
fect was observed for Cu monolayers on Au(111) [5]. We assume that above a critical load the
tip penetrates the adsorbed layer. Then, atoms or molecules have to desorb in front of the tip.
The corresponding desorption energy represents the energy dissipation corresponding to friction.
Since at the potential used here, the surface (both the bare Pt and the Cu monolayer) were also
covered by a monolayer of anions, it may well be that the tip only penetrates the sulfate adlayer,
not the Cu monolayer. The fact that such a transition also occurs for the Cu free surface sug-
gests this latter interpretation. The drastic increase of friction during the onset of Cu deposition,
however, is likely to be due to a hindrance of the tip movement by Cu adatoms. The increased
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Figure 2:Change of friction forces during repetitive UPD of Cu on a Pt(111) electrode at two different normal loads.
Below the images, a section analysis is shown; positive values and bright colours correspond to high friction.

friction at the step edges may, on the other hand, be ascribed to a non-elastic interaction of the
tip with the atoms at the steps; it is well known that the mobility of atoms at steps is increased.

Figure 3: Dependence of friction (arbitrary units) on load for Cu – UPD on Pt(111).

4 Effect of Anions on Friction

The effect of anions was studied at a Au electrode. Fig. 4a shows the cyclic voltammogram – the
capacitive charging current which flows to the electrode when the potential is linearly changed
with time – during potential sweeps between 0.05V (where no sulphate is adsorbed and the sur-
face is reconstructed) and 1.2V, where sulphate is adsorbed. The well known (22 × √3) re-
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construction is lifted around 0.6V, the subsequent peak represents the capacitive charging due
to adsorption of sulphate anions [8]. The small current peak close to 1.1V is associated with
the formation of an ordered sulphate overlayer. At this potential, also friction starts to increase
(cf. fig. 4c), and reaches a maximum when sulfate adsorption is complete. The continuous, re-
versible increase between 0.6 and 1.0V demonstrates that the increase of friction is not related
to the lifting of the reconstruction, but rather due to sulphate adsorption. Fig. 4 b shows that the
surface topography does not change with potential.

Figure 4: a) Cyclic voltammogram of Au(111) in the AFM cell
b) Topography
c) Friction image during the potential sweep
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Figure 5: AFM-Tip induced Nanostructures on Au(111). (PtIr covered tips from Applied NanoStructures (TM
Probes Model ANSCM-PT, force constant: 3N/m) were used in this experiment)

5 Wear at Electrode Surfaces

The pressure exerted by the tip is quite appreciable: assuming a contact area of 10 nm , for a load
of 100 nN a pressure of 1011 Pa (106 bar) is calculated. It is therefore astonishing, that under
the above conditions we did not observe any defects or wear after the friction measurements.
On the other hand, when scanning with an STM tip at large bias voltages, i.e. very close to the
surface, we did observe a local nanostructuring, which we ascribed to a local alloy formation [9,
10]. Additional conditions for achieving such nanostructures were that the tip was made of PtIr
and the solution contained a dissolved metal. To observe a similar effect by AFM, a Pt – covered
AFM tip had to be used and the load had to be increased up to 1 N (Fig.5). Here, first the tip was
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scanning over a rectangular area of 800 nm×100 nm at a potential of 10 mV vs. Cu/Cu2+ and a
scan rate of 1.1Hz. Afterwards, the larger area of fig. 5 was scanned for the images under normal
conditions. A rectangular structure with a height of 1.4 nm is seen, which, after a potential change
to more positive potentials is slowly dissolved, thus indicating the formation of a local alloy.

6 Conclusion

Measurements of friction at electrode surfaces are not only of great practical importance, but
also provide a new insight in these phenomena. Monoatomic steps offer an additional channel
for energy dissipation due to the higher mobility of atoms. An additional explanation is the
Schwoebel-barrier [11]. Friction is also increased by both metallic and anionic adsorbates; the
sudden increase of the friction coefficient at particular loads may be due a penetration of the tip
into the adsorbate layer. The influence of the surface tension in the context of rolling friction still
has to be elucidated.
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1 Introduction

Tribocorrosion is a material deterioration process which results from the interaction of wear and
corrosion that takes place in tribological contact exposed to aggressive environment [1].
The lifetime and performance of many mechanical devices, such as orthopaedic implants, food

processing equipment and pumps for chemicals, is limited by tribocorrosion. However, in some
applications tribocorrosion can be conveniently used for manufacturing and finishing purposes.
For example, chemical-mechanical polishing (CMP) process is widely used in production of
integrated circuits.
In the CMP process suspended abrasive nano particles cause detachment of friable surface

layers formed by reaction between the oxidizing aqueous suspension (slurry) and the material
to be polished. Chemical additives such as chelating agents are added to the slurry in order to
obtain better surface finish. Industrial improvement of the CMP process requires nowadays a
better understanding of the involved tribocorrosion mechanisms and in particular of the role of
the slurry components on material removal. This paper aims in particular at evaluating the effect
of the oxidising conditions and of chelating agents on the tribocorrosion behaviour of tungsten
as a typical microelectronic metal.
The tribocorrosion behaviour of metals was generally studied [2] by using sliding wear test

rigs coupled with an electrochemical control of the samples.
Bielmann et al. [3] already showed that wear of tungsten under an electrochemically imposed

potential was equivalent to wear under the same potential but established by adjusting the ox-
idizing power of the solution. Stojadinovic [4] studied the effect of electrochemically applied
potential on the tribocorrosion behavior of a tungsten flat disk rubbed by an alumina ball in a
0.01 M H2SO4 solution and showed that for imposed electrode potentials up to 0.5 VMSE mate-
rials deterioration in the rubbed area proceeds by cyclic mechanical removal of the WO3 passive
film followed by repassivation of tungsten. Removal of tungsten metallic particles is only a neg-
ligible contribution to the overall deterioration. Above the electrode potential of 0.5 V wear was
inhibited by the formation of a tribo layer that covers the wear track on tungsten and was probably
formed by compaction of WO3 particles previously detached from the metal surface.
Two types of solutions were used in this study, sulphuric acid and sulphuric acid with addition

of chelating agent lactic acid, both with the same pH as technical CMP slurries. Electrochemical
techniques (cyclic voltametry), and tribocorrosion techniques (tests on tribometer with electro-
chemical cell with reciprocating sliding motion) were used. Surface analysis techniques (SEM,
XPS, AES) were used to assess surface chemistry.
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2 Experimental Setup

Potentiodynamic polarization curves of tungsten were measured in a 0.01 M H2SO4 solution
and in a 0.01 M H2SO4 + 0.1 M C3H6O3 solution using an Autolab potentiostat PGSTAT 30 as
described elsewhere [4]. Both solutions have a pH 1.5. The experiments were carried out at a
room temperature. All potentials in this study are given in a respect to mercury sulphate reference
electrode, which has a potential of +658 mV vs. SHE.
Tribocorrosion tests were performed on the tribometer, configuration ball on disk with recip-

rocating sliding motion, schematically shown in Figure 1.

Figure 1: Schema of the tribometer KT – 01 for tribocorrosion experiments: (1) metal sample – working electrode,
(2) alumina ball, (3) counter electrode, (4) reference electrode, (5) insulating block, (6) three – axes force transducer,
(7) electrochemical cell, (8) laser, (9) drive arm, (10) linear motor.

Tungsten samples were fabricated by machining bars supplied by Good Fellow (purity
99.95%) in form of 20 mm diameter disks, 6 mm in thickness. A platinum wire served as the
counter electrode and a mercury sulphate electrode as the reference electrode.
The tungsten disk and the contacting alumina ball (6 mm diameter) were immersed in the

solution and together with platinum and mercury sulphate electrodes connected to a Wenking LB
95 L potentiostat.
Tungsten disks were mirror polished and exposed to cathodic cleaning in the 0.01 MH2SO4 or

0.01 M H2SO4 + 0.1 M C3H6O3 solution during 5 min at –1.7 V MSE. Afterwards, the electrode
was stabilised at open circuit potential during 5 min, and passivated by applying the imposed
potential during 5 min before starting rubbing at the same potential during 50 min. The rubbing
was followed with static exposure of the sample surface at the imposed potential during 5 min.
Tribocorrosion tests in a 0.01MH2SO4 solution were performed at imposed potentials of –1V,

–0.46V, –0.2V, –0.1V, 0.2V, 0.5V, 1V, and 1.5V, selected on the polarisation curve (Figure
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2). Tribocorrosion tests in a 0.01 M H2SO4 + 0.1 M C3H6O3 were performed at two imposed
electrode potentials, 0.2 V and 1 V.
The applied normal force was 6 N for all potentials. Frequency of rubbing cycle was 1 Hz.

Tribocorrosion tests were carried out at a room temperature. Each measurement was performed
twice with a new alumina ball to check for reproducibility.
The average width and depth of the wear track, extracted from cross section UBM profiles,

were used to determine the wear track volume, V wt, by multiplying it by wear track’s length.
Secondary electron microscopy SEM (JEOL 6300) was used to characterise wear patterns.

3 Results and Discussion

Figure 2 shows the polarization curve of tungsten in a 0.01 M H2SO4 solution and in a 0.01
M H2SO4 + 0.1 M C3H6O3 solution. The presence of lactic acid yields higher anodic current
densities but does not influence the corrosion potential (approximately –0.5 V for both solutions).
Higher anodic currents correspond to intensified dissolution caused by a thinning of the passive

film [5]. By complexing theWO42- ions released by the dissolution reaction ofWO3 passive film,
lactic acid promotes passive film dissolution and thinning.

Figure 2: Typical tungsten polarization curves in a 0.01 M H2SO4 solution and in a 0.01 M H2SO4 with 0.1 M
C3H6O3 solution.

Except for the lowest value (–1V), all selected tribocorrosion potentials lie within the passive
domain, where a passive WO3 film forms on the surface [4].
Figure 3 represents the coefficient of friction and current during rubbing at imposed electrode

potential of 0.2 V in 0.01 M H2SO4. At the onset of rubbing the current increased sharply due
to the abrasion of the passive WO3 film covering the tungsten surface. The repassivation of the
bare metal surface requires a certain time during which corrosion (and thus anodic current) is
enhanced (wear accelerated corrosion). When rubbing ceased, the current decreased again to the
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value observed before rubbing. The metal volume removed by oxidation (V wac) was calculated
from the wear accelerated corrosion current (Iwac) . The valence of a tungsten oxidation was
assumed to have a value of 6.

Figure 3: Evolution with time of the coefficient of friction and current during sliding of a smooth alumina ball
against tungsten at imposed passive potential of 0.2 V. Results of two independent tests are plotted.

Figure 4 illustrates the variation of the wear track volume (V wt) and of V wac as a function of
imposed potential. The values of V wt and V wac are very close for each potential. This indicates
that most of tungsten is removed as oxidised metal (V wac) through the abrasion of the WO3
passive film.
In the 0.01 M H2SO4 solution two threshold potentials can be observed at –0.5 V and 0.5 V.

Below –0.5 Vwear is nearly independent of electrode potential because only negligible oxidation
occurs in this potential region. In the region of potentials from –0.5 V up to 0.5 V wear increases
with potential because WO3 passive film thickness increases with potential [4]. Above 0.5 V
wear volume decreases due to formation of a tribolayer (likely formed by compaction of WO3
debris particles) in the wear track as shown by the SEM images (Figure 5 b). Figure 5 shows
SEM images taken in the center of the tungsten wear tracks. The worn surfaces are generally
smooth and featureless except at 1 V and 1.5 V in 0.01 M H2SO4 solution, where a tribolayer
forms. No significant wear of the alumina ball was observed.
However, at the potential of 0.5 V wear is much higher in the presence of lactic acid. This is

probably due to fast dissolution ofWO3 particles that prevents tribolayer formation. SEM images
confirm the absence of a tribolayer on the sample rubbed at potential of 1 V in presence of lactic
acid (Figure 5 c).
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Figure 4: Influence of lactic acid and electrode potential on the wear of tungsten.

Figure 5: SEM images of the tungsten wear tracks obtained: a) at imposed electrode potential of -0.1 V in 0.01 M
H2SO4, b) at imposed electrode potential of 1 V in 0.01 M H2SO4 and c) at imposed electrode potential of 1 V in
0.01 M H2SO4 + 0.1 M C3H6O3.

4 Conclusions

The present tribocorrosion results show that wear of tungsten in 0.01MH2SO4 depends critically
on the prevailing electrode potential. Below 0.5 V material removal occurs trough the repetitive
process of a WO3 passive film formation and removal.
Above 0.5 V a thick tribolayer forms by agglomeratedWO3 particles, reduces wear and anodic

oxidation.
By promoting WO3 dissolution, chelating agent lactic acid impedes the tribolayer formation

and enhances wear at high potentials.
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1 Introduction

Sintered silicon carbide (SSiC) is an advanced non-oxide ceramic material for applications
in extreme chemical and high-temperature environments. The very high corrosion and wear
resistance, the special mechanical properties and also the low friction coefficient in sliding
applications in aqueous media explain why SiC is ideally suited as a material in face seals.
The use of SiC for face seal applications in pumps is advantageous in many cases as the
mechanical, chemical and economic properties of this material outreach any comparable
material. Tribochemical reactions dominate the corrosion behavior of silicon carbide in aqueous
media lubricated sliding applications. As described in literature, a reaction layer on the rubbing
surfaces is formed due to a chemical reaction of silicon carbide and water. The reaction products
are believed to improve the sliding characteristics of SiC and therefore the friction coefficient in
medium lubricated sliding exposure is below 0.1. The formation of tribochemical layers depends
on both thermodynamic and mechanical parameters. Environmental conditions, depending on
load, sliding speed and friction type induce conditions of degradation and corrosion of self
mated SiC face seals. It is well known that friction couples undergo tribochemical polishing of
the surfaces in conditions of boundary lubrication in water. The following chemical equations
describe possible reactions taking place on tribological exposed silicon carbide surfaces in
aqueous media depending on temperature and pressure.

SiC + 2 H2O⇔SiO2 + CH4 (1)

SiC + 2 H2O⇔SiO2 + C + 2H2 (2)

The dissolution of the formed oxide layers depends on the solubility of the formed reaction
products in the environmental media and of course on the concentration, already present in the
solution. The dissolution of silica in aqueous media depends on the pH-value and is described
in the following equation:

SiO2 + 2 H2O⇔Si(OH)4 (3)

Due to very low wear rates in water lubricated sliding contacts of silicon carbide a semi-
continuous-based model was performed to determine the wear characteristics in initial tribolog-
ical exposure. Oxidation and degradation of silicon carbide may occur under very high loading
and poor lubrication conditions. Elevated temperatures certainly increase the rate of oxidation,
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the conditions of high pressure however is not clear. Calculating temperature and pressure based
on micromechanical effects between contacting surfaces can be achieved using a micro-asperity-
based model. Input data for the calculations are obtained via a stylus profilometry; thus having
the advantage of real geometric surface data with a lateral resolution of two micrometers and the
possibility to create localized temperature maps.
Wear models considering mechanical and chemical wear are primarily based on the work of

T. F. J. Quinn in which he predominantly discussed tribooxidation of metals. These models basi-
cally comprise the heat development in rubbing rough surfaces and “hot spots” with temperature
augmentation up to 1000 °C (“flash temperatures”). Oxidation occurs in these contact areas with
high temperatures. In 2000, Xu et al. expanded this model for oxidative wear of ceramic mate-
rials.
Based on calculated temperature and pressure values, hydrothermal and tribological experi-

ments were conducted and compared. This approach comprises static (hydrothermal) and dy-
namic (tribological) conditions of chemical degradation of silicon carbide in aqueous environ-
ments. The relations between tribological and hydrothermal corrosions of SiC are not well un-
derstood yet. A combined tribological – hydrothermal corrosion model should be beneficial for
the improvement of lifetime prediction of ceramic face seals.
The scope of the present work is therefore the qualification of the tribological behavior in terms

of the corrosion behavior under different loading cases. Parallel static corrosion experiments
under high temperatures and pressures were conducted to determine the similarities in the tribo-
chemical behavior to hydrothermal oxidation of silicon carbide. In the present paper, the first
results of this project are presented: (1) Tribological experiments, (2) numerical interpretation of
contact surfaces to estimate the local pressure and temperature conditions in the sliding surfaces.
The results of hydrothermal corrosion are published in a companion paper.

2 Experimental Procedure

2.1 Characteristics of Used Material

Silicon carbide slide ring samples were supplied by ESK Ceramics GmbH Kempten, Germany.
Two different materials were used in this work. The fine grained version EKasic ® F with a mono
modal grain size distribution of about 5 microns and the coarse EKasic ® C characterized with
a bimodal grain size distribution, where platelet like crystal aggregates in the range up to 2000
m are embedded without preferred orientation in a fine grained matrix of about 10 m averaged
crystallites (Figure 1).

2.2 Tribometer

The experimental setup for the tribological tests is sketched in Figure 4a. A static slide ring
is attached to a dynamometer and selfmated with a rotating slide ring. The applied load and
the sliding velocity can be varied in wide ranges. Deionized water was used as a lubricant. Its
salinity was monitored and kept below 0.09 -Siemens/cm. During the experiment, the lubricant
was applied with a pressure of 0.1 MPa between the friction couple. The test apparatus provides
the option for external cooling.
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Figure 1:Microstructure of used materials

Figure 2: a) Experimental setup and b) used run modes

As displayed in Fig. 2b, two different test modes were chosen: (1) a static mode and (2) a
dynamic mode. In order to determine the general running behavior, static pressure conditions
at 0.5 MPa, external cooling and a sliding velocity of 6 m s–1 were chosen. In intervals of ∼
2000 m sliding distance the sample surfaces were measured with the stylus profilometer and then
numerically evaluated. Experiments in dynamic conditions were carried out without external
cooling and with a sliding velocity of 6m s–1. To avoid excessive scuffing the experiment stopped
automatically when the measured torque reached 2 N·m.

3 Results

3.1 Dynamic Friction Tests Without External Cooling

To determine the maximum tolerance in case of dry friction of both materials, experiments were
conducted without external cooling in dynamic loading conditions. A blind hole (Ø 2 mm, depth
8 mm, 3 mm below the rubbing surface) was drilled in each specimen for thermocouples. This
allowed recording the surface temperature during the experiment. The gap between the thermo-
couple and the material was filled with a heat conductive paste. After a short time period both
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silicon carbide varieties reached a high level of friction and a strong increase of temperature (Fig
3). In particular the coarse silicon carbide material showed a higher resistance against poor lubri-
cated friction conditions. The abort criterion of 2 N·m torque was reached with the fine-grained
SiC after 10 minutes test duration, while the coarse type lasted 30 min until the experiment was
automatically stopped. With the rise of friction coefficients a dramatic temperature gain up to
300 °C occurred simultaneously.

Figure 3:Monitored friction coefficient and temperature of a) EKasic ® C and b) EKasic ® F

SEM analyses showed the corresponding penetration depth in the cross sectional cuts of each
material. In the case of the coarse grainedmaterial EKasic®C transgranular cracks were detected
along the large needle-like microstructure down to a depth of > 10 m (Fig. 4 left). The fine
grained EKasic ® Fmaterial showed different wear characteristics (Fig. 4 right). The degradation
of this material is limited to the topmost surface region. Plateau-like areas of debris were formed.
The ratio of actual contact and geometrical contact surface is extremely enhanced.

Figure 4: SEM cross sections of EKasic ® slide ring seal samples after dry friction experiment

EDX analysis showed gain in the oxygen content down to surface depths of ∼ 5 m into the
bulk material of the EKasic® C samples (Fig. 5). This value must carefully be evaluated because
of the large exciting volume and the porous texture. In the topmost regions of the sliding surface
up to 6 wt.% oxygen was observed.
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Figure 5: EDX Analysis of oxygen cross section EKasic®

3.2 Interval Experiments

To determine the tribological behavior during the initial lifetime of a slide ring seal, experiments
in static conditions with intervals of applied static loads as shown in Figure 2b, were conducted.
These experiments were performed with external cooling. Every 30 minutes the experiments
were stopped (∼ 2000 m wear distance) and the resulting tribologically influenced surfaces were
examined. The development of friction coefficient vs. experiment time and the resulting surface
morphologies are shown in Figure 6. Each morphology map has a size of 2 x 2 [mm] (Fig. 6b).

Figure 6: a) Tribological and b) morphological development of EKasic ® C during “running in”

After an initial phase with oscillating friction coefficients in the range about 0.08 (“runing-
in”, Fig. 6a), the tribologically exposed surface undergoes a smoothing process (Fig. 6b). The
sliding behavior stabilizes after 2000 meters. The roughness value decreases from Rz 2.77 to
1.23 m after 2000 m. In the further progress of the experiment the reduction of roughness
values decreases. As a result of smoothing, the friction coefficient decreases to values of about
0.1.
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3.3 Numerical simulation of tribological exposed surfaces

Both, the initial loading of ceramic slide rings and the first tribological exposure are accompa-
nied with very complicated loading conditions. Thereby, the real contact area between pressed
slide ring seals is several orders of dimensions smaller than the geometric contact area. On real
surfaces, the pressure is applied on asperities and local forces easily exceed the yield stress of the
material. Unstable running behavior is a direct result of the initial sliding characteristics of slide
ring seals in self mating SiC pairs. The quantitative influence of topographic surface parameters
on contact stress in mixed friction was calculated using numerical methods. To gain information
about the topographic surface parameters, a stylus profilometer was used. Determination of the
contact situation of actual surfaces was carried out approximating the asperities as ellipsoids. The
mechanical material behavior was assumed to be linear elastic – ideal plastic so that the calcu-
lation of the solid body contact could be described using the Hertzian contact theorem. While
one rough surface defined to have asperity peaks, the mating surface was assumed to be perfectly
plain. Figure 7a depicts the preliminary assumption to the modeling showing a normally applied
force (FN) as a parameter for the sliding contact.

Figure 7: a) Idealized model of sliding contact, b) Ellipsoid radii-height ratio vs. wear distance

Quantitative evaluation of the wear can be achieved bymonitoring the increase of the ellipsoids
radii and the corresponding decrease of their height. The numerical approach includes a time
scale resolution of the tribologically influenced surface. Due to the amount of received data,
a statistical approach to describe the change of the surface geometry was possible. A median
of the numerical results of surface parameters was calculated and the ratio of ellipsoids radii
to ellipsoids height Rx/Z as a function of wear distance is shown in Figure 7b for an interval
experiment described above. In the initial state of a non influenced surface of a slide ring seal
the radius/height ratio is nearly 1 and the approximated ellipsoids are almost isotropic. The first
tribological exposure has a major influence on the height of ellipsoids and the corresponding
radii. In the further development of the wear experiment the ratio stabilizes as it drops down
to a value approximately 0.001. This method of surface interpretation allows a very sensitive
description of tribologically induced topographical surface changes.
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4 Summary

Experiments in dynamic loading conditions in the absence of external cooling caused scuffing in
both tested materials. SEM inspections showed the formation of plateaus composed of nanoscale
debris and the development of lower rough regions. Cross sections showed mechanical defor-
mation of the tribologically influenced surface. The EDX analysis showed an oxygen content in
topmost regions of the samples. The coarse grained EKasic ® C showed improved dry sliding
characteristics. The large grains in this material act in case of scuffing like ramps which reduce
the formation of debris. The tribological results of the interval experiments showed significant
smoothing of the sliding surfaces in the first 2000 m of wear distance. Afterwards the decrease
of roughness values retards. The output of the numerical surface evaluation showed a similar
effect: From the isometric ellipsoids of an unworn surface with a height to radius ratio of nearly
1 the value drops in the first 2000m wear distance down to ∼ 0.001 and remains almost static in
the further progress of the experiment.
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1 Introduction

Among non-oxide ceramics, silicon carbide (SiC) poses a special case because of its chemical in-
ertness and high-temperature resistance explaining its widespread use in extreme environments.
When exposed to sliding wear in aqueous media, silicon carbide shows a low friction coefficient
after an initial run-in phase[1–4]. This is believed to be the result of bulk mechanical surface
smoothening and chemical reactions – both parts combined yield a tribochemical wear process.
As for the chemical reaction, an oxidation process with solid silica as product similar to the tribo-
chemical wear of silicon nitride (Si3N4; Ref. [5]) was used to explain the low friction coefficient
(≤ 0.1) observed under wet sliding conditions [4, 6, 7]. In particular, oxycarbides (Si4C4-xO2,
Si4C4O4), adsorbates such as CxHyOz and finally silica and hydrated silica (i.e. SiOx · n H2O)
have been described so far as tribochemical reaction products for SiC [4, 6–8]
A major problem for the correct description of tribochemical processes is that the P-T condi-

tions, in which those reactions actually occur can not be measured in-situ but only be simulated.
The actual contact points during wear contact are usually the asperity peaks. The conditions cal-
culated for their contacts come from static local stress calculations for round tips combined with
energy input considerations. Such conditions are envisaged to affect a very superficial region and
it is only there, that pressures typical for hardness values and flash temperatures up to or even
exceeding 1000 °C were calculated but never measured [1, 5, 9–11].
Experimental evidence for high pressures and temperatures come from the mere fact of ox-

idation products such as hydrated silica or oxycarbides, because those phases are not expected
to form at temperatures below 100 °C on pristine SiC surfaces. Schwetz and Hassler reported
significant corrosive attack of sintered silicon carbide only at temperatures above 220 °C [12].
This is why we studied corrosion and tribochemical wear of silicon carbide and refer to it as
hydrothermal.
Calculation of the contact temperatures take the real surface morphology of silicon carbide

sliding parts into account by using the micro asperity based model approach [8, 13]. This means
that both surfaces are not in direct contact with each other over the entire surface area but only
with small asperity peaks. In-between those contact areas, water acts as both lubricant and cooling
medium. Those parts in direct sliding contact are subjected to mechanical deformation and may
experience the calculated locally increased P-T conditions. However, the areas away from the
direct contact a local increased pressure may be induced by the flash temperature itself: water
isochorically trapped, for example in closed cracks or pores, may mediate isostatic pressures to
the surrounding ceramic body.
For an evaluation of these situations the consequences of static hydrothermal conditions to

silicon carbide are of interest. There is an increased silica solubility in water at higher pressures
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and temperatures [14, 15] and therefore not only silica formation, but graphitization and active
corrosion are possible.
Recent studies indeed describe an active corrosion of SiC at temperatures up to 800 °C and

several hundred MPa pressure, during which reaction products are either completely dissolved
in the fluid or contain residual remains of carbon or silica [16–21]. Loose silica scales therefore
were interpreted as a product of solution and reprecipitation. At lower pressures, Barringer et al.
reported active corrosion of CVD-SiC for supercritical water (500°C, 25 MPa; [22]) and Kitaoka
et al. [23, 24] reported an active oxidation mechanism for sintered SiC for lower temperatures
(up to 300 °C) as well. The ratio of SiC:H2O of the system should be an important parameter for
the character of the process.
For our study, we performed tribological experiments for SiC sliding parts under water lubri-

cation and for static hydrothermal conditions experiments using a hydrothermal diamond anvil
cell (Bassett-type; Ref. [25, 26]).

2 Experimental Procedure

Undoped 6H-SiC single crystal plates (SiCrystal AG, Erlangen, Germany) ground to a thickness
of 100 m and polished with 1 m diamond paste (of Rz ≈ 500 nm and Ra ≈ 10 nm) were cut
into small cuboids of approximately 240 · 240 · 100 m3 to be used in hydrothermal runs. Each
sample was carefully cleaned in tridestilled water and acetone for 30 minutes using an ultrasonic
bath to remove remnants of the polishing paste.[1]

For tribological tests EKasic ® F from ESK Ceramics GmbH&Co. KG (Kempten, Germany)
was used. This material has a fine grain size of about 5 m. It consists of app. 80 wt% 6H-SiC,
20 wt% 4H-SiC + 15R-SiC and additions of boron carbide as sintering aid. The sliding surfaces
were lapped to values of Rz = 2.79 m and Ra = 0.79 m determined by a Hommel T 8000s
profilometre (Hommel GmbH, Köln, Germany).
Hydrothermal experiments were performed with a hydrothermal diamond anvil apparatus

(HDAC) after Basset et al. (Ref. [25, 26]). Pure tridestilled water was used as a medium and the
pressure was calculated with the aid of the equations of state (EOS) of pure water substance and
the determination of the homogenization temperature [27, 28]. Samples were heated with 20
K·min–1 up to 500 °C. This temperature, which corresponds to an isochoric pressure of 500–770
MPa, was maintained ±1K for 5 h before cooling to room temperature with the same gradient.
Tribological tests were conducted in a sliding ring tribometer described elsewhere with deion-

ized water as lubricant [1, 8]. During the experiment, the lubricant was applied with a pressure
of 0.1 MPa between the friction couple.
Test runs in static and dynamic mode were executed at 1.5 MPa, external cooling and a sliding

velocity of 6 m· s–1. In intervals of∼ 2000 m sliding distance the sample surfaces were measured
with the stylus profilometre and numerically evaluated. Experiments under dynamic conditions
were carried out in absence of external cooling and with a sliding velocity of 6 m· s–1. The abort
criterion in case of scuffing was a measured torque of 2 N· m [8].
Sampling of an EKasic ® F sample for TEM analysis was accomplished by using focused ion

beam (FIB) milling. FIB preparation (cf. Ref. [29]) was conducted under ultra-high vacuum
conditions in an oil-free vacuum system using a FEI FIB200 instrument (FEI Company, Eind-
hoven, The Netherlands) at the GeoForschungsZentrum Potsdam. As a result TEM-ready foils
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of approximately 20 · 10 · 0.15 m were obtained. The FIB-cut foils then were placed on a highly
perforated carbon grid on a copper mesh. TEM was carried out in a FEI F20 X-Twin instrument
operated at 200 kV and equipped with a FEG electron source. Electron energy-loss spectroscopy
(EELS) spectra were acquired with a Gatan imaging filter (GIF Tridiem; Gatan GmbH,München,
Germany).

3 Results and Discussion

Hydrothermal treatment of single-crystal SiC yielded a bulk active oxidation mechanism as ev-
idenced by higher surface roughness and pitting. In particular, the surface roughness increased
fromRz ≈ 500 nm andRa ≈ 10 nm toRz ≈ 1900 nm andRa ≈ 22 nm after HDAC experiments
(500 °C, 5 h).
Chemical reaction(s) are also evidenced by higher dehomogenization temperatures, i.e. during

cooling after the experiment the fluid separates into a liquid and a gaseous phase at much higher
temperatures than observed during initial heating (e.g. at 310 °C instead of 80 °C). This process
can be explained by the production of a gaseous reaction product (here: carbonaceous species).
A graphitized surface layer was not found by Raman spectroscopy, which is sensitive to carbon
layers even in the nm scale. Silica was observed, probably formed by precipitation. At least some
of the found silica (partially containing aluminium and iron as remnants from sample machining)
must be seen as a quench product when the water in the HDAC sample chamber is evaporated
for sample extraction.
Tribological experiments conducted at 1.5 MPa under constant conditions show a thin tribo-

layer of ≈ 35 nm above a 500–800 nm thick region of heavily mechanically deformed silicon
carbide (Fig. 1a), in which cracks are visible. Although the surface was locally smoothened,
overall grooves are still dominant.
Contrasting, samples from a dynamic mode experiment, where the sample’s surface was

exposed to higher temperatures and mechanical stresses, are not only locally but generally
smoothened under the wear track (Fig. 1b). In a transition zone boardering the main wear track
we observe a mixture of smoothed elevated plateaus and rough, partly material filled areas (Fig.
1c).
From GDOES experiments [1] we know that the tribolayer contains significant amounts of

hydrogen. EELS and EDX analysis (Fig. 2) of the tribolayer shows the presence of carbon,
silicon and oxygen. Element mapping revealed that the tribolayer is not homogeneous. Oxygen
in the tribolayer outlines nm-sized grains of SiC. We interpret this to come from a superficial
oxidation and the gluing together of wear debris by silica. The presence of SiC nanoparticles
makes it impossible to establish whether oxycarbides are part of the assemblage.
In Fig. 2b cracks well below the tribolayer are visible. These are often associated with oxygen-

rich areas. Possible explanations are the direct oxidation of crack rims, a precipitation of silica
within the cracks or the input of colloidal silica and oxidized wear particles.
In case of tribological exposure under dynamic conditions, we found crystalline silica (α-

quartz) in some parts of the reaction layer as a result of the very high temperatures (> 350 °C).
Reflections were attributed to α-quartz-(011) (d = 3.27 Å measured; literature: 3.34 Å, Ref.
[30]) and α-quartz-(2̄20 ) (d = 2.06 Å measured; literature: 2.13 Å, Ref. [ 30]). The attribution
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Figure 1: Electron microphotographs of the superficial area of EKasic ® F wear tracks under (a) constant and (b, c)
dynamic mode. For the static mode and smoothened areas under dynamic mode, only a very thin tribochemically
influenced layer is found (bright field TEM). In a rough part from a border region of the wear track from dynamic
mode experiments thick, material filled deepenings are found (c). White spots in 1c are due to Ga-contamination.

to α-quartz is favourable compared to other silica polymorphs (like cristobalite or coesite etc.)
[31].
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Figure 2: Electron microphotographs of the tribolayer formed on SiC. Oxygen-rich areas correspond to the tribo-
layer (in which SiC wear particles are rubbed in; 2a) and (partially redeposited) tears (2b).

It is well known (Ref. [32]) that the presence of quartz is a good indicator of a moderate hy-
drothermal regime, because at atmospheric pressures only cristobalite forms and does not trans-
form into other modifications then the low-T-form of cristobalite. In fact amorphous silica trans-
forms first to cristobalite and then to quartz under hydrothermal conditions [33] and the synthesis
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Figure 3: Selected-area diffraction (SAD) of crystalline silica (identified as -quartz).

of silica powder in hydrothermal conditions gives cristobalite and /or quartz [34, 35]. This is
also known from hydrothermal oxidation of SiC, where cristobalite was formed first and quartz
appeared in longer runs at several hundred degrees °C. [20]. Under very high pressures other
modifications of silica would form (coesite / stishovite), at high temperatures we would expect
quartz to disappear. Hence the P-T-regime must have been limited to about 250–750 °C at the
according pressures of several hundred MPa.
The results presented from HDAC and tribological experiments give evidence of a more com-

plex tribochemical wear process than reported earlier. When SiC surfaces are in sliding contact,
the contact areas are subjected to increased temperature and pressure regimes along with impact
events that lead to crack formation and severe mechanical deformation of the grains in the first
1–2 m of the polycrystalline body. The degree of mechanical deformation varies locally and
ranges from simple dislocations, stress-induced twinning and basal-plane gliding.
Cracks may allow breaking small SiC particles from the surface and hydrothermal fluid to

penetrate the ceramic body. The spalled SiC particles will be transported across the surface by
the sliding counterpart and thus become both diminished in mean diameter and rounded in their
form. This is seen as a contribution to the significant surface smoothening.
Any deepenings from grooves, spallation events or scratches in the original surface then will

be filled with loose wear particles. The space between the particles is certainly containing water.
Water may also penetrate further into the ceramic body along the cracks induced by the mechan-
ical deformation of the surface. All in all we have then three regions with water present: (a) very
superficial in the tribolayer, (b) the space between wear debris in deepenings and (c) in cracks,
both shallow and deep.
Direct mechanical contact of asperity peaks induces not only temporarily high pressures,

which, because of the dynamic nature of the event impacts, induce the observed cracks, but
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also creates an energy input, which rises the asperity tip to high temperatures. The temperature
will decrease rapidly because of energy lost to the lubricating water and into the material by heat
conduction. Since contacts are often repeated a dynamic interface temperature gradient is estab-
lished. Any measurement of the interface’s temperature e.g. by introducing a thermocouple a
few millimetres below the actual surface will thus record temperatures altered by this gradient
and calculations of surface temperatures from this need to involve heat transfer models.
When the surface temperature has gained enough energy to exceed 100 °C at the interface the

water will tend to evaporate or form a water vapour film, which could contribute to the observed
low friction coefficient. The temperature alone will however be rarely exceeding conditions,
which would allow effective oxidation reactions. But in all situations, where the water is en-
trapped we may enter hydrothermally enhanced pressure conditions. And only here significant
tribochemical reactions can take place.
From HDAC experiments we know that active oxidation of SiC occurs in the hydrothermal P-

T range of interest. This does not necessarily contradict the formation of an oxydic / oxycarbidic
reaction layer, because silica will remain, if there is not enough water present to dissolve it and
it may precipitate from the solution, when temperatures drop.

4 Conclusion

The wet tribo-corrosion of sintered SiC has been investigated by tribological tests in constant
and dynamic mode. FIB/TEM investigations of the worn surface evidenced (1) tribochemical
reactions and (2) mechanical deformation of the superficial region. In particular, we found a thin
(app. 35 nm) tribolayer on the surface of the static mode sample consisting of nanosized SiC
with an oxygen rich interphase. For the dynamic mode sample, this tribolayer at the wear track
was app. 100 nm thick.
The mechanical deformed layer (1–2 m) is much thicker than the chemically influnced region

and contains cracks, which are partially also filled by an oxygen-rich phase. Wear debris is
collected during the process in deepenings from grooves and spallation along with precipitated
silica, acting as a glue for loose triboparticles.
The tribochemical model we concluded from the experimental results explains wet tribo-

corrosion of polycrystalline, sintered SiC as follows. When in direct mechanical contact, asperity
peaks will collide with each other giving drastic rise to temperature and pressure. This increase
is just of local nature, but over time a dynamic equilibrium will be established.
Spalled SiC triboparticles then will be transported along the wear track, becoming smaller in

diameter and more roundish in form. Critical P-T conditions cause oxidative reactions and finally
the formation of a thin tribochemically influenced layer (app. 35–100 nm) can be observed. The
SiC surface becomes smoothened at the same time by this lapping-like process. Deepenings will
be filled with the loose debris, which are glued together by an oxygen-rich interphase.
Mechanic shattering of the ceramic matrix plays an important role as this effect applies to a

much thicker surface layer (1–2 m). Cracks within the solid body act as pathways and oxygen-
rich areas (as a product of redeposition and / or local oxidation) were found accordingly.
Both the presence of α-quartz and the comparison to high-pressure-high-temperature experi-

ments give evidence for P-T- conditions, which reflect the isochoric heating of entrapped water
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to several hundred degrees °C and several hundred MPa pressure. Higher pressures (GPa-range)
are only very superficially and temporarily present due to point contacts of asperities.
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1 Introduction

Ceramic possess a number of physical and chemical properties which make them particularly
attractive for applications in which wear resistance, chemical inertness and high temperature are
important. Certain high strength ceramics are presently seen as promising materials for chemi-
cal applications such as ball bearings, cutting tools, mechanical seals, replacement of human hip
joints, and variety of engineering parts where friction and wear are involved [1–3]. One of the
important aspects of ceramic tribology, which is at first sight surprising in view of the general
corrosion resistance of these materials is the large influence of environmental chemistry on their
wear rates. From the previous work, it is very clear that there is considerable confusion about the
way in which the environment, and particularly water, influence the magnitude and the mecha-
nism of wear in different ceramics [4]. There are two probable reasons why the results of this
previous work are so variable. First, most experiments have involved the sliding of ceramics
against themselves (like-on-like) in apparatus of the pin-on-ring or pin-on-disc type [5–10]. In
such experiment the counterface (ring or disc) plays an important role in determining the mag-
nitude of the wear rate. When the counterface is of the same material as the pin, it will also be
subject to wear, and so its topography will gradually change during sliding. These changes in
topography are likely to depend significantly on the environment. Little or no attention appears
to have been given in previous work to characterizing such changes in counterface topography.
Secondly, in addition to any topographical changes resulting from wear, there may be also ac-
cumulation of wear debris within the contact zone. This sort of debris layer, commonly termed
as “third” can greatly influence the wear rate [11], and its development will depend not only
on the particular sliding arrangement but also on the environment. Debris aggregation is likely
to be greater in dry sliding conditions and least in the presence of fluid lubricants. In principle
it should be possible to minimize the effect of varying the counterface topography by sliding
against a material which is harder and tougher than the ceramics of interest. In this work a very
hard metal-bonded diamond disc “Syndite” (50 GPa hardness) was used as a counterface. The
second aspect concerning wear debris, therefore, also needs to be taken into consideration when
comparing the wear rates of ceramics in different environments.

2 Experimental Details

2.1 Selection of Specimens

In this work four different types of ceramics were chosen. These are: partially stabilized Zir-
conia (PSZ), alumina (Al2O3), silicon carbide (SiC) and ”Sialon” (silicon nitride sintered with
yttria alumino-silicate glassy phase). All have reasonably good properties for engineering appli-
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cations. PSZ has low thermal conductivity and a coefficient of linear thermal expansion near that
of steel as well as excellent thermal shock resistance and toughness, Al2O3 is cheap and hard,
Sialon has high fracture and high temperature strength whilst SiC has good high temperature
creep characteristics and high hardness. Table 1 shows the properties of the ceramics used.

Table 1: Properties of the ceramics used supplied by the manufacturers.

Density
[g/cm3]

Flex-
ural-
strength
[MPa],
at
20 °C

Hardness
[kg/mm2]

Elastic
mod-
ulus
[GPa],
20 °C

Critical
Stress-
Inten-
sity-
Factor
[MPam0.5]

Thermal-
conduc-
tivity
[W/m °K]

Grain
size µ

Al 2 O 3 (Sintered with SiO 2 , CaO
& Na 2 O)

3.78 360 1930 330 3.4 23 5

SiC (Reaction bonded) 3.1 525 2500 410 3 180 10
Sialon (Silicon nitride sintered
with yttria-alumino-silicate glassy
phase)

3.3 945 1330 288 7.7 21.3 0.5

PSZ (Sintered) 6.05 1000 1400 200 9 1.9 0.5

2.2 Experimental Procedure

The experiments were performed on a pin-on-disc machine in which a stationary pin was loaded
against a rotating cobalt-bonded diamond “Syndite” disc. This disc was chosen to minimize the
effect of the counterface changes during sliding against ceramics. The disc was 50.8 mm thick
and mounted on a rather thicker base of tungsten carbide. The average diamond particle size
was 2 m. To keep the initial surface roughness of the counterface constant, a new track was
used for every experiment and the disc thus needed to be re-prepared after every few tests. A
rotating cast iron disc, of radius 200 mm, charged with diamond paste (7 m grain size) and
lubricated with a proprietary alcohol-based fluid (DP lubricant-blue), was used for this purpose.
The polishing operation was done on a conventional polishing machine (125-250 rpm) using 2
kg normal load. Consistent and reproducible values of Ra, (0.10 plus or minus 0.01 m), could
be obtained provided that the cast iron disc was kept adequately charged with diamond. All the
ceramic specimens were supplied as cylinders 6.35 mm in diameter and 70 mm long and they
were used in the as received condition from the manufacturers. The ceramic pins and the Syndite
disc were cleaned before testing by washing in 1,1,1-Trichloroethane and then further degreased
in 2-Propanol vapor bath for 20 minutes. The stationary ceramic pin is loaded to an angle of
45o by dead weights against the horizontally rotating disc. The frictional force was monitored
continuously by strain gauge transducer mounted on the loading arm. The 45o angle loading
arrangement was adopted as a simpler alternative to the more usual methods of using conical or
hemispherical ended pins [8-10]. It was much more convenient to prepare a plane-ended cylinder
than a cone or hemisphere. The wear volume v was computed from microscopic measurements
of the wear scar dimension using the equation:

v = r2p

{√
2rpb− b2 − (rp − b) cos−1 rp − b

rp

}
− 1

3

√
(2rp − b− b2)3 (1)
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where rp is the radius of the ceramic pin, b is the worn length and equal to (lw/
√
2), where lw

is the wear scar length. A normal load of 9.81 N and a sliding speed of 22 mm/s were used
in all experiments, unless otherwise stated. This particular combination of load and speed was
chosen as a compromise to minimize possible hydrodynamic lubrication and to avoid significant
frictional heating. The total sliding distance ranged from 5 to 210m, and Talysurf profiles were
taken to examine the wear tracks on the Syndite disc. X-ray diffraction was also used to deter-
mine the composition of the wear track. The worn surface of the ceramic pins were examined by
scanning electron microscopy (SEM), to assess the wear mechanism. Wear tests were carried out
in de-mineralized water, di-2 ethyl hexyl sebacate (diester, dried with a molecular sieve), water-
saturated diester, and different proportions of dried and water saturated diester. (ranging from
25% to 75%). The amount of water in the diester was measured using a gas chromatography
and a negligible amount of water (about 1 ppm) was found in the dry lubricant. The maximum
solubility of water in diester at 22 °C was about 3000 ppm. Some experiments were also per-
formed in the ordinary laboratory air (50% plus or minus 10% relative humidity at 22 °C). For
the second set of experiments, the apparatus used was a modified Bowden-Leben Machine (Pin-
on-diamond strip). The diamond strip used was 15 mm long by 2.5 mm wide and it was bonded
by a double sided adhesive tape to a base-plate mounted on a table which also acted as a fluid
container. The base plate was adjustable in a direction at right angle to the direction of motion
in order to use a fresh part of the strip for each traverse. As in the previous experiments with
Syndite disc, the ceramic pin was inclined at 45° angle. A normal load of 250 g was applied and
the sliding speed was 0.35 mm/s. Before use the diamond strip and the holder were cleaned in
1,1,1-Trichloroethane and the pins were also further degreased in a vapor bath of 2-propanol for
20 minutes.

3 Results and Discussions

3.1 Wear Results for Sliding Ceramics Against Syndite Disc

Figure (1) shows that the wear rate (proportional to the slope of the graph) of alumina in the
presence of water is higher than that in lab air, and is considerably higher still in the diester.
Increasing the water content of the diester tends to reduce the wear rate towards the value found
in pure water. As can be seen from figures (2 & 3), the results for silicon carbide and sialon show
similar trends to that in alumina. However, neither Sialon nor SiC appeared to be very sensitive to
the water content in diester, so intermediate contents between dry and water-saturated levels were
not examined. For PSZ, Figure (4) shows that the wear rate in diester is much higher than that in
water which is in turn, higher than the value in air. In contrast to the alumina results, however,
increasing the water content of the diester increases the wear rate of PSZ. A talysurf charts for
the Syndite disc after sliding against all ceramics showed no change in the surface topography.

3.2 Coefficient of Friction

The coefficient of friction as a function of sliding distance was measured during all the wear ex-
periments. For the change in friction coefficient with the sliding distance for alumina in various
environments. It was observed that the coefficient of friction increases during the early stages
of sliding in all cases. It then appears to reach an approximately constant value in air and dried
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Figure 1: The worn volume-sliding distance relationship for alumina sliding against syndite disc.

Figure 2: The worn volume-sliding distance relationship for SiC sliding against syndite disc.

Figure 3: The worn volume-sliding distance relationship for Sialon sliding against syndite disc.

diester, but the coefficient of friction and silicon carbide and sialon, whose wear rates were not
very sensitive to the water content of the diester, vary within a smaller range. For PSZ, the coef-
ficient of friction is about the same in both dried and saturated diester, but increases continuously
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Figure 4: The worn volume-sliding distance relationship for PSZ sliding against syndite disc.

with sliding distance in water. It should be noted that despite the fact that the value of the friction
coefficient will influence the magnitude of the localized contact stresses, there is not necessarily
any direct relationship between the friction coefficient and the wear rates. In previous studies
[12–15] it was noticed that for different ceramics, the wear rate is lowest in some environments
whilst the friction was the highest. It has been also reported that the coefficient of friction in-
creases with humidity, while the wear rate decreases with humidity [9]. In Air (50% rh), the wear
was protected by an almost complete film of debris protecting the underlying substrate.

3.3 Results for Sliding Ceramics Against Diamond Strip

For sliding ceramics against diamond strip in diester water-saturated-diester and water , all the
wear rates are very much greater than those obtained previously against the smoother Syndite
disc, but it is the environmental trends of most interest. As before, SiC and Sialon showed wear
rates decreasing in water saturated diester and in water. Sialon also exhibited low wear rates
than SiC. No environmentally-accelerated crack growth has therefore been introduced as a con-
sequence of using a rougher counterface and again the wear rates are decreasing in water as a
consequence of tribochemical reactions. The trend for PSZ is also the same as before but with
one additional aspect. Because the ceramic pin was always sliding against a fresh counterface
surface, there is now no possibility that the reduced wear in water could have arisen from coun-
terface smoothening. It would therefore seem that for PSZ, like SiC & silicon nitride, wear is
reduced in the presence of large quantities of water by a tribochemical reaction. Finally it may
be noted that the trend of alumina against the rougher surface is different from the previous one
against Syndite and has become identical to that for PSZ where small amounts of water now in-
crease wear as a consequence of accelerated crack growth and only in pure water tribochemical
reactions occur.

3.4 SEM Analysis

The worn surfaces of the four types of ceramics were examined in a scanning electron (SEM)
after 5 m of sliding distance, and at the end of an experiment (after about 210 m). In the lubricated
experiments, the observations suggest that two different mechanisms control the wear process:
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1- Microfracture of the surface. 2- Tribochemical reaction. For SiC sliding against Syndite, Fig-
ures 5 & 6 suggest that microfracture is the dominant wear mechanism in all environments. A
few flake-like debris particles are present on the surface after sliding in water and water-saturated
diester, which could indicate a tribochemical reaction of SiC in water. For alumina in dried di-
ester, Figure 7 (A) suggests that microfracture is again the primary wear mechanism. In water
saturated diester, however Figure 7 (B): suggests that wear is now a combination of microfrac-
ture and tribochemical reaction. For alumina sliding against Syndite in water, Figure 8 strongly
indicates the presence of a layer on the worn surface and tribochemical reaction could thus be
the dominant wear mechanism. A similar tribochemical layer was noticed on the surface of the
worn Sialon after sliding in water (Figure: 9). Microfracture, however, also occurs in diester and
water saturated diester (Figure:10) and this appears to be more significant in dried diester than in
water saturated diester.

Figure 5: Scaning electron micrographs for SiC sliding against Syndite disc after 5 m in water (A: Formation of
surface layer & B: Microfracture)

Figure 6: Scaning electron micrographs for SiC sliding against Syndite disc in dried diester (A: for 5 m & B: for
210 m)

Figure 7: Scaning electron micrographs for Alumina sliding against Syndite disc for 210 m (A: in dried diester &
B: in water saturated diester)
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Figure 8: Scaning electron micrographs for Alumina sliding against Syndite disc in water (A: for 5 m & B: for 210
m

Figure 9: Scanning electron micrographs for Sialon sliding against Syndite disc in water (A: for 5 m & B: for 210
m)

Figure 10: Scanning electron micrographs for Sialon sliding against Syndite disc for 210 m (A: in dried diester &
B: in water saturated diester)

The worn surfaces of PSZ were rather different from these of the other ceramics. In diester
Figure 11 (A): shows that a layer covering about half of the surface was found after only 5 m
of sliding. This type of layer was not evident on any of the other ceramics. In water-saturated
diester Figure 11 (B): shows that the worn surface seems to be affected by microfracture, but in
water, Figure 12 shows that the worn surface is relatively smooth and the wear scar appears to
be covered by some form of surface layer. When sliding the ceramics in air (= 50% rh), the wear
process is significantly affected by the presence of debris in the contact between the two rubbing
surfaces. In some instances the worn surfaces were covered by an almost complete film of debris.
These debris films protect the underlying substrate material from direct contact and so tend to
reduce the rate of wear [11]. When fluids, such as water or diester, are present they prevent the
aggregation of debris into a protective layer and the wear rates are then higher than in air.
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Figure 11: Scanning electron micrographs for PSZ sliding against Syndite disc for 5 m (A: in diester & B: in
water-saturated diester)

Figure 12: Scanning electron micrographs for PSZ sliding against Syndite disc in water (A: & B: )

4 Conclusion

1. The wear rates of all the ceramics are appreciably lower in air than in the fluids. In air the
surfaces are protected by aggregated layers of debris but fluids prevent the formation of such
layers.

2. Both microfracture and tribochemical reactions appear to be involved in the wear process for
all the ceramics. However, the relative importance of these two mechanisms depends on the
specific ceramic/environment combination.

3. The relatively high wear rate of SiC compared with Sialon in all environments is probably
associated with its lower fracture toughness.

4. When sliding in water, the wear rates of all the ceramics are lower than in diester because of
the wear reducing-effect of tribochemical reactions.

5. For Al2O3, SiC and PSZ, the presence of water in diester also reduces wear via tribochemical
reactions. However, for PSZ, small amounts of water in diester increases wear and it is consid-
ered that this results from water-accelerated crack growth leading to enhanced microfracture.

When sliding against diamond impregnated surface much rougher than the Syndite the fol-
lowing effects were observed :

6. The importance of microfracture in the wear processes increases, leading to an appreciable
increase in the wear rate of all the ceramics in all environments.
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7. The wear trends in the various environments remain similar to those found during sliding
against Syndite except for Al2O3 in diester containing water. For this combination, the wear
rate now increases as a consequence of water- accelerated crack growth.
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1 Introduction

Characterisation of the tribological response of tribosystems on certain conditions and the deter-
mination of wear is one of the main tasks of tribological testing activities. The difficulty encoun-
tered in tribometer testing is the challenge to meet the conditions under which the real systems
are running. This is valid also for materials used for dental restorations and model testing makes
sense if conditions can be met equivalent to those in the patient’s mouth. This is, however, dif-
ficult since the variety of conditions with regard to contact pressure, multiaxial complex relative
movements, pH and so on, is manifold. This is valid especially, when the relatively long periods
of usage, typically more then 10 years, are taken into account.
For the tribological characterisation of dental materials several methods are available. In [1]

the results obtained in round robin tests with different test machines are presented and discussed,
whereas simulation problems are covered in [2] and [3]. An overview of different methods for
wear simulation is presented in [4, 5]. Different factors influencing the wear behaviour of dental
materials is discussed in [6].
With regard to the motion of the test bodies of the tribo couple, a forth and back movement

relative to each other can be considered a simulation which makes sense. Therefore, candidate
materials are often tested under reversal sliding [7] or fretting conditions [8, 9]. Besides a high
wear resistance good machinability leading to smooth surfaces is often required.
Unfortunately, in wear tests time is a problematic factor: In the application of the materials the

long term stability and high wear resistance if of interest and therefore the materials are optimized
for low wear rates. In laboratory testing necessary for materials development it is necessary to
obtain significant results in a relatively short time. The necessary time-acceleration in the test rig
can lead to results deviating from real life behaviour.

2 Goal and Experimentals

For evaluation and comparison of the wear behaviour of dental restorative materials the ocilating
sliding method with ball on disk arrangement was used. The ball being the countbody is pressed
against the flat or disk like test body. A lubricating medium can be placed between ball and disk
so that the tribological contact area is immersed in liquid.
The goal of this paper is the characterisation and quantification of the wear behaviour. Futher-

more, characterisation of roughening of the sliding surfaces is also of importance since an increase
in surface roughness during wear influences the comfort of the patient directly.
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2.1 Materials

The investigated materials are commercial or near commercial materials used for dental restora-
tions. From these materials crowns and inlets as well as other used shapes for dental restorative
purposes are fabricated. Metal ceramic denotes a material which is used for a ceramic coating of
metal bridges. The materials are all silicates containing a glass ceramic matrix and either feldspar
or leucite microcrystalline phases. These materials have been used for preparing disk specimens
by cutting plan parallel blocks and then polishing the surface. These blocks are glued to a metal
substrate to fit into the tribometer sample holder. Figure 1 shows sample specimens as received
and as prepared for the tribological testing.

Figure 1: Specimens as received (left) and prepared specimens (disks) with parallel faces glued to a substrate ready
for testing.

As spherical counter body material high purity α-alumina with 99.8%Al2O3 from Friatec AG,
Mannheim, Germany, and 2 of the disk materials, Mark II and ProCAD, were used. Alumina was
used in form of spheres with am diameter of 10mm. The 2 other materials Mark II and ProCAD,
a half sphere was prepared by machining to a diameter of 10 mm and subsequent polishing of the
surface.
The different aqueous liquids were used for testing. Acetic acid was used to provide an envi-

ronment with pH 2.2. For the neutral pH range, corresponding to physiological sodium chloride
solution a 0.9% NaCl and distilled water was used. Sodium hydroxide solution with a pH of 10.2
was used to provide a basic environment. All liquids were pro analysis grade.
Table 1 shows the used materials, solids and liquids.

2.2 Tribological Testing

All tribological experiments were carried out with a gross slip fretting tribometer, described in
[11] in more detail. This tribometer allows measuring the coefficient of friction (COF) and the
linear wear Wl online. The linear wear is defined by the change of the distance between the
ball and the disk. It detects possible changes of the wear rate during the tribological experiment.
Quantitative determination of the wear is determined from a profilometric scan of the wear scar
after the experiment has finished.
During the experiment COF and linear wear is measured, whereas after the experiment area

and depth of the wear scar is determined; surface roughness inside the wear scar maybe evaluated
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Table 1:Materials

Test materials (disk) VITABLOCS® Mark II Feldspat (VITA Zahnfabrik)
VITABLOCS® TriLux Feldspat (VITA Zahnfabrik)
VITABLOCS® Esthetic Line Feldspat (VITA Zahnfa.)
ProCAD Blocks Glaskeramik (Ivoclar Vivadent AG)
Paradigm™C glass ceramic (3M ESPE), ESPE-glass
Metal ceramic; manually prepared (3M ESPE), ESPE-Met

Counterbody (ball) Al2O3
Mark II
ProCAD

Lubricating medium none
distilled Water
physiological Sodium chloride solution (0.9 % NaCl)
acetic acid (CH3COOH; pH 2.2)
sodium hydroxide solution (NaOH; pH 10.2)

from wear scar profiles. The measuring parameters were in all experiments the same and are
compiled in Table 2.

Table 2: Test parameters

Tribological movement Oscillating sliding (sinusoidal)
Stroke 200 m
Frequency 20 Hz
Normal force 10 N
Number of cycles 100 000
Temperature 23 °C

3 Results With Alumina Ball as Counterbody – Friction and Wear

Figure 2 shows the coefficient of friction exemplified for one of the materials (Mark II) for tests
both without a medium and with 4 different lubricating medias, according to table 1.

Figure 2: Cofficient of friction (COF) as a function of number of cycles (time) in tests of Mark II against alumina
ball in different media.
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COF is in all tests almost constant from beginning to the end , only for NaOH the COF drops
from 0.5 at the beginning to 0.3 at the end of the test. COF is highest for the test without medium,
and lowest with a COF of about 0.2 for acetic acid CH3COOH with pH 2.2 .
The stationary COF, as the average value of the second half of one test period are shown for

all materials and all lubrication conditions in Figure 3.
For a certain medium, all materials show very similar results, as i.e. already found for Figure

2. The differences between the materials are only marginal and lie within the normal deviation
and can be considered practically equal.

Figure 3: tationary COF for 6 different materials (see Table 1) and different lubrication conditions.

Figure 4:Wear scars and corresponding wear scar profiles for material Mark II and different media.

The profile of the wear scars together with the corresponding light micrograph as obtained after
sliding in different lubricating media are shown exemplarily for one of the 6 materials (Mark II)
in Figure 4. The other ones are very similar. The profiles shows 2 lines: a black profile line,
corresponding to the scar on the disk, and a dashed line, corresponding to the contour of the ball.



220

In these profiles the dashed line is very close to the profile line, showing that the wear at the
ball is rather low (but there is wear at the ball, because the dashed line happens to be beneath
the profile line!), and consequently the wear takes place mainly at the disk. Below the profile
the planimetric wear is given as a quantitative number. It is easily seen that the planimetric wear
corresponds well with the profile and the wear scar on the photo micrograph.
Width and depth of the profile is greatest for the unlubricated tests, and decreasingwith distilled

water and salt water, and still lower for NaOH at pH 10.2 and lowest for acetic acid with pH 2.2.
The planimetric wear amounts are shown for all materials in Figure 5.

Figure 5: Planimetric wear for all materials and lubrication conditions

The planimetric wear is for all materials very similar, if the same lubrication condition is con-
sidered. Highest wear is observed in dry tests, smaller but similar tests in water and sodium
chloride solution, significantly lower values in NaOH and the lowest values in acetic acid. How-
ever, it should be noted that the values have only a semi quantitative character. This is because
they depend on ball radius, normal force and the testing time (number of cycles). A better quan-
tity for comparison with other test results obtained in a different test series is the coefficient of
system wear, in short wear coefficient k. It can be determined from the volumetric wear amounts,
separately calculated for ball and disk according to the equations published in [12]. The wear co-
efficient corresponds to the volumetric system wear, normalized to sliding distance s and normal
force F n. However, one should bear in mind that the wear coefficient is depending on the wear
mechanism and may change drastically when the mechanisms change, ie when passing from
running in to steady state.
The wear coefficient over the entire test length is shown for all materials and the different

lubricating conditions in Figure 6.
As already seen before in Figure 5, no significant differences between the materials can be

noticed. However, wear is highest for the dry conditions with k ∼ 60 · 10−6mm3/Nm, water and
NaCl solution is lower with k ∼ 20 . . . 30 · 10−6mm3/Nm, NaOH at pH 10.2 with k ∼ 6 . . . 9 ·
10−6mm3/Nm and acetic acid at pH 2.2 shows lowest valueswith k ∼ 0.6 . . . 1.3·10−6mm3/Nm.
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Figure 6: Coefficients of system wear for all materials in tests against alumina ball und different lubricating con-
ditions.

4 Results of Self Mated Tests – Friction and Wear

Figure 7:Development of coefficient of frictionwith number of cycles for self mated systemMark II under different
lubrication conditions.

In comparison to Figure 2 the friction behaviour in the self mated couples is different for
the lubricated tests. The unlubricated test, however, is similar with relatively high coefficient
of friction, which starts at 0.7 and decreases during the test to somewhat lower values around
0.62. In the lubricated tests the friction in all cases starts at high values of 0.6, decreasing to
significantly lower values of about 0.2 and below, and even lower than 0.1 in the case of acetic
acid, during the first half of the test duration. This is represented in Figure 8, since it shows the
differential friction coefficients, which is the average of COF of second half of the test period.
The drop to low friction in Figure 7 is also strongest for acetic acid. However, it can be noticed

in all cases that in the low friction regime fluctuations between slightly higher and lower values
do appear. Interestingly, these fluctuations are strongest for acetic acid.
Figure 9 shows the differential friction coefficients for self mated couples ProCAD/ProCAD,

Mark II/Mark II as well as the corresponding cross combinations. In dry tests friction is very
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Figure 8: Differential friction coefficients for self mated couple Mark II/Mark II in different lubricating medias.

Figure 9:Differential friction coefficients for self mated couples ProCAD/ProCAD, Mark II/Mark II as well as the
corresponding cross combinations in different lubricating environments.

similar and shows in all cases a COF of 0.6. In lubricated tests the results are a bit more differ-
entiated and in distilled water and sodium chloride self mated proCAD couple has significantly
higher friction than the other pairings. Nevertheless, the ranking found in the wear results (Figure
6) is valid here, too, finding lower friction in NaOH and the lowest and consistent values of 0.05
for the coefficient of friction for all 4 pairings in acetic acid with pH 2.2.

Wear The wear behaviour of the self mated couples does not follow the above stated findings
directly. In all lubricating environment, except in acetic acid the wear is rather similar, even under
unlubricated (dry) conditions. In these combinations, the wear differs only by a factor of 2–2.5.
For acetic acid however, wear is for all combinations lowest again, and a factor of 2–3 lower than
for the 4 other groups. Figure 10 shows the wear coefficient for these 4 combinations.
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Figure 10:Wear coefficient for 2 self mated and the 2 related cross combined material pairings in different lubri-
cating conditions.

Figure 11: Volumetric wear for self mated material combination mark II.

Figure 11 shows the volumetric wear at ball and at disk exemplarily for self mated tribo couple
Mark II/Mark II. Here is again a significant difference between lubricated and dry tests visible:
in unlubricated tests wear is about 2-3 times higher at the disk, which is valid more or less for all
material combinations. In lubricated tests this effect is much less pronounced.
Figure 12 shows the photo micrographs of the wear scars and the corresponding wear pro-

files, confirming these observations. The characteristic of the cross combined tribocouples Mark
II/ProCAD and ProCAD/Mark II are very similar to that of self mated Mark II/Mark II.
Roughening of the surface due towear is a common observation in sliding interfaces. However,

in materials used for dental restorations this effect should be small, meaning that the surfaces
in contact should stay smooth during use as long as possible, since roughening influences the
comfort of the patient directly. In this regard the surface roughness of the sliding surfaces has
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Figure 12: Photomicrographs of the wear scars and corresponding wear scar profiles of self mated pair Mark
II/Mark II in different lubricating environments.

been analyzed by profilometry after the sliding experiments and compared with the roughness of
the unloaded surface in each lubricating environment. The calculation of the roughness values
was done by using data sets containing 4000 single data points across the wear scar profile, each
as difference of the actual profile value and the average of 4 neighbour values. Thus the difference
in roughness may be seen easily, however, one should bear in mind that this procedure will deliver
only qualitative values.
Figure 13 shows the results of this calculation exemplarily for material Mark II run against

alumina ball.

Figure 13: Roughness across wear scar as calculated from the roughness values measured by profilometry. Shown
are the roughness profiles for material Mark II after testing against alumina in different lubricating environments.

As shown in Figure 13, unlubricated sliding produces the most rough surface, as in agree-
ment with the highest friction and wear under these conditions (Figure 3 and 6). In media lubri-
cated conditions distilled water and sodium chloride 9% solution produce about the same surface
roughness due to sliding. The roughness observed at the wear scar produced in NaOH is a little
bit but not much less than the 2 former ones. However, acetic acid produces the less rough sur-
face during sliding, in very good agreement with the friction and wear results. There is almost
no difference to the roughness of the unloaded surface besides the wear scar.
Figure 14 shows the roughness values for all material combinations. This picture reveals that

the results obtained for the combination alumina against Mark II is more or less valid for the
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other combinations, too. However, there are slight differences up to a factor of 2 for the same
lubricating regime.
Due to the more qualitative character of the roughness values according to the calculation

procedure these differences should not be over interpreted.

Figure 14: Surface roughness for all material combinations with alumina counterbody in different lubricating en-
vironments.

5 References

[1] S.D. Heintze, G. Zappini and V. Rousson: Wear of ten dental restorative materials in five
wear simulators—Results of a round robin test, Dent. Mat. 2005, 21, 304–317.

[2] S.D. Heintze: How to qualify and validate wear simulation devices and methods. Dent.
Mat. 2006 online 30 March.

[3] P. Lambrechts, E. Debels, K. Van Landuyt, M. Peumans and B. Van Meerbeek: How to
simulate wear?: Overview of existing methods. Dent. Mat. 2006, online 18 May.

[4] S.D. Heintze, A. Cavalleri, M. Forjanic, G. Zellweger and V. Rousson: A comparison of
three different methods for the quantification of the in vitro wear of dental materials. Dent.
Mat.2005, online 28 Dec.

[5] E. C. Bianchi, E. J. da Silva, R. D. Monici, C. Antunes de Freitas and A. R. Rodrigues
Bianchi: Development of new standard procedures for the evaluation of dental composite
abrasive wear. Wear 2002,253, 533–540.

[6] Won-suck Oh, R. DeLong and K. J. Anusavice: Factors affecting enamel and ceramic wear:
A literature review. The J. Prosth. Dent. 2002, 87, 451–459.



226

[7] A. Ramalho and P. Vale Antunes: Reciprocating wear test of dental composites: effect on
the Wear, 2005, 259, 1005–1011.

[8] M.H. Zhu, H.Y. Yu, Z.B. Cai and Z.R. Zhou: Radial fretting behaviours of dental feldspathic
ceramics against different counterbodies. Wear, 2005, 259, 996–1004.

[9] M.H. Zhu, H.Y. Yu and Z.R. Zhou: Radial fretting behaviours of dental ceramics. Tribology
International, 2006, online 29 March.

[10] W.H. Mörmann, M. Brandestini: Die CEREC Computer Reconstruction. Inlays, Onlays
und Veneers. Quintessenz 1989.

[11] D. Klaffke, On the Influence of Test Parameters on Friction and Wear of Ceramics in Os-
cillating Sliding Contacts. Tribotest J. 1995, 1–4, 311–320.

[12] D. Klaffke, Fretting wear of ceramics. Tribology international, 1989, 22, 89–101.

[13] A. C. Shortall, X. Q. Hu and P. M. Marquis: Potential countersample materials for in vitro
simulation wear testing. Dent. Mat.2002 18, 246–254.
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1 Introduction

Endoprostheses must be able to resist the mechanical, thermical and chemical variations of their
environment without being affected. Conventional implant materials, such asmetal and ceramics,
often fail to entirely fulfill this requirement. Ceramic implants, for example, tend to show surface
disruptions due to their material brittleness and low fracture toughness. Nacre, as a composite
implant material, is investigated not only in regard to its mechanical [1, 2] (i.e. high toughness
and breaking resistance) and biological (i.e. biocompatible and biogenic) [3] properties but also
to its composition and growth [4]. However, nacre machinability has not been fully researched
until now. In this paper scratch tests on natural nacre are presented and their results are discussed.
Scratch tests, as a simplification of the grinding process, are used to exemplify the mechanisms
responsible for chip formation on the machined material. It has been observed that during the
scratch tests on dry nacre an increase of the cutting speed or the tool tip radius results in a brittle
behavior [5]. This paper focuses on the analysis of the forces engaged when scratching dry nacre.
Particular attention is paid to the differently sized diamond tips of the scratch tool, the various
cutting speeds and indentation depths used for the scratch tests and their influence on the forces
involved in the scratch process. This work also intends to illustrate general directions for the
machining process of artificial nacre by using natural nacre as reference.

2 Microstructure of Natural Nacre

Nacre is composed by aragonite (95 %) and a polymeric matrix (5 %) (Figure 1). The main com-
ponent, aragonite, is a hard material made from CaCO3 in form of pseudo-hexagonal platelets.
The polymeric matrix can be divided into two different types, an intracrystalline and an inter-
crystalline matrix. The intracrystalline matrix is made from soluble proteins and its function is
to join CaCO3 subcrystals (20–180 nm in length) to form bigger aragonite platelets. The inter-
crystalline matrix is made of insoluble proteins which are placed between the aragonite platelets
(1–5 m width and 200-500 nm thick) and evolving them. These platelets form layers intercon-
nected through mineral bridges and whose surfaces present small particles called nanoasperities.
This hierarchical structure is responsible for the high toughness and high degree of strength of
nacre [6], which makes it advantageous in comparison to conventional implant materials, like
ceramics or metals. In figure 1 (bottom right) are also represented the natural and the polished
surfaces of nacre. The surface of natural nacre has a curvature, which depends on genus and size
of the shell.
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Figure 1:Microstructure of natural nacre.

3 Experimental Setup and Execution of the Tests

To study the interaction between tool and workpiece when machining nacre, scratch tests with
single, geometrically defined diamonds were carried out. The experimental setup for the tests is
shown in figure 2. The scratching tool is a conic diamond tip (figure 2, right) with a tip angle of
120°.

Figure 2: Experimental setup (left) and conic diamond tip geometry and its SEM image (right).

The samples for the tests were cut from a dry mollusk Haliotis rufescens (red abalone) shell
in flat rectangles (11mm× 11mm) and embedded in group of six into glue mass. The surface of
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each sample was then polished, so that sheets similar to that represented in figure 1 (bottom right)
were obtained. The embedded samples were fixed on a mounting platform with an adjustable
inclination angle. Between the samples and the mounting platform a force sensor was fixed to
measure normal and tangential forces, F n and F t, involved in the scratch process. During the
tests the mounting platform was oriented with an inclination angle of 0.27°, which resulted in a
variation of the depth of cut hc from 5 m up to 50 m. The cutting speed vcR was varied from
2.5 m/s up to 10 m/s and the tool tip radius rR from 50 m up to 150 m. A constant cutting speed
vcR = 10 m/s was selected for the variation of the tool tip radius. For each parameter variation
the tests were repeated two times. The feed motion f a = 1.05 mm was maintained constant for
all the tests.

4 Investigation of Forces and Scratch Quality

During the scratch tests the forces occurring in normal and tangential direction for each scratch
were measured and recorded. Maximal forces encountered in every scratch vs. the depth of cut
hc are shown in figures 3 and 4. The maximal depth of cut is obtained by the trajectory of the
tool on the material, which is defined by the geometry of the scratch disc. In figures 3 and 4 it
can be observed that when hc increases, the forces increase too. This force increment is produced
by bigger contact areas between material and tool when the tool is penetrating the material. The
trend lines in both figures have been included only for guidance purposes. It is also worth to
note that in every case the tangential forces remain below the normal forces, indicating an easier
material removal in the tangential direction of the tool, parallel to the surface of the sample.
Regarding to the variation of the cutting speed vcR, it can be seen in Figure 3, that its increase

does not highly influence the normal or the tangential force. In all cases, when varying the
cutting speed the normal and the tangential forces increase approximately up to 60 N and 30 N
respectively.

Figure 3: Influence of the cutting speed vcR and the depth of cut hc variation on the normal force F n and the
tangential force F t.
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On the other hand, the variation of the tool radius results in an increase of the normal and
tangential forces. This can be observed in figure 4. When the tool radius is increased to 150 m,
the forces and the scatter increase. The reason for the increase of the scatter can be due to the
curved form of the layers in nacre (Fig. 1, bottom right) and its natural defects like pores; this
scatter is already known in nacre [8]. Furthermore, a higher radius results in a higher amount of
removed material for the same depth of cut, which results in a rising tangential force. The main
reason for the increase of the normal force is the decrease of the effective rake angle γ of the tool
(Fig. 6, right).

Figure 4: Influence of the tool radius rR and the depth of cut hc variation on the normal forceF n and the tangential
force F t.

The resulting surfaces are shown in figure 5. Larger lateral platelet detachments are observed
when increasing the cutting speed (Fig. 5, left). At low cutting speeds only small detachments are
observed; here chipping of the platelets seem to be the dominant material removal mechanism.
At higher speeds, combinations of platelet chipping on the base of the scratch and lateral platelet
detachments are observed.
When varying the tool radius (Fig. 5, right) the obtained surfaces show the opposite behavior.

For small tool radius several lateral chips can be observed from the engagement to the exit zone
of the scratch. As the tool radius increases these lateral chips decrease in size and number. For a
tool radius of 150 m almost no lateral chips are observed.
From figure 5 two principal material removal mechanisms can be identified in this work, which

are in agreement with other studies [7]. While using a higher cutting speed (Figs. 6, left) a
detachment of several platelets is observed. This detachment produces flat surfaces, which are
probably the interfaces between different layers in nacre, where the polymeric matrix is placed
and where the shear strength is lower than within the platelets.
When increasing the tool tip radius (Fig. 6, right) the rake angle of the tool γ becomes more

negative and the tool orthogonal clearance angle α smaller. The first one produces greater com-
pressive forces parallel to the platelets surface, leading to the layer chipping on the flanks and on
the ground of the scratch. The second one, α, produces increasing friction forces between tool
and material when it is smaller.
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Figure 5: Influence of the cutting speed vcR (left) and tool tip radius rR (right) variation on the scratch quality.

Figure 6:Material removal mechanisms on natural nacre observed during scratch tests.

By using small tool radius the material chips flow more easily over the cutting edge until the
detachment of the chips is produced due to plastic deformation. A ductile material removal was
observed only for small cutting speeds, depth of cuts and tool radius, this can be observed in
figure 7 (top left). On the other hand, platelets layer detachment and chipping of the layers is
mainly produced by using higher cutting speeds and tool tip radius (Figs. 7 bottom left and top
right, respectively). A “step-like” surface produced by a bigger tool radius of 150 m is shown
in figure 7 (bottom right).
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Figure 7: Scratch form most frequently observed during scratch tests on natural nacre.

5 Summary and Outlook

The material removal of nacre is highly dependent on its structure. The interlocked platelets
embedded in the organic matrix give this material the possibility of distributing the shear forces
in different directions. The chipping of the aragonite platelets is possible only when the loads are
high enough, otherwise the organic matrix is sheared off and more platelets are cut off from the
material. Only in a few cases when scratching with a diamond tip tool a ductile material removal
was obtained. In future work, the machining process of nacre by using geometrically defined
tools made of cemented carbide is going to be carried out. It is expected that varying the tool
geometry a ductile instead of a brittle material removal of nacre will be reached, and therefore
the quality of the surface could be improved.
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Influence of DLC Layer on the Wear Behavior of Unhardened
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1 Introduction

One of the easiest and the most economic way for production of hard composite segments com-
posed of metallic powder and diamond particles is cold pressing of the powder mixture in uni-
axial direction in a pressing die. Although the pressing has been optimized over the years, further
improvements on wear resistance of the dies are still necessary. The friction between the powder
and the die during the pressing is one of the factors, which is responsible for the short life time
of the die and is not fully understood [1]. During the pressing, diamonds come under high tan-
gential and normal forces in contact with the die wall and result in damaging of the inner surface
of the pressing mould. Hence, depending on the hardness of the die wall, pressing dies should be
substituted after some pressings. Replacing these parts can be costly and time-consuming, and is
related to slowing production.
WC-Co cemented carbides have been frequently employed in production of pressing moulds.

However, manufacturing of the wear resistant pressing moulds using this material is costly and
difficult to perform. Therefore, several works have been done to find suitable alternatives. For
example, graded structures with cobalt content, ranging from 30 to 10 wt% from surface to the
center of the die, have been employed to manufacture wear resistant parts [2]. In another work, it
was shown that substituting carbides by diamonds result in increasing wear resistance of sintered
cemented carbides tools [3]. Alumina reinforced with refractory carbides was also suggested
as a suitable alternative for cemented carbides. Homogeneous distribution of WC grains was
observed in an alumina matrix, which possesses large grains with very clean grain boundaries
and thereby offer a high wear resistance [4].
Beside these techniques, some combined surface treatments have also shown positive results

in increasing of the life time of mechanical tools. For example, Plasma over-carburizing and
subsequent plasma nitriding of the forging dies, made of tool steel, increased the tool life by a
factor of 1.5–3 [5].
Because of outstanding wear behavior, thin PVD films have been recently employed as an al-

ternative to other surface treatments and material hardening techniques. For instance, Lousa et al.
deposited Chromium / Chromium nitride multilayers on die-casting tools in order to increase the
life time of the tools [8]. In our previous work [9], the positive effect of the PVD multilayers (Ti-
tanium/Titanium Aluminum nitride) on the wear resistance of the tools, used in electromagnetic
sheet metal forming, was evidenced. In addition, several studies have shown outstanding me-
chanical and tribological properties of the DLC (amorphous diamond like carbon) PVD-coatings
[6, 7]. Since this kind of PVD coating possesses very low friction coefficient, it has been also
largely applied where very low friction is essential. For example, Reisel et al. have employed thin
DLC coatings as an alternative for solid lubricant between tools used in warm massive forming
[10].
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These layers display some of the unique properties of the diamonds. They are usually applied
as thin coating to the other materials and contain significant amount of sp3 hybridization. The
hardest DLC coating is known as tetrahedral amorphous carbon, ta-C. This coating contains only
sp3 hybridization. Additives such as hydrogen, graphitic sp2 carbon, and metals are used in
other forms of DLC layer to reduce the production expenses, but using additives results also in
decreasing hardness and life-time of the coated parts. In other study [11], it was revealed that
DLC coating with a hydrogen-free top layer presents higher wear resistance and lower friction
coefficient under humid conditions in comparison to hydrogenated DLC layers.
The aim of this work is to develop very thin and hard PVD (physical vapor deposition) coat-

ing, made of diamond like carbon (DLC), for increasing the wear resistance and consequently,
increasing the life-time of the pressing tools.

2 Experimental

Two different DLC coating systems were deposited, using an industrial magnetron device (Ce-
mecon MLsinox800, Germany). These layers are hydrogen-free DLC (a-C), with a bias of 100
V, and hydrogenated DLC (a-C:H) with a bias of 130 V. The hydrogen-free (a-C) layer was de-
posited by sputtering of carbon targets in inert atmosphere, while the a-C:H layer was deposited
by sputtering the carbon targets in acetylene gas. The targets have a dimension of 220 x 80
mm2 and have a water-cooled plate at the back-side. In order to have a better adhesion between
the DLC layer and the substrate, CrN-bonding layer was deposited directly on the substrate. To
achieve this, two pulsed chromium targets were sputtered in nitrogen atmosphere.
DLC Coatings were deposited on samples made of steel C60 with an approximate hardness

of 260 HV5. Coatings were deposited on the polished and unpolished samples. The samples
used for pin-on-disc test have a diameter of 35mm and a thickness of 5mm, while rectangular
samples, 10 x 20 x 30mm, were employed for scratch test. These samples have been deposited
with polished and unpolished surface. In order to investigate the effect of the PVD coating on
increasing life-time of the pressing moulds, a-C:H 130 V and a-C 100 V coatings were deposited
on two inner half-ring, forming pressing mould, which was pressed into an outer ring, figure 1.

Figure 1: Coated pressing mould

To evaluate the adhesion of the coatings, the scratch test was employed. Before performing
the test, samples were cleaned ultrasonically with ethanol for 10 minutes. During the test, the
force was increased linearly up to 100N. Three measurements were performed on each sample,
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and arithmetic median and standard deviation of the results was calculated. Simultaneously, the
acoustic emission was recorded. After performing the scratch test, the samples were analyzed
with Alicona 3D-analyzer (Infinite Focus) to investigate the failure modes of different coating
systems.
In the pin-on-disc tests, a sphere, with a diameter of 6 mm, consisting of WC/Co, is pressed

under 10 N on the coated samples. The linear velocity of the pins was set to 0.4 m/s. During
the test, the tangential force was steadily measured. Afterwards, the friction coefficient was
calculated as a fraction of the normal F n and tangential force F t, as follows:

µ =
Ft
Fn

(1)

The ambient temperature was around 25 °C with a relative humidity between 45%–60%. Before
performing the test, the pin and the disc were cleaned ultrasonically for 10 minutes. In order to
have a distance of 1000 m on the disc, the rotational speed and track radius were exactly set up.
The coated moulds were filled with 2.5 g powder mixture, composed of cobalt (Eckgranules,

diameter ≤ 40µm) as matrix and diamonds particles (Element Six, SDB1055, 40/50 US-mesh).
The powder mixture was pressed uni-axial up to 50 kN. The force increased linearly from 0 to
50 kN. The morphology of the layers and the scratches on the pressing dies were characterized
by using SEM (JEOL JXA-840).

3 Results and discussion

3.1 Adhesion characterization

The critical loads of two DLC coatings deposited on the steel C60 are shown in figure 2. As it
can be seen, a-C:H 130 V deposited on the unpolished sample and a-C 100 V deposited on the
polished sample have the highest and lowest average critical load respectively. Normally, it is
expected that adhesion of coatings deposited on the unpolished samples is higher than adhesion
of the coating on the polished samples. It relies on the higher mechanical bonding between the
thin layer and the surface of the substrate.
The scratch traces of two coating systems under critical load are shown in figure 3. The tensile

through-thickness cracking can be observed on both coated systems. These cracks are in angular
form and are joined to both sides of the scratch rims. In addition to that, before reaching the
critical load, spallation can be observed on samples. This kind of failure is a result of elastic
recovery at the behind the stylus during the scratch test. Namely, after passing of the indenter
and unloading the region, due to the plastic part of deformation, elastic strain of the coating
cannot be fully relaxed. Consequently, it leads to generation of residual stress in the coating.
Propagation of through-thickness cracks in this region can relax the residual strain. Afterwards,
tensile stresses convert to shear stress at the interface between the coating and the substrate and
close to these cracks. Finally, spallation occurs at one or both sides of the scratch trace as a result
of the interfacial shear crack propagation.
Buckling is the major reason for the removal of the coatings under critical load, as shown in the

figure 3. This failure occurs in regions ahead of indenter which are under compressive stresses.
Pre-existing flaws at the coating interface are the most likely buckling beginning sites.
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Figure 2: Critical loads of different DLC coating systems

Figure 3: Failure modes of different coating systems under critical load

Friction coefficients of different DLC coating systems are shown in figure 4. Coating deposited
on the polished samples have lower friction coefficient compared to coating deposited on the
unpolished samples. Figure 4 shows also that a-C:H 130 V possess lower friction coefficient
than a-C 100 V.

3.2 Coated Pressing Moulds

Macrographs of the inner surface of the coated and uncoated pressing moulds, shown in figure 5,
evidence the effect of DLC coating systems on increasing life-time of pressing tools (thick lines
at the middle of half-rings are just flash reflection). As it is shown, a-C:H 130 V coating systems
on the unpolished sample possesses higher critical load and lower friction coefficient than a-C
100 V coating system. Consequently, on the inner surface of the half-ring coated with a-C:H 130
V, scratches can rarely be observed while on the inner surface of the half-rings coated with a-C
100 V, some scratches can be observed. Figure 5 shows also the SEM images of the scratches
on the uncoated and coated mould with a-C 100 V. Obviously, in addition to reduction of the



238

Figure 4: Friction coefficient of DLC coating systems

numbers of scratches, the depth and width of the scratches can also be reduced by employing
DLC coating on the pressing mould. Moreover, on the deep scratches of the uncoated moulds,
stick cobalt powders after pressing. This phenomenon was not observed on the coated moulds.

Figure 5: Inner surface of the coated and uncoated pressing moulds
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4 Conclusion

Thin PVD coating deposited by sputtering magnetron device was employed as a novel solution
to increase wear resistance of pressing moulds used in production of diamond composites. Two
different DLC coating systems, a-C:H 130 V and a-C 100 V, were deposited on the unhardened
steel C60. First, adhesion and tribological behavior of the coating were analyzed. Afterwards,
wear resistance of the coated pressing moulds were compared with each other. It was shown that
level of damaging on the coated moulds was lower than that of uncoated mould. In addition,
depending on the sputtering process parameters, DLC coating systems showed different wear
resistance on the pressing moulds.
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1 Introduction

Beginning from the mid 1990s the DLC (Diamond Like Carbon) coatings are playing major role
against friction and wear in many industrial applications, among others the automobile industry
[1]. The researches of the tribological behaviour of DLC coatings at the beginning were com-
monly focused on the non lubricated contacts for various environmental conditions. Due to the
excellent tribological performance in boundary lubrication, the DLC coatings become important
for the lubricated contacts in nowadays [6]. The right choice of the coating/lubricant pair enables
not only a good performance in boundary lubrication, but also overall good wear resistance with
very low coefficient of friction [2]. The type of the DLC coating is decisive, depending on the
coating chemistry, whether hydrogenated, hydrogen free or metal doped, the DLC coatings can
deliver different tribological characteristics with the lubricants [6]. E.g. M.I. de Borros’Bouchet
et al. [4] found that Ti doped hydrogenated DLC coatings show a better tribological performance
with Polyalphaolefin (PAO)with/without the additivesmolybdenum dithio carbamates (MoDTC)
and zinc dithio phosphate (ZDDP) than hydrogenated DLC. Likewise Kano et.al. [2] found that
hydrogen free tetrahedral amorphous carbon (ta-C) coatings can deliver friction coefficients as
low as 0.006, if this DLC coating is used with ester additive containing PAO. Although the tri-
bological results of DLC coatings can be influenced with additives [2, 6], it is well known that
DLC coatings are chemically inert, which means that in contrast to ferrous surfaces any chemical
reaction can not be responsible for the different tribological behaviour. The researches of Haque
et al. [6] and Podgornik et al. [7] show that no additive derived tribological reaction could be
found on DLC coated surfaces.
Due the chemical inertness, wettability of DLC coatings can be explained with the physical

interactions. The physical interactions can be determined directly by means of contact angle
measurements [8], only if the liquids don’t spread over the surface. This requirement can be de-
termined by means of spreading coefficient, such that if the spreading coefficient is positive, than
contact angle measurement is not possible. In this case the amplitude of the spreading coefficient
is decisive for the wettability [9]. Another factor which should also be considered for determining
wettability of lubricants is adhesion energy. According to Robinowicz [17], the adhesion energy
of the lubricants against a surface is an important criterion to asses its wettability, such that the
higher adhesion energy, the more effective the lubricant.

2 Experimental Details

2.1 DLC Coatings

Two different types of DLC coatings were deposited on AISI 5115 steel substrates. DLC coatings
can be classified as hydrogen containing (a-C:H) and hydrogen free amorphous carbon coatings
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(a-C). The surface roughness (Ra) of the uncoated substrates prior to deposition amounts to 35 nm.
The hydrogen containing and hydrogen free DLC coatings were deposited in an industrial coating
facility by Magnetron Sputtering Ion Plating (MSIP) technology. The a-C type DLC coatings
were deposited using a graphite target, with purity better than 99.5 %. Hydrogen containing
DLC coatings were also deposited by MSIP technology in a reactive atmosphere consisting of
acetylene and argon using a graphite target. The surface asperity of the with a-C and with a-C:H
coated samples after deposition amount 37 nm and 44 nm respectively. Prior to deposition the
substrates were cleaned with an etching process at –650 V at 250 kHz for 30 min. The DLC
coatings are deposited on chromium based bond coatings for better adhesion. The characteristics
of the DLC coatings are reported in Table 1. The mechanical properties, universal hardness and
Young modulus, of the coatings were determined by nano indentation. Hydrogen content of DLC
coatings was determined by Elastic Recoil Detection Analysis (ERDA).

Table 1: Properties of the DLC coatings

Coating Thickness [ m] Universal hard-
ness [GPa]

Young modulus
[GPa]

Surface rough-
ness Ra [nm]

Hydrogen Con-
tent [% at.]

a-C 0.8 12.9±1.26 149.3 ± 11 37 0
a-C:H 2.4 12.6 ± 2.7 183.7 ± 22 44 25

2.2 Lubricants

The lubricants comprise two base oils, Polyalphaolefin (PAO) and Trimethylolpropan (TMP)
Ester, with and without additives ZDDP and S-P. The ZDDP is a 2-Ethylhexyl-ZDDP. The con-
centration of ZDDP in base oils amounts 2 % and S-P (Sulphur-Phosphorus) additive amounts 4
%.

2.3 Determination of the wettability

The direct determination of wettability of DLC coated surfaces with lubricants is contact angle
measurement. Due to spreading of the lubricants on DLC thin films, it is not possible to determine
the wettability directly. This spreading phenomenon can be quantified by means of spreading
coefficient (eq. 1). The spreading coefficient (S) describes the physical interactions between a
lubricant and a solid, if directly determination is not possible.

S =WA −WK (1)

S is the difference between the adhesion energy and cohesion energy. The adhesion energy
(eq. 2) describes the reversible free energy change per unit area, if liquid brought on a solid
surface. The cohesion energy defines the energy that keeps the lubricant together [10]. If S is
positive, which means that adhesion energy is greater than cohesion energy, the lubricant doesn’t
form a drop on the surface, but spreads. This is the prerequisite for wettability. Otherwise a
contact angle is measurable. For the determination of adhesion energy, the surface free energy of
DLC coating and lubricant as well as the surface free energy at the boundary between DLC and
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lubricant is necessary. The cohesion energy (eq. 3) can be calculated, if the surface free energy
of the lubricants is known.

WA = σs − σsl − σl (2)

WK = 2 · σl (3)

In general, the surface free energy of a solid surface can not be determined directly. The
determination of the surface free energy of DLC coatings can only be carried out indirectly with
reference liquids, whose surface energy is known (see Table 2). Measuring the contact angles of
the reference liquids on the DLC coatings and using the equations from Young (eq. 4), Owens-
Wendt-Rabel-Kealble (eq. 5) [14] and Fowkes (eq. 6) [15], the surface free energy of the DLC
coating and the components of the surface energy σd and σp can be determined. The details of
the methodic are explained in [9, 11, 13].

σs = σsl + σl · cos θ (4)

σsl = σs + σl − 2 ·
√
σds · σdl − 2 ·

√
σps · σpl (5)

σs = σds + σps (6)

Table 2: The surface free energy and the shares of the reference liquids

Test Liquids Surface energy σl (mN/m) Disperse share σdl (mN/m)

Dist. Water 72.1 19.9 52.2
Diiodmethan 50 47.4 2.6
Ethylenglycol 48 29 19
Glycerol 62.7 21.2 41.5

The free surface energy σl of a lubricant can be measured directly by means of pendant drop
method. The size and form of a drop is dependent on the liquid and using these characteristic
magnitudes at hydro mechanical equilibrium (immediately before tear off), it is possible to de-
termine the overall free surface energy by the Young-Laplace pressure equation (see eq. 7). ∆p
represents the pressure difference between inside and outside of the drop, the r1 and r2 are the
main bending radiuses of a part of the drop surface. The detailed explanation of the pendant drop
method can be found in [8, 9].

∆p = σl ·
(

1

r1
+

1

r2

)
(7)

2.4 Tribological Tests

The tribological tests are carried out in a pin on disk tribometer at boundary lubrication. The DLC
coated samples were put into a lubrication bath. As counter partner AISI 5210 steel spheres with
a diameter of 6 mm are used. In order to prevent a chemical reaction, these spheres are coated
with a-C type DLC. The parameters of the tribological tests are summarized in Table 4.
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Table 3: Nomenclature of symbols used

WA Adhesion energy
WK Cohesion energy
S Spreading coefficient
hline σl Surface free energy of liquid (lubricant)
σs Surface free energy of solid (DLC)
σsl Surface free energy at the boundary between solid and liquid
σd Disperse share of the surface free energy
σp Polar share of the surface free energy
θ Contact angle

Table 4: The Parameters of the measurements in pin-on-disk tribometer

Temperature
[°C]

Linear speed
[cm/s]

Wear track ra-
dius [mm]

Test distance
[m]

Load [N] Lubrication
method

24 ± 5% 10 2.5 750 5 Bath

3 Results and Discussion

The surface free energies of the lubricants as well as the DLC coatings are shown in Figure 1.
According to these results, the surface free energy of TMP-Ester is higher than PAO.Mixing these
lubricants with ZDDP additive doesn’t change the surface energies remarkably but contrary the
S-P additive decreases the surface energy with increasing the polar share.

Figure 1: Surface free energy of the lubricants and the DLC coatings

The hydrogen free and hydrogen containing DLC show a disperse characteristic with approx.
same polar share (see Figure 1). The surface free energy of a-C is 40 mJ/m2 and the surface
energy of the hydrogen containing DLC is approx. 5 mJ/m2 higher than that of hydrogen free
DLC, which is consistent with the result from Grischke et. al. [15]. Figure 2 shows the spreading
coefficients of the lubricants on the DLC coatings. According to these results, TMP ester with
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ZDDP additive delivers the smallest spreading coefficient on both of DLC coating, whereas the
PAO with S-P additive shows the highest. The results also show that all of the spreading coef-
ficients are positive; therefore the direct determination of the contact angles of the lubricants on
the DLC thin films is not possible. If the spreading coefficients on one of the DLC thin films are
considered, apart from PAO with S-P additive the spreading coefficients are very close to each
other. Therefore a great difference in tribological performance e.g. between TMP with ZDDP
and pure TMP is not expected.

Figure 2: Spreading coefficients of the lubricants on the DLC coatings

Figure 3 shows adhesion energies of the lubricants on the DLC surfaces. If the adhesion energy
is considered, the TMP ester with ZDDP additive as well as pure TMP ester should be the most
effective lubricants on both a-C and a-C:H type DLC surfaces.

Figure 3: Adhesion energy between lubricants and DLC coatings

The results of the tribological experiments of DLC coatings in pin on disk tribometer against
a-C coated AISI 5115 steel surfaces with lubricants are shown in Figure 4. Apart from the tri-
bological results of the PAO with S-P additive, the average friction coefficients of the lubricants
on a-C are close to each other and vary between 0.07 and 0.09. Commonly the progression of
the friction coefficients tends to increase after the start up. But the PAO with S-P shows a dif-
ferent behaviour, such that the friction coefficient decreases rapidly, immediately after start up
and reaches to an average friction value of 0.03. If we correlate the results from the pin-on-disk
tribometer on a-C with the calculated physical interactions, spreading coefficients and adhesion
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Figure 4: The progression of the friction coefficient of a-C coated AISI 5210 ball against a-C (left) and a-C:H
(right) with lubricants

energy, apart from PAO with S-P additive the adhesion energy shows a direct relation. With
increasing adhesion energy spreading coefficients decreases. This phenomenon can not be ob-
served for PAOwith S-P additive. Despite the lowest adhesion energy between a-C and PAOwith
S-P additive the friction coefficient was lowest. At the end of the experiments, it was detected
that the coating on the sphere was worn out, which leaves the steel surface against chemical re-
actions unprotected. By means of energy dispersive X-Ray Spectroscopy (EDS) examination on
the counterbodysurface, sulphur and phosphorus as well iron were detected, which can be an in-
dication of a chemical reaction on steel counterbody surface, and hence reason for the deviance.
According to the tribological results of a-C:H in pin-on-disk tribometer (see Figure 4 right), the

TMP with S-P additive delivers the lowest friction coefficient on a-C:H. There is no difference
in average friction coefficient between pure PAO and PAO with ZDDP additive. An interesting
result is between pure TMP ester and TMP ester with S-P additive. Although the friction coeffi-
cient progression of pure TMP ester with a-C:H is over the test constant, the friction coefficient
progression of TMP ester with S-P additive decreases after app. 100 m. Same as on a-C sur-
faces the results of the tribological experiments can be correlated with the adhesion energy. The
friction coefficient decrease with increasing adhesion energy. The two S-P additive containing
lubricants, deviate from this presume. This result can also be correlated to a chemical reaction
between the counter part and the lubricant, due to wear out of the DLC coating on the steel sphere.
Although the adhesion energy of the lubricants on a-C:H is higher than a-C, the friction coeffi-
cients on a-C:H are higher than a-C. This phenomenon can be correlated to the easier disruption
of the hydrogen containing DLC surface, which reacts with species present in the lubricants [3].

4 Conclusion

The results show that hydrogenating a DLC coating (25 % at.) can change the tribological be-
haviour noticeably. Generally hydrogen free DLC coatings show better compatibility with stan-
dard lubricants, which are developed for ferrous surfaces. The results also show that by means of
determining adhesion energy, the compatibility of lubricants on DLC surfaces can be predicted,
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such that the higher adhesion energy lowers the friction coefficient. The adhesion energy may be
altered by means of matching the surface energy of the DLC coatings or the lubricants.
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CVD-Diamond Coating as Wear Protection for Standard

Heat-Treatable Steel

K. Kellermann, J. Fandrey, S. M. Rosiwal, R. F. Singer
Institute of science and technology of metals, University of Erlangen-Nuremberg

1 Introduction

The coating of steel is a standard technique to adjust the steel surface properties to the require-
ments of technical applications. Diamond, due to its unique properties like highest hardness, high
wear resistance and low friction would be an ideal coating material for several industrial appli-
cations. However for the diamond coating of steels several problems have to be solved. During
the diamond deposition process, the steel is exposed to a carbon containing high temperature
atmosphere. Due to the catalytic properties of iron for graphite formation the metastable iron
carbide decomposes and a thick graphite layer is formed at the substrate surface at first. On this
layer diamond growth occurs, but without adhesion to the steel and therefore useless for technical
applications [1].
To solve this problem different interlayer or interlayer systems can be used. These layers have

to fulfill a couple of requirements. The interlayer has to avoid the carbon diffusion from the gas
phase to the steel substrate and the iron diffusion to the interlayer surface [2]. Furthermore the
interlayer has to develop strong bonds to the steel as well as to the diamond layer [3, 4]. And last,
to reduce the residual stresses in the diamond layer, the coefficient of thermal expansion (CTE)
should be between the CTE’s of diamond and steel.
During the last years different materials, like titanium or silicon were used as interlayers to

achieve adherent diamond coatings on steel substrates [3–14]. At our institute high temperature
diffusion chromizing interlayers were developed [4]. These layers show excellent bonding prop-
erties to steel due to the high chromizing temperature of 1150 °C [3, 4]. Also the problem of
the great mismatch in thermal expansion between diamond (1.05 - 4.5·10-6 K–1, [15]) and steel
(10.2 - 21.8·10-6 K–1, own measurements) has been solved by high temperature diamond depo-
sition in austenite field [4, 14], using the steel volume expansion due to the γ -α-transformation
during cooling down.
In this work we present the influence of the deposition temperature in a Hot-Filament Chemical

Vapour Deposition (HF-CVD) process onto the adhesion of the diamond layer. For these experi-
ments standard C35 heat treatable steel and a chromium carbide interlayer were used (Cr23C6) as
mentioned by Bareiß et al. [4]. The influence of diamond deposition temperature onto the ther-
mal residual stresses and the resulting steel microstructure was analyzed. The wear resistance of
the diamond coating on steel was tested by erosion and compared to an uncoated and DLC coated
steel.
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2 Experimental

The steel samples were manufactured out of C35 (1.0501, ferritic-perlitic steel with 0.35 wt.-%
carbon) steel with different geometries (i.e. rods: Ø 8 mm x 70 mm, discs: Ø 60 mm x 10 mm).
The surface of the samples was ground up to 600 grit and sandblasted with SiC (30 m). After
that the specimens were diffusion chromized in a Cr-powder medium (99.8 %) added with ac-
tivators in a vacuum (p = 10–2 mbar) at a process temperature of 1150 °C for 5 h. Due to the
diffusion of the carbon from the steel during chromizing, chromium carbides are formed at the
surface. The formation of the chromium carbides is depending on time, temperature, activators
and their concentration [3, 4]. After rinsing in ethanol, the substrates were pre-treated for 3 h
in an ultrasonic bath using an alcoholic suspension with diamond and SiC particles. For CVD-
diamond deposition a self-made HF-CVD (Hot-Filament Chemical Vapour Deposition) plant was
used. The deposition parameters were: total gas pressure 10 mbar, methane 1.2 %, total gas flow
500 sccm and 5 h coating time. The substrate temperature was controlled by filament power
varies between 685 °C and 885 °C.
Investigation methods: Dilatometer graphs for the steel C35 were realized in a NETZSCHDIL

402E. Residual stresses were calculated from Raman spectra using the relationship according to
Ager et al. [16]. Cross sections of the samples were etched with an alcoholic 2 % HNO3 solution
to determine structural changes in the bulk material after deposition. With Glow Discharge Opti-
cal Emission Spectroscopy (GDOES) the diffusion of iron, chromium and carbon was analyzed.
Erosion resistance was tested with Al2O3 EKF220 powder for 10 s, 35 mm distance to the sample
and 2 bar pressure.

3 Results and Discussion

In this work the influence of diamond deposition temperature in a Hot-Filament Chemical Vapour
Deposition (HF-CVD) process onto the thermal residual stresses in the diamond layer and the mi-
crostructure is presented. At first we show the characteristics of the chromium carbide interlayer
and then the results of diamond coating for the different coating temperatures.

3.1 Barrier Properties of the Intermediate Chromium Carbide Layer

In these experiments diffusion chromized chromium carbide films were used as intermediate
layer. One of the most important differences compared to other used interlayers (e.g. interlayers
produced by electro deposition or PVD) [5–13] is the higher deposition temperature of 1150 °C.
That leads to an improved chemical bonding of the layer to the substrate and to the formation of
a thick diffusion zone.
After diamond deposition the multilayer compound shows the following composition: steel

substrate, chromium carbide interlayer, diamond layer. The thickness of the diamond layer is
approximately 2.5 m and 10 m for the chromium carbide interlayer. The concentration depth
profiles of C, Cr and Fe measured by Glow Discharge Optical Emission Spectroscopy (GDOES),
are shown in Figure 1. The iron concentration decreases rapidly at the Fe/CrC interface while car-
bon and chromium increase. At the interface between the diamond coating and the intermediate
layer, iron is hardly detectable. In addition, Figure 1 shows that the chromium carbide interme-
diate layer is an effective barrier for both iron and carbon diffusion during the CVD diamond
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process. The interdiffusion of carbon in the chromium layer and chromium in the iron substrate
can clearly be seen. According to the atomic diameter the diffusion of chromium is small (up to
20 m in 5 h, cp. Figure 1). Chromium diffusion into the substrate is desired and used for surface
hardening of the steel substrate.
This gradient in composition with an outward increasing hardness (annealed steel sample

chromium enriched zone chromium carbide layer diamond film) may improve the mechan-
ical properties of the whole compound, but has to be proven in further experiments.

Figure 1: Carbon, chromium and iron concentration profiles for the diamond/chromium carbide/steel compound
after diamond deposition.

3.2 Diamond Deposition and Properties of the Diamond Coating

Diamond deposition was carried out in a Hot-Filament CVD plant. The substrate temperature
was varied between 685 °C and 885 °C and the deposition time was always 5 h. The multilayer
compound adheres to the substrate without any delamination. The great mismatch in thermal
expansion coefficient of diamond (1.05–4.70·10–6 K–1, [15]) and C35 steel (10.2–21.8·10–6 K–1,
own measurements) results in high residual stresses in the diamond film after deposition. Sand-
blasting before diamond deposition of the intermediate layer ensures additional mechanical ad-
hesion.
The residual stresses in the diamond layer depend on the phase and microstructure of the iron

substrate during diamond deposition. In assistance with the time-temperature-austenitisation di-
agram of C35 in Figure 2 it is possible to determine the steel microstructure during diamond
deposition. The deposition time is always over 1000 seconds so only the right frame (thermody-
namic equilibrium) of the diagram is relevant. The digital photos on the right side of Figure 2
show the correlation between deposition temperature, the phases of the steel and the adhesion of
the diamond coating. A substrate temperature (685 °C) below Ac1 (first temperature of phase
transformation α+Me3C↔ α+γ+Me3C (metal carbide) in heating up of steels, 746 °C for C35)
causes high residual stresses (-7.8GPa, see Figure 3) and a slow diamond growth rate. Well adher-
ent diamond coatings with admissible growth rate can be produced with deposition temperatures



250

between 760 °C and 825 °C. In this temperature regime the steel passes the phase transformation
from γ (austenite) to α (ferrite) during cooling. Because of the elongation during this transfor-
mation (see Figure 4) a stress reduction in the diamond layer takes place. There is a minimum of
the resulting residual stresses at a substrate temperature of 795 °C with –6.6 GPa. Above 885 °C
substrate temperature the diamond layer chips of completely. At this temperature the steel passes
the γ-α transformation, but the absolute temperature is too high, so the phase transformation is
not sufficient for stress reduction. The wide temperature regime between 760 °C and 825 °C for
well adherent diamond coatings and the stability of the chromium carbide interlayer demonstrates
the high error tolerance of the deposition process.
The influence of the deposition temperature on the residual stresses of the diamond coating can

be investigated by Raman spectroscopy (see Figure 3). The layers with low coating temperature
685 °C and 760 °C show no sharp diamond peaks in the spectra due to the fine grain size (< 1 m)
and low thickness (< 1 m) of the diamond at this low deposition temperature. The residual
stresses (calculated from peak shift in Raman spectra after Ager et al. [16]) of these specimens
are –7.8 GPa and –8.5 GPa respectively. The minimum of the residual stresses has the specimen
coated at 795 °C (–6.6 GPa). It passes the complete γ-α transformation during deposition. With
increasing deposition temperature (825 °C and 885 °C) the peak shifts in Raman spectra and
therefore the residual stresses increases (–7.9 GPa and –8.3 GPa). The specimen coated at 885 °C
also shows flaking (cp. Figure 3) which is an indication that the residual stresses are higher than
–9 to –10 GPa (limit of adhesion).

Figure 2: Isothermal time-temperature-austenitisation diagram for C35 [17] with regimes for ferrite, fer-
rite + austenite and austenite. On the right side you can see digital photos of diamond layers on C35 samples
with different deposition temperatures. The grey shaded areas mark the temperatures where cracks and flaking or
slow diamond growth rate is dominant. The graphic shows that only in ferrite + austenite and austenite area up
to 825 °C well adherent diamond coatings on C35 are possible. (Ac1: first temperature of phase transformation
α+Me3C↔ α+γ+Me3C, Ac3: third temperature of phase transformation α+γ+Me3C↔ γ in heating up of steels,
805 °C for C35)
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Figure 3: Raman spectra of diamond coated C35 series for investigations of adhesion and residual stresses de-
pending on substrate temperature. Coating near to Ac3-temperature (805 °C) leads to moderate residual stresses.
The residual stresses for the coating at 885 °C can only be measured by adhesive coating fragments. With higher
coating temperatures diamond quality increases.

It is also possible to calculate the residual stresses (Formula (1) [13]) from the difference of
the thermal expansion coefficients (αC35, αdiamond [15], see also Figure 4). This formula can
only be used if the ratio of diamond thickness to substrate thickness is << 1. The calculated and
measured residual stresses are displayed in Table 1. Please notice that αC35 (10.2-21.8·10–6 K–1)
and αdiamond (1.05–4.5·10–6 K-1) depend on temperature. Young’s modulus and Poisson’s ratio
for diamond were chosen 1000 GPa and 0.07 respectively.

σcalculated =
Ediamond

1− νdiamond

Tcoating∫

20◦C

(αdiamond − αC35)dT (1)

Table 1: Residual stresses calculated after Ralchenko et al. [13] and measured for the C35 series compared to
elongation.

temperature in °C 685 760 795 825 885
dL/L0 in % 0.967 1.016 0.911 0.935 1.064
σcalculated in GPa –8.2 –8.5 –7.0 –7.3 –8.4
σmeasured in GPa –7.8 –8.5 –6.6 –7.9 –8.3

The calculated and measured values for the residual stresses correlate well what is an evidence
for Formula 1. The calculated residual stresses are a little bit higher because of the roughness
of the real surface, so stress relief can take place. To understand the good adhesion despite the
higher substrate temperature (see 795 °C and 825 °C in Figure 2 and Figure 3) it is necessary
to examine the shrinking of the steel with decreasing temperature. Figure 4 shows the thermal
expansion for diamond (according to literature [15]) and C35 steel during cooling (according
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to own measurements). As you can see in Figure 2 and Figure 4 the steel passes the austenite-
ferrite transformation during cooling after diamond deposition. This transformation leads to a
small elongation of the steel due to the lower density of the α-phase (bcc) compared to the γ-
phase (fcc). This enlargement of the specimen acts against the formation of residual stresses when
the coating temperature is above γ-α transition temperature. Please notice that higher cooling
rates moves the phase transformation to deeper values (i.e. Ar3 = 659 °C and Ar1 = 569 °C for a
cooling rate of 183 K/min measured in CVD plant).

Figure 4: Thermal expansion versus temperature for diamond (according to literature [15] and own measurements)
and for C35 (according to own measurements and cooling rate). Ar3: third temperature of phase transformation
γ↔ α+γ+Me3C in cooling down steels, that is 741 °C for C35 and a cooling rate of 20 K/min. Ar1: first tempera-
ture of phase transformation α+γ+Me3C↔ α+Me3C in cooling down steels, that is 662 °C for C35 and a cooling
rate of 20 K/min.

The change in microstructure of the steel can also be investigated by metallographic analysis.
Coating above Ac1-temperature leads to a change in microstructure. The high temperature of
1150 °C and the duration of 5 h of the diffusion chromizing process creates a coarse grained,
ferritic-perlitic microstructure (154 HV5, cp. Figure 5 a) with coarse ferrite at former austenite
grain boundaries and perlite between. If the Ac1-temperature is not passed during diamond de-
position (T coating = 685 °C) this microstructure does not really change and also shows a coarse
grained ferritic-perlitic structure with an unchanging hardness (148 HV5, cp. Figure 5 b). The
microstructure of the steel samples coated above Ac1- or even Ac3-temperature show a complete
change in microstructure. The α-γ transformation during heating up to diamond deposition tem-
perature and cooling down leads to a recrystallization and regeneration of grains and therefore
to a fine grained microstructure. So a new fine grained ferritic-perlitic microstructure with an
amount of 40 % ferrite and 60 % perlite results from coating above Ac3-temperature (825 °C
deposition temperature, cp. Figure 5 c). Due to the Hall-Petch relationship – the strength of the
material is reciprocally proportional to grain size – the hardness increases to a value of 175 HV5.
In addition the microstructures of the coated steels (cp. Figure 5 b+c) show the diamond

layer/interlayer/steel compound (cp. Chapter 3.1). Below the interlayer there is a small diffusion
zone of chromium in the steel (about 10 m). Thereupon is the decarbonized zone with a more
ferritic microstructure due to the smaller amount of carbon in the steel (about 20 m).
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Figure 5:Microstructure and hardness (HV5) of the C35 series, a) after chromizing, b) and c) after diamond depo-
sition with different substrate temperatures and cooling down to ambient temperature. A change in microstructure
with an associated volume change is responsible for the adhesion of the diamond coating. In picture a) ferrite
(white), perlite (grey), carbon diffusion zone (less perlite) and chromium diffusion zone (grey shaded band after
chromium carbide interlayer) are indicated. The diamond layer is not visible because of small layer thickness of
about 2 m.

3.3 Erosion Resistance

Furthermore erosion tests were carried out. To compare the erosion resistance of the diamond
coating the tests were done with an uncoated, DLC coated and diamond coated C35 steel (both
coatings have a layer thickness of about 2 m). After few seconds the uncoated and DLC coated
specimens showed strong abrasion on the surface. The circles in Figure 6 demonstrate the region
of erosion on the diamond coated specimen compared to the uncoated and DLC coated specimen.
A small spot of delamination can be seen on the diamond coated specimen. The tests show the
good erosion resistance of diamond coated steels compared to uncoated and DLC coated steel.

4 Conclusion and Outlook

Well adherent diamond coatings were deposited on C35 standard heat-treatable steel substrates
using a diffusion chromium carbide interlayer. The interlayer demonstrated good barrier prop-
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Figure 6: Encoated, DLC coated and diamond coated steel samples. Thickness of diamond layer is ˜2 m. The
black circles indicate the region of influence on the samples after 10 s of sandblasting. On the diamond coated
specimen only small parts of the diamond layer are delaminated (right substrate and Figure 6 b).

erties for the diffusion of iron to the substrate surface. Deposition with substrate temperatures
above Ac1-temperature reduces the occurring thermal residual stresses in the diamond layer, be-
cause of the γ-α transformation in the steel substrate which results in a volume expansion during
cooling down. Diamond coating narrow to the Ac3-temperature in combination with chromium
carbide interlayers enables adherent diamond coatings on steels for extreme wear and friction
applications. A higher cooling rate after diamond deposition will generate a finer grained mi-
crostructure or even a hardened microstructure like bainite. These microstructures have a higher
volume and hardness and so the supporting effect for the diamond layer will increase.
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1 Abstract

In the present work, oscillating sliding wear tests of a diamond-like-carbon- (DLC-) coated
100Cr6 plate against a 100Cr6 steel ball have been performed to determine the relevant param-
eters contributing to wear and to better understand the tribological wear mechanisms under ac-
celerated conditions (unlubricated, high contact pressures). Effects like stress peaks due to the
surface topography or the formation of an oxidation layer in the contact area were examined.
With a better understanding of wear and damage mechanisms, we developed a new wear model
based on Archard’s law. The extended model enables a realistic prediction of the coating’s life-
time for different model-geometries. An important step was the enhancement of the numerical
simulation tool Global Incremental Wear Model (GIWM) enabling a fast wear calculation and a
rapid verification of the developed wear model.

2 Introduction

Industry has promoted the investigation of DLC-coatings due to their interesting tribological
properties such as high wear resistance, high hardness, low friction coefficient, enhanced coun-
terpart protection and chemical inertness [1, 2]. In modern fuel injection systems DLC-coatings
are applied as a solid lubricant layer to protect sensitive mechanical parts from friction and wear
[2]. A reliable prediction of lifetime represents a great challenge, as it would enable to reduce
the number of endurance tests and lead consequently to cost reductions and faster development.
Currently, the real lifetime is determined from expensive endurance tests, because no reliable
wear models exist for the calculation of complex DLC-contacts. Therefore, in order to achieve a
rapid classification of the coatings for a specific application, their lifetime is determined bymeans
of simple oscillating ball-on-plate experiments under accelerated conditions (unlubricated, high
loads). However the transfer of these results to the real application geometry is very difficult.
We tackle this challenging problem through the combination of modelling/simulation and exper-
imental results allowing the transfer of lifetime predictions from the model experiment to the
application and thus validating the use of a coating for a specific application.
So far, several wear models for steel-steel-contacts have been developed to predict different

types of sliding wear. The models are however restricted to the specific contact conditions and
are therefore not suitable for different geometries or materials used in industrial applications. The
important wear model is the empirical Archard’s law, which is based on the assumption that the
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contact pressure p and the sliding distance s are the major independent quantities for the wear
depth h:

h

s
=
k

H
· p = kD · p (1)

The material properties (including the hardness H of the softer material) as well as the other
influencing parameters are supposed to be included in the wear coefficient kD.
The wear of DLC-coatings has already been investigated by Jiaren Jiang [3], who developed

a simplified wear model by neglecting the wear of the counterpart. He extended the Archard’s
law based on the assumption that the value of the wear parameter kD modifies when the contact
pressure p exceeds a critical pressure pcrit, where kD and pcrit are determined from experiments
for a given geometry.
To integrate the influence of roughness in the contact modeling, Greenwood and Tripp in-

vestigated rough spherical surfaces in contact without any tangential forces nor wear [4]. Their
contact model includes the surface-height-distribution as well as several specific surface param-
eters of which the history-dependency is unknown. However it is already known from [6], that
the elastic deformation is only relevant for the first few sliding millimeters where the geometries
are not conform.
A further possibility of considering the surface topography in the wear model is to include

the distribution of the roughness peaks described by the “Abbott-curve”, and to consider thereby
the so-called ratio of bearing contact area to total area. This approach has already been used
by Põdra [5] for the calculation of wear in a steel-steel-contact by linearizing the Abbott-curve.
His main assumption is that there is no elastic deformation, which leads to unrealistic results for
non-conforming geometries, common in industrial applications.
To develop our new wear model and to achieve lifetime predictions we have used and essen-

tially modified a numerical tool named Global Incremental Wear Model (GIWM) developed by
Hegadekatte [6]. It consists of an incremental analytical implementation of Archard’s model on
the global scale. Hence it enables a rapid calculation of wear and thus a rapid verification of the
developed wear models by comparing with experimental results. The improvement of the GIWM
by the integration of the most relevant wear mechanisms is discussed in the following sections.

3 Experiments and Wear Modeling

3.1 Experimental Setup

For the experimental study of the wear resistance of two 2,5 m-thick DLC-coatings deposited on
100Cr6 steel samples sliding against a 100Cr6 ball (radius 2mm), a standard oscillating sliding
wear tester has been used in unlubricated conditions. In order to study the effect of surface
roughness on the wear behavior of the coated sample, substrates with different initial roughness
(ranging from Rz ≈ 0,3 m (polished) to Rz ≈ 1,2 m (grinded)) have been investigated. The
initial roughness of the ball is considered to be negligible. The two investigated DLC-coatings A
andB differ in their hardness (B is harder thanA)whereupon both coatings are hard in comparison
to the hardness of the ball. With the aim of increasing the reproducibility of the initial contact
conditions, a running-in phase has been performed at the beginning of each test. For each test, the
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wear volume as well as the wear depth of the ball and of the coated sample have been measured.
The continuation of a test after interruption is not possible.

3.2 Experimental Results

The experimental results (time-dependent progression of wear) for the coating and its counter-
body are presented in figure 1 and 2 respectively. A linear relation between the wear-depth h of
the coating, the sliding distance s and the contact pressure p could be observed (figure 1), which
is in good accordance to the Archard’s model. In figure 1 the linear wear coefficient kD was
derived from the wear calculation from the 40N experimental results and was used to predict the
wear for 20 and 60N. Therefore the red line fits the experimental results best. In this connection
we calculate the pressure by means of the GIWM by the ratio of normal load and current area of
contact. Other results concerning the coating’s wear behavior showed no dependency of the slid-
ing speed (for frequencies between 5 and 80Hz). These results demonstrate that the Archard’s
model is an appropriate first approximation for modeling the wear behavior of the coatings.

Figure 1: Variation of wear depth of the DLC-coating (layer A, Rz = 0,8 m) as a function of sliding distance for
20, 40 and 60N.

Figure 2: Variation of wear depth of the 100Cr6-ball in contact with a DLC-coating (layer A, Rz = 0,8 m) as a
function of sliding distance.

In contrast to the coating, thewear behavior of the ball is nonlinear. In the first seconds thewear
depth of the ball increases dramatically and stabilizes on a high level, as shown in figure 2. The
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curve progression cannot be explained alone by the widening of the nominal contact area caused
by the wear on the ball. Although the experimental results for the ball exhibit a large scatter, the
linear dependency between the wear depth described by Archard seems to be inadequate, unless
two different wear rates are considered.
This decrease of the wear rate can be attributed to the formation of an oxide-containing film

on the worn surface of the ball, leading to changes in the prevailed wear regimes from severe
to mild wear [1]. Circumstantial investigations of the ball’s worn scar (FIB-cut, SEM- and
XPS-examinations) have evidenced the formation of an oxide layer having a thickness of about
300–600 nm and containing mainly Fe2O3 and eventually a small amount of FeO as shown in fig-
ure 3 and 4. Unfortunately no reliable measurement of the micro-hardness of this oxide layer was
possible due to the surface roughness. Literature states that the hardness of Fe2O3 is around three
times higher than the hardness of the steel substrate [7].

Figure 3: FIB-cut of the worn ball. The oxide layer has a thickness of 300–600 nm.

Figure 4: XPS-measurement of the oxide layer. The chemical composition is dominated by Fe2O3.

Further experimental investigations combined with contact simulations showed that the rough-
ness of the DLC-coated sample leads to local stress peaks in the contact zone at the beginning of
a test as shown in figure 5. The contact pressure can locally reach values which are five times
higher than the maximum Hertzian stress, leading thus to plastic flow on the ball’s surface. The
distribution of the roughness peaks and the relative difference of hardness between coating and
ball play a predominant role on the damage and wear on the softer contact partner. As evidenced
in figure 6, the ball in contact with a grinded sample coated with layer B (HB≈ 42000 MPa)
wears significantly stronger than the ball in contact with a polished sample also coated with B. If
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the relative hardness between coating and ball is reduced (coating A,HA≈ 24000MPa) the dam-
age on the ball is diminished although the variation of the roughness is the same. It is remarkable
to note that, contrarily to the ball, the wear kinetics of the coated sample is hardly influenced by
the sample roughness and relative hardness.

Figure 5: Contact simulation of a rough DLC-coating (layer A,Rz = 1,2 m) contacting a 100Cr6 ball. Local stress
peaks due to roughness.

Figure 6: Variation of the wear depth of the ball as a function of sliding distance of two different layer A and B at
different Rz-values.

Evidently the linear Archard’s wear model is not sufficient to model the wear behavior of the
entire system of DLC-coated sample sliding against a steel ball. For this reasonwe have improved
the model by implementing the effect of surface asperities as well as the wear protective effect
of the oxide layer in the wear calculation routine.

3.3 Wear Model Considering Surface Topography and Surface Oxidation

The GIWM-routine has been modified in order to implement the increase of pressure at the sum-
mits of the asperities. This is done by using the ratio of bearing contact area to total area similarly
to Põdra’s approach, with the following improvements: (i) consideration of the elastic deforma-
tions, (ii) no simplified linearization of the Abbott-curve. In the basic GIWM-routine the contact
pressure pi is approximated by the ratio of normal load FN to nominal contact area Ai,0, leading
to inaccuracy as the real area of contact Ai,real is considerably smaller than Ai,0 in the first wear
cycles i. By calculating pi as the ratio of FN to Ai,real we obtain:
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∆h =
k

H
· FN
Ai,real

·∆s =
k

H
· FN
Ai,0
· Ai,0
Ai,real

·∆s (2)

The implementation of the real area of contact leads to an additional coefficient Ai,0 / Ai,real
in the calculation of wear. This coefficient is the reciprocal value of the percentage contact area
represented by the Abbott-curve which can be measured by means of confocal microscopy.
For non-conforming surfaces like our ball-on-plate geometry, the elastic deformation he has

to be considered. In the first wear step, he is approximated using Hertz [8] and for the following
wear steps using the elastic deformation according to Oliver and Pharr [9].
The normal approach happroach of two surfaces is the sum of he and the coating’s wear hc,

happroach = he + hc . (3)

Since the Abbott-curve only takes into account the roughness of the coating, the wear depth of
the ball is not considered in this equation. During the wear calculation we move iteratively along
the bearing contact area curve. If q and xc are fitting parameters, the curve is approximated by:

f(happroach) =
100

1 + e−q(x−xc)
. (4)

As shown in figure 7, the experimental results regarding the coating’s wear are in good accor-
dance with the wear simulation based on the Archard’s law, especially for 40N and 60N.
For lower loads (FN = 20N) the contact temperature, after the running-in which depends on the

normal force, is not high enough to support wear protection due to graphitization. Additionally
the ratio of bearing contact area to the total area is smaller (more surface roughness), and thus the
wear rate is increased. Together this leads to a systematic discrepancy between measurements
and simulation.

Figure 7: Variation of wear depth of the DLC-coating as a function sliding distance for 20, 40 and 60N under
consideration of Ai,real.

By implementing the effect of surface roughness by means of the Abbott-curve, a better agree-
ment between simulated and measured wear for 20N is obtained. But the major effect of con-
sidering the roughness in the model concerns the wear of the counterbody. The nonlinear pro-
gression of the ball’s wear can thus be approached as demonstrated in figure 8. This is due to
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Figure 8: Variation of wear depth of the ball as a function of sliding distance considering Ai,real und the oxide
layer.

the reduction of the contact area at the beginning of wear described by the Abbott curve which
is responsible for a severe wear regime. When wear progresses, the contact area and the ratio
Ai,real /Ai,0 increase, leading to a change in the wear regime and to a reduction of the wear rate.
Nevertheless, the aforementioned improvement is not sufficient to describe realistically the

wear behavior of the ball. A further enhancement of the wear model has been performed by
considering the oxide layer and its wear protective properties. Within the wear routine of the
GIWM, the formation of the oxide layer has been integrated by physical laws for steel-steel-
contacts as described in [10] under the assumption that the oxidation of iron has parabolic kinetics.
The increase of the temperature Tflash at the roughness peaks is implemented by:

T flash =
0.25 · µ · FN · v
(K1 +K2) · a , (5)

with friction coefficient , normal load FN, velocity v, thermal conductivity of the material K (=
K1+K2) and the radius of the contact area ai [11].
According to the experimental observations we assume that the oxide layer wears continuously

with a wear coefficient kD. As mentioned before the hardness of the oxide layer is three times
higher than the hardness of 100Cr6. For this reason we chose a kD-value reduced by a factor 3
for the wear calculation of the oxide layer. This gives rise to better agreement between modeling
and the experimental results as shown in figure 8.
The implementation of wear influencing effects in the wear model (such as the effect of surface

topography or the formation of a wear protective oxide layer), has enabled to develop a qualita-
tively good model for the description of the wear of the softer counterpart. The consideration of
further wear mechanisms, like the graphitization of the DLC-coating which exhibits wear pro-
tective properties (lubrication effect), will lead to further improvements of the simulation and its
implementation in the wear model is our next aim.

4 Conclusion

The wear behavior of DLC coatings sliding against 100Cr6 balls has been investigated with the
aim of developing a reliable wear model for coating and counterpart which enables lifetime pre-
dictions for different geometries and loading conditions. It has been shown that the Archard’s



263

law provides a good basis for the analytical calculation of the wear of a DLC-coating. By con-
sidering the surface roughness using the Abbott-curve and the formation of an oxide layer with
wear protective properties, the wear model has been significantly improved.

5 References

[1] H. Ronkainen, PhD Thesis, Helsinki University of Technology, Helsinki, Finland 2001

[2] C. P. O Treutler, Surface and Coating Technology 2005, 200, 1969–1975

[3] Jiaren Jiang, Wear 1998, 217, 190–199

[4] J. A. Greenwood, J.H. Tripp, Journal of Applied Mechanics 1967, 153-159

[5] P. Põdra, PhD Thesis, University of Stockholm, Stockholm, Sweden 1997

[6] V. Hegadekatte , Tribology Letters 2006, 24, 51–60

[7] Habig, Verschleiß und Härte von Werkstoffen, Carl Hanser Verlag München Wien 1980

[8] K. L. Johnson, Contact Mechanics, 9th Edition, Cambridge University Press, 1985

[9] W. C. Oliver, G. M. Pharr, J. Mat. Res., 1992, 7, 1564–1583

[10] S. C. Lim, M. F. Ashby, acta metal, 1987, 35, 1–24

[11] Z. F. Zhou, Wear 2004, 258, 1589–1599



A Study of Mechanical and Tribological Properties of Electroless

Nickel-Boron Deposits after Heat and Thermochemical

Treatments

Vitry Véronique, Delaunois Fabienne
Faculté Polytechnique de Mons,

Mons, Belgium

1 Introduction

Electroless deposition was discovered in 1946 by Brenner and Riddel [1]. This process leads to
the deposition of continuous coatings having a constant thickness and can be used on conductive
and isolating materials. There are three main classes of electroless nickel deposits: pure nickel,
nickel-phosphorous and nickel-boron (which are the focus of this paper) [2]. Nickel-boron coat-
ings show a high hardness (around 750 hv100) in their as-deposited state and this hardness can
be enhanced up to 1200 hv100 by the application of a well chosen heat treatment [3–7]. Beside
their hardness, other features of electroless nickel-boron coatings are interesting: their typical
cauliflower-like surface morphology which is well adapted to retain lubricating media, their good
corrosion resistance [2, 8], and the thickness homogeneity which allows the use of those coat-
ings for precision mechanics. The good adhesion and wear resistance of those coatings are also
advantages for a lot of applications [4, 9–11].
Nanoindentation allows the hardness measurement of very small parts because it uses very

small loads (typically a few mN). The loading and unloading curves are recorded and are used
to obtain the hardness and Young’s modulus of the material [12–14]. It is possible, using this
method to follow the hardness evolution across a coating of no more than 20 microns [15].
Scratch testing is a very useful method to asses the adhesion and degradation mechanism of

coatings. It is based on the application of an increasing load to a sliding sample [16–17].
Thermochemical treatments are a well know mean to enhance surface properties of materials

such as hardness and wear resistance, however, their use on nickel-boron coatings is not yet
documented.

2 Experimental Methods

2.1 Sample Preparation

Nickel-boron coatings were deposited on aluminum and steel substrates. Substrates were cylinder
with a diameter of 25mm and a thickness of 10mm or 2mm thick sheets. The 2mm sheet
substrates were cut into 100× 100mm square pieces or they were pre-cut for Taber abrasion
tests.
Before plating, substrates were prepared by degreasing and etching in an acid solution (and

nickel-phosphorous protective coating was deposited for aluminum alloys).
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The plating bath contains nickel chloride, ethylene diamine, sodium borohydride and lead
tungstate. It operates at 95 ± 1 °C, under constant agitation. The bath and the system used to
plate small cylinders were described elsewhere [5]. Sheets were plated in a stabilized bath with
a PTFE protective coating. Nickel boron coatings averaging 15µm were deposited.
Heat treatments were carried out in a controlled atmosphere and vacuum furnace, under a

flow of neutral (95% Ar / 5% H2) gas. Treatment conditions were: 400 °C/1 hour and 180 °C/4
hours. The first set of conditions is reputed to maximize the hardness of nickel-boron deposits
while the other one was proven by Delaunois et al. [5] to be a compromise for substrate and
coating mechanical properties for aluminum alloys. Thermochemical treatments were carried
out under ammonia and nitrogen-based atmospheres.
After heat treatments, the samples used for SEM observation and hardness measurements (ex-

cept Vickers hardness) were cut with a Leco Microtom cutting machine with a diamond cutting
disk then mounted in a non-retractable resin and polished to a mirror finish.

2.2 Sample Testing

Morphology and thickness of the coatings were studied using a Philips XL 20 Scanning Electron
Microscope on the surface and polished cross sections of the samples. The microhardness of the
samples was measured using a LECO M-400-A hardness tester. A Vickers indenter was used to
determine the free surface hardness while a Knoop (lozenge shaped) indenter was used tomeasure
the hardness on polished cross-sections. In both cases, the holding time was 20 s.
The nanohardness of the samples was investigated using a MTS nano-indenter XP with a

Berkovitch (tetrahedron shaped) indenter, using depth-controlled indentation.
Roughness measurements were carried out using a Zeiss Surfcom 1400D-3DF apparatus.

Scratch tests were performed on selected samples using the continuous load increase method
up to 30N with a Microphotonics Micro Scratch Tester (MST), with a load rate of 19.17N/min
and an advance rate of 9.58mm/min, resulting in a scratch of 15mm. The tip was a diamond
Rockwell C diamond stylus indenter with a radius of 200µm. Taber testing was carried out with
an Elcometer Taber 5155 apparatus, using CS-17 wheels, at 72 rpm with a 1 kg load.

3 Results and Discussion

3.1 Morphological Aspects

In the as-deposited state, the coatings present a columnar morphology and the characteristic
cauliflower-like surface of nickel-boron coatings, as can be seen on figure 1. Neutral atmo-
sphere heat treatments up to 400 °C do not modify those properties. However thermochemical
treatments modify the coatings’ morphology: after treatment under ammonia-based atmosphere,
the coating presents a dual morphology with a porous outer layer and a dense inner layer near
the substrate (see figure 2 b) while the coating looks completely dense after treatment under
nitrogen-based atmosphere (see figure 2 a).
2D roughness measurements (see table 1) carried out on the samples showed that they are

quite smooth in their as-deposited and heat treated states. However, thermochemical treatments
are accompanied by an increase of roughness.
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Figure 1: SEM micrograph of an untreated nickel-boron coating – left: cross section showing the columnar mor-
phology – right: cauliflower-like surface.

Figure 2: SEM micrograph of a “vacuum” treated (a) and an “ammonia” treated (b) nickel-boron deposit on steel
substrate.

Table 1: Average roughness of nickel-boron samples

Ra ( m)

Untreated 0,125 ± 0,016
400°C, 1h, neutral atmosphere 0,101 ± 0,021
Nitrogen-based treatment 0,297 ± 0,191
Ammonia-based treatment 1,361 ± 0,278

3.2 Hardness

Vickers hardness testing on the unprocessed free surface of nickel-boron samples is considered
the standard hardness testingmethod. However we find it disputable for the following reasons: (i)
The surface is unprepared and its smoothness is thus not warranted. (ii) The measurement may
be influenced by the substrate’s hardness if the applied load is too high (i.e.: when the indent
depth reaches one tenth of the coating depth). In this view, Knoop indentation and Berkovitch
nanoindentation were carried out on polished cross section to obtain values uninfluenced by the
substrate. To ease comparison, nanoindentation values were converted fromGPa into Berkovitch
hardness points which are equivalent to Vickers points due to the indenter geometry.
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Table 2: Vickers, Knoop and Berkovitch hardness values of nickel-boron coatings on aluminium alloys.

Untreated 4h; 180 °C 1h; 400 °C

Knoop microhardness (hk50) 834 ± 20 927 ± 30 –
Vickers microhardness (hv100) 854 ± 40 1014 ± 40 1302 ± 40
Berkovitch nanoindentation (4000 µN) 823 ± 155 1140 ± 75 1584 ± 182

Table 2 presents hardness values for samples with and without neutral atmosphere heat treat-
ment. Before treatment, all values are close to 825 points while they reach 1000 after low tem-
perature heat treatment and at least 1300 after treatment at 400 °C.
The first hardness increase observed after heat treatment is caused by short order rearrangement

in the coating [2, 18]. The increase observed after treatment at 400 °C is caused by crystallization
of the initially amorphous coating [2, 5, 7, 9, and 18].
Knoop hardness measurement were also carried out on thermochemically treated samples lead-

ing to values of 1570 ± 100 hk25 after nitrogen-based treatment and 1630 ± 100 hk25 for ammonia-
based treatment. It is thus possible by the way of those treatments to enhance the hardness of the
coating to values higher than those reputed maximal.

3.3 Scratch Test Resistance and Taber Abrasion Test

Figure 3: Micrograph of scratch tracks on 6µm thick nickel-boron coatings (aluminium alloy substrate) after 4
hours at 180 °C under 95% Ar + 5% H2 atmosphere.

Samples with a typical thickness of 15µm did not suffer from degradation after scratch test
using a load up to 25 N. Further testing was thus carried out on thinner samples (6µm). They
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Figure 4:Micrograph of scratch tracks a nickel-boron coating after thermochemical treatment.

revealed that the failure of untreated and heat treated coatings is due to ductile perforation, pre-
ceded by forward chevron cracks on the edges of the scratch track (see figure 3). The critical
loads were 21N for untreated coatings and 13N after treatment at 180 °C, which is quite good
keeping in mind the coating is only 6micron thick. This comportment is very encouraging for
wear protection applications as there is no spalling nor delamination.
Scratch tests were also carried out on coatings submitted to the ammonia-based thermochem-

ical treatment. The thickness of the coating was close to 15µm and the adhesive failure was not
achieved for loads up to 25N (see figure 4).
Taber wear index (TWI) obtained with CS-17 wheels were 24.5 ± 1.3 for untreated coatings.

Those values may appear to be high compared to other published results [2, 19, 20] but as we
used CS-17 wheels which induce an harsher test it is not surprising to obtain higher TWI values.
Moreover, when compared with results obtained on similar coatings with the CS-17 wheels, our
coatings show good performances: Lee et al. [21] proposed TWI between 50 and 70 for elec-
trodeposited nickel-boron coatings and Jeong et al [22] proposed values ranging from 20 to 40
for electroless nickel-phosphorous coatings.
Microscopic observation of the wear track showed that no major degradation occurs during

wear test. The mass loss is due to polishing wear of the coating.

4 Conclusions

Electroless nickel boron coatings were deposited and submitted to various heat treating under
neutral and reactive atmospheres including some that are not yet documented on this kind of
coatings.
As-deposited coatings present a high hardness (around 825 hv100) and a good scratch test resis-

tance, even for thin coatings (critical load is 21N for a 6µm coating). Heat and thermochemical
treatments enhance mechanical properties of those coatings: after heat treatment under neutral
atmosphere, the hardness of the coatingsreaches 1300 hv100 and the scratch resista,ce stays good
(critical load is 13N for a 6µm coating). Thermochemical treatments lead to an even higher
hardness (up to 1500 hk25) and those coatings resist to scratch tests up to 25N. Taber abrasion
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tests on untreated samples showed encouraging results with a TWI around 25. Taber testing of
samples submitted to post treatment is in progress.
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Multiple Asperity Dry Contacts – Comparison of Experiments

and Analytical Computer Simulation

Ch. Zietsch, A. Fischer
University of Duisburg-Essen, Duisburg

1 Introduction

The models of contact mechanics (CM) invented until now range from simple analytic models
up to highly sophisticated ones. The best example for a simple model is the theory of Hertz
[1]. It was introduced in the early 1880s and has been used since then. Based on the Hertzian
theory Greenwood and Williamson (GW) developed an asperity based elastic contact model [2].
A simple model for purely plastic contacts was developed by Nayak [3]. The asperity definition
used in this work comes from Majumdar und Bushan “an asperity is what” (could) “makes a
contact” [4]. The initial asperity radius R and the asperity densityDsum can be calculated by the
use of the spectral moments of the surface profile (see Nayak [5]). It is assumed that the asperities
are spherical like with a constant radius but different heights.
For reality near results of the CMmodels (real area of contact, number of contact spots) reality

near input data is required. Thus, one has to face certain problems. The calculation of R and
Dsum, based on measured surface profile data, could lead to false results for certain reasons (e.g.
see [6]). The GW and the Nayak model only regard “flat” surfaces. Therefore the estimation of
the nominal contact area for non-conforming surfaces e.g. ball on flat could be required as well.
The results of the CM models are the area of contact and the number of contact points. The area
of contacts is the sum of all single contact areas of the elastic and/or plastic deformed asperities
where the number of asperities in contact is an amount of the asperity density.

Figure 1: Electrochemically structured steel surface – 3D-SEM (here X13 CrMnMoN 18 14 3 after loading test)

The aim of this work is to find out a simple and easy to use procedure to estimate reality near
input data for the use within analytical CM calculations. Those input data has to base onmeasured
surface profile data, given macro geometries and the acting contact load in order to validate the
analytical CM models as well.
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2 Material and Methods

Dry loading and sliding tests were performed by means of model surfaces made of steel (Fig. 1)
with spherical like surface structures. The surface structures were generated by electrochemical
treatment in chromium sulphuric acid at elevated temperatures (see [7]). The tribological systems
can be found in Tab. 1.

Table 1: Tribological systems

Loading test Sliding test

Flat steel body I
(P2000, 1.4452)

X13 CrMnMoN 18 14 3
electrochemical structured

X13 CrMnMoN 18 14 3
electrochemical structured

Flat steel body II
(Cronidur®30 1.4108)

X30 CrMoN 15 1 electrochemical
structured

X30 CrMoN 15 1 electrochemical
structured

Hemispherical shaped counter body polycrystalline cubic boron nitride
(pcBN) radius rpcBN = 3.5 mm

hard metal (HM)radius rHM = 6.0
mm

Interf., sur. medium air air
Ambient temp. T room temperature room temperature
Normal force FN 5 N 1 N
Velocity v 0,57 m/s (penetration) 2 m/s (sliding)

2.1 Three Dimensional SEM Reconstruction, Tactile Profilometry

In order to generate surface profiles and tomeasure the nominal contact radius anom-m, the nominal
contact areaAnom-m, the initial radii of asperitiesRm, the asperity densityDsum-m, the plastic contact
area Apl-m and the number of plastic contact points npl-m three dimensional SEM reconstruction
(3D-SEM) were used (MeX® 4.2, Alicona Imaging GmbH, Graz, Austria). For the purpose of
comparison, additional surface profiles were measured with a stylus profiler with a stylus tip of
5 m radius and a lateral resolution of 4000 data points / mm (0.25 m).

2.2 Analytical Computer Simulation

The Hertzian contact values (contact radius aHert, contact area AHertz and contact deformation
ωHertz) were calculated for the macro geometries of the performed tests.
The GW variation as described by McCool [8] and the Nayak model [3] have been used to

calculate the real plastic contact area Apl-c and the number of (plastic) contacts npl-c. The degree
of plasticity is indicated by the plasticity index Ψ [2]. The initial asperity radius Rc and the
asperity density Dsum-c were calculated by the use of the spectral moments (see Nayak [9]).
The used material properties of bodies I & II and the counter bodies can be found in Tab. 2.

3 Results

Table 3 gives an overview about the measured contact values for the performed tests.
Former unpublished studies have proven that the use of untreated surface profile data will lead

to unrealistic results for R andDsum, independent of the profile measurement method used. Thus,
adequate mathematical treatment is required, achieved here by smoothening the profile data using
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Table 2:Material properties

1.4452 (austenite) 1.4108 (martensite) pcBN HM

Youngs modulus [GPa] 185 210 700 220
Poissons ratio 0.286 0.3 0.22 0.29
Hardness [HV10] 200 558 3500 1800
Yield strength [MPa] 615 2500 – –

Table 3:Measured Contact Values

Loading 1.4452 Loading 1.4108 Sliding 1.4452 Sliding 1.4108

anom-m [ m] 91.9 92.6 90.0 100.0 m
Anom-m [ m2] 26558 26935 25447 31416
Dsum-m [1/mm2] 4669 2042 1217 2029
Rm [ m] 10.5 ± 7.7 13.1 ± 6.8 9.8 ± 5.6 2.6 ± 1.2
Apl-m [ m

2] 2452 830 851 ± 97.5 492 ± 120.5
npl-m [1/mm

2] 2222 743 458 ± 116 917 ± 61

a 5-point moving average. The procedure was repeated until the calculated spectral moments lead
to reality near results for R and Dsum, compared to the directly measured values. The calculated
input data Rc and Dsum-c as well as the measured nominal contact area Anom-m were used in order
to calculate the CM values, given in table 4.

Table 4: Calculated contact mechanic values

Loading 1.4452 Loading 1.4108 Sliding 1.4452 Sliding 1.4108

aHertz [ m] 43.6 42.1 34.5 33.4

3D-SEM
Ψ 28 17 40 15
Dsum-c[1/mm2] 4670 2066 1212 2086
Rc [ m] 9.8 6.3 11.1 6.0
Apl-c Nayak [ m

2] 2323 885 499 182
Apl-c GW [ m2] 270 133 43 35
npl-c Nayak [1/mm

2] 1632 456 97 82
npl-c GW [1/mm2] 707 202 28 41

Stylus
Ψ 26 13 39 21
Dsum-c [1/mm2] 4694 2039 1211 2081
Rc [ m] 10.0 9.2 10.3 4.7

4 Discussion

The applied method of 3D-SEM reconstruction is appropriate to estimate surface profile data as
well as specific information about the surface investigated. The values of surface parameters are
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in a good agreement with the measured stylus data. An investigation on the traceability of the
Alicona 3D-SEM reconstruction software has been given by Bariani [10].
The results of the measured nominal contact radius anom-m and the calculated Hertzian contact

radius aHertz can be used in order to estimate a correction factor ϕ with anom = aHertz · ϕ. Barkan
and Tuohy [11] have been given the value ϕ ≈ 1.7 for normal engineering surface roughness. In
the cases of the structured steel surfaces the correction factor can be given with ϕ = 2.1 – 3.0.
In general ϕ is a function of the surface roughness and the macro geometries as well and will
increase with the roughness. For very smooth surfaces ϕ ≈ 1 and therefore the Hertzian contact
area then can be used as nominal contact area.
The calculated plasticity index indicated predominantly plastic contacts (plastic for Ψ > 1).

Therefore the Nayakmodel provides better results in both cases loading and sliding. As expected,
the GW model delivers unsatisfying results. The determined and simulated plastic contact pres-
sures (Nayak) for the loading tests are about 2039MPa and 2152MPa for the 1.4454 (see also fig.
2) and 6024MPa and 5650MPa for the 1.4108. This is, as expected, in the range of the measured
hardness. Thus, the hardness based calculation the real contact area according to Nayak can be
validated as well.

Figure 2: Plastically deformed asperities, SEM picture (here X13 CrMnMoN 18 14 3 after loading test)

The simulation results for the sliding tests differ from the measured values. The acting tan-
gential force with the up and down movement of the counter body leads to material flow in the
sliding direction. Consequently the visible size of the contact area is bigger than a static con-
tact area would be. There are no remarkable differences for the accuracy of the results for the
austenitic (1.4452) and the martensitic steel (1.4108), in both cases loading and sliding.
By the use of the model surfaces the assumption of spherical shaped asperities becomes nearly

reality. Except form one case (cone shaped) the 3D-SEM investigations ensure the spherical
shape of the surface structures. Consequently the calculated initial asperity radius and asperity
density are useful as reality near input data. Therefore, the calculation procedure based on the
spectral moments of the surface profile (see Nayak [9]) can be validated by measurement data.
The reality near result for Dsum in the cone shaped case shows the robustness of that calculation
method with respect to assumption unlike asperity shape. Unfortunately the use of that method
could leads to unrealistic results for R and Dsum. The measured surface profile data is of discrete
nature. If used as a “function” in order to calculate the deviations of the profile curve unrealistic
high values occur due to the high slopes. The calculated results for R and Dsum show, ade-
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quate signal processing is appropriate in order to overcome those difficulties. However, if this
is achieved by smoothing the profile data (here 5-point moving average) the next problem will
follow immediately. The right degree of the smoothening procedure must be determined. This is
easy to do if valid values about the asperity density and/or the initial asperity radius are available,
respectively.
The estimation of reality near values for R and Dsum is still a challenge. Greenwood himself

apologised that the “assumption that peaks on a surface profile – points higher than their immedi-
ate neighbours at the sampling interval used – correspond to asperities is quite wrong and gives a
false idea of both the number and the radius of curvature of the asperities.” [6]. Archard’s model
of multiple roughness scales (1957!) is back again [12].
Therefore, the definition of the roughness scale which has to be taken into account is quite

difficult with respect to the applied load. The surface peaks (micro asperities) are affecting only
the first stages of the contact and then the (macro) asperities generate the acting surface.
An accurate surface profile based procedure for the estimation of load dependant values for R

and Dsum can not be given easily. But, a simple and easy to perform way as described in figure 3
could be used. In a first step one has to ensure that the calculated Hertzian deformation as well
as the roughness scale of interest is in an equal dimension or in the same order of magnitude,
respectively. The main part involves a manual estimation of the asperity density per unit length
Dpeak, see figure 4. By the use of the Dpeak equation (1) the ratio of the 4th and 2nd spectral
moment can be determined. The smoothing procedure then has to be repeated until both ratios
of the spectral moments match. In the last step the spectral moments based on smoothed profile
must be used in order to calculate the initial asperity Radius R (2) as well as the asperity density
Dsum (3).

Dpeak =
1

2π

√
m4

m2
(1)

R =
3
√
π

8
√
m4

(2)

Dsum =
m4/m2

6π
√

3
(3)

If the range of interest of the surface profile is close to the vertical resolution of the used surface
measurement system, a valid counting procedure is impossible. Thus, a higher resolution and/or
more sensitive measurement system are required. The same attentiveness is needed in the case
of very smooth or rough surfaces, respectively.
If one applies themethod for a initial profile of the 1.4452, one counts 18 asperities on 293.6 m

(see fig. 4) and therefore the calculatedDsum is 4510 1/mm2. This is in good agreement with the
direct measured value of 4669 1/mm2. But due to human influences and a limited profile length,
the accuracy of the method is limited. If one would count 17 or 19 asperities in this particular case
the values ofDsum are 3950 and 5025 1/mm2, respectively. Consistently, the profile investigated
should be as long as possible.
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Figure 3: Flow chart for the load dependant estimation of asperity radius and asperity density

Figure 4: Surface profile with marked Hertzian deformation (here initial X13 CrMnMoN 18 14 3, structured)

For very rough or even wavy surfaces one has to deviates the contact into sub contacts until
one fulfils the criteria of equal dimensions. In other words: one has to perform contact mechanic
inside the contact mechanic, like Archard’s protuberances on protuberances. On the other hand,
if the surface is very smooth every valid theory on single asperity deformation, elastic, elastic-
plastic or pure plastic, will do if the mode of deformation used is right.
In the case of two rough surfaces one has to perform the procedure for every profile separately.

Given the calculated spectral moments for both profiles A and B, the corresponding values for
the equivalent Profile are calculated as the sum of the two spectral moments (m0 =m0A +m0B,
m2 =m2A +m2B,m4 =m4A +m4B see [8] & [9]).
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1 Introduction

In automotive engineering many mechanical fuel lubricated components like pistons or valves
undergo a reciprocating sliding motion. Additional to that motion (primary oscillation), often
an unwanted second oscillation is observed which can be caused, for example, by vibrations of
surrounding parts or components. The direction of this oscillation usually is not parallel to the
primary motion. It is of particular interest for engineers to know the influence of this additional
secondary oscillation including the surface topography on the wear properties to define the max-
imum amplitude of this oscillation the system can tolerate.
Multidirectional wear has been investigated in connection with surface finishing processes like

polishing and lapping [1–2]. Reciprocating sliding wear and fretting wear on the other hand has
only been studied for unidirectional motion [3–5]. The influence of the surface topography on
wear properties and life-time has been investigated so far for unidirectional oscillations [6–12].
For small amplitudes in the range of a fewmicrometers, significant differences in wear properties
are expected if a second oscillation is superimposed.
The wear process that occurs during the polishing is called chemical-mechanical polishing. A

wear model that describes the development of the surface roughness during the polishing process
is based on the Greenwood-Williamson theory of contact and a Hamilton-Jacobi-like conser-
vation equation [13–14]. Another model that describes the material removal during chemical-
mechanical polishing originates from the deformation of hyper-elastic asperities attached to a
linear-elastic pad [15]. The wear phenomena under chemical-mechanical polishing were inves-
tigated by Liang et al. [16]. Edge defects, pits and scratches were often detected and do possibly
occur by chemical reactions in combination with asperity contacts under high pressure. Zhang et
al. [17–18] investigated the polishing process with fixed abrasive particles. They assumed that
the pressure distribution is Hertzian and the abrasion rate follows Archard’s wear equation.
In contrast to these experiments, the present study focuses on influences on surface parameters

on the wear properties during multidirectional oscillation. Therefore a wear model based on
particle movement is developed [19].

2 Materials and Experimental Methods

The wear phenomena and wear characteristics of multidirectional oscillation were investigated
by means of a ball-on-disc tribometer (Fig.1).
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Figure 1: Scheme of the wear path between ball and disc. The relative velocity between ball and disc is generated
by two oscillating sliding movements of different speed and stroke lengths. The primary and slower motion is
connected to the longer amplitude δPO, which is normal to the secondary and shorter amplitude δSO.

Balls (hardness 7.2 GPa) were made of high quality AISI 52100 bearing steel with a marten-
sitic microstructure. The diameter of the balls was d = 10 mm with a roughness of Ra =
(0.018 ± 0.001) m. Two different discs were used: One series were made of AISI 5115 case
hardened with a roughness of Ra = (0.158 ± 0.009) m and an average grinding mark distance
of Rsm = (15.6 ± 1.1) m. The other series of discs made of AISI 52100 bearing steel with a
martensitic microstructure, an average roughness value of Ra = (0.056±0.005) m and an aver-
age grinding mark distance of Rsm = (13.4 ± 0.9) m. All discs were unidirectionally grinded
and the roughness measured always orthogonally to the grinding marks. The ball-on-disc sys-
tem was completely submerged in fuel lubricant, which was conventional additived diesel fuel
(specifications acc. to DIN EN 590 [20]) with a density of 0.825 to 0.835 g/cm3 (at 15 °C) and a
kinematic viscosity of 2.5 to 3.0 mm2/s (at 40 °C).
The primary oscillation was generated by a hydraulic pulsator with a frequency fPO of 1 Hz

and an amplitude δPO of 1 mm. The secondary oscillation was generated by a piezo-electric
actuator and directed orthogonally to the primary motion with a frequency fSO of 100 Hz and an
amplitude δSO adjusted to a constant value between 0 and 20.2 m during the test. The grinding
marks were oriented parallel to the primary oscillation. Each experiment has been repeated two
to three times. The normal load was 15 N and generated by dead weight. Each experiment was
performed for 6 hours.
During all experiments δPO and δSO were monitored every hour by a laservibrometer (Polytec

CLV 1000, Polytec GmbH, Waldbronn, Germany) with a sample rate of 50 kHz. The linear
wear depth was measured with a temperature compensated displacement transducer and recorded
every 46 s. The friction forces F PO and F SO and the normal force FN were measured by means
of a multiaxial piezo-electric force sensor (Kistler 9251, Kistler Instrumente AG, Winterthur,
Switzerland) and monitored for one loop every hour with a sample rate of 50 kHz for F SO, FN
and 500 Hz for F PO, FN respectively.
Ball and disc surfaces were cleaned before and after each experiment with a soft tissue and a

solvent consisting of 50 % acetone and 50 % isopropanol. Afterwards the worn surfaces were
visually inspected by means of an optical microscope (Leica DMR, Leica Mikroskopie und Sys-
teme GmbH, Bensheim, Germany) and a scanning electron microscopy (LEO 1450 VP, Carl
Zeiss AG, Oberkochen, Germany) with energy dispersive spectroscopy (EDS). The wear vol-
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ume WV of the ball and the disc was determined by measuring the surfaces with a confocal
microscope (NanoFocus surf, NanoFocus AG, Oberhausen, Germany). The specific wear rate
kV was calculated from the measured linear wear depth and size of the worn areas of ball and disc.
In order to measure the size of the wear particles, the fuel-lubricant including the particles was
extracted by suction after the experiments. Afterwards the fuel-lubricant was evaporated and the
diameter of the wear particles was determined with optical microscopy and image analysis soft-
ware (Axio Vision 4.0, Carl Zeiss AG, Oberkochen, Germany). The height of the particles was
studied by AFM (atomic force microscope) (Park Scientific Instruments CP Autoprobe, Veeco
Instruments, Woodbury, USA) in the contact mode. In order to evaporate the fuel lubricant, the
whole disc was heated on a hot plate at about 200 °C. Afterwards the topography including wear
particles were determined.
The influence of wear particles on the wear properties was investigated with the tribometer

(see Fig.1) including a lubrication flush. A pump (EKP 3D+, Robert Bosch GmbH, Stuttgart,
Germany) pressed the lubricant trough a nozzle with a constant velocity direct in the ball-on-disc
contact and flushed the generated wear particles out.

3 Results

3.1 Wear Volume and Specific Wear Rate

Fig.2 shows the wear volume WV of ball and disc vs. the secondary amplitude δSO of the exper-
iments with the smoother discs made of AISI 52100 (Fig. 2a) and with the rougher discs made
of AISI 5115 (Fig.2b).

Figure 2: The wear volumeWV plotted vs. the secondary amplitude δSO. In Figure 2a there is between 2.3 and
3.1 m a distinct transition from the low to the high level wear regime. In Fig. 2b the distinct transition is at δSO ≈
3.1 m.

Fig. 2a shows for δSO≤ 2.3 m that the total wear volume is smaller than 0.4·10–3 mm3,
which hereafter will be designated as low level wear regime. For δSO > 2.3 m the total wear
volume is larger than 0.8·10–3 mm3 and therefore significantly higher. It increases with δSO up
to 1.2·10–3 mm3. This regime is called high level wear regime. The rougher disc in Fig. 2b
shows the transition between high and low level wear at δSO≈ 3.1 m. The wear volume at
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this secondary amplitude varies between 0.3·10–3 mm3 and 1.4·10–3 mm3. Both figures show an
increase ofWV with δSO which is attributed to the total sliding distance growing with δSO.

Figure 3: The total wear volume WV plotted vs. the secondary amplitude δSO when wear particles flushed out.

Fig.3 shows that no transition between high and low level wear is visible when the generated
wear particles are flushed out of the contact. The wear volume for δSO = 0.0 m until 20.2 m
is below 0.6·10–3 mm3 and therefore significantly lower than the wear volume at high level wear
without particle flush.

Figure 4: Specific wear rate kV plotted vs. the total sliding distance (SD). After run-in both regimes are distinctly
separated by their kV-values.

In Fig.4 the specific wear rate kV (wear volume per sliding distance) is plotted as a function of
the total sliding distance SD for different δSO-values, when the wear particles are not flushed out.
Obviously the specific wear rate can also be separated into two regimes. Fig.4a and 4b depict
that the run-in periods are different, depending on δSO. This can be attributed to the fact that
the gross surface area that has to be worn during run-in becomes larger with δSO as well. After
a run-in period, kV is nearly constant at about 2000 m3/m for δSO≤ 2.3 m and about 10000
m3/m for δSO≥ 3.1 m for the smoother surface in Fig.4a. For the rougher surface the constant
value is 2200 m3/m for δSO≤ 3.1 m and at about 9500 m3/m for δSO≥ 3.1 m. In Fig. 4b is
the variation of kV at δSO = 3.1 m between high and low level visible.
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3.2 Wear Appearance

Two examples of light microscopy pictures from worn ball and disc surfaces are shown in Fig.5.
These pictures are typical for the two wear regimes of smooth and rough disc surfaces.

Figure 5: Optical microscope pictures of worn ball and disc surfaces at low level wear a) δSO = 2.3 m, c) δSO =
1.3 m and high level wear b) δSO = 3.1 m, d) δSO = 14.3 m. The arrows indicate the direction of the primary
oscillation δPO.

The worn surface of the ball which oscillated with δSO = 2.3 m in low level wear regime on
the smooth disc surface shows the structure of the grinding marks of the disc and embedded wear
particles (Fig.5a). In contrast the worn surface in high level wear regime is flat (Fig.5b). Figures
5c and 5d demonstrate the characteristic appearances of the tracks of the worn discs. At low level
wear (Fig.5c, δSO = 1.3 m) the topography does not change significantly. Within the high level
wear regime smoothed tracks are visible on the worn surface (Fig.5d, δSO = 14.3 m).
This illustrates that the transition is determined by different mechanisms. Detailed analysis

revealed that the flat surface originated from a mechanical lapping process caused by wear par-
ticles. The tribochemical surface layer of the ball in low level wear also shows interruptions by
lapped tracks that are parallel to the primary oscillation. The width of these lapped tracks varies
from 2.5 m to 19.5 m.

3.3 Wear Particles

Fig.6 depicts the cumulative frequency Σf of the average lateral diameter d̄ of wear particles
plotted versus d̄ that is d̄ = (dmin + dmax)/2, of every particle.
These particles originate from a high level wear experiment with a secondary amplitude of
δSO = 14.3 m and have been extracted after the experiment as described in section 2. Fig.6
shows that the particles of the rough surface experiments are larger than the particles of the smooth
surface experiments.
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Figure 6: The cumulative relative frequency Σ f of the average diameter d̄ of wear particles. The total number of
measured particles is 369 for the smooth surface and 180 for the rough surface.

4 Discussion

In order to understand the reason for the existance of a certain secondary transition amplitude
δSO that separates the two observed wear regimes, the contact situation has to be examinated.

4.1 Characterization of the Contact Situation

In order to illustrate the contact situation after running-in, a cross-sectional view parallel to the
direction of the secondary oscillation is schematically shown in Fig.7.

Figure 7: Scheme of the contact situation between ball and disc. The solid contacts are determined by particles
with diameter d and asperity contact width∆a. Between the asperities, which stem from parallel grinding marks,
are so-called non contact channels (ncc) with a width∆x.

It illustrates that the tips of the grinding marks are in contact with the ball surface (asperity
contacts) leaving spaces in between which will be designated here as non-contact channels (ncc)
to illustrate the channel-like character of their appearance. The width of the ncc is defined as ∆x
while the width of the asperity contact is ∆a. It is important to note that a wear particle with
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a thickness being smaller than the asperity height and a diameter d being smaller than ∆x does
not contribute to the real contact area. On the other hand particles with a thickness being larger
than the asperity height do contribute to the real contact area which carries a part of the normal
force by particle contact.
To determine depth and width of the ncc, a numerical simulation of the contact situation was

performed. The surface topography of an unworn disk was measured with the confocal micro-
scope and virtually pressed against a flattened, perfectly flat ball surface. The flattened part of
the ball had a diameter (wear scar diameter) of 200 m. The simulation of the contact was based
on the Hertzian theory and extended for rough surfaces under the assumption that the surface
segments do not interact laterally. Details of the numerical procedure can be found in [21, 22].
The simulation was performed with a ball diameter of 10 mm and a normal load of 15 N.

The characterization of the contact situation clearly shows the asperity contact situation (Fig.8a
and 8b, dark areas) and depicts the orientation of the ncc (bright areas) parallel to the primary
oscillation.

Figure 8: Simulation of a loaded contact a) smooth surface b) rough surface.

In Fig.8a the simulated contact with the smooth disc surface shows narrow and more ncc com-
pared to the simulation in Fig. 8b of the rough surface. The largest ncc in Fig.8b has a width
of ∆x = 34–44 m. The asperities along the primary oscillation are not continuously in contact
with the ball.
AFMmeasurements of the particle height showed that the generated particles are about two to

four times higher than the ncc depth. That means that the particles in the contact carry most of
the load.
The geometrical distribution of ∆x and ∆a can be determined by means of simulation as

well. From these the distribution of ∆x and ∆a were determined for both surfaces and plotted
in Fig.10a and Fig.10b. The statistical distribution of ∆a is quite narrow with 1.7 ± 0.34 m
for the smooth surface and 1.6 ± 0.35 m for the rough surface. Further, the cumulative relative
frequency of the particle diameter d̄ (Fig.10a,b, dark line) can be compared with the width ∆x
of the ncc (Fig.10a,b, dashed line). The brightly drawn line of ∆x– d̄ represents the free space
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of the particles located in the ncc. Whereas on the smooth surface the particles have always free
space in the ncc, the particles on the rough surface start to move over the asperities at δSO > 0.0
m. Furthermore the free space ∆s – d̄ on the rough surface is up to 85 % not larger than 1 m
and turns to 14 m at 90 %. The free space of the smooth surface increases between 85 % and
90 % just about 2 m.

4.2 Simplified Wear Model

The wear model that is able to explain the transition amplitude of the secondary oscillation sep-
arating high and low level wear, is based on the motion of wear particles within the non-contact
channels under steady-state conditions [19].
At the beginning of each experiment there are no wear particles present and the contact area

is solely based on asperity contacts (Fig.8a).
The generated particles during running-in are deposited within the ncc and the contact situation

changes from asperity contact to particle contact. Because of the ncc being oriented parallel to
the primary oscillation, these particles can easily move within the ncc along with the direction
of δPO. The possibility to move in the direction of the secondary oscillation is constricted by the
asperities and therefore by the width ∆x of the ncc.
Looking at one specific ncc with index i, a local transition amplitude δTi can be defined. If

the secondary amplitude δSO is smaller than δTi, the particles would be basically able to follow
this oscillation within the ncc. If they are e.g. sticking to the ball or to the disc surface, they will
induce tribochemical reactions on both bodies and cause low wear (see Fig.5). If δSO is larger
than δTi, the particles start to move over the asperities resulting in high local contact stresses
and bring about abrasion by scratches or surface fatigue by indentations. These mechanically
dominated wear mechanisms, which act similar to polishing or lapping, lead to distinctly higher
wear rates compared to tribochemical situation. If the particles are flushed out of the contact, the
mechanically dominated wear mechanisms including the high wear volume will not occur which
can be seen in Fig.3. Due to the fact that these particles might stick more pronounced onto the
rough disc than on the smooth ball the latter will be worn more (Fig.2, high level wear regime).
The mathematical description for the local transition amplitude δTi is [19]:

δTi =
∆xi − d̄i

2
+ ∆ai . (1)

Equation (1) explains the correlation between one ncc, one particle and one asperity with the
transition amplitude.
The wear model that predicts the experimental transition amplitude of 2.7 ± 0.4 m for the

smooth surface and about 3.1 m for the rough surface (see Fig. 2) has to consider the interaction
of many ncc and particles. Several ncc next to each other with different sizes and including
different particles are schematically shown in Figure 9.
It is obvious that a specific asperity ∆ai can be worn by particles from both ncc in the direct

neighbourhood. If the space for the particle movement ∆xi − d̄i in the ncc differs significantly
between the left-hand side and the right-hand side of the asperity, only the particles from the ncc
with smaller space cause mechanical wear of the asperity.
As a consequence, not all values of∆xi − d̄i have to be taken into account for calculating the

global transition amplitude.
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Figure 9: Schematically view of the contact situation between ball and disc. Three different ncc next to each other
with different particles and different asperity widths. The particle with the diameter di does not contribute to the
wear process of the asperities with∆ai−1 and∆ai.

Figure 10: Statistical comparison of the distribution of non contact channel width∆x, the average particle diameter

d̄, the asperity contact width∆a and∆x− d̄. In a) smooth surface and in b) rough surface results are given.

Therefore, a given asperity ∆ai is completely mechanically worn if the secondary amplitude
passes the critical amplitude:

δ′Ti = min

(
∆xi − d̄i

2
+ ∆ai ,

∆xi+1 − d̄i+1

2
+ ∆ai

)
(2)

The global transition amplitude δT, for which all asperities are lapped or polished (see Fig.
5b), can now be defined as the maximum of δ’Ti:

δT = max
(
δ′Ti
)

(3)

As can be determined from Figure 10, the statistical distribution of asperity width∆aiis com-
paratively small and can, therefore, assumed to be constant. Consequently, equation (2) can be
written as:
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δ′Ti = min

(
∆xi − d̄i

2
,

∆xi+1 − d̄i+1

2

)
+ ∆a (4)

Further it can be started that the size of the particles inside a given ncc increases with the ncc
width. Therefore it seems to be reasonable to relate the distributions of d̄i and∆xi (see Fig. 10).
Now each ncc width∆xi is assigned to a particle diameter d̄i that has the same cumulative added
frequency Σf .
Equations (3) and (4) lead to a global transition amplitude δT of 3.3 ± 1.4 m for the smooth

surface, which is about 0.6 m higher than the experimental determined transition amplitude. The
transition amplitude δT for the rough surface is 3.6 ± 2.3 m. The determination of the transition
amplitudes is based on 9 line profiles in the direction of the secondary oscillation taken from each
simulated contact (see Fig. 8). The profiles had a 10 m distance from each other. From these 9
profiles the mean value of δT was obtained.
The reason for the high standard deviation of 2.3 m of the rough surface is visible in Fig. 8b.

From a line profile through the middle of the contact results a transition amplitude δT of 7.1 m.
This high value is caused by the two ncc with ∆x1≈ 34 m and ∆x2≈ 44 m located next to
each other. Instead of a line profile in the middle of the simulated contact, a profile at the border
of the contact could be taken, that result in a calculated transition amplitude δT of 2.1 m. This
low value is caused by the additional asperity contacts existing in one of the wide ncc. Because of
equation (4) the other remaining wide ncc has no influence of the calculated transition amplitude
δT. The variation in calculated values of transition amplitudes, depending on the position of the
line profile in direction of the primary oscillation, is so caused by local differences of the asperity
heights. In addition small asperities which are not visible in the simulation in Fig.8b, might also
block particle motion in secondary direction. Especially in wide ncc, the surface is not perfectly
flat like schematically shown in Fig. 9. There are quite a number of small asperities present in
between the range of ∆x and even in between the range of d. Certainly these smaller asperities
wouldmost effectively hinder the loaded particles frommoving into the direction of δSO already at
amplitudes being much smaller than δT. Thus the experimental value of the transition amplitude
should be in some relation with the free space in between the smaller asperities in combination
with the width of the ncc. Because the height of the smaller asperities play a significant role on
their blocking capabilities a much more complex model is necessary.
So, a rough surface tends to change the number of asperity lines with the position on the contact

surface in primary direction and may have small asperities within the ncc. These differences can
cause at one distinct secondary amplitude a specific wear rate in low level wear regime or in
high level wear regime (see Fig.4b). Using the presented wear model, the determination of the
transition amplitude can be improved by taking more line profiles over the total contact on the
disc.

5 Conclusions

The results of wear experiments with a ball-on-disc tribometer that simultaneously generates
multidirectional reciprocating sliding have been shown and discussed. Smooth and rough disc
surfaces have been used. The following conclusive statements can be made:
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There are two wear regimes present in relation to the amplitude of the secondary oscillation.
Below a transition amplitude of the secondary oscillationmotion the wear volume is low, whereas
above that value a high level wear regime prevails. Within these regimes the specific wear rate
is independent of the sliding distance after running-in. While tribochemical reactions prevail
within the low level wear regime, mechanically dominated wear mechanisms like abrasion and
surface fatigue govern the high level wear regime. Using the smooth surface, the experimental
determined transition amplitude was 2.7 ± 0.4 m and at the rough surface about 3.1 m.
A simplified wear model describes the transition amplitude on the basis of the particle contact

situation. As long as the particles can move within the free space in between the asperities low
level wear prevails. If the particles are forced to move over the asperities by an increasing sec-
ondary amplitude the specific wear rate increases by a factor of 5. A mathematical description
of this phenomenon based on the concept of local transition amplitudes is derived which fits the
experimental data fairly well. Remaining differences can be attributed to the over-estimation of
the free space of motion of particles.
Further work will be to simulate a larger area of the ball-on-disc-contact with high resolution

and to determine the transition amplitude automatically from every line profile.
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Various Influence Factors on the Development of Standstill

Marks (False-Brinelling Effect)

Grebe, M.; Feinle, P., Hunsicker, W.
Tribology Competence Center – Hochschule Mannheim (Germany)

1 Introduction

1.1 General Observations

On (seemingly) motionless bearings, minute movement through oscillation or vibration-induced
elastic deformation can produce standstill marks on the runway. The subsequent overrolling of
the marks in operation results in an uneven run and later to premature failure. (see figure 1 of
an axial bearing with advanced damage). Such minute movement can be induced by machine or
aggregate oscillation but also by the dynamic effects of road and rail transport.

Figure 1: Axial bearing with advanced damage. Typically there are marks in the distance of the rollers.

1.2 The State of Scientific Technology

The basics on the definition of the terms, the testing methods and fundamental correlations are
outlined in paper 1.10.
A study of literature reveals that complex physical-mechanical processes occur in the contact

zone of a false brinelling contact and that a single mechanism is unlikely to be responsible for the
observed surface damages. The very extensive work of PITTROFF [2] contains a good summary
of research and developments until 1961. Also the experimental results are very interesting and
most of the relations found can be confirmed by the study presented. After Pittroffs project at
SKF, the topic false brinelling was neglected for several years. Reseach concentrated on fretting
conditions. Mathematic evaluations and solutions originate from the early work of MINDLIN et
al [3]. Important publications of the last two decades are those of ÖDFALK and VINGSBO et al,
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FOUVRY et al and SUNG-HOON et al. [4–8]. The results of this project will show that a part
of the false brinelling contact is exposed to fretting conditions.

1.3 Objective of the Research Project at Hochschule Mannheim

The main objective of the current research project is to improve understanding of the processes
caused by minute oscillation in the contact zone of roller and raceway and to use this new un-
derstanding to develop corrective measures. In contrast to fretting conditions, the test should
also simulate the combined rolling / sliding movement in practice and not just linear sliding. For
this purpose, a first project phase developed two standardizable testing procedures for systematic
examination of standstill marks on bearings 1.10. These procedures are based on two different
load situations:

1. Components exposed to dynamic axial load (without and with axial pretension) on servo-
hydraulic testing equipment (with variation of the lubricants, frequency and load) (Figure 2)

Figure 2

2. Components exposed to rotation oscillation on the existing false-brinelling test bench (with
variation in lubricants, temperature, frequency, oscillation range and load) (Figure 3)

Figure 3

All tests are carried out with standardized axial ball bearings of the type 51206.
A subsequent project phase examines the influence of lubricant properties on the standstill

marks by applying model and customary greases. The work focuses on variations of the thickener
and oil base.
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2 Test Results

2.1 Influence of the Type of Load: Axial – Pulsating or Rotating – Oscillating

One important feature is the damage symptoms revealed in the tests. The tests conducted so far
show that some features clearly distinguish “real” standstill markers form other damage symp-
toms. The “wear symptoms” due to smaller oscillation (in this case +/- 0.2°) are the same as
those of mere axial pulsation. This is revealed by the following figures of typical wear marks in
figure 4. One outstanding feature is the clearly elliptic shape with an undamaged inner zone. A
disadvantage of this testing parameter is that due to the undamaged inner circle there is only very
slow damage progression and a clear differentiation between different lubricants thus becomes
rather difficult. These results are very similar to that of SUNG-HOON et al [6] under high loaded
fretting conditions. It shows partial slip in the outer zone of the Hertzian contact.

Figure 4: Comparison of standstill marks of the false Brinelling test bench (left) and the servo hydraulic pulsator
(right)

The damage surface is bigger for axial pulse bearings exposed to constant maximal load and
an increased proportion of pulsating load as this results in increased sliding within the outer
zone. The influence of the oscillation frequency is relatively low and only relevant with certain
lubricants.
Rotating oscillating tests on the false brinelling test rig achieve a clearer differentiation than

axial pulse tests. Therefore the following sections only describe the results obtained on the false
brinelling test bench.

2.2 Influence of the Testing Time

False brinelling tests performed so far, such as the SNR test, require testing times of several
days and thus load cycle numbers of more than 4.5 million cycles. The false brinelling effect is
therefore often associated with a life cycle problem. The current tests, though, show that with
critical parameters there is severe damage on the contact zone after only a few minutes. In terms
of strain cycling this comprises a time period of only a few thousand load cycles. This means
that the standstill marks are not to be considered as an optical or fatigue problem that only occurs



293

towards the end of the estimated life cycle, but are critical early damage, which rapidly progresses
from the first cracks and particles.

Figure 5: Influence of the load cycles (LC) – Parameters: 750 N/ ball; 25 Hz; +– 0.5°, 25°C; Low-Ref.-Grease

Compared to tests with lubrication, tests without lubrication show much higher oxide forma-
tion. Due to the high coefficient of friction in dry friction there is a clearly marked adhesive
zone in the centre of the calotte. A test with 117,000 load cycles clearly reveals that parts of
the adhesive zone remain entirely undamaged while there is extensive damage in the outer glide
zone.

Figure 6: Influence of the load cycles (LC) at dry test conditions – Parameters: 750 N/ ball; 25 Hz; +– 0.5°, 25°C;
Low-Ref.-Grease

2.3 Influence of Normal Force

The influence of normal force is considerably lower than one might assume. For the development
of standstill marks it is, in principle, enough that the lubricant is pushed out of the contact zone
and the surfaces are exposed to sufficient contact. It ought to be mentioned that this phenomenon
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correlates with the development of friction induced corrosion. (e.g. tribo-oxidation). With in-
creased normal force, however, damage progresses faster because the material tends to break
off at the initial cracks under the influence of load and the particles produced add an abrasive
damaging effect.

2.4 Influence of the Oscillation Frequency

Examinations on the influence of the oscillation frequency reveal increased damage with increas-
ing frequency (see figure 7). This could be influenced by the fact that the oil given off by the
grease needs some time to flow back into the friction point. Another influence factor could be
the increased mass-changing forces.

Figure 7: Increased damage with increasing frequency (left 5 Hz, middle 12,5 Hz, right 25 Hz) – Parameter: Low-
Ref.-Grease, 750 N/ Ball; +– 0.5°, 25°C, 117000 LC

2.5 Influence of Temperature

Examinations on the influence on the ambient temperature reveal totally different tendencies,
which depend on the type of grease used. With most test greases, damage increases with de-
creasing ambient temperature. with increased oxide formation a frequent phenomenon. This can
be easily explained with the clearly restricted oil emission and reduced flow properties. Some
grease, however, shows hardly any reaction or even opposite properties when exposed to low
temperatures.
One remarkable finding is that many greases which were tested positively at room temperature

fail at low temperatures whereas greases tested negatively at room temperature show hardly any
deterioration at minus temperatures. The reaction to temperature thus seems to depend mainly
on the basic viscosity and the type of thickener (see figures 8 and 9).

2.6 Influence of the Oscillation Angle

Examinations on the influence of the oscillation angle reveal that the damage mechanism changes
with a wider angle. While small oscillation angles predominantly cause damage from shattering,
bigger oscillation angles produce more uniform wear and tear and sometimes even a flattening
effect. A characteristic feature is that with higher oscillation angles there is no distinction between
different wear mechanisms but that the angle affects the entire contact surface (see figure 10).
To date it is not clear why smaller oscillation angles produce such deep extensive damage in

the form of cracks and loose material. From a general point of view the load and load changing



295

Figure 8: Comparison of the damages depending on the temperature (left 25°C; right –10°); Parameters: 750 N/
Ball; 25 Hz; +– 0.5°, 117000 LC; Ca-Complex-Grease

Figure 9: Comparison of the damages depending on the temperature (left 25°C; right –10°); Parameters: 750 N/
Ball; 25 Hz; +– 0.5°, 117000 LC; Li-Complex-Grease

Figure 10: Influence of the oscillating angle; Parameters: 750 N/ Ball; 25 Hz; 25°C; 9000 LC

cycles are far too low to explain such extensive damage. For the standard conditions outlined in
this paper, axial loading is approximately 36% of the dynamic load rating.
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2.7 Influence of the Thickener

Examinations with different thickeners with the same basic oils and additive packages reveal
that the type of thickener used has a clear influence. The following figure shows an exemplary
comparison of the wear calotte of a complex calcium grease and that of a complex lithium grease
(see figure 11).

Figure 11: Comparison of the damages of greases with the same base oil and additives but different thickener (left:
calzium complex soap; right: Lithium complex soap); Parameters: 750 N/ Ball; 25 Hz; +- 0.5°, 25°C, 117000 LC

3 Discussion

The contact zone of a false brinelling mark can be divided into different zones, some of them
optically discernible. Clearly visible are the undamaged adhesion zone in the centre of the marks
(inner ellipse) and the damaged micro glide zone (between the inner and middle ellipse). This
correlates with results under linear oscillated sliding (fretting test) of eg. SUNG-HOON and
SEOK-JU [8]. But it should be considered, that the way of the movement is not the same because
of the additional rolling part. At closer observation one can discern an outer zone, known as the
affected zone. The size of this outer ellipse correlates with the calculated Hertz contact surface.
In some cases this area shows color changes that could indicate chemical reactions between the
lubricant and the material, but this was not investigated in this project. There is no relative
movement in the centre of the elliptical mark (nonslip region or stick zone). Both the base body
and counter body adhere well. On the edge, however, there are micro slip movements and local
tension peaks which are caused by elastic deformation, bearing movements or shifting of the
pressure centre, and these can cause extensive surface damage (see figure 12).
Although the elliptical marks produced in tests with small oscillation angles (+/– 0.2° to

+/–0.5°) or with just elastic deformation (servo hydraulic pulser) might appear relatively harmless
at first sight, there is already extreme local surface damage.
The following figures clearly reveal the correlation of several wear mechanisms. The outer end

of the elliptical wear marks shows tribochemical reactions and surface disruption. The middle
ellipse zone in the centre of the runway track only shows tribochemical reactions. There are no
visible changes in the centre of the ellipse. The original grinding marks of the race are completely
preserved. Even high resolution inspection methods can detect no topographic changes.
The deep indentations often observed in practical application are caused by the introduction of

abrasive wear particles and reaction products or by a total lack of lubricant at the point of contact.
Hence abrasion is a secondary wear mechanism that is not found at the beginning of the damage.
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Figure 12:Division of the mark into different contact zones like stick zone, slip zone with microsliding and affected
zone (from inside to outside)

Figure 13: Areas of the elliptic wear mark (please consider the different resolutions)

In order to measure the depth of the visible cracks of the outer zone, the Robert Bosch GmbH
company produced some focused ion beam cuts (FIB). The FIB cuts were taken from the outer
glide zone. Four out of five examinations of different samples revealed cracks.
The FIB cut images clearly show in-depth crystalline cracks. Subsequent overrolling of the

cracks in normal bearing operation will relatively quickly lead to particle break-off and bearing
failure.
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Figure 14: FIB/XB-Investigations at the outer end of the elliptic wear mark (width of the complete cut is about 20
m, the visible depth is about 10 m)

A fact which causes concern is that, at closer inspection, there is severe damage when using
the grease which has so far achieved the best test results. This would indicate that such damage
may never be fully avoided but can only be reduced. There is however still potential in the testing
of other “lubricant-formula-variations”.

Figure 15: Influence of the load cycles on the damage with a high reference greaseParameters: 750 N/ Ball; 25
Hz; +– 0.5°, 25°C

4 Conclusion and Outlook

All tests conducted so far and the bibliography confirm the hypothesis that standstill marks de-
velop due to various mechanisms:

• The lubricant is literally pushed out of the friction area by micro movement and high local
pressure. This leads to a lack of lubricant and in the further process to typical wear mechanisms
of abrasion and adhesion.
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Figure 16: SEMpictures of the damaged area at the outer end of the elliptic wear mark of a test with a high reference
greaseParameters: 750 N/ Ball; 25 Hz; +– 0.5°, 25°C

• The micro movement activate the surface energy (in particular the microcontacts on the surface
roughness peaks). This leads to tricobchemical reactions down to a depth of several nanome-
tres.

• Another important factor which is often not considered and can hardly be detected on superfi-
cial inspection are the microcracks caused by load changing on the surface. When exposed to
further load, these cracks result in more extensive and deeper particle break-off.

The three damage mechanisms described above cause the production of wear particles and
reaction products, which are not pushed out of the friction area due to a lack of “real” relative
movement and thus have a strong abrasive effect. This phenomenon correlates with the formation
of fretting corrosion (tribochemical reactions) and normally leads to damage progression and
deep indentations which cover the traces of the original damage mechanism. In further damage
progression and bearing rotation there are additional wear mechanisms (in particular abrasion and
surface fatigue), which overlap and add to the covering of the real cause of damage. Depending
on the predominance of one or several of the mechanisms described above, there are different
types of standstill marks.
The predominance of onemechanism depends on the load conditions – andwithin thosemainly

from the oscillation angle. Another damage factor with strong influence is the lubricant used.
Due to their better flow properties, oils are in general more effective than greases in prevent-

ing damage due to lack of lubrication. Due to their better flow properties, oils may also be more
suitable when it comes to preventing tribochemical corrosion, as oils achieve more reliable sur-
face wetting and thus prevent the formation of dry friction oxides (Fe2O3), which, due to their
abrasiveness, lead to quickly progressing damages.
One big problem is that the term “false brinelling” covers a wide variety of damage symp-

toms, which are partly caused by different mechanisms. The wear symptoms in tests with micro-
oscillation differ significantly from the tests with relatively wide oscillation movements in the
range of above 1°, as in the normal laboratory testing methods, such as the Fafnir or SNR test
(Fafnir: +/–6°; SNR test: +/–3°). Such macroscopic oscillation movement leads to “real” bear-
ing processes and not to the micro movements which occur and are particularly problematic with
seemingly motionless bearings.
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It is still unclear why only a few load changing cycles with loading far beyond the critical
value can cause such massive damage. We will soon conduct computer simulations and FEM
calculations. Future test bench setups will be designed to either confirm or disprove the existing
hypotheses. Furthermore, the project members developing lubricant formula are working on
concepts for improvement. But at this point of time we do not know yet if lubricants have an
influence on the wear mechanism in surface disruption.
The examinations conducted so far show the complexity of wear damage due to the overlapping

of all four main wear mechanisms. It is thus extremely difficult to find suitable lubricants for
damage prevention.
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On Dynamic Friction Phenomena in Brake Systems

G.-P. Ostermeyer, K. Bode
Institute of Dynamics and Vibrations, Braunschweig University of Technology (Germany)

1 Introduction

The implementation of friction into dynamic system models is generally accomplished by for-
mulating the friction coefficient µ as a function of relative sliding velocity vr of the contacting
bodies.
In literature, such functions range from comparatively simple representations (e.g. piecewise

linear definitions) to highly non-linear expressions, depending on the field of application and the
accuracy required [1]. The most sophisticated friction laws of this type can generally be found
in models of vibratory stick-slip systems, usually incorporating different equations for the stick
phase, the slip phase and the transition from stick to slip [2].
What all the above mentioned algebraic functions assume a priori, is however no lag of time

between a change in sliding velocity and a corresponding change in µ. From a control theoretic
point of view, this is equivalent to the assumption that the tribological interface is always at
steady state. This implies that all physical and chemical processes in the boundary layer, which
determine the friction coefficient on the macro scale, respond to changes in external variables
infinitely fast. That this in fact is not the case was discussed by Stelter [3].
In order to capture such transient effects, which is indispensable for the mathematical descrip-

tion of tribological systems with rapid changes in external variables (e.g. brakes and clutches),
a general approach towards dynamic friction modeling will be suggested in chapter 2, leading to
a system of differential equations. By a mathematical implementation of specific physical pro-
cesses in the brake pad interface, this set of equations will be adapted to the tribology of disc
brake systems in chapter 3. An application of the obtained friction law to selected case studies
will follow in chapter 4.

2 General Approach Towards Dynamic Friction Modeling

An energetic interpretation of the friction coefficient µ at steady state, outlined in the follow-
ing and first published in [4], will serve as a basis for the transient mathematical representation
discussed in subsection 2.2.

2.1 Friction as a Sum of Power Fluxes

In 1993, Zum Gahr [5] published a mathematical formula, according to which the friction coeffi-
cient can be seen as a superposition of diverse tribological mechanisms. The respective equation,
valid for steady state considerations only, is the following:

µ =
FF
FN

= µthermal + µelastic + µplastic + . . . (1)
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Tribological mechanisms are for instance elastic and plastic deformation on the micro scale, as
well as heat generation, but also any other dissipative effects in the tribological interface con-
tributing to µ. The linear shape of equation (1) might seem contradictive at first glance, since
macroscopic friction phenomena are obviously non-linear. However, an energetic interpretation
of µ, outlined in [4], gives new insights into the above cited formula.
If the classical definition of the friction coefficient, being the friction force FF divided by the

external normal force FN, is expanded by the relative sliding velocity vr, the friction coefficient
appears as a normalized friction power in units of an external idle power FN vr:

µ =
FF
FN

=
FF vr
FNvr

(2)

This energetic interpretation is depicted in Figure 1, showing a classical µ vs. vr graph, with
additional indication of the different power fluxes that modulate the friction coefficient, in ac-
cordance with equation (1).

Figure 1: Coefficient of friction at steady state and interpretation in terms of power fluxes (schematically).

Worth to note is the fact that each power flux’s contribution toµmay vary both in time and with
external loading (e.g. with vr), as also indicated by Figure 1. This is where the non-linearity and
in particular the transient behavior of friction comes into the picture. The following subsection
will show a general approach to capture these dynamics mathematically.

2.2 Friction as a Set of Differential Equations

Before going into detail, the following preliminary thoughts shall outline the principal approach
towards dynamic friction modeling:

• In order to capture transient effects, the friction coefficient’s first time derivative is the crucial
variable that needs to be modeled, not the friction coefficient itself.

• The approach of modeling friction as a superposition of influencing factors (power fluxes), in
correlation with equation (1), is also applicable to a dynamic representation.

• Each influencing factor will contribute differently to an increase or a decrease in µ, which
needs to be covered by appropriate system (coupling) constants.
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• The development of each influencing factor over time is determined by at least one external
input variable to the tribological system and might be subject to a lag behavior. Different
mechanisms in the contact zone might show a different lag characteristic, which needs to be
considered by appropriate time constants.

According to the points stated above, the following principal layout of a dynamic friction
model is suggested:

µ̇ = −α
((

n∑
i=1

aifi

)
µ−

m∑
i=n+1

aifi

)
(3)

α: time constant of friction coefficient
f i: variable modulating the friction coefficient
ai: coupling constant of influencing variable f i
As equation (3) implies, some of the friction coefficient’s influencing factors are mathemati-

cally coupled to µ itself. This is required in order to implement the lag behavior of friction, as
discussed in section 1.
For each variable modulating µ, a representation as a first order lag element (PT1) with an

individual time constant is suggested. Following the energetic approach discussed in the previous
subsection, it is suitable to implement FN vr as the input variable of all tribological mechanisms,
since it unites the two macroscopic load parameters in units of a power. For the most general
form of differential equation for f i, the following expression is suggested:

ḟi = −δi
(
fi − fi,0 − εi (FNvr)ki

)
(4)

δi: time constant of influencing variable
f i,0: value at steady state for FN vr = 0
εi: coupling constant of external loading
ki: system constant capturing non-linearity
Worth to note is the fact that not all variables f i must necessarily depend on time, according

to equation (4), but might also be constant values. In the following section, the set of differential
equations outlined above will be adapted to actual physical effects in the boundary layer of disc
brakes.

3 On the Physics of the Brake Pad Interface

The comprehensive work of Eriksson [6] discusses the properties of characteristic contact
plateaus, which can be found on friction material surfaces after usual brake applications. They
have properties that differ significantly from the surrounding matrix material (e.g. higher hard-
ness and wear resistance) with a size usually ranging from 50 to 500µm.
The fact that growth and destruction of contact plateaus over time is a key element for the

understanding of transient friction phenomena was first discussed in [7]. This work developed
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Figure 2: Equilibrium of flow in the brake pad interface.

detailed insights into a contact patch’s life cycle and revealed the principal closed loop interaction
between heat, wear and friction, which is illustrated in Figure 2.
Following the general approach outlined in chapter 2, the major influencing variables of the

identified physics need to be modeled, in particular with their dependency on external loading
FN vr. For the equilibrium of flow outlined in Figure 2, these are summarized in Table 1.

Table 1: Influencing variables and equations of the dynamic friction model.

Influencing variable Dependence on external loading Increase leads to

Patch temperature TP ṪP = −δ1 · (TP − TD − ε1 · FNvr) patch growth and µ-increase
Disc temperature TD ṪD = −δ2 ·(TD − T∞ − ε2 · µFNvr) µ-decrease (fading effect)

Wear particle stream ψ ψ̇ = −δ3 ·
(
ψ − ε3 · µ (FNvr)

2
)

patch growth and µ-increase

Patch area Ap ∼ µ – patch destruction and µ-decrease (due to
stability limit of patches)

Friction power FF vr FF vr = µ FN vr patch destruction and µ-decrease(due to
mechanical loading)

Included in the above stated formulas is the assumption that patch area Ap and friction coef-
ficient µ are proportional to each other. Worth to note is also that the temperature generation on
disc and patches depends linearly on external loading FN vr. For the wear particle stream, this
relation is quadratic, in accordance with measurement results by Trepte [8].
An implementation of all the influencing variables displayed in Table 1 into the general dy-

namic friction model of equation (3) finally yields the dynamic friction law for disc brakes:

µ̇ = −α ((a4 + a2TD + FNvr)µ− a3ψ − a1TP ) , (5)

with the three additional first order equations, given in Table 1.
The following case studies will be based on a numerical integration of this set of equations.
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4 Case Studies

This chapter is devoted to a simulation of real braking events. However, principal friction phe-
nomena, such as time lag behavior, hysteresis and fading effect, are inherent in the model, as
well. Previous papers [4], [7] discussed these phenomena with a similar set of equations.
As an example for the model’s applicability to real braking situations, a series of six brake

applications from 80 to 30 kph, with cooling in between, will be studied. This cycle is part of
the AK-Master test, a standard industrial testing procedure for brake performance evaluation,
consisting of several different braking events at various loads and temperatures.

Figure 3: Friction coefficient and disc temperature for two different experimental pad materials.

In Figure 3(a), measurement results for a sample friction material, sliding against a grey cast
iron disc, are compared with a numerical simulation. The observable dynamics of the friction
coefficient is clearly inherent in the transient friction model, as it can directly reproduce the µ
over time curve for an appropriate choice of parameters.
The same test cycle for a different experimental friction material is depicted in Figure 3(b).

Obviously, this material shows only slight variations in µ throughout each braking event. How-
ever, with few changes in the parameters of the above introduced set of equations, this behavior
can be obtained from simulation, as well.
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5 Conclusion

The aim of this work was to sensitize the reader that friction is a dynamic process, showing
transient characteristics, such as time lag and hysteresis, for changes in external parameters.
A modeling of these effects is essential for systems with rapid changes in external variables,

which numerous technical systems are. This can only be accomplished by differential equations,
with the friction coefficient’s first time derivative as the crucial variable.
The physics of the boundary layer between brake disc and pad, being a closed loop interaction

between heat, wear and friction, was implemented in chapter 3. With the obtained set of first order
differential equations, it was possible to reproduce some principal transient effects in modern
vehicle disc brakes. Moreover, real braking events could be simulated for different brake lining
materials.
This confirms that the introduced model covers essential physical effects in the interface be-

tween brake pad and disc. Its parameters contain material specific information. Hence, their
quantification in future work announces a material sensitive prediction of the tribological perfor-
mance of various friction systems.
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Abstract

We present an FEM analysis of the transient creep behavior of a surface asperity.
Recently, numerical studies of surface asperities have received much interest. The existent

studies mainly focus on the static behavior, omitting transient effects like creep. However, the
transient creep of asperities has been suggested by Kragelskii, Rabinowicz, Scholz and others to
be responsible for the time- and velocity-dependence of the friction coefficient.
We derive a simple one-dimensional transient asperity model from our FEM simulations.

Moreover, we show how this model can be used as a building block for the MIMEAC fractal,
transient friction model and how the time-dependent friction coefficient can be calculated.

1 Introduction

The behavior of elastic-perfectly plastic hemispheres in contact with rigid flats has been studied
extensively in the last few years [1, 2]. Mostly, the interest was prompted by the development
of asperity-based friction models, both of the statistical and fractal variety. In these models, the
hemisphere is a model for a surface asperity, i.e. a microscopic contact patch.
In recent experimental [3] and theoretical [9] research, links have been established between

the creep growth of the microscopic asperity contact areas and dynamic friction laws. Among
the observed effects are the time-dependent increase of static friction and the velocity-dependent
decrease of the dynamic friction coefficient.
However, the link between the asperity-based friction models and the idea of the creep-

enhancement of asperity contact areas has until now not been fully understood. In addition,
the existent theories, e.g. [9] are inherently inconsistent with the now more and more prevalent
paradigm of fractal surface contact [8]. The present study tries to shed some light on these ques-
tions by presenting extensive FEM analyses of the creep behavior of asperities and suggests how
the results can be used in the formulation of a transient, fractal friction model.

2 Modeling Approach

The asperity is modeled as a half-sphere with an undeformed radius of R. In accordance to pre-
vious work [1, 2], the contact geometry is assumed as a rigid punch displaced by an interference
δ. The boundary conditions on the symmetry axis and the sphere base boundaries are assumed
as sliding (roller) contacts, compare Figure 1.
The simulations were performed with the commercial Finite Element simulation code ANSYS

11. The mesh as displayed in Figure 1 consists of approximately 3300 predominantly rectangular



308

Figure 1: Basic geometry (a) and Finite Element mesh (b) used for the simulation.

elements with quadratic shape functions. The geometry is divided into regions with different
meshing sizes, varying from fine to coarse based on proximity to the high-stress regions next to
the contact line. This hierarchy of mesh sizes helped to produce accurate results with acceptable
calculation times of about 1–2 hours on a 1.6 GHz Itanium 2 processing node.
The asperity material was assumed as isotropic and elastic-perfectly plastic, no hardening rule

was applied. We used the von Mises formulation for the yield criterion and an associative flow
rule. As standard material, we used a steel-like material with a Young Modulus of E = 200 GPa
and a Poisson ratio of ν = 0.33. The yield stress was assumed at σY = 400 MPa. Throughout the
analysis, we used geometric nonlinear formulations.
The creep behavior of the material was modeled by separating the total strain tensor update

into the creep, plastic and elastic strain tensors according to ȧtot = ȧcr + ȧpl+ ȧel. The ANSYS
formulation for the tensorial creep update ȧcr is based on extending a uniaxial creep law ε̇cr(σ)
to a full tensorial creep law [4]. The uniaxial creep law therefore determines the simulated creep
physics. For our simulations, we chose the Garofalo or hyperbolic sine creep law

ε̇cr = C1 sinh(C2σ)
n (1)

where C1 and C2 are material creep constants, n = 1. For high stress σ, the Garofalo creep
law is asymptotically equivalent to the popular exponential creep law ε̇cr = B′ exp(βσ) with
C1 = B′2n and C2n = β. For small stresses, it is equivalent to a power law ε̇cr = Bσn. Note
that this law can be shown to be a good approximation to the creep law predicted by the creep
theory of Persson [5].

3 Analysis of Creep Behavior

As the most basic creep behavior of an asperity, we concentrated on the stress relaxation under
constant interference δ. The experiments were conducted as follows: First, the asperities were
quasistatically indented to an interference δ, no transient creep effects are simulated. This stage
of elastic-perfectly plastic indentation is well understood [1, 2]. Second, we fixed the indentation
at the specified value δ and observed the stress relaxation through creep.
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Figure 2: (a) Force (solid) and area evolution (dahed), the inset has a logarithmic time scaling. (b) creep law,
derived from the experiment in a). (c) Dependence of the fit parameters A1,α1, A2,α2 of equation (2) on the
parameter C2.

The evolution of the normal contact force F and the contact area A during creep are shown in
Figure 2. In this example, an initial interference of δ = 100δc was assumed which is well in the
fully plastic regime [1]. The contact force follows a characteristic creep curve with a steep initial
decline that grows increasingly shallow. The contact area only shows a very modest increase of
about 7%. As the area increase is only a secondary effect, we refer to [6] for a closer study and
focus here on the force or pressure p = F/A decrease instead.
For the description of the pressure decrease, it is advantageous to observe the average pres-

sure decrease dp/dτ = ṗ(p). Here, we have used the normalized creep time τ = t/(H/C1E)

(see below) where H denotes the hardness of the asperity which is close to the hardness of the
surfaceHS ≈ 2.84σY [2]. The ṗ(p) law as depicted in Figure 2b is henceforth called geometric
creep law (GCL) to distin-guish it from the material creep law (MCL) of equation (1). The GCL
in essence reproduces the hyperbolic sine shape of the MCL with an exponential rise2 for high
pressures p and a linear rise for small pressures. Closer inspection, however, reveals that we have
a transition between two different slopes at about p ≈ 0.6H . As an analytical approximation, we
propose the sum of two hyperbolic sine laws

ṗ(p) = A1 sinh(α1p) +A2 sinh(α2p) with ṗ = ∂p/∂τ. (2)

The two summands are shown in Figure 2b as dashed curves and can be thought of as the
high- and low-stress components of the creep law. The creep laws have the same structure as the
MCL, while the parametersA1,α1, A2 and α2 are dependent on the input geometric and material
parameters.
To understand the physical meaning of the transition between the two characteristic slopes,

we take a closer look at the stress development during creep, depicted in Figure 3. Initially,
the high stress and high pressure region directly underneath the contact line is contained by the
surrounding material. While the semicircular center region is at yield stress and therefore easily
deformable, the surrounding material has a lower von Mises stress and therefore stabilizes the
center. The creep process starts a complex reordering of the stress states which is dominated
by two processes: a) The center region expands, releasing hydrostatic pressure and elastic strain
and thereby expanding its volume because creep strain – like plastic strain – is associated with

2Note that an exponential increase leads to a straight line in the logarithmic plot of Figure 2(b).
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Figure 3: Stress evolution for a creeping asperity under constant displacement. Stress values indicated in MPa.

a Poisson ratio of νpl = 0.5 < ν. b) The containment region relaxes its elastic strain, thereby
losing its stabilizing function and yielding to the contained pressure. All this causes the contact
area to increase, as seen in Figure 2a and introduces new deviatoric strain components. This is
evidenced by the stress plots in Figure 3b, c, d where an elliptical region at the outermost contact
point shows elevated von Mises stress.
During the first part of the stress relaxation down to a pressure of about p = 6H , the relaxation

is therefore accompanied by a stress reordering which the replenishes the deviatoric (von Mises)
stress components and thereby leads to a high material creep rate. As soon as the reordering stops
– evidenced by a constant contact area – the geometric creep rate decreases and leads over to the
low pressure creep law.
In [6], we present a more detailed quantitative analysis of the creep evolution, including the

area increase and the influence of the geometric and material parameters. One of the most impor-
tant results is that the GCL shows universal behavior in terms of changes in the Young modulus
E, creep parameterC1 and yield stress σY when introducing a normalized time τ = t/(H/C1E).
All plots in this paper therefore use this time scale definition. Other parameters like C2 show a
more complex influence on the fit paramaters A1,α1, A2,α2 of equation (2), as is exemplarily
shown in Figure 2c. The dependence can be well fitted by a simple linear relationship in the form(
A1

A2

)
= EC1

{(
2.67 ± 0.06

−0.06 ± 0.01

)
+ C2σY

(
0.007 ± 0.006

0.014 ± 0.001

)}
,(

α1

α2

)
= 1
H

{(
0.58 ± 0.09

4.1 ± 0.2

)
+ C2σY

(
0.60 ± 0.01

0.84 ± 0.02

)}
.

(3)

The errors given are error bounds at a 66% confidence interval, estimated by the nonlinear
curve fitting algorithm. The resulting GCL law fits all creep rate simulations performed with a
maximum error of about 6%. Equations (2) and (3) therefore present a simple 1D model for the
transient creep behavior of an asperity.

4 Fractal Transient Friction Model

To showcase the practical importance of the presented results, we now paraphrase ourMIMEAC
[7] friction model which combines a) a fractal surface model and b) the above 1D transient as-
perity model to predict the time- and velocity dependent friction coefficient. To the authors’
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knowledge, this is the first time a transient friction model is presented that is both based on as-
perity creep as a physical mechanism for a time- and velocity-dependent friction coefficient [9]
and heeds the now more and more prevalent fractal surface paradigm [8].

Figure 4: Illustration of the idea of fractal area iteration, (b) Examples for the area iteration of equation (3).

The underlying fractal surface contact model is a variant of Jackson’s model [10], its basic idea
is illustrated in Figure 4. According to the model, the observed real contact areaAr is dependent
on the scale (“magnification”) of the observation. Jackson’s model uses discrete scales i with a
corresponding apparent contact areaAi. By definition, A0 = An where An denotes the nominal
or apparent contact area, defined by the contact geometry. When progressing to higher and higher
magnifications of the surface, the observed contact patches are seen to break apart or fractalize
due to the roughness at the specific scale

Ai(F ) = Ai−1(F )ηi︸ ︷︷ ︸
#ofasperities

Ā(F̄i, Ri) with F̄i =
F

Ai−1(F )ηi
(4)

where F denotes the total normal force, Ā(F ′, R) the contact area of a single asperity of radius
R under the force F ′, ηi the density of contacting asperities and Ri a “typical” asperity radius
at scale i. The latter two can be derived both from experiments [10] and theoretically from the
power spectral density (PSD) of the surface [7].
An example for the resulting contact areasAi is shown in Figure 4b for different loading forces
F ∗ = F/(AnE

′). According to Jackson’s model, the real contact area is calculated at the end
of the fractali-zation process, i.e. Ar = minAi = Ai∗ . Note that friction coefficient can be
easi-ly calculated from the real contact area by invoking the standard adhesion friction theory:
Assuming the shear strength s to be constant, the friction force is Fr = sAr.
For the time dependent friction coefficient, we modify the area iteration of equation (4) by

replacing the single asperity contact area Ā(F ′, R) by the time-dependent, creep-enhanced con-
tact area under constant load Ā(F ′, R, τ). Note that while Section 3 discusses the relaxation at
constant interference, the area in-crease under constant load can easily be derived [7] from this
using the results of Etsion et al. on unloading and reloading of an asperity [11].
Figure 5a shows the creep enhancement of the single asperity contact areas for a force of
F ∗ = 10−6. In Figure 5b, the resulting time-dependent real contact area Ar(τ) is shown. For
comparison, the logarithmic increase calculated by Brechet [9] and well-verified by experiments
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Figure 5: Creep evolution of the single asperity areas (a) and the real contact area (b) for a force F ∗ = 10−6.

is shown with a dashed line. It is evident that our fractal, transient contact theory yields results
that are in good agreement to the established theory.

5 Summary

Extensive Finite Element Analyses of the creep behavior of a hemisphere in contact with a
rigid flat have been conducted and analyzed. The results were summarized in a simple, one-
dimensional model for the transient behavior of a loaded asperity. The model is valid for a wide
range of material and geometric parameters.
It was shown how the asperity model can be used to build theMIMEAC fractal, transient fric-

tion model. Exemplarily, the time-dependent real contact area has been calculated and was found
to be in good agreement with experiments and older theories. This is to the authors’ knowledge
the first time a dynamic friction model based on creep has been formulated in the new paradigm
of fractal surface models.
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1 Introduction

Fretting wear occurs at several locations in aircraft engines. For example in the contact surfaces
between the blade shrouds, the blade and the disk or in the vane hooks. Thus with an advancing
number of accumulated service cycles the components are increasingly worn out in the contacting
surfaces resulting in mistuning, leakage or even failure. To prevent major damage to the modules
or even the overall engine these components have to be repaired or replaced after certain service
intervals. Thus it is of major importance to – on the one hand – a priori develop an engine
design which implicates reduced wear and – on the other hand – to be able to reliably predict the
amount of abrasion in order to specify the service intervals safely. To achieve this an effective
model to predict fretting wear is essential. The development, validation and implementation of
such a model within a finite element (FE) context is the key goal of the work presented in this
paper. The major steps followed are: firstly a test rig is set up which allows to measure the
abrasion in specimen tests for two selected aerospace alloys at certain temperatures and contact
pressures at moderate sliding speeds. Secondly an energy based model for the prediction of wear
is formulated and calibrated analytically to the test results. Finally this model is implemented
into an ABAQUS-User Subroutine and the test results are modelled by means of a FE analysis
of the test rig.

2 Fretting Wear Experiments

In order to experimentally quantify the amount of fretting wear in aero-space alloys at low fre-
quency (LF) loading and at temperatures and contact pressures within the operating range a pow-
erful test rig has been set up at MTUAero Engines GmbH.Within the test rig two pads, see figure
1 a), are pressed against one another with a predefined normal Force P resulting in a contact pres-
sure p. Therein the test rig allows for pressures up to 60 MPa and temperatures up to 1000 °C.
Twomaterials are investigated in the following, Inconel 718 and Ti6Al-4V, thus resulting in three
possible material pairings. Once the normal force is applied pad 2 is moved in vertical direction
with a frequency of 0.1 Hz and a displacement amplitude of δLF = 1mm relative to pad 2 (“LF”
denotes low frequency loading). Due to the normal force and the displacement amplitude a shear
force Q is generated within the contact surface and depending on the loading conditions (normal
force, frequency, temperature) and material pairing mild, strong or even severe wear is induced
in the contact surfaces, see figures 1b) and 1c). The amount of wear occurring in each test is
obtained via an optical image processing which provides for each pad the wear scar at any point
within the contact surface, see figure 1 d), and the overall wear volumeW lost during the test.
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Figure 1: a) detail of the test rig showing the two pads in contact. Photographic image of the contact surface of pad
1 (left) and pad 2 (right) showing b) moderate and c) strong wear. d) typical output of the optical image processing
quantifying the amount of wear throughout the contact surface.

During each test the shear force Q is recorded over time, such that at any time the friction
coefficient µ can be computed via

µ =
Q

P
(1)

where the normal force P is prescribed and constant over time. The test results showed a strong
dependence of the friction coefficient on temperature for both investigated materials. Further-
more a quite pronounced evolution of the friction coefficient was observed within the first 1000
loading cycles before a stabilized state was reached.

3 Selection of an Energy Based Model for Fretting Wear Prediction

Over the last 60 years a vast amount of models to describe wear has been published by many
authors for all sorts of loading conditions such as sliding or fretting wear or lubricated or dry
wear among many others, see [15] for an overview. As stated also by Meng and Ludema, most
of these models are valid only for very specific cases. However two models have become widely
accepted among researchers treating wear in a phenomenological manner as it is targeted in the
present paper. This is on the one hand the model of Archard [1,2] and on the other hand an energy
based wear model, proposed by [16,17,18] and by [8,9,11].

3.1 Model of Archard

The model of Archard was one of the first wear models, published in 1953. According to Archard
the wear volumeW [m3] is directly proportional to the product of the normal force in the contact
surface P [N] and the sliding distance δ [m] between both surfaces and inversely proportional to
the hardness H [N/m2] of the softer material [1,2]

W = K · P · δ
H

(2)

here K [-] denotes Archard’s wear constant. This rather simple phenomenological approach is
quite successful in modelling various experiments. However, as also stated by [21], changes in
the wear mechanism, as e.g. induced by changes in the surface condition, can not be captured
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with Archard’s model. With a modification of (2) regarding the introduction of a temperature de-
pendence ofH the model was recently applied successfully within a FE context by [19]. Another
example of an application of Archard’s model in a FE context are [5] and [6].

3.2 Energy Based Wear Model

The second model proposed by [16,17,18] and [8,9,11] correlates the wear volumeW [m3] with
the accumulated energy Edi [J] dissipated by the friction mechanism within one out of N fretting
cycles through

W = α ·
N∑
i=1

Eid (3)

here α denotes the energy wear coefficient [m3/J]. The accumulated energy Edi dissipated in one
fretting loop is given by the area enclosed by the hysteresis loop, i.e.

Eid =

δi∫

0

∧
Q(x) · dx (4)

see figure 2a) for a visualization. [3] verified the energy based wear model for different types
of hard coatings. By [14] and [7] the energy based wear approach was confirmed under variable
displacement amplitude conditions. [20] experienced that for elevated temperature the energy
wear coefficient changes. [17] reported that the model holds for different normal loads, humidi-
ties and fretting frequencies. However as stated also by [13] the model holds only if the main
wear mechanism does not change during the test.

Figure 2: a) determination of the accumulated energy Ed
i dissipated in one fretting loop. The green lines indicate

the approximate determination for a real fretting loop based on the output of the test data.

3.3 Selection of a Wear Model

Like Archard’s law the energy based model is a rather simple purely phenomenological model.
Basically bothmodels do not differmuch (assuming a constant friction coefficient and contracting
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all constants in each model into one, both models actually are identical in their local forms). Both
models do not explicitly take into account the third body formation and can not capture changes
in the wear mechanism from e.g. mild to severe wear. However the energy based model has
a clear physical basis correlating the wear volume with a real energy (shear force and sliding
distance being collinear) whereas Archard’s model correlates the wear volume to a quantity with
the units of an energy but without physical meaning since the normal force acts perpendicular
to the sliding distance. Furthermore as stated by Fouvry [10] “[…] the energy approach can
be considered as an extension of the Archard description, which better integrates the influence
of the friction coefficient”. Indeed the friction coefficient µ directly enters the energy based
formulation. This can be seen after rewriting equation (3)

Eid =

δi∫

0

µ(x) · P (x) · dx (5)

hence changes in the friction mechanism (e.g. due to an evolution of the contact surface, tem-
perature changes or even local variations of µ within the contact surface, etc.) can be accounted
for within the energy based model. On the other hand, as stated also by [21] no direct correlation
between the constants K and H entering Archard’s model and the friction coefficient µ can be
found. Consequently the energy based model is selected as the wear model to be used in the
subsequent investigations. In view of an implementation of the energy based wear model within
a standard local finite element formulation a local form of equation (3) is required relating the
local wear depth at any point within the contact surface to the accumulated dissipated energy at
this point. Assuming that at any position within the contact surface the local wear volume dW
can be computed through (3) but with a local wear coefficient β the local wear depth observed
in the infinitesimal surrounding dA of that point is obtained by

h =
dW

dA
= β ·

N∑
i=1

Eid
dA

= β ·
N∑
i=1

δi∫

0

Q

dA
· dx = β ·

N∑
i=1

δi∫

0

τ · dx (6)

Within a time discretized setting the incremental change in wear depth∆h associated with the
incremental slip distance ∆δ is obtained for δi ∆δ from (6), i.e.

∆h = β · τ ·∆δ (7)

where it has been assumed that the shear stress τ remains constant along the incremental slip
distance ∆δ. Carefully note that in the subsequent investigations it is assumed that the global
wear coefficientα and the local wear coefficient β are identical (i.e. α = β) since the experimental
setup discussed in chapter 2 does not allow for a determination of the local wear coefficient β.
See [12] for a comparison between local and global wear coefficients.

3.4 Validation of the Energy Based Wear Model at Low Frequency Loading

In the following the energy based wear model is validated for the test results obtained with the
test rig discussed in chapter 2 for a Ti6Al-4V versus Ti6Al-4V pairing subjected to isothermal
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Figure 3:Wear depth evolution for a Ti6Al-4V pairing at 20°C. Wear scar after a) 10, b) 500, c) 1000 cycles.

low frequency loading between 20°C and 300°C. Figure 2b) visualizes the correlation of the
energy based wear model with the test results. Therein clearly a linear correlation W = αEd
can be observed for each of the analyzed temperatures, thus proving the validity of the model for
Ti6Al-4V. Similar observations have beenmade by the authors for Inconel 718 versus Inconel 718
pairings and for Inconel 718 versus Ti6Al-4V pairings. Note that the variation in the accumulated
energy dissipated in each experiment reported in figure 2b) has been achieved by varying both,
the contact pressure and the cycle number N , thus providing a validation of the model for both
parameters. Finally a significant temperature dependence of the wear coefficient α has been
observed, see figure 2c). Note: each dot in figure 2c) represents a value of α obtained from the
test results as visualized in figure 2b).

Figure 4: a) wear volume evolution W over first N=1000 cylces for a Ti6Al-4V pairing at 20°C, comparison
between FE solution with and without geometry update. Comparison of 2D and 3D results for a) wear depth after
first 25 cycles and b) wear volume evolution over first 25 cycles.

4 Implementation of the Wear Model into a Finite Element Solver

In order to employ the wear model within an analysis of real components the local form of the
energy based wear law (7) has been implemented into the commercial FE package ABAQUS.
Two alternative approaches have been implemented for 2 dimensional (2D) cases

1. Neglect the geometry change due to abrasion: The wear depth according to equation (7) is
determined in a postprocessing step. Hence a standard contact analysis provides the required
quantities τ node and∆δnode. No changes of the FE solver are required.
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2. Take the geometry change due to abrasion into account: For each iteration in the contact
algorithm the nodal wear depth is determined through equation (7). Subsequently the nodes in
the contact surface are moved accordingly (perpendicular to the surface by an amount∆hnode)
employing the ABAQUS User Subroutine UMESHMOTION.

Apparently the second approach increases the computational costs but on the other hand gives
more accurate results especially for curved contact surfaces. Furthermore the distribution of the
normal stress in the contact surface shows pronounced stress peaks at the contact edges (see e.g.
[4] for an analytical solution) which result in increased wear in these regions. With advancing
abrasion the peaks decrease which can only be accounted for by the second approach. The result
of a 2-dimensional FE analysis of the test setup discussed in chapter 2 employing the second
approach is shown in figure 3. A comparison of both approaches for the “overall” result of the
FE analysis in terms of the wear volume W is shown in figure 4a). Apparently both approaches
give almost identical results for the present flat geometry. Finally both approaches have been
implemented in 3 dimensions (3D) as well. Obviously the 3D setup dramatically increases the
computational costs since the contact surface requires a rather fine discretization for the wear
analysis. As can be seen in figure 4b) and figure 4c) the 2D and 3D results for the specimen
centreline are in reasonable agreement. Clearly only a limited amount of fretting cycles can be
modelled. However, looking at the linear evolution of thewear volumewith the cycle number (see
e.g. figure 4a)) a linear extrapolation of the stabilized state up to the cycle numbers investigated
in the test rig (up to 20000) seems adequate. A FE analysis of all test results (ca. 40 tests) showed
a reasonable deviation smaller than a factor of 2+/-1 between extrapolated FE results and the raw
data from the tests. Carefully note that this deviation is mainly due to the scatter in the test raw
data. The FE predictions without geometry update and analytical predictions based directly on
equation (4) are almost identical.

5 Summary

In this paper an approach to the modelling of fretting wear at low frequency loading has been
presented. An energy based model has been selected relating the wear volume (or the local wear
depth) in the contact zone to the accumulated energy dissipated in the fretting cycles. The model
has been validated for fretting wear tests at various temperatures, contact pressures and cycle
numbers for low frequency loading and Ti6Al-4V as well as Inconel 718 pairings. The model has
been implemented into the commercial finite element package ABAQUS for 2D and for 3D with
and without consideration of wear induced geometry changes. Apparently the most efficient
approach is a 2D-analysis without geometry update, whereas the most accurate approach is a
3D-analysis with geometry update. For the test setup with flat contact surfaces discussed in this
paper all presented approaches are in good agreement and describe the measured test data with
reasonable accuracy.

Acknowledgments: The authors gratefully acknowledge the support of the presented work by a
LuFo-3 technology program funded partially by the BMWi.



320

6 References

[1] Archard, J.F., Appl phys 1953, 24, 981–988

[2] Archard, J.F.; Hirst, W., Proc. R.Soc. A 1956, 236, 397-410

[3] Celis, J.P.; Stals, L.; Vancoille, E.; Mohrbacher, H., Surface Engrg. 1998, 14(3), 232–239

[4] Ciavarella, M.; Demelio, G., Intern. Journal of Mechanical Sciences 1999, 41, 1533–1550

[5] Ding, J., Modelling of fretting wear, PhD thesis, Univ. of Nottingham, UK, January 2003

[6] Ding, J.; Leen, S.B.; McColl, I.R., International Journal of Fatigue 2004, 26, 521–531

[7] Fouvry, S.; Wear 2003, 255, 287–298

[8] Fouvry, S.; Kapsa, Ph.; Vincent, L., Proc. Int. Tribology Conference 1995, 277–282

[9] Fouvry, S.; Kapsa, Ph.; Vincent, L., Wear 1996, 200, 186–205

[10] Fouvry, S.; Kapsa, Ph.; Vincent, L., Wear 2001, 247, 41–54

[11] Fouvry, S.; Kapsa, Ph.; Zahouani, H.; Vincent, L., Wear 1997, 203-204, 393–403

[12] Fouvry, S.; Liskiewicz, T., Tribology International 2005, 38, 69-79

[13] Huq, M.Z.; Celis, J.P., Wear 2002, 252, 375–383

[14] Likiewicz,T.; Fouvry, S.; Wendler, B., Surf. and Coat. Technol. 2003, 163–164, 465–471

[15] Meng, H.C.; Ludema, K.C., Wear 1995, 181-183, 443–457

[16] Mohrbacher, H.; Blanpain, B.; Celis, J.P.; Roos, J.R, Diam. Rel. Mater. 1993, 2, 879–884

[17] Mohrbacher, H.; Blanpain, B.; Celis, J.P.; Roos, J.R.; Stals, L.; Van Stappen, M., Wear
1995, 188, 130–137

[18] Mohrbacher, H.; Celis, J.P.; Roos, J.R., Tribology International 1995, 28-5, 269–278

[19] Molinari, J.F.; Ortiz, M.; Radovitzky, R.; Repetto, E.A., Eng. Comp. 2001, 18, 592–609

[20] Ramalho, A.; Celis, J.P., Surface and Coatings Technology 2002, 155, 169–175

[21] Williams, J.A., Wear 1999, 225-229, 1-17



On Scratching of Elastic-Plastic Thin Films on Elastic Substrates

F. Wredenberg, P.-L. Larsson
KTH Solid Mechanics, Stockholm, Sweden

1 Introduction

Thin films on substrates are a matter of considerable study because of its practical usefulness.
There are numerous deposition techniques developed to improve their characteristics and to en-
large their field of application. The arrival of new, potentially interesting materials enhances
the concern for understanding the mechanics of deformation, which allows for a better thin film
design from a structural point of view and an increase of the surface durability. In practice, ef-
forts have been directed towards improving the performance of specific parts or extending the
life of components exposed to difficult environmental conditions. For example, the research
dealing with quasi-crystalline coatings provided opportunities to increase the wear resistance of
aluminium or steel parts in automotive systems while protective polymer coatings are an essen-
tial part in many electronic devices. From a practical standpoint, indentation has been success-
fully applied for a broad range of materials and is among the most widely used methods when
performing the difficult task of determining the strength very near the surface. The commonly
determined properties using microindentation are indentation hardness, the indentation load ver-
sus indentation depth curve and the actual area of contact. These quantities are used to determine
the constitutive properties of the materials. The early theoretical works by Sneddon [1], Tabor
[2] and Johnson [3], being the most notable for this purpose. Depending on the material prop-
erties and the type of indenter used, Johnson suggests that the outcome of a sharp indentation
test on classical elastoplastic materials could be placed in one of three levels as specified by the
parameter

Λ =
E tanβ

(1− ν2)σrep (1)

In eq. (1), E is the Young’s modulus and ν is Poisson’s ratio, β is the angle between the indenter
and the undeformed surface (see Fig. 1) and σrep is the material flow stress at a representative
value of the effective (accumulated) plastic strain. As for the three indentation levels, Level I (Λ
< 3) corresponds to the occurrence of very little plastic deformation during indentation testing,
meaning that all global properties can be derived from an elastic analysis. In level II (3 <Λ < 40),
an increasing amount of plastic deformation is present and both the elastic and plastic properties
of the material will influence the outcome of the test, and finally, in level III (Λ > 40) elastic
deformation is present over the entire contact area. The last mentioned level is applicable to
most engineering metals.
The fundamental knowledge about the mechanical behaviour at scratching, and in particular

when it comes to scratching of thin films, is not nearly as developed as for indentation test-
ing. Also such investigations have essentially without exception been devoted to severe scratch-
ing, i. e. fracture, delamination etc., cf. e. g. Holmberg et al. [4] , Subhash and Zhang [5],
Malzbender and de With [6], Thouless [7] and Bull [8]. As far as a more general understanding
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of the behaviour of different global (and also local) scratch variables at these types of problems is
concerned, essentially only one investigation, Larsson and Wredenberg [9], has been presented.
These authors studied the influence from strain-hardening and the Johnson parameter in eq. (1)
on parameters such as normal and tangential hardness, apparent coefficient of friction, contact
area and relevant local field variables. In doing so, the numerical strategy, based on the finite
element method, developed by Wredenberg and Larsson [10, 11], was used while modified to
also account for film/substrate boundary effects. The analysis was restricted to cone scratching,
see Fig. 1, and the deformation of the substrate was neglected in all of the numerical simulations.
However, in many situations of practical interest the deformation of the substrate severely influ-
ences the mechanical behaviour. Therefore, this feature is in the present study included in the
analysis supplementing the previous results by Larsson and Wredenberg [9].

Figure 1: Scratching of a film/substrate system where the angle β defines the conical stylus/indenter. In the present
study β = 22°.

2 Basic Considerations and Numerical Analysis

The present analysis concerns scratching of thin film/substrate systems using a sharp conical
stylus assumed to be rigid. In order to simplify the interpretation of the results all calculations
are performed for a constant scratch depth and consequently, steady-state conditions are aimed
at. It is assumed that quasi-static conditions prevail and that far-field boundaries do not influence
relevant global and field variables. In the presentation below F and A represent contact load and
contact area respectively, indices n and t represent the normal and tangential components of these
quantities and h is the scratch depth shown in Fig. 1. It should be emphasized that the contact area
A is, if not stated otherwise, the true projected contact area given by the numerical simulations.
Assuming then that quasi-static and steady-state conditions prevail, the scratch problem is

self-similar with no characteristic length present. Consequently, the normal hardness

Hn = Fn/An (2)

and the tangential hardness,

Ht = Ft/At (3)

as well as the ratio h/
√
A are constant during the loading sequence of a scratch test on homoge-

neous materials and stresses and strains are functions of the dimensionless variables xi/
√
A (the

Cartesian coordinate system is shown in Fig. 2 and material properties alone. At scratching (or
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normal indentation) of thin film/substrate systems this is of course not the case, as at increasing
load, the field variables also depend on the ratio h / d (d being the film thickness as shown in Fig.
1). However, when the indentation depth is held constant during the test steady-state conditions
prevail and the global quantities defined above are constant facilitating a direct comparison with
the corresponding homogeneous solution.

Figure 2: Cartesian coordinates xi (following ht tip of the stylus). Scratching is performed in the x2 direction

In the present analysis, as indicated above, it is assumed that the material behaviour of the
film is adequately described by classical elastoplasticity and elasticity is accounted for as far as
the substrate is concerned. The material strain-hardening is described by a standard power law
relation according to

σ(εp) = σY + σ0ε
n
p (4)

where σ(εp) is the material flow stress, σY is the initial yield stress, εp is the Mises effective
strain and σ0 and n are material constants.
The resulting boundary value problem becomes very involved (in particular so as a

film/substrate boundary is introduced into the problem) and it is necessary to use the finite el-
ement method in order to arrive at results of acceptable accuracy. The basic numerical scheme
and meshing for an analysis of the corresponding homogeneous problem is developed by Wre-
denberg and Larsson [10] and further developed for thin film problems by Larsson and Wreden-
berg [9]. This scheme was closely adhered to also in the present investigation. The numerical
simulations were performed using finite element methods implemented in the commercial FEM
package ABAQUS. As the material experienced very large strains, ALE adaptive meshing was
used to maintain the element integrity. The mesh was composed of approximately 170000 linear
eight node elements including both substrate and film elements. The number of elements would
however vary slightly with the film thickness in the case with a rigid substrate.

3 Results and discussion

The results presented and discussed below concern the mechanical behaviour at scratching of
thin film/substrate systems. The presentation is devoted to an analysis of the influence from the
film/substrate interface on global scratch quantities. In all cases when the Johnson parameter in
eq. (1) was used in order to evaluate the results, the representative stress level corresponded to
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σrep = σ(εp = 0.08). (5)

This choice is not of importance for the evaluation of the numerical results but was done based
on the suggestion by Tabor [2] and is convenient to use when comparing different results. Explicit
material constants (E, σ0) were chosen so that σrep always takes on the value of 210 MPa for
strain-hardening materials. In such a case the values σY = 105MPa, ν = 0.3 were fixed. At
perfect plasticity, however, the value σY = 210MPa was chosen.
It seems appropriate to start the present discussion with some previous results by Larsson

and Wredenberg [9] concerning the case of scratching of elastoplastic thin films on hard (rigid)
substrates. In [9], among other things, the behaviour of the indentation hardness and the contact
area ratio,

c2 =
A

Anom
,

where A is the actual (true) contact area and Anom is the nominal contact area (given by purely
geometric considerations for a cone indenter with β = 22° and assuming no piling-up or sinking-
in of material at the contact contour), was investigated for materials with the strain-hardening
exponent in eq. (4) being n = 3 with the corresponding values for the Johnson parameter in eq.
(1) being Λ = 8 and Λ = 200 respectively. The results for the hardness values are depicted in
Fig. 3. Clearly at approximately h / d < 0.2 the presence of an interface does not influence the
global properties. This being so not only for the normal and tangential hardness but also for all
the scratch quantities considered, i. e. normal and tangential hardness and contact area ratio,
even though boundary effects for the material pertinent to Λ = 8 are slightly more evident due to
pronounced elastic effects. It should be mentioned in this context that the nominal contact area at
scratching is calculated assuming that the contact boundary is a half-circle, this being a standard
assumption at scratch test evaluations.
The present results for scratching in Fig. 3 are restricted to a single value on the material

exponent n (n = 3). For the sake of generality, Larsson and Wredenberg investigated other types
of hardening and in doing so, perfect plasticity (n =∞) and linear strain-hardening (n = 1), with
the value on the Johnson parameter being Λ = 200, were singled out for attention. Details are
shown in Fig. 4. In short, scratching of perfectly plastic materials was less influenced, than the
corresponding results shown in Fig. 3 for n = 3, by the presence of a film/substrate interface while
the effect from the interface is most obvious for the linear hardening material. This is of course
a direct consequence of the mechanical field behaviour at contact loading as large deformations
and high stresses are more confined to the contact region at perfectly plastic material behaviour
leading to a substantially larger plastic zone in case of a linear hardening material.
The main purpose of the present investigation concerns the influence from elastic deformation

of the substrate. Representative results for this purpose is shown in Fig. 5 where the normal
scratch hardness is depicted as a function of the ratio

η =
Esubstrate
Efilm

,

between the two modulii of elasticity. The thin film is characterised constitutively by n = 3,
Λ = 8 and Efilm ≈ 3.8 GPa (the substrate is as mentioned above assumed purely elastic). The
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Figure 3: Normalized hardness results by Larsson and Wredenberg [9] for scratching of film/substrate systems. Λ
= 8 and Λ = 200. Strain hardening material with exponent n = 3. The solid lines indicate the homogeneous results.
The substrate is assumed rigid.

Figure 4: Results by Larsson and Wredenberg [9] for scratching of film/substrate systems with different hardening
exponents n. The solid lines indicate the homogeneous results. The substrate is assumed rigid.

scratch thickness was chosen to be h = d / 3 in order to make sure that substantial influence
from the interface was present. It is quite surprising that the influence from the deformation of
the substrate is small. Indeed, the results in Fig. 5 show that even when η = 1 the deviation of
hardness results (from the solution where the substrate is assumed rigid) is less than 10 % (which
can also be deducted from Fig. 3). This indicates that the assumption of a rigid substrate, which
is computationally favourable, gives results of sufficient accuracy in many situations of practical
interest. It should of course be mentioned that the present study is restricted to the case when the
substrate is stiffer, or equally stiff as, than the film i.e. η≥1, and that plastic deformation of the
substrate is neglected.
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Figure 5: Present results for scratching of film/substrate systems with n = 1/3, Λ = 8 and h/d = 1/3. The substrate
is assumed deformable.

4 Conclusions

In the present analysis, scratching of film/substrate systemswas analysed numerically with partic-
ularly the influence from elastic deformation of the substrate in mind. The main conclusion from
the present limited investigation is that as far as global properties are concerned, the influence is
small at least when the substrate is stiffer (or equally stiff as) the film.
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1 Introduction

The excellent combination of high mechanical strength, high elongation and strain hardening
of Advanced High Strength Steels (AHSS) has permitted their increasing use in the automobile
industry to reduce vehicle weight and thereby fuel consumption while improving crash perfor-
mance. However, the implementation of AHSS has generated difficulties related to the mechan-
ical performance of forming tools. Due to their high yield stress, forming AHSS implies high
pressures that accelerate wear, even leading to their catastrophic and premature failure [1, 2].
Thus, a proper mechanical design of tooling is needed in order to optimize the process efficiency
that must be conducted considering the acting damaging mechanisms: wear and fatigue
In this sense, a methodology that allows accurate wear prediction would be very helpful. Com-

puter simulation by means of finite elements modelling (FEM) has been widely used in sheet
metal forming for determining the sheet formability, evaluating the springback and calculating
the press force. More recently it has been also used for evaluating mechanical solicitations on
tools in AHSS drawing [2]. FEM could also give valuable information for wear prediction [3,
4].
Thus, the aim of this work is to simulate the wear behaviour of tools during AHSS sheet

forming by FEM.

2 Experimental procedure

2.1 Computer simulation

The simplest approach to evaluate wear in tools is to simulate the forming process, obtaining
the contact pressure distribution along the tool surface, as well as the relative sliding movements
between the tool and the work-piece. Wear models are used to correlate the volume loss with the
forces acting perpendicularly to the surface and the relative slidingmovement between contacting
surfaces. The Archard’s model is one of the most accepted ones to evaluate wear behaviour [5]:

V = KFX/H (1)

where V is the volume loss, F is the normal load, X is the relative sliding distance between the
mating surfaces, H is the hardness and K is a wear coefficient, which depends on lubrication,
materials interaction etc.
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The values of F and X obtained by computer simulation of tools can be used to directly ob-
tain the volume loss, the wear and thus the tool life. However, this approach leads to mistakes
since such calculation is performed considering the original geometry of the tool and wear is
localized in one region (where there is the highest pressure in the initial step). Considering that
wear changes the surface tool geometry, the contact pressures are also modified and thus wear
estimation must take into account such effects.
A better strategy is to perform cyclic updates of the surface tool geometry during tool life.

Such approach has been used in the simulation of fretting wear [4]. In this way, wear estima-
tion is associated to a number of discrete simulations, that are implemented on the surface tool
geometry modified by the wear during the previous step. Such methodology has been imple-
mented on ABAQUS/Standard software by adaptative meshing techniques and controlled by the
UMESHMOTION subroutine. However, there is an important limitation, it can be only applied
to processes where a steady state is reached from a geometrical point of view, and where geo-
metrical changes are only due to wear. For example, drawing, rolling, extrusion and machining
can be analysed with this procedure.
Aimed at studying wear on tools, such methodology has been implemented by programming a

script by Python. Simulations are performed in this script modifying the geometry of the contact-
ing surfaces following the previous simulation. The simulation strategy is summarized in figure
1.
With respect to simulation details, the size of the contact elements is 0.1 mm, and a penalty

contact with a friction coefficient of 0.15 is used.

Figure 1: Simulation strategy

2.2 Forming Process and Materials

A drawing process of a 2 mm thick sheet of TRIP800 has been simulated (see figure 2). The
metal sheet was considered as isotropic, with a Young modulus of 210 GPa and a Poisson’s ratio
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of 0.3. The elastoplastic behaviour has been evaluated in tensile specimens and incorporated in
the simulation. The tool has been simulated as an elastoplastic material, with a yield stress of
1800 MPa. The chosen tool material is a cold work tool steel DIN 1.2379, due to their wide
applicability in cold forming.
Wear resistance was evaluated by using the pin-on-disk tribometer (ASTM G99-95A). It

should be emphasized that the real tribological pair has been characterized: the disk was made
of a TRIP800 sheet, and the pin was the 1.2379 tool steel heat treated at 60-62 HRC (the usual
hardness range when forming AHSS). The obtained experimental wear constant, Ke, is 1.06 10–6

mm3N–1m–1. The friction coefficient measured between the tool steel (pin) and the sheet of
TRIP800, with oil in the surface as it is usually formed, is 0.15.
Tools have been mounted in an experimental die and a total number of 3,500 strokes have been

done. Tool wear was measured by a coordinate measuring machine.

Figure 2: (a) Simulation of drawing a TRIP800. (b)–(c) After 10% and 50% of the total forming time respectively.
(d) Final position of tools and stress distribution in the final step.

3 Experimental results

The stress distribution on tools is showed in figure 3. It shows that the higher contact stresses
(about 450 MPa) together with the largest sliding distance, are located close to the corner of the
forming tool (see figure 3(b)), is important to emphasize that the wear is controlled by the contact
pressure, but in this case Von Mises stress peaks appears here close to the contact pressure peaks.
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Simulation results show that wear damage is more pronounced in this region. In order to quantify
wear, the actual radius of different positions along the tool surface in the analyzed punch radius
has been obtained (figure 4). A decrease of the radius of about 0.05 mm is expected after 3,500
strokes in the most worn area.
Experimental measurements on tools are showed in figure 5. They fit reasonably well with the

FEM results, but it should be noted that the measured values are within the machining tolerances.
However, it is found that wear damage is located at the area predicted by FEM results.
Thus, it can be said that the proposed methodology can be used to understand the wear be-

haviour of tools, but currently, wear can not be quantified. More experimental results, after
10,000–20,000 strokes, are needed to validate the proposed methodology (bench tests are cur-
rently running).

Figure 3: (a) Stress distribution on tools showing the location of the higher contact pressures. (b) The wear damage
is concentrated near the corner indicated by the arrow.

Figure 4: Evolution of the radius of the tool corner along the tool surface (from 0 to 100) obtained from FEM.
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Figure 5: Experimentally measured profiles in the tool surface. The shaded area corresponds to the machining
tolerance.

4 Conclusions

From the FEM results as well as the geometrical measurements of wear on tools the following
conclusions can be drawn:

• A methodology for wear estimation based on FEM has been proposed.

• It is very important for obtaining correct wear estimation to select the appropriate wear model
and to determine the wear constants by experimental tests.

• Currently only 3500 pieces have been produced in the bench tests that are not enough to give
marked wear on tools. Changes in tool surface profile are within the machining tolerance

• However experimental measurements on tools are close to simulation. Bench tests are still
running and future results will allow confirming the applicability of the proposed methodology
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Computation of Die Loads in Sheet Forming Using Dies of Tool

Steel with Improved Anti-galling Properties
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1 Introduction

Sheet metal forming usually involves a sliding contact under high pressure between the sheet
material and the die. Under these conditions it is common that galling occurs, which means
that fragments of the sheet material is transferred to the active surface of the die. The pressure
between the sheet and the die is one of the most important conditions that influence galling. High
strength sheet materials can usually resist galling at higher pressure than softer sheet materials
but the improvement in galling resistance is not enough to compensate for the increasing contact
pressure and the temperature that result with increased strength. Accordingly the expanding
use of high strength sheet materials in the automotive industry will increase the cost for tool
maintenance due to galling damage.
The traditional method to improve the galling resistance for dies that are subjected to high

contact pressure is surface treatment. The recent development of a nitrogen alloyed high perfor-
mance PM tool steel has introduced an alternative to surface treatment. The steel has high galling
resistance even without a coating and can in many cases replace a surface coated tool steel.
In order to predict in which applications the new type of tool steel can be recommended a

method to determine the loads caused by the application is required as well as a model that gives
a critical load for galling.
In the present paper FEM was used for prediction of the contact pressure between the sheet

and the die and the galling limit was expressed by a simple criterion based on the contact pressure
and the strength of the sheet. To calibrate the critical pressure a number of application tests were
run and the same cases were simulated with FEM.

2 Tool material

All tests and simulations were performed with the cold work tool steel Uddeholm Vancron 40,
which is a nitrogen alloyed PM steel. It was developed in order to create a tool material that can
be used without coating but still have properties that are comparable with coated PM steels.
The material has the nominal composition shown in Table 1.

Table 1: Nominal composition of Uddeholm Vancron 40 in weight per cent.

C N Si Mn Cr Mo W V
1.1 1.8 0.5 0.4 4.5 3.2 3.7 8.5
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3 Modelling

The tendency for galling depends on several factors where one of the most important ones is the
contact pressure in sliding contact. Other important factors are the friction, the strength of the
sheet material and the surface roughness of the tool.
We here concentrate on the initiation and the early stages of material pick-up on the tool. The

initiation is believed to take place on a surface defect or on an asperity from surface roughness
on the die [1]. One can expect that with a high surface pressure even small surface defects can
initiate galling. Pressure dependence of the growth of material pick-up has been reported by
several authors [2, 3].
In our prediction we assume that the surface roughness on the tool is low and the lubrication

as well as the sliding speed is similar in all cases. We then have the strongest influence from
the contact pressure and the sheet material properties. The sheet material influences galling
both by its adhesion to the tool material and by its strength. Increasing adhesion lowers the
galling resistance, while increasing strength contributes to resist abrasive wear [2, 4] and as a
consequence improves the galling resistance [3]. We thus assume that galling is initiated when
the contact pressure p exceeds a value proportional to the ultimate tensile strength Rm of the
sheet. The galling initiation criterion that we use here is

p > pcrit = C Rm (1)

The constant C will depend on a number of factors but we here separate the fitting of C only
for different types of sheet materials, on one hand carbon steel of the types high strength steel
(HSS) and advanced high strength steels (AHSS) and on the other hand austenitic stainless steel.
We also expect an influence of the tool material but the values used here were all evaluated from
tests with Uddeholm Vancron 40.
The pressure was computed from FE simulation of each application using the FEM code

ABAQUS [5]. In these simulations the sheet materials were assumed to be elastic-plastic and
the tools were modelled as elastic parts. Solid elements were used. Most simulations were run
in two dimensions, either with axi-symmetry or with plane strain.

4 Results from Application Tests

The calibration of the galling limit was performed by analyzing a number of application tests
with the tool steel Uddeholm Vancron 40. One example of the tests is a U-bending operation
performed in progressive dies shown in Figure 1. The sheet was a 2 mm Docol 800DP steel. The
test was successful; i. e. galling was not a problem at the normal forming speed. Results from
this test have been reported previously [6].
A second successful application involved a deep drawing application on 0.5 mm sheet of

austenitic stainless steel AISI 304 Results from this test were published previously [7]. The
progressive die set-up is shown in Figure 2.
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Figure 1: Forming of a reinforcement part to the B-member in 2 mm thick Docol 800DP.

Figure 2: Deep drawing of a cup in 0.5 mm AISI 304.

5 Results of Simulations

In the application with U-bending of 2 mm 800 DP steel sheet, Figure 1, galling did not occur.
The computed contact stress distribution is shown at the instance when the highest stress peak
occurred in Figure 3. The maximum pressure was 1241 MPa.
The computed maximum pressure during the deep drawing operation of stainless steel sheet

from Figure 2 is shown in Figure 4. The pressure distribution contains two peaks. The highest
peak is about 600 MPa.
The resulting maximum pressure from the above simulations as well as other tests were plotted

versus the tensile strength of the work material. The results for low alloyed high strength sheet
steel are shown in Figure 5 with the symbol representing the case of Figure 1 encircled. Different
symbols indicate successful application tests and tests where galling occurred.
A line corresponding to equation (1) was introduced to separate the two types of points. For the

high strength sheet steels the parameter C was set to 2, indicating that a maximum die pressure
up to twice the tensile strength of the sheet material can be accepted for Uddeholm Vancron
40. However, the number of data points is still too small to verify how well this result can be
reproduced
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Figure 3: Computed distribution of contact pressure (MPa) on dies during U-bending operation.

Figure 4: Computed distribution of contact pressure (MPa) during deep drawing operation on 0.5 mm AISI 304.

During forming of austenitic stainless steel sheet galling generally occurred at lower contact
pressure than for low-alloyed steel sheet. When the results of the application tests and computa-
tions were compared the galling limit was found to be approximately at 1.5Rm as shown in Figure
6. The symbol representing the case of Figure 2 is encircled.

6 Discussion

The intention with the above simulations was to create a method to decide in which applications
the new uncoated nitrogen-alloyed tool steel is a suitable choice of die material. The analysis can
presently be performed by running the simulation prior to the introduction of the material. If the
computed contact stress is below the galling limit it should be possible to use the tool steel.
No comparison has been made to other tool steels in the present study. However, lab tests with

D2-type tool steel have been published [4]. In the tests strips of cold rolled steel sheet of ultimate
tensile strength in the range 295 to 464 MPa are sliding against the tool at various pressures. It
was found that the galling pressure limit was approximately 1.2 times the yield strength, which
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Figure 5: Computed maximum contact pressure on the die in different applications plotted versus the ultimate
tensile strength of the formed low alloyed steel sheet. Different symbols indicate the outcome of the application
test in terms of galling.

Figure 6: Computed maximum contact pressure on the die in different applications plotted versus the ultimate
tensile strength of the formed stainless steel sheet. Different symbols indicate the outcome of the application test
in terms of galling.

is less than the ultimate tensile strength. This could indicate that the new nitrogen alloyed steel
has a galling limit, which is more than twice the galling limit of D2.
Even for a simple model as the one described here the number of data points to calibrate the

model is too low. Furthermore, more data are necessary in order to construct a more advanced
model which takes surface roughness and sliding speed into account.
The linear influence of the strength of the sheet on the galling limit that we assume in equation

(1) was selected mainly because of simplicity. Other simple variants could be to assume a linear
dependence of the yield strength . In any case, the relation between the galling limit and the
strength is probably not linear through the whole pressure range since there should not only be an
influence of the sheet strength but also an effect of lubrication and heat generation, which would
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probably lower the slope of critical pressure versus sheet strength at high pressure. This would
also be consistent with the apparently contradictory fact that increasing strength can both improve
the galling limit and at the same time cause more severe galling. This would appear when the
increase in galling limit is not enough to compensate for the increase in contact pressure from the
higher forming load.

7 Conclusions

A measure of the galling limit of the tool steel Uddeholm Vancron 40 was estimated by a combi-
nation of application tests and numerical simulations by FEM.

• During forming of low alloyed steel galling occurred when the computed maximum contact
pressure exceeded twice the ultimate tensile strength of the sheet material.

• For austenitic stainless steel sheet galling occurred if the computed maximum contact pressure
exceeded 1.5 times the ultimate tensile strength of the sheet material.

• The calibrated criterions could separate all successful tests from those where galling occurred
except a few test results that were very close to the limit.
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1 Motivation

Cutting is a frequently used process – not only in everyday life but also in many technical pro-
cesses in the wood, plastics, food or textile industry. The performance of the cutting device is
mainly determined by the first few microns of the knife forming the cutting edge (Fig. 1). There-
fore, the cutting process is very sensitive to wear, while in the industrial production wear on tools
causes immense expenses, mainly due to outage times, non-scheduled maintenance, overhaul and
inventory costs for spare parts. To increase the wear resistance of the knife, different hardening
and coating processes are commonly used.
To increase the understanding of the wear in dependence of material and geometrical parame-

ters, the load on the blade has to be analysed with a high spatial and temporal resolution. These
data are nearly not accessible experimentally and single simulation approaches can only provide
specialised information. Therefore, here different simulation methods are combined to analyse
the whole process. Finite-Element-Simulations (FEM) are used to calculate the cutting forces
and the Discrete-Element-Method (DEM) is used to calculate the abrasion and change of shape.

2 Approach

The wear at the cutting edge is a very complex and multi-scale problem. The effect not only
depends on the material properties of the blade, but also on the material properties of the cutting
good – especially on the tribological interaction between these materials. Furthermore, hundreds
of meters of cutting length are required to obtain only a few microns of wear on the edge. There-
fore, just one single approach is not sufficient to model and understand the basic principles of
the wear. In the combined approach, different simulation techniques, experimental data and em-
pirical relations are combined (Fig. 2). Material tests are required to obtain the necessary data
like Young’s modulus, friction coefficient, and shore hardness for the simulations. Additionally,
tribological examinations are made. FEM-Simulations are performed on the basis of these data
to model the complete cutting process. Nevertheless, further calibration, especially of the tribo-
logical data, is required. Therefore, the simulations are compared to cutting experiments. During
these calibrations, the material properties of the cutting good are varied while the material and the
geometry of the blade and the friction coefficient between blade and cutting good are not altered.
This is especially required because the material properties may be different from (quasi-static)
literature data because of the high cutting velocity.
This device provides the normal force of the cutting procedure. It is assumed, that after fitting

the normal force, the model is suitable to provide other data which are not accessible experimen-
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Figure 1: Technical terms of the cutting process

Figure 2: Different components of the approach

tally. The FEM simulations supply input data to the more detailed DEM simulations, such as the
distribution of normal forces on the surface between chip and knife.
A laboratory device was constructed to perform cutting experiments under well defined con-

ditions. In the stator, a piezo force sensor is integrated which measures the normal cutting force
with a high frequency (60 kHz). Cutting speeds between 1 and 8 m/s can be used. The cutting
material is an endless rod (diameter 8 mm) which is fed with a feeding speed automatically calcu-
lated in dependence of the desired chip length and cutting speed. Several sorts of TPE – varying
in shore hardness and filled with chalk as additional abrasive to reduce measurement time - are
applied as cutting material. Firstly, different blades of steel and aluminium are tested for the
validation of the simulations.
The DEM was originally developed for the calculation of geotechnical tasks [1], and soon it

was extended to process engineering problems [2, 3]. The advantage of DEM in comparison
to FEM is the possibility to simulate abrasion and fractures in homogeneous and heterogeneous
material with relatively little effort because the material is represented by single, discrete, free el-
ements – usually spheres. Usually, springs, dashpots and friction are used to describe the interac-
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tion between the elements (Fig. 3). To describe solid materials bonds are introduced additionally,
which allow the description of bending and torsion moments (Fig. 4).
As usual in DEM the microscopic parameters have to be derived from the macroscopic, con-

tinuum mechanical properties of the material by calibration because of the lack of a closed trans-
formation. Despite this handicap, tests show that essential effects of breaking and abrasion char-
acteristics can be modelled by DEM correctly, although it is only a coarse model of the real
material, if the parameters are sufficiently calibrated [4, 5].
The failure of the connections under defined conditions (max. force, max. elongation) makes

it possible to model the breaking behaviour of different materials by DEM [6, 7]. Furthermore,
DEM has already been used in wear simulations in the past [8].
Wear cannot be modelled directly, because of the high computational costs of DEM and the

multi-scale character of wear. Hence, the simulation should yield a realistic picture of abrasion
with a much smaller number of cuts. Therefore, the simulations have to be done with altered
material properties, and reasonable care has to be taken in comparing simulation and experimental
results.

Figure 3:Maxwellmodel of the interaction of elements (granular matter

Figure 4:Model of two elements connected by a bond (solid material)

3 Results

Figure 5 shows the measurement of the normal force in a cutting experiment in relation to differ-
ent cutting lengths (cutting speed 8 m/s, wedge angle 30°, clearance angle 20°, uncoated blade,
cutting material TPE, 3 mm chip length). It can be seen, that the shape of the curve changes
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dramatically with the first 40 m of cutting length, compared to its characteristics when a new
knife (cutting length = 0 m) is used. The change from 40 m to 120 m and for the further steps,
however, is much smaller. This indicates that there is a lot of wear during the run-in period,
whereas later the change of the shape is much smaller. This effect is also known from literature
[9]. Furthermore, it can be seen, the initial slope of the force is nearly constant, even after 600 m
of cutting length. In this regard, it has to be noticed that the cutting good has a cylindrical shape
which causes a variable cross section during the cut.
FEM simulations using the same conditions as in the experiments described above were per-

formed (Fig. 6).

Figure 5: Normal cutting force depending on the cutting length.

Figure 6: FEM-model



343

The Young’s modulus of the cutting good is used to adapt the simulation results to the exper-
imental values. Figure 7 shows the dependence of the cutting force on the Young’s modulus.
The FEM calculations were calibrated by data of the various laboratory tests. The properties of
the cutting material in the FEM simulation were slightly ad apted, until the course of the normal
cutting forces matched the experimental results as described above (Fig. 8). The Young’s mod-
ulus for the cutting good is higher than the commonly used value because of the high loading
velocity and the compression of the material in the cutting zone. Insights in the relative speed
between chip and chip surface were provided. The normal forces could be determined with high
resolution – depending on the model size.
Unlike the FEM model, the DEM model only represented the outermost tip of the knife (100

microns) to reduce the computational costs. This is reasonable because the important wear is
located only near the tip of the knife. The material was represented by an irregular assembly of
spheres. To prevent a regular assembly which would cause a preferred direction of breaking and
wear, the radiuses of the single elements were varied between 100 % and 90 % of their maximum
sizes by random distribution [10]. Parallel to the cutting edge, periodic boundary conditions were
applied to virtually model an infinite blade.

Figure 7: Simulated cutting forces depending on the Young’s modulus.

The wedge angle, clearance angle and chip angle are freely eligible within a certain range. The
properties of the elements and their interactions can be modified to simulate different coatings,
gradients and diffusion zones.
To get appreciable wear in reasonable simulation times, it is necessary to alter the material

properties of the blade and the cutting good: The blade was modelled with a high stiffness, but
with a reduced breaking threshold of the interactions. This ensures loss of material without large
deformations of the knife. In the cutting good the breaking threshold was increased to increase
the cutting forces.
During the simulations, the knife was fixed, and the material was moved against the cutting

edge. To reduce the amount of discrete elements, only the elements close to the wedge were
simulated. For this, periodic boundaries in vertical direction were used. Elements leaving the
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Figure 8: Comparison of cutting forces experiment/simulation

simulation zone at the top were fed back to the bottom while all other interactions were removed,
i.e. the cutting material was supplied as single particles (granular material) which were newly
“solidified” just before the blade. By this approach, the amount of elements used was constant,
avoiding time consuming deleting and inserting procedures. Furthermore, it guarantees a con-
tinuously varying arrangement of the elements, preventing preferred directions of cutting char-
acteristics (Fig. 9). To ensure a constant density and a continuous supply of cutting material, the
elements had to be moved with speeds relative to the cutting speed CS in different areas of the
model (Figs. 9, 10). In Figure 11 the change of the shape of the cutting edge due to wear can be
seen. Figure 12 shows the comparison with experimental data. The major material loss occurred
during the first cut. Later the wear stabilised, and further cuts did not alter the edge considerably.
This was also observed experimentally (Fig. 5).

Figure 9:Model with knife and cutting good
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Figure 10: The simulation from beginning until steady state

Figure 11:Wear at the cutting edge after first cut and after five cuts

Figure 12: Shape of a cutting edge after 120 m and after 600 m cutting length. The shapes are not shown in cutting
direction due to measurement limits.

4 Conclusion

It was shown that by the combined use of the simulation tools FEM and DEM, it is possible to
model the wear at the cutting edge of knifes in principle. The biggest challenge that remains is the
careful calibration of the material properties in the DEM simulations. Especially the influence of
the modified parameters must be investigated. Additional tests with different blades and cutting
materials have to be carried out to further improve the adaption of these parameters.
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One further approach which will be tested to avoid the artificial altering of material properties
is the introduction of fatigue mechanisms weakening the binding forces between the elements
depending on the individual load history [11].
The procedure described will be used in the future to examine the influence of different geome-

tries, material properties, and coatings. Especially, self-sharpening knifes, which are following
biomimetic approaches by combining a hardened free surface with a weaker core material will
be investigated [12].
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Abstract

Study of wear in complexmicro-machines is often accomplished with experimental methods, like
pin on disc, scratch test, atomic force microscopy or surface force apparatus. These experiments
are often conducted within the parameter space of the micro-machine and at constant load and
sliding velocity. In reality, the contact loadings are time dependent and, in particular in the case
of micro-machines, fast moving and rapidly changing.
Using twin-wheel experiments, the wear law for the contacting materials is determined in form

of the wear coefficient included in Archard’s wear model. For the prediction of wear in more
complex systems, a numerical simulation tool has been developed, which incorporates the iden-
tified wear model. This so-called Wear-Processor is capable of a fully transient wear integration
scheme and is used to simulate wear in a micro gear, which is currently being developed within
the collaborative research centre SFB 499. First results give an impression how fast the gear
tooth geometry and the slip rates deviate from their original shape as a consequence of ongoing
wear.

1 Introduction

Micro-machines promise to revolutionize our present environment by enabling the development
of a wide variety of smart products. One of the main advantages of micro-machines is their
quick response time due to their extremely low inertia. The Collaborative Research Centre SFB
499 establishes a complete process chain from design over materials processing to the testing of
micromechanical demonstrator systems, of which one is the planetary gear train presented in Fig.
1 and 2 [1]. Part of this project is the clarification how far the advantages of micro mechanical
systems affect negatively their reliability as they potentially fail due to excessive wear. Wear
being a surface phenomenon is identified as a critical factor, which can limit the life span of
micro-machines substantially.
A selection of promising materials have been carried out using miniaturizes pin-on-disc ex-

periments [2, 3]. This type of unidirectional sliding wear is mainly relevant for the gear axes
and bearings, as indicated in Fig. 1. To investigate the mixed type of sliding rolling wear, which
is present in the gear teeth flank, a miniaturized twin-disc setup has been developed to carry out
tribological model experiments at different load and slip conditions [4]. Different materials, such
as Si3N4 and WC-Co have been tested in this setup in air and water.
To predict wear for different geometries and loading conditions, the experimentally observed

wear behaviour is represented by a wear model, which is able to describe the relevant wear phe-
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Figure 1: Schematic of the SFB 499 planetary gear train.

Figure 2: Photograph of the first micro planetary gear train (outer diameter≈5mm) made of ceramics.

nomena. One of the most popular wear models is Archard’s law [5], which is based on the
assumption that the contact pressure p and the sliding distance s between the two contacting
surfaces are the major influence factors for the wear h of the form:

dh

ds
= kDp (1)
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Thematerial properties as well as the other influencing parameters, such as environmental con-
ditions, are included in the wear coefficient kD and have to be identified from experiments. The
correct calculation of kD from experimental data is however difficult, because contact pressure
and also slip rate ds/dt are continuously changing. In pin-on-disc and twin-wheel experiments
progressing wear changes the geometry of the contacting bodies causing a flattening of the pres-
sure profile in the contact.
Concerning the iterative optimization procedure of a model identification, full numerical sim-

ulations [1,6] are too time consuming. Therefore a Global Incremental Wear Model (GIWM) has
been developed specifically for the twin-wheel setup [7]. After identification of kD and verifi-
cation Archard’s wear model for the mixed sliding/rolling contact, the model (1) is implemented
in an advanced transient formulation of the Wear Processor [1,8], for which results are presented
here for the first time.

2 Experiments and Model Identification

The experimental work has been carried out is described in detail in [9]. A sketch of the experi-
mental setup is presented in Fig. 3, where the upper and lower wheel has a curved and a flat flank,
respectively. Both wheels have the same initial diameter of 8 mm. Figure 4 depicts experimen-
tally determined wear (markers) and wear predicted by the GIWM (lines) of self-mated Si3N4 in
rolling contact as a function of the number of revolutions in air of 50% r.h. for FN = 250 mN and
v1 = 800 mm/s.
In order to verify the applicability of the GIWM [7] for wear prediction under rolling con-

ditions, unlubricated long time tests with self-mated Si3N4 were carried out. Fig. 4 shows the
volumetric wear of driving and driven disc measured after the tests with 4% versus the number
of revolutions together with the fitted curves from the numerical simulation GIWM. The volumet-
ric wear calculated using a wear coefficient kD,CD = 3,3× 10–8 mm3/Nmm for the driven (curved)
disc and kD,FD = 1,5× 10–8 mm3/Nmm for the driving (flat) disc showed a good agreement with
the experimental data up to 5 × 106 revolutions whereas the wear measured after experiments
over 7 × 106 revolutions was considerably higher than that calculated with the wear simulator
GIWM. It should be noted, the driven disc has been produced with the identical manufacturing
process within SFB 499 as the planetary gears while the driving disc was produced by an ex-
ternal manufacturer. Therefore only kD,CD for the driven gear is relevant for subsequent wear
predictions.
The wear coefficients kD,FD and kD,CD determined from the fitted curves for 4% slip tests were

then used for the calculation of the wear in tests with 4% and 10% slip over 106 revolutions.
The calculated volumetric wear as a function of the number of revolutions N, together with the
experimentally obtained data after 106 revolutions has also been verified for the different slips.
For 10% and 4% slip, a good agreement between calculated and experimentally obtained wear
volumes was found both for the driving and the driven disc [9].
For 1% slip the GIWM significantly underestimated the wear volumemeasured on the samples

after the laboratory tests. In this case, contact fatigue seems to become the predominant effect. A
similar effect can be observed for the largest numbers of rotations, for which the experimentally
measured worn volume progressively exceeds that predicted by the GIWM.Again contact fatigue
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seems to take a growing influence on the surface degradation of the wheels. This interpretation
is supported by a significant increase of the number of surface cracks for these specimens.

Figure 3:Wheel geometries used in the twin-disc tribometer.

Figure 4: Volumetric wear measured and predicted with the GIWM at 4% slip.

3 Wear Prediction for Sliding/Rolling Wear in Gear Teeth

In contrast to pin-on-disc and twin-wheel experiments, the contact situation between the teeth
of the planetary gear train is fully transient, i.e. location of contact, pressure and slip rate can
rapidly change with time. A simulation of wear under such conditions requires the integration of
wear depth with a generalized form of (1)

dh = kDp(t)
ds(t)

dt
dt (2)
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which has been implemented in the Wear Processor [1] which includes an iterative pressure up-
date by an FEManalysis after a significant amount of wear has been achieved. Similar approaches
have been used by Andersson [6,10], where instead of a full FEM analysis an elastic foundation
model or an analytical solution of the contact pressure has been used to accelerate the simula-
tion. It should be noted, that clearly the FEM approach presented here is on the one hand time
consuming. On the other hand it allows the prediction of geometry change due to wear without
any assumptions on the development tooth profile.
Figure 5 depicts three representative situations for the contact between a tooth of the sun gear

and a planetary gear. The torque of 5 Nmm has been kept constant for the driven planetary gear.
While the sun gear tooth turns from left to right, slip decreases, becomes very small in the pitch
point and then increases again. At the same time the pressure decreases continuously caused by
the increasing lever of the sun tooth. Because the contact area is not limited to a point, there are
situations, for which the product of pressure and slip are non-zero even in the pitch point.

Figure 5:Moving contact and minimum principle stress field on the flanks of the rotating gear teeth.

The resulting variation of the slip rate ds/dt and the contact pressure p has been computed
before and after wear at 3356 rotations of the sun gear assuming that both gears are made of
Si3N4 (kD,CD = 3,3 × 10–8 mm3/Nmm). It can be seen from the results shown in Figs. 6 and 7,
that wear has a significant effect on the evolving contact areas and pressures while the slip rate
seems to be independent and simply a function of the current contact location.

Figure 6: Variation of contact slip rate with time and wear.

The contact area and pressure is highly changed in particular below the pitch point, which
results from the larger product of slip and pressure in this region. Surprisingly, the geometry
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Figure 7: Variation of contact pressure and contact area with time and wear.

changing wear tends to equalize contact pressure and area for the three situations independent of
the similarly increasing lever with time. Although the contact in the pitch point has in theory a
zero slip rate (which should result in zero wear), it can be seen that the contact variables are still
changing. The reason for this phenomenon is the extension of the contact area, which leads to a
positive pressure in the pitch point shortly before and after the zero slip condition.

Figure 8:Wear depth over number of rotations of the sun gear at different locations on the sun gear tooth.

The resulting in the wear depths, are presented in Fig. 8. The highest amount of wear depth
is about 3 m and is reached below the pitch point while the lowest values are observed in the
pitch point, as it can be expected from the previous discussion. For a sun gear tooth with a typical
dimension of 100 m in width, the amount of wear after about 3500 revolutions is 3%.
From this results a visible change in the kinematics of the gears, shown in Fig. 9. The green line

represents the line given by the initial pressure angle of the gear, which is in excellent agreement
with the contact co-ordinates from the simulation before wear (black line, N=0). After wear
(N=3356), the contact trajectory y(x) plotted in red has reached a nonlinear shape, which clearly
deviates from the ideal slope.
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Figure 9: Contact trajectory y(x) visualizes changing gear kinematics through wear.

4 Conclusions and Outlook

In this paper the complete chain has been presented consisting of tribo experiments, the wear
model identification and its verification using the GIWM, and finally the transient wear simula-
tion of a planetary gear train using the Wear Processor.
It can be concluded that the GIWM is a very efficient tool, that allows to determine the wear

coefficient(s) of a given wear model. Further, it is very useful to identify phenomena, which
obviously can not describe with e.g. Archard’s wear model. This allows identifying limitations
of the wear model potential for a model extension by e.g. fatigue wear. The deviation between
experiments and prediction can be used as a quantitative basis for a further model development.
The implementation of a fully transient integration scheme in the Wear Processor allows for

a very general wear simulation. The wear depth at a given point does automatically increase for
time increments, where the product of contact slip rate and pressure is non-zero. This requires
very time consuming simulations using very fine finite element meshes and time stepping. The
outcome of this work is however very promising; large numbers of rotations have already been
calculated resulting in significant amount of wear with consequences for the gear kinematics.
The goal of our further work is a full coupled two-scale simulation of the two-teeth with the

full planetary gear train. It can be expected that the wear has a significant effect on the long-time
behaviour of the planetary gear train.
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Abstract

Friction behaviour of commercial Al2O3, Al2O3-ZrO2 and SiC ceramics was characterized in
paring with the steel 100Cr6 at oil lubricated unidirectional sliding up to 10 m/s. With respect
to applications such as multiple disc clutches, effect of microtexturing of contact area on friction
conditions was studied at a pellet-on-disc geometry by using laboratory tribometers. Results
showed that oil film thickness was substantially changed by microtexturing depending on type of
texture pattern used. Friction coefficient was reliant on the applied ceramic and was considerably
greater at high sliding velocities at textured than untextured pairs at equal contact pressure.

1 Introduction

Oil lubricated multiple disc clutches represent an important part of modern gear boxes in auto-
motive engineering but currently used friction materials such as paper, cork, sintered metal or
polymer based materials encounter limits [1–4]. The demand of further increase in power trans-
mission requires new solutions with higher values of friction coefficient, mechanical as well as
thermal stability and wear resistance for long term reliability in service. Advanced ceramic ma-
terials as Al2O3, Al2O3-ZrO2 or SiC offer a high potential as friction materials for components in
such or similar applications due to their special properties, e.g. wear resistance and insensitivity
against thermal or mechanical overloading.
Several theoretical and experimental studies [5–9] have shown important effects of surface

roughness or texturing on friction and wear behaviour. Laser-assisted microtexturing allows in-
serting deterministic patterns with wide shape varieties in the functional areas of many materials
and geometries of parts used for tribological applications. Studies [10–16] about the effect of
microtexturing on tribological behaviour showed partly conflictive results. It is clear that texture
pattern has to be adjusted to the tribosystem, operating conditions, materials and not least to the
lubricant. Depending on the application a reduction or an increase of friction coefficient can be
achieved by system oriented design of the texture pattern. Geometries such as microdimples as
closed or microchannels as open elements of textures can promote micro-hydrodynamic or con-
tribute to cooling of the contact areas, respectively, for example [16,17]. However, the present
knowledge about texture effects is insufficient for proper design of functional areas with high
reliability.
Friction-sliding velocity characteristic is an important factor in respect to the comfort be-

haviour of wet clutches. Vibrations or stick-slip effects can arise depending on the operating
conditions, e.g. low velocity and high load, as well as degradation of the lubricating oil or wear
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of the friction materials. In order to avoid vibrations, the friction-velocity relationship should be
characterized by a low static friction coefficient and an increasing dynamic friction coefficient
with increasing velocity [14].
Hence, the aim of the present study was the evaluation of different ceramics mated to the steel

100Cr6 using laboratory tribometers at lubricated unidirectional sliding contact and operating
conditions related to those of wet clutches. Main interest was on the effect of microtexturing of
the functional areas on friction-sliding velocity relationship as well as an improved understanding
of the impact of texturing on film thickness and friction.

2 Experimental

2.1 Materials and Laser Texturing

Tribological behaviour of the commercial ceramics SSiC (EKasicF, ESKCeramics), Al2O3 (HTC
99.9, hightech ceram) and Al2O3-15 vol. % ZrO2 (SN80, CeramTec) was characterized using
a pellet-on–disc geometry. In addition sapphire discs (GWI Sapphire) were applied for more
fundamental studies. As counter body the steel 100Cr6 (SAE 52100) was used as delivered
with hardened and tempered martensitic microstructure of 790 ± 10 HV30 for pellets and with
normalized pearlitic microstructure of hardness of 300 ± 10 HV30 for discs. Microstructures
of the tested materials are presented in Figure 1. Grain sizes and hardness values averaged out
to 1.5 m and 1610 HV500 for SN80, 1.9 m and 2540 HV500 for EKasicF and 1 to 3 m and
2084 HV500 for HTC ceramic, respectively. Before testing the functional area of the pellets was
polished, lapped or additionally microtextured.
Laser-assisted microtexturing of the pellets was carried out by using a Ytterbium-laser (AC-

SYS Lasertechnik). Additional details of the laser process are presented elsewhere [11]. Laser
ablation process was used to generate circular microdimples or microchannels crossed to each
other on the lapped or polished areas of the pellets (Fig. 2). The depth of both patterns was 10±
2 m and the area coverage fractions were 35 and 75 %. After laser ablation the texture patterns
showed debris, which was easily removed using gentle grinding and polishing.

2.2 Tribological Tests

The simplified model test and the friction test rig differed in the manner that hardened and
tempered 100Cr6 steel pellets were mated to sapphire discs at the simplified model test while
ceramic pellets were mated to normalized 100Cr6 steel discs at the friction test rig (Fig. 2).
Using the commercial friction test rig (Fig. 2c; UMT3, CETR), oil lubricated tests were

carried out at unidirectional sliding up to relative velocities of 10m/s and applied pressures of 2.12
MPa calculated for untextured circular contact area of Ø6mm and normal force of 60 N. Textured
or untextured ceramic pellets were mated with the directly in the tribometer lapped contact area
to fine ground discs of the pearlitic 100Cr6 steel (Ra = 0.10 m, 300 ± 10 HV30). Mineral
oil (ISO-VG 100, FVA No. 3, η40°C = 85.2 mPas) without additives was fed into the contact
area by drip lubrication. After loading the friction pair by the normal force, sliding velocity was
continuously increased during 5 s up to the value wanted and it was hold constant for 120s before
the velocity was shut down to zero (Fig. 2c). Each test at a given constant velocity (varied from
0.10 to 10 m/s), was followed by a cooling period down to room temperature before the run for
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Figure 1: SEM micrographs of the polished and etched microstructures of the ceramics (a) Al2O3 (HTC 99.9),
(b) Al2O3 -ZrO2 (SN80), (c) SSiC (EKasicF) and (d) the pearlitic steel 100Cr6 as well as texture pattern used (e)
circular microdimples on hardened steel 100Cr6 and (f) crossed microchannels on SSiC ceramic.

the next greater velocity was started. Tests were run in laboratory air at room temperature of
22 °C and 50 % relative humidity.
Studies using the simplified model test (Fig. 2a) were run at low velocities and low normal

loads up to 0.3 m/s and 10 N, respectively. Martensitic 100Cr6 steel pellets (790 ± 10 HV30)
with polished or microtextured contact areas of Ø 7.2 mm were mated at oil lubricated unidirec-
tional sliding against polished sapphire discs. The same mineral oil as used in the friction test rig
was fed at 2.0 mm3/s by drip lubrication in front of contact area. Besides friction force, separation
distances h∗ between the contact areas of pellet and sapphire disc were continuously measured
during each test by using a high accuracy distance transmitter with a resolution of ± 0.5 m.
Recorded values of separation distance “h∗” represent a measure of the oil film thickness “h”
but it has to be expected that these values can be greater than the real oil thickness “h” because
waviness of the sapphire disc (< 1 m after manufacturer data) or alignment variations will con-
tribute to the measured data. In-situ observation of the contact area during sliding was possible
using a special microscope with magnification up to 200 fold. It was preferentially applied for
studying the development of the lubricant film and the oil flow at microtextured contact areas.

3 Results

3.1 Friction Coefficient and Thickness of Oil Film from Simplified Model Tests

3.1.1 Effect of Texture Pattern

Figure 3 shows friction coefficient and oil film thickness h∗ as function of sliding velocity mea-
sured on polished or microtextured pellets of the martensitic steel 100Cr6 mated with polished
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Figure 2: Schematic description of tribometers, materials, texture pattern, loading and lubrication parameters.

sapphire discs. In agreement with hydrodynamic lubrication theory, values of friction coeffi-
cient increased continuously with sliding velocity for both polished and with microdimples (area
coverage fraction ast = 35 %) textured contact areas of the pellets (Fig. 3a).

Figure 3: Polished or microtextured steel pellets mated to polished sapphire discs at the simplified model test (a)
friction coefficient and (b) oil film thickness h∗ versus sliding velocity at normal load of 5 N. CD35: circular
dimples at ast = 35%, CH35 or CH75: crossed microchannels at ast = 35 and 75%, respectively.

However, crossed microchannels resulted in a far different behaviour at both ast = 35 and 75%.
Similar to the “Stribeck curve”, a minimum of friction occurred as function of sliding velocity.
Measurements of oil film thickness h∗ exhibited a great difference between the polished and
with microdimples textured pellets on the one hand and with microchannels textured pellets on
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the other hand (Fig. 3b). Film thickness increased in agreement with hydrodynamic lubrication
theory at both polished and with microdimples textured pellets. Values of film thickness became
zero, i.e. below the measurement resolution of <1 m, at low sliding velocities of about 0.025 m/s
in case of crossed microchannels. This means that boundary lubrication with solid-solid interac-
tions on surface roughness level prevailed at film thicknesses on the nanometres’ scale which led
to high values of friction coefficient > 0.13 at ast = 75 % (Fig. 3a). Independent of the absolute
difference between measured values of film thickness h∗ (separation distance) and true oil film
thickness h, it is obvious that crossed channels reduced film thickness and promoted boundary
lubrication at low sliding velocities under experimental conditions used. Texture pattern of mi-
crodimples reduced film thickness slightly which resulted in lower friction in the hydrodynamic
region.
Normal load is an important factor with respect to friction condition in sliding pairs. Fig. 4

shows friction coefficient of polished and textured pellets mated with sapphire discs at constant
sliding velocity of 0.3 m/s. Values of friction coefficient and film thickness h∗ decreased contin-
uously with increasing load whereas pellets with microdimples led to lower friction but to greater
film thickness than pellets with microchannels. Increasing friction values with decreasing normal
load were obviously connected with increasing film thickness h∗. Greater area coverage fraction
of CH75 yielded slightly lower film thickness and lower friction coefficient than CH35.

Figure 4: Polished or textured steel pellets mated to polished sapphire discs at the simplified model test (a) friction
coefficient and (b) oil film thickness h∗ versus normal load at sliding velocity of 0.3 m/s. CD35: circular dimples
at ast = 35%, CH35 or CH75: crossed microchannels at a

st = 35 and 75%, respectively.

3.2 Friction Behaviour Measured Using Friction Test Rig

3.2.1 Effect of Ceramic Material and Microtexturing

Figure 5 shows friction of ceramic pellets mated to pearlitic steel discs versus sliding velocity up
to 10 m/s. Friction coefficient was calculated from loading cycle (Fig. 2c) at 125 s of testing at
each velocity. Friction values increased with increasing sliding velocity up to maxima and then
they decreased more or less slightly depending on the lapped ceramic pellets (Fig. 5a). Inserting
microchannels CH75 on the contact areas of the pellets raised friction coefficient considerably
compared with the only lapped pellets (Fig. 5b). Friction values decreased to minima at sliding
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velocities below 1 m/s and increased at greater velocities. Depending on the ceramic, a more
or less slight decrease of friction occurred at high velocities which was attributed to increasing
oil temperature and hence to decreasing oil viscosity. Results from the model test indicated a
reduced oil film thickness by microchannels. As consequence friction coefficient was raised
with decreasing velocity below about 0.1 m/s due to boundary lubrication with partly solid-solid
interactions between pellet and disc (Fig. 3a). Despite the differences between the simplified
model test and the friction rig test quite similar friction behaviour was observed at low veloci-
ties (Fig. 3a, 5b). Increasing oil film thickness with sliding velocity led to high friction under
hydrodynamic lubrication at high velocities. SSiC (EKasicF) has a substantially greater value of
thermal conductivity than both oxide ceramics and hence removal of friction power from contact
area and oil film is promoted, i.e. oil temperature should be lower at SSiC than at Al2O3 pellets
which is indirectly supported by the measured greater friction of the SSiC pair (Fig. 5b). Lower
temperatures were measured 0.15 mm below the contact area of the textured than the untextured
ceramic pellets despite the greater friction power produced at textured pellets [17].

Figure 5: Friction coefficient of (a) lapped and (b) with microchannels CH75 (ast = 75%) textured ceramic pellets
at 125s of sliding against pearlitic 100Cr6 steel discs at equal applied contact pressure of 2.12 MPa.

This “cooling effect” was attributed to increased contact area between pellet and oil as well as
oil flow through the microchannels as observed by in-situ observation using the simplified model
test (Fig. 2a).

4 Conclusions

Tribological evaluation of different ceramic materials and textured functional surfaces was
carried out using model and practice-oriented operating conditions for applications such as oil
lubricated multiple disc clutches. Results showed that a texture pattern of crossed microchannels
reduced oil film thickness at low sliding velocities and increased friction by promoting boundary
lubrication. At greater sliding velocities microchannels increased friction coefficient by a factor
of two or even more depending on the ceramic used. SSiC with the greatest thermal conductivity
led to the greatest friction values at high velocities which was attributed to lower oil temperature
and higher oil viscosity, respectively, than at the oxide ceramics. Cooling effects due to oil
flow through the channels and increased oil/pellet contact area can contribute together with flow
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involving friction at thicker oil films at high velocities and low loads to the high friction values
measured on microtextured pairs. Hence, high friction values can also occur at hydrodynamic
lubrication due to oil flow induced friction losses.
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Abstract

Laser-assisted surface microtexturing was carried out on stainless steel/SSiC ceramic pairs for
improving friction behaviour at high loaded reciprocating sliding in isooctane as a model sub-
stance for gasoline. Results show that running-in, values of friction coefficient, fluctuations in
friction course versus sliding distance, abrasive grooving and degradation due to surface fatigue
after long time of running could substantially be reduced by inserting circular microdimples into
the ceramic functional surface.

1 Introduction

Reliability of sliding pairs can be deficient at lubricants or service conditions of low lubricity.
An example are parts of hermetically sealed pumps with reciprocating sliding motion where the
medium to be pumped replaces oil as lubricant. Reciprocating sliding represents an unfavourable
motion with strongly varying velocities whereby at both dead centres the relative velocity goes
to zero and shows its maximum value at the middle of the stroke. Gasoline injection pumps
represent a system where low velocity, high applied load due to an injection pressure of more
than 180 bar and gasoline’s low lubricity impede the formation of a load bearing lubrication
film [1]. Depending on the medium severe tribocorrosive problems can occur on metallic parts
normally used at oil lubricated systems [2]. Hence, advanced ceramics are potential substitutes at
such service conditions due to their chemical inertness in contact with manymedia such as acid or
alkaline aqueous solutions or gasoline. Silicon carbide and alumina are already well established
for water lubricated components such as bearings and seal rings in pumps. However, sliding pairs
of monolithic ceramics can fail at severe working conditions, e.g. at temporary loss of lubrication
and resulting thermal and mechanical overloading [3–7]. As consequence, problems can occur
with the load carrying capacity, running-in, friction and wear behaviour of medium lubricated
sliding systems.
Theoretical and experimental studies showed that the use of surface texturing of the func-

tional areas can take effect in improving tribological performance of marginal lubricated systems
[8–12]. Surface texturing on SiC is already applied for mechanical seals of hydraulic machines
for years. However, the performance differs substantially and in some cases texturing showed no
significant or even a detrimental effect on friction coefficient and load bearing capacity depend-
ing on the mated materials and experimental conditions used.
The objective of this research work is to study the effect of laser-assisted surface texturing on

the tribological performance of SSiC ceramic in reciprocating sliding contact against stainless
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steel under lubrication with isooctane as a model substance for gasoline. Stainless steels are
widely used because of their favourable corrosion resistance in various aggressive environments.

2 Materials and Experimental Methods

2.1 Materials

In this study, tribological behaviour of a commercial non-oxide ceramic SSiC (EKasicF, ESK
Ceramics) mated to the steels 100Cr6 and X105CrMo17 was tested. The steel 100Cr6 (SAE
52100) was used in a hardened and tempered condition (20 min at 860°C, oil quenched and tem-
pered 2 h at 190 °C). The stainless steel X105CrMo17 (DIN EN 10088) was employed in an as
delivered hardened and tempered condition. The martensitic stainless steel contained a relatively
large volume fraction of carbides of 17% at a size of about 1 to 3 m. Both steels showed com-
parable values of Vickers Hardness of 790 ± 10 HV30. In addition an as delivered spheroidized
annealed microstructure of the steel X105CrMo17 with a hardness of 280 ±10 HV30 was used.
Steel pellets of Ø16mm and SSiC plates of 50× 25× 8mm3 with fine ground functional surfaces
were produced for tribological testing.

Figure 1: Schematic representation of (a) cam/slide shoe as example of a gasoline lubricated sliding system, (b)
the model system used for evaluation of new material pairs and (c) texture pattern produced on the ceramic plates
by laser-assisted ablation.

2.2 Surface Microtexturing

Laser-assisted microtexturing of the fine ground functional surfaces (Ra = 0.10 m) of the silicon
carbide plates was carried out by using a Ytterbium-laser (ACSYS Lasertechnik, Piranha II multi
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F20 with laser source IPG YLP-1-100-20-20, wave length λ = 1.064 m). Additional details of
the laser process are presented in [11]. The laser ablation process was used to generate microdim-
ples of a texture pattern as shown in Fig. 1c. The average depth of the microdimples was 10 ±
2 m and the area fraction was varied between 10 and 30 %. After laser texturing the surfaces
showed debris, which could easily be removed using gentle grinding by 1000 mesh SiC abrasive
paper.

2.3 Tribological test

Tribological properties of the sliding pairs were measured using a pellet-on-plate tribometer (Fig.
1b) at lubricated reciprocating sliding contact in isooctane at room temperature. During all tests,
the contact area was immersed at least 3 mm below the surface level of the isooctane bath. All
tests were run at a normal load of 200 N, an oscillation frequency of 10 Hz and a stroke of 10
mm that resulted in an average sliding speed of 0.20 m/s. The pellet specimens sliding as counter
bodies on the plates showed a circular flat contact area of Ø 6 mm which was fine ground to an
average surface roughness of Ra = 0.10 m. The ceramic plate specimens were fine ground to
flatness using a diamond wheel (D25) of a grit size of 25 m that resulted in an average surface
roughness value of Ra (c.l.a) = 0.10 m. Both textured and untextured ceramic plates were
finally cleaned in an ultrasonic bath with isopropanol to remove residuals from the laser process
and/or the machining. Friction force was continuously measured and recorded during each test.
Reported values of friction coefficient are average values of at least two equal tests.

3 Results

3.1 Friction Behaviour of Fine Ground Ceramic/Ceramic and Steel/Ceramic Pairs

Fig. 2a shows that the tribological behaviour of self-mated SSiC was characterized by a very pro-
nounced running-in connected with a strong decrease in friction coefficient. The two presented
runs (R1, R2) at nominally equal conditions differed in the running-in distances. Very low values
of friction coefficient less than 0.04 were measured beyond about 800 m of sliding in isooctane.
Steel / SSiC pairs resulted at equal experimental conditions in friction values between about 0.20
and 0.25 (Fig. 2b). Running-in period and average friction coefficient of the martensitic stain-
less steel X105CrMo17 was greater than the values of the reference steel 100Cr6 at comparable
hardness values of 790 HV30. This was ascribed to the larger average carbide size of the steel
X105CrMo17 in which after loosening from the matrix the hard carbides can act abrasively on
the steel pellets during sliding contact.

3.2 Friction Behaviour of Untextured and Textured Steel/Ceramic Pairs

3.2.1 Effect of Area Coverage Fraction

Figure 3a shows friction behaviour of the martensitic steel X105CrMo17 against fine ground
untextured and textured SSiC plates, respectively. Initial values of friction coefficient of about
0.32 and final values of 0.25 at 4000 m were measured in case of the untextured ceramic plates.
Microtexturing with an area coverage fraction ast of 20% resulted in substantially lower friction
values of less than 0.20 whereby the values decreased further on down to less than 0.10 with
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Figure 2: Friction coefficient of (a) self-mated SSiC and (b) X105CrMo17 or 100Cr6 steel pellets of 790 HV30
mated with fine ground SSiC plates versus sliding distance in isooctane at normal load of 200 N (p = 7 MPa).

prolonged sliding. The effect of ast on friction course is presented in Fig.3b. Friction coefficient
decreased continuously with sliding distance at ast = 20% while it stayed almost constant at 10
and 30% whereby up to 1000 m higher values were measured at 10% than at 30% microdim-
ples. Microtexturing resulted in reduced friction at all area coverage fractions studied. It has
to be mentioned that which increasing ast from untextured to 30% the nominal contact pressure
increased from 7 MPa to 10 MPa because all tests were run at the equal normal load of 200 N.

Figure 3: Friction coefficient versus sliding distance in isooctane at the normal load of 200 N of X105CrMo17
pellets (790 HV30) mated with (a) fine ground (untextured) and textured (microdimples of ast = 20%) SSiC plates,
respectively, and (b) for area coverage fractions ast of 10, 20 or 30% microdimples.

Figure 4 shows SEM micrographs of worn surfaces of martensitic X105CrMo17 pellets (790
HV30) and the mated SSiC plates after 4000 m sliding in isooctane. The worn pellet surface
exhibited grooves and cavities came locally along with them due to abrasion and loss of carbides
from the steel matrix (Fig. 4a). A thin metallic layer was observed on the mated untextured ce-
ramic plate (Fig. 4c) at which a grain like structure was visible. Obviously there was substantially
less grooving on the pellet (Fig. 4b) mated with the textured ceramic plate (Fig. 4d). Small rolls
on the plate surface indicated the presence of a friction reducing tribochemical film. The mech-
anism of collecting wear particles by microdimples is particularly important during running-in
period and is clearly indicated by the microdimples partially filled with wear debris (Fig. 4d).
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Figure 4: SEM micrographs of worn contact areas of the pairs (a) X105CrMo17 pellets (790 HV30) mated with
(c) untextured SSiC plates as well as (b) X105CrMo17 pellets (790 HV 30) mated with (d) textured SSiC plates
with area coverage fraction of 20% after 4000 m of sliding in isooctane at 200 N normal load.

Elongated cavities and cracks occurred also locally on the pellet surface (Fig. 4b) mated with
the textured SSiC plate which were connected with loss of carbides from the steel matrix and
were caused by fatigue effects owing to 2× 105 double strokes of reciprocating sliding contact.

3.2.2 Effect of carbides of the steel matrix

An annealed microstructure of X105CrMo17 was used for studying the effect of hard carbides
embedded in a soft steel matrix. Figure 5 shows friction behaviour of the spheroidized annealed
steel pellets in sliding contact against untextured and textured SSiC plates, respectively. In both
test runs (R1, R2) at nominally equal conditions, friction course of the annealed pellets mated
to untextured SSiC plates was characterized by distinct fluctuations (Fig. 5a). After a distinct
running-in distance, average values of friction coefficient were substantially lower than those of
the pair with hardened pellet (Fig. 3a). Microstructure of the annealed pellet is presented in figure
5c. As expected the spheroidized annealedmicrostructure featured a considerably greater amount
of carbides then the hardened one. During the reciprocating sliding the carbides were pulled out
of the steel matrix and caused a high density of grooves on the contact area of the pellet (Fig.
5d). Additionally cracks and spalling (Fig.5d) appeared with increasing sliding distance due to
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surface fatigue which led to the pronounced fluctuation in the friction course (Fig. 5a). In the
case of the mated textured SSiC plate, wear particles produced could be removed from the contact
area by the microdimples (see also Fig. 4d) and after the running-in a smooth friction course was
measured (Fig. 5b). Worn pellets exhibited substantially less features of surface fatigue such as
cracks or spalling along grooves on the pairs with textured SSiC plates (Fig. 5e). This means
that microtexturing improved resistance of the sliding pairs against failure by surface fatigue, i.e.
it can extend service life at the high loads used.

Figure 5: (a,b) Friction coefficient of pellets with annealed (280 HV30) microstructure of the steel X105CrMo17
in sliding contact against (a) untextured and (b) textured SSiC plates with ast = 20% microdimples versus sliding
distance in isooctane at normal load of 200 N. SEM micrographs of (c) the steel microstructure and (d,e) worn
surfaces of steel pellets after sliding along 4000 m against (d) untextured and (e) textured SSiC plates, respectively.
Arrow indicates sliding direction.

4 Conclusions

Self-mated SSiC ceramic achieved lower friction values after a certain running-in period than
steel/SSiC pairs at the test conditions used. Steel/ceramic pairs may however become particu-
larly interesting for components of high loaded gasoline injection pumps as one example due to
advantages in manufacturing and damage tolerance if friction coefficient can be reduced below
about 0.10. Hence, the objective of this work is to study new approaches for an optimized design
of high loaded contacts of components at reciprocating sliding under lubrication with media
of low lubricity. The results show that laser-assisted microtexturing can be very effective in
improving the tribological performance of steel/SSiC pairs at reciprocating sliding in isooctane.
In case of the hardened stainless steel X105CrMo17 friction coefficient was reduced from values
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of about 0.25 or even greater to less than 0.10 by texturing the mated SSiC plate with an area
coverage fraction of 20% of circular microdimples at a diameter to depth ratio of about 6. It was
also shown that fluctuations in the friction course as function of sliding distance can be caused
by pull out of carbides from the steel matrix or wear particles trapped in the contact area. As
consequence friction and wear were increased due to abrasive grooving on the mated surfaces.
This problem was very effective reduced by texturing because carbides or wear particles could
be removed from the contact by the microdimples. Besides gathering wear particles or carbides
(Fig. 4d), the texture pattern can also serve as lubricant reservoir or promote formation of
a hydrodynamic lubricant film. Depending on microstructures of the mated materials and
operating conditions, surface fatigue can be promoted under reciprocating sliding at a lubricant
of low lubricity and as result local cracks and/or loss of grains or carbides can occur on the steel
or ceramic surfaces. Results showed that microtexturing improved resistance of the sliding pairs
against failure by surface fatigue at the high applied loads and can prolong service life. SiC grain
pull-out can lead to abrasive grooving on both the steel pellets and the ceramic plates while loos-
ening of hard carbides from the softer steel matrix acts abrasively on the steel pellets, particularly.
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1 Introduction

High performance friction systems such as dry clutches have rising demands regarding load-
ing capacities. Organic friction materials have reached their limitations [1–4] but engineering
ceramics like Al2O3 and SiC have great potential since they can withstand higher thermal and
mechanical stresses. However their tribological performance is still unsatisfactory [5,6].
Previous work has shown that the tribological behavior of alumina can be influenced by co-

sintering with e.g. tungsten carbide and titanium nitride [7]. Laser surface modification of the
present study has a slightly different approach. Since the contact surface is most important for
tribological behavior only a thin surface zone is modified. Powders of carbides, nitrides or oxides
are injected directly into the laser-inducedmolten pool. Previous publications [5,6,8] showed that
the tribological behavior of alumina could be substantially improved. It was shown that under
dry sliding conditions higher stability of friction coefficient could be achieved compared with
monolithic alumina. Therefore in the frame of this research work the laser process was further
developed using powders as additives.

2 Materials and Experimental Procedure

2.1 Materials

Reference materials were the commercial Al2O3 ceramic (F99.7, Friatec) and the SSiC ceramic
(EKasicF, ESK Ceramics). The ceramics were used as cylindrical pellets (Ø16 mm, h = 7 mm)
with spherical end faces (r = 100 mm). The counterbody for tribological testing was a disc
(Ø60 mm, h = 8 mm) of the normalized steel C45E (DIN EN 10083) with a Vickers hardness of
206 ± 6HV30. Microstructures of the different materials are shown in figure 1.
The substrate material used for the laser surface modification was the Al2O3-ceramic Al24

(Friatec) with an open porosity of < 5 vol% and an average grain size of 30 m. The geometry of
the pellets was the same as for the reference ceramics. The added powders were titanium nitride
(TiN), titanium carbide (TiC), tungsten carbide (WC), boron carbide (B4C), zirconium boride
(ZrB2) and a commercially available mixture of chromium (Cr) and nickel (Ni) with a volume
ratio of 1:5. The average particle size is shown in Table 1.
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Figure 1:Microstructure of (a) Al2O3 (F99.7), (b) SSiC (EKasicF) and (c) the normalized steel C45E.

2.2 Laser Surface Modification

Since the alumina substrate offers only limited thermal shock resistance controlled preheating
was carried out by a laser-induced process (Fig. 2a) that was superior to conventional furnace
preheating. Advantages are that only the desired surface zone is heated and higher heating rates
are possible avoiding the problem of grain growth within the substrate material (Al24). Laser-
induced heating resulted in shorter process times and better mechanical properties of the surface-
modified specimens. A CO2-laser combined with a scanner system was used. Scanning velocity
was 10.5 m/s and laser power was increased continuously from about 50 W to a maximum of
about 600 W. Substrate temperatures of 1100 °C and 1400 °C could be achieved within 10 and
15 minutes.

Figure 2: Schematic representation of laser-assisted surface modification process.

There were basically two methods used for laser surface modification: a single stage and a
double stage process. At the single stage process (Fig. 2b) powders were injected directly into
the laser-induced molten pool of the ceramic substrate after preheating it to 1400 °C. The main
advantage of the single stage process is reducing the thermal load of the powders to a minimum.
One disadvantage was that the particle size of the additives should not be smaller than about 5
m due to conveying limitations.
At the double stage process (Fig. 2c) the ceramic substrate (Al24) was pre-coated using a

sedimentation process. For this a suspension of powders and an organic solvent was prepared and
applied on the surface. In order to reduce oxidation processes during heating an additional layer
of alumina was applied on top and was also slowly dried. The pre-coated substrate was preheated
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to 1200°C with additional argon-flushing. For melting the surface and consequent dispersing or
alloying with the added powders the scan velocity was decreased and simultaneously the laser
power was adjusted. The advantages of this process were smaller thermal shock loading due to
immediate modification after preheating and the possibility to use powders with a particle size
much smaller than 5 m.

2.3 Tribological Tests

Tribological investigations were performed at unidirectional sliding motion using a pin-on-disc
tribometer (Plint, TE92HS) in air at a relative humidity of 50%. The surface-modified ceramics
as well as the reference ceramics (F99.7, EKasicF) were tested against the steel C45E discs. The
ceramic pellets were fine ground on the spherical side to an area of 8 mm in diameter by using
a diamond disc (D25). The metallic discs were fine ground using a corundum grinding wheel
(EK200). A schematic view of the tribological test setup is given in Fig. 3. The normal load of
100 N resulted in a nominal contact pressure of 2 MPa. Five velocity ramp cycles (ramp time
tR = 5 s, vmax = 12.6 m/s) were performed at different starting temperatures of the disc (55 °C,
70 °C, 85 °C). To ensure that running-in processes were finished, the block (15 ramp cycles)
was repeated and only the second one was used for further data analysis. The mean sliding
distance for one test comprising 30 ramp-cycles was 5760 m. Normal load, friction moment,
disc temperature at the circumference (start criteria) and temperature within the wear track were
recorded continuously during the test. Before and after testing the specimens were examined
by optical 3d-profilometry (confocal white light profilometer, Fries Research Technology) and
linear wear of the steel disc was determined at eight lines. Reported values are the mean of at
least two identical tests.

Figure 3: Schematic of the tribological setup.

3 Results and Discussion

3.1 Laser Surface Modification

Resulting microstructures of the differently surface-modified alumina (Tab. 2) are shown in fig-
ure 4. The single stage modification of Al24-WT showed a microstructure where the additives
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were still mainly in particle form and partly melted at the surface (Fig. 4c). The modified sur-
face consisted of the alumina matrix and embeddedWC-particles (15 ± 4 vol%) and TiN-particles
(7 ± 2 vol%). Chemical analysis (WDX-microprobe) revealed that tungsten carbide particles had
a titanium rich edgewhichmay explain the smaller volume content of TiN-particles. The other ce-
ramic Al24-ZCN produced by single stage modification showed a reaction phase along the grain
boundaries that was not evenly distributed (Fig. 4a). Furthermore there were some conglomer-
ations of nickel and chromium (< 200 m). The bonding between the metallic conglomerations
and the alumina matrix has to be further improved and the size of conglomerations should be
smaller than 100 m because of the better connection. During the double stage modification
of the ceramic Al24-TTB the added powder particles were melted and a reaction phase (17 ± 7
vol%) was formed along the grain boundaries of the alumina matrix (Fig. 4b). This reaction
phase was titanium rich.

Table 1: Powder used at laser-assisted surface modification and resulting phases (reaction phase – RP).

Al24 Al24-WT Al24-ZCN Al24-TTB

added powders, vol% – 50 WC (5.1) 50 ZrB2 (3.8) 33 TiN (1.7)
(particle size, m) 50 TiN (7.5) 50 CrNi (16.3) 33 TiC (2.0)

33 B4C (9.0)
resulting Al2O3 WC 15 ± 4 RP 17 ± 3 RP 17 ± 7
microstructural phases, TiN 7 ± 2 CrNi 7 ± 7 Al2O3 balance
vol% Al2O3 balance Al2O3 balance
Vickers hardness HV100 1153 ± 429 1988 ± 259 2061 ± 354 1928 ± 212

Figure 4:Microstructure of the surface-modified alumina (a) Al24-ZCN, (b) Al24-TTB and (c) A24-WT.

3.2 Tribological Behaviour

Figure 5 shows the averaged values of friction coefficient and the corresponding disc temperature
of the reference ceramics F99.7 and EKasicF as well as for one surface modified ceramic (Al24-
ZCN) against the steel C45E exemplarily for the start temperature of 70°C. Arrows indicate the
upward (increasing velocity) and downward ramp (decreasing velocity). All couples showed a
velocity dependence of the friction coefficient and also a temperature dependence. Friction co-
efficient decreased with increasing sliding velocity and increasing temperatures. EKasicF/C45E
showed the greatest temperature hysteresis which means that it showed a greater difference in
friction coefficient between upward and downward ramp. However it also had lower sliding
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velocity dependence than the other couples. The sliding pair of modified alumina Al24-ZCN
showed friction values that were remarkably higher than the one of F99.7/C45E and they were
comparable to those of EKasicF/C45E. While the characteristics (slope) of the friction coeffi-
cient were comparable for F99.7 and Al24-ZCN, EKasicF showed a different behavior. There
were several relatively sharp increases and decreases of the friction coefficient especially at lower
velocities of the upward ramp. Considering also the non-averaged data there were more oscilla-
tions of the friction coefficient than for the modified ceramic Al24-ZCN or the alumina reference
F99.7.
A statistical analysis of the recorded data (ramp cycles 16-30) was performed. The values

of the friction coefficient were regressed (n = 5) and the friction coefficient stability which was
defined as d /dvwas calculated for each point of the regression. The given values were calculated
from at least two identical test runs.

Figure 5: Tribological performance of the reference and laser surface modified ceramics (70°C start temp.).

In order to have a measure of the static friction the values of friction coefficient at the low-
est measurable speed (v = 0.001 m/s) were determined. Another important issue for high-
performance friction systems is the friction coefficient stability d /dv. Negative friction coeffi-
cient stability value results in excitement of oscillations and a positive one in damping behaviour
of the friction system. The latter is wanted for good comfort behaviour of dry clutches for exam-
ple. A further important issue is the wear behaviour.
Figure 6 shows the minimum values of friction coefficient from statistical analysis versus the

volumetric wear coefficient kv (Fig. 6a) and the mean friction coefficient stability vs. quasi-
static friction coefficient (Fig. 6b) for the downward ramp. It can be seen that the disc wear of
the EKasicF couple was greater than that of Al24-WT, Al24-ZCN and Al24-TTB. Lowest wear
coefficient of the disc was measured for the monolithic F99.7. Friction level indicated by the
minimum friction coefficient was greater for EKasicF and Al24-ZCN than for Al24-WT, Al24-
TTB and F99.7.
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Figure 6: (a) minimum friction coefficient between (downward-ramp) 0.1 and 12.5 m/s vs. volumetric wear co-
efficient (steel disc) and (b) mean friction coefficient stability (downward ramp) between 0.1 and 12.5 m/s vs.
quasi-static friction coefficient (downward-ramp).

Stability of friction coefficient vs. quasi-static friction coefficient is shown in Fig. 6b. The
higher the quasi-static friction the lower was the friction coefficient stability. The modified ce-
ramic Al24-ZCN showed the highest quasi-static friction coefficient of slightly above 0.5 fol-
lowed by F99.7 and Al24-TTB. EKasicF and Al24-WT showed lower values of quasi-static
friction coefficient of about 0.4 but better friction coefficient stability. Thus there has to be a
compromise of comfort (friction coefficient stability), torque transmission capacity (quasi-static
friction coefficient) and wear resistance (volumetric wear coefficient kv). A good compromise
for all requirements could be the modified ceramic Al24-TTB. If comfort aspects (friction coef-
ficient stability) are less important and torque transmission capacity is in focus Al24-ZCN would
be the material of choice offering remarkably higher transmission capacities.
Friction layers play an important role for tribological behaviour [9–11]. Investigation of the

formed layers on the contact surface of the ceramics was carried out by preparing cross-sections
and SEM- and EDX-analysis. The layer formed on the EKasicF was the thinnest (ca. 5 m) and
consisted mainly of iron and ferrous oxides as well as SiC-particles. The F99.7 friction layer
was thicker (ca. 10 m) and consisted of iron and ferrous oxides. The Al24-WT layer was the
thickest (ca. 15–20 m) and consisted besides iron and ferrous oxides of TiN- and WC-particles
which were removed from the modified surface.

4 Conclusions

It was shown that surface modification of alumina has a strong influence on its tribological
behaviour. By alloying alumina with various added powders it was possible to improve the
friction coefficient stability (Al24-WT, Al24-TTB), raise the friction level and quasi-static
friction coefficient (Al24-ZCN) for transmission of higher torques in applications such as dry
clutches.
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1 Introduction

Performance and reliability of micro-mechanical systems with movable components are strongly
affected by the tribological behavior, which depends on the manufacturing process and alignment
of the components as well as the operating conditions and the materials mated in the sliding or
rolling contact. High friction forces reduce the usable output torque and even very small amounts
of wear resulting in loose wear debris can cause the loss of function of micro-mechanical devices.
Several studies on friction and wear of tribologically loaded micro components clarified, that re-
sults from tests on the macro scale cannot be simply transferred to the micro scale, especially due
to the much higher surface area to volume ratio in micro-mechanical systems [1–4]. Therefore
friction and wear behavior of any material pair which is considered for utilization in microtribo-
logical systems have to be systematically characterized on the micro scale [5–13]. The aim of
the present research workwas the tribological characterization of self-mated Si3N4-ceramic,WC-
12Co cemented carbide and precipation-hardened steel 17-4PH under unlubricated slip-rolling
conditions at different normal loads and slip ratios. The tribological tests were accompanied by
analysis of the worn surfaces using scanning electron microscopy and optical profilometry.

2 Materials and Experimental Methods

2.1 Materials

A commercially available sintered reaction-bonded Si3N4 (SRBSN) ceramic (SL200BG, Fa. Ce-
ramtec) with columnarmicrostructure and an average grain size of 1.2 m, a fine grained (0.4 m)
cemented carbide WC-12Co (TSF44, Fa. Ceratizit) and a precipitation hardened steel 17-4PH
(solution annealed at 1350°C and age hardened at 560°C for 4h, Fa. Remystahl) were employed
in the rolling tests. SEM micrographs of the materials microstructures are shown in Fig. 1. The
Si3N4 discs were used as-delivered with polished circumferential surface whereas the WC-12Co
and 17-4PH samples had to be ground and polished. All functional surfaces had a comparable
arithmetic surface roughness value Ra below 0.02 m.

2.2 Tribological Model System and Loading Conditions

A specially designed twin-disc laboratory microtribometer developed at the Institute of Materials
Science and Engineering II of the Universität Karlsruhe (TH) was used for the tribological tests
under rolling conditions. Tests were run in ambient air with an adjusted relative humidity of 50%.
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Figure 1: SEM micrographs of the etched microstructures of (a) Si3N4, (b) WC-12Co and (c) steel 17-4PH discs
used for the rolling tests.

A normal load of FN = 250 mN, a rolling speed of the driven disc of v1 = 800 mm/s and slips
of 1, 4 and 10% were chosen (Fig. 2) based on a system analysis of an exemplary mechanical
microsystem containing of a turbine and a planetary gear box [14]. The duration of the rolling
tests was 106 revolutions. The driver disc (Ø 8 mm) had a flat and the driven disc (Ø 8 mm) a
curved rolling surface (radius 4 mm) which ensured a reproducible contact pattern.

Figure 2: (a) Schematic description of the twin-disc laboratory tribosystem and (b) the test conditions.

Applied normal force FN and resulting friction force FR were measured by strain gauges and
recorded continously. Rolling speed of both rollers was computer controlled, while the normal
force FN was kept constant by a software-PID controlled piezostage. Amount of wear was de-
termined after 106 revolutions by integrating the profile differences before and after the test runs,
which were measured by optical surface profilometry and averaged out at eight different positions
at the circumference of the disc. Furthermore the worn surfaces were examined using scanning
electron microscopy.

3 Results

3.1 Influence of Slip

Influence of slip values of 1%, 4% and 10% on friction coefficient for the self-mated pairs is
illustrated in Fig. 3.
For a slip of 1%, the silicon nitride rolling pair (Fig. 3a) showed a friction coefficient of 0.12

at the beginning of the test run which increased to a quasi-stationary value of = 0.4 at about
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Figure 3: (a) Friction coefficient of self-mated (a) Si3N4, (b) WC-12Co and (c) 17-4PH rolling pairs versus the
number of revolutions (FN = 250 mN, v1 = 800 mm/s)

200000 revolutions. Increasing the slip to 4% and 10% resulted in a shorter running in period of
5000 and 3000 revolutions respectively with a friction coefficient of about 0.3 followed by a steep
increase in the friction coefficient exceeding values of 0.7. With increasing number of revolutions
the friction coefficient showed a slight decrease to quasi-stationary values of 0.67 at 10% while
a more pronounced reduction at 4% slip was observed, resulting in a quasi-stationary friction
coefficient of 0.62 at 4× 105 revolutions. Self-mated WC-12Co pairs running at a normal load
of 250 mN with 1% slip (Fig. 3 b) showed a quasi-stationary value of = 0.19. At 4% and 10%
slip the quasi-stationary friction coefficient increased to values of 0.23 and 0.30 respectively, but
was significantly lower than that of the Si3N4 pair. Friction coefficient of the steel 17-4PH pair
showed an increase from low values of 0.12 at the very beginning of the tests at 1% slip (Fig.
3c) to peak values of 0.48 after around 0.3× 105 revolutions, while at prolonged running an
exponential decay to quasi-stationary values of 0.20 was observed. An increase of the slip to 4%
resulted in a friction coefficient of 0.53 until 0.4× 105 revolutions, followed by a steep increase
to values of 0.67. With prolonged time of testing, the friction coefficient decreased to a quasi-
stationary value of 0.5. At 10% slip, the self-mated steel 17-4PH showed a friction coefficient
of 0.73 until 0.5× 105 revolutions, followed by an increase to the quasi-stationary value of 0,83
at the end of the test. Fig. 4 shows surface profiles of the driven and driver discs recorded after
test runs over 106 revolutions at the normal load of 250 mN at 10% slip in air of 50% r.h. Under
these loading conditions, the Si3N4 pair showed an amount of linear wear measured in the center
of the rolling surface of 2.0 m for the driven disc and 0.75 m for the driver disc.
The linear wear for both discs of self-mated WC-12Co was below the resolution of the em-

ployed profilometer, which is below 100 nm. Linear wear of the driven and driver disc for the
17-4PH pairs was 6.1 m and 6.0 m, respectively.
SEM micrographs from the middle of the wear tracks after 106 revolutions at a normal load

of 250 mN and 10% slip are shown in Fig 5. The worn Si3N4 driven disc showed formation of a
third body layer of compacted wear particles (Fig. 5a) and, locally, cracks perpendicular to the
rolling direction. On the surface of the Si3N4 driver disc, no visible cracks but loose wear debris
were partially found (Fig. 5d). Under the same operating conditions, the SEM micrographs of
WC-12Co showed small amounts of fine lose wear debris at the edges of the driven disc’s wear
track (Fig. 5b). The worn surface of theWC-12Co driver disc (Fig. 5e) was covered by a layer of
compacted wear debris, which was partially delaminating due to cracks. EDX analysis revealed
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Figure 4:Optical profilometry scans recorded perpendicular to the rolling direction of the worn (a, b, c) driven and

(d, e, f) driver discs after 106 revolutions at 10% slip of self-mated (a, d) Si3N4, (b, e) WC-12Co and (c, f) steel
17-4PH rolling pairs (FN = 250 mN, v1 = 800 mm/s).

Figure 5: SEM micrographs of the worn surfaces of (a, b, c) driven and (d, e, f) driver discs after 106 revolutions
at 10% slip of self-mated (a, d) Si3N4, (b, e) WC-12Co and (c, f) steel 17-4PH (FN = 250 mN, v1 = 800 mm/s).

an oxygen content of the layer which was by at least a factor of 5 higher in comparison to the
unworn surface, indicating the formation of WO3 and CoWO4 [15, 16]. Both 17-4PH (Fig. 5c,
f) discs have been covered with loose or partially densified wear particles in the form of layers
which were locally spalled of. Additionally, fine lose wear particles could be found.

3.2 Influence of Normal Load

The influence of normal load on the friction coefficient for tests at 10% slip is shown inFig.6. For
the self-mated Si3N4 pairs, the quasi-stationary friction coefficient was 0.67 for 250 mN normal
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load, 0.73 for 1000 mN and only slightly increased to values of 0.76 at 2000 mN. The quasi-
stationary values for the unlubricated WC-12Co pairs (Fig.6 b) was 0.30 and 0.29 for normal
loads of 250 mN and 1000 mN respectively, but increased to 0.34 at 2000 mN normal load. In
contrast to the 250 mN test runs of the 17-4PH pairs (Fig.6 c), the normal load of 1000 mN
resulted in temporary drops of the friction coefficient from high values of about 0.8 as seen at
the 250 mN test runs to 0.7 until about 4× 105 revolutions. Thereafter the friction coefficient
decreased to values between 0.41 and 0.48. After about 7.5× 105 revolutions, the experiment
had to be stopped because linear wear increased strongly between about 5× 105 and 7× 105
revolutions, excessing 500 m per disc.

Figure 6: Influence of normal load on the friction coefficient

of self-mated (a) Si3N4, (b) WC-12Co and (c) 17-4PH rolling pairs versus the number of
revolutions (FN = 250 mN, v1 = 800 mm/s, slip S = 10%) (*: experiment abandoned as disc
wear exceeded 500 m)

4 Discussion and Conclusions

The influence of slip and normal load on the microtribological performance under rolling condi-
tions was examined for self-mated Si3N4, cemented carbide WC-12Co and steel 17-4PH in air at
a relative humidity of 50%.
The results of this research work showed that cemented carbide WC-12Co is a suitable mate-

rial for tribologically high-loaded micromechanical components, showing a high wear resistance
even under severe unlubricated slip-rolling conditions. Under the most severe test condition
(FN = 2000 mN, S = 10%), wear on WC-12Co was still not measurable (<100 nm per disc) and
the friction coefficient was on an acceptable level below 0.34. Corresponding to other results
[15, 16] this could be attributed to the smoothing of the surfaces and the formation of thin WO3
films.
The same test conditions resulted in a cumulative linear wear of about 7 m after 106 revo-

lutions for the self-mated Si3N4 and a high friction coefficient of about 0.76. The steel 17-4PH
completely failed due to high wear and friction coefficient, indicating that adhesion was the dom-
inant wear mechanism. Under mild test conditions (FN = 250 mN, S = 1%) the Si3N4 rolling
pairs showed moderate wear, originated in microfracture and tribochemical reactions, but the in-
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creased roughness of the worn surface and the formation of SiO2 [17, 18] resulted in a relatively
high friction coefficient above 0.3 compared to that of the WC-12Co pair ( = 0.19).
Further tests should be employed with lubricants suitable for applications in microsystems in

order to achieve suitable friction coefficients below 0.1 in addition to the already convincing high
wear resistance.
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Abstract

The aim of this study is to investigate the behavior of silicon nitride rolls in rolling copper wire.
Experimental tests and FE-based simulations were conducted for this purpose. After running the
experiments, several inspections were carried out to examine the surfaces of the used specimens.
In order to furnish the final conclusions, experimental findings were compared to the outcomes of
the simulations. The FE simulations predicted very low thermo-mechanical stresses. Hot rolling
experiments showed considerable metallic adhesion on the surface of the ceramic rolls, which
was significantly reduced by applying cooling lubricants. Rolling-contact experiments showed
moderate wear rates when the proper lubricationwas applied. Due to severe selective corrosion of
silicon nitride, the same experiments showed high wear rates when carried out in distilled water.
The nature of adhesion between copper and silicon nitride was investigated through reaction
experiments. Bulk ceramic materials with different sintering additives as well as synthesized
pure secondary phase compositions were tested. Non-wetting behavior was observed between
silicon nitride bulk ceramics and copper. The secondary phase samples also showed no significant
reaction with copper.

1 Introduction

The application of non-oxide ceramics in wire rolling exhibits a prospective innovative improve-
ment to this metal forming process. Recent advances in the manufacturing of silicon-nitride-
based ceramics enabled the production of materials of high potential to be utilized as rolling tools.
Its chemical stability, high strength and high fracture toughness at elevated temperatures, com-
bined with a moderate elastic modulus, remarkable resistance to wear and good thermal shock
resistance, enables silicon nitride to be a plausible alternative to steel and cemented carbide rolling
tools.
The behavior of silicon nitride, in contact with variousmetal alloys, was investigated by several

researchers [1–3]. Akdogan et al. [2] pointed out the formation of metallic tribofilms and debris
on the surface of silicon nitride, when brought in sliding contact with bronze. Very high wear
rates were also recorded, even at low speeds and small loads. The adherent layer was described
as being “not easily detachable” and was attributed to a possible chemical interaction with the
surface of silicon nitride; this chemical interaction was presumed to be augmented by the high
interface temperature during sliding.
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A non-wetting behavior between molten copper and hot-pressed silicon nitride (HP-Si3N4)
was separately recorded by Klein et al. and Sangiorgi et al. in [4,5]. Nonetheless, corrosion
of HP-Si3N4 by molten copper was previously investigated by Sangiorgi et al. in [6] and was
argued to be a function of the chemical composition, type and amount of the secondary phase
of the silicon-nitride-based ceramic. Corrosion and surface pitting in the HP-Si3N4 samples was
attributed to chemical attack on the secondary phase and the decomposition of the grain boundary
phase. This corrosion took the form of surface pitting.
Wötting et al. [7,8] presented a case in which silicon nitride rolls were used to hot-roll copper

wire. Significant copper adhesion, formation of pits, and an increased caliber surface roughness
were observed. The authors accounted this to grain boundary phase damage occurring in silicon
nitride due to its interaction with copper.
To acquire a clear understanding of the applicability of silicon-nitride-based ceramics in wire-

rolling high purity copper, this study was carried out as a part of the German Research Foundation
(DFG) Center of Excellence in Research-483 (SFB-483 High Performance Sliding and Frictions
Systems based on Advanced Ceramics) program; wherein, the main objective of the research
group [9] is to establish a system-oriented model for the failure mechanisms of ceramic materials
used in wire-rolling processes.

2 Materials

Experimental ceramic rolls were prepared from a commercial silicon nitride powder (Si3N4, Cer-
amTec) and sintered through a gas-pressure sintering process. This variation of hot isostatically-
pressed silicon nitride (HIP-Si3N4) contains 3 wt.% Al2O3 and 3 wt.% percent Y2O3 as sintering
additives. After sintering, the microstructure of the system Si3N4-Al2O3-Y2O3 comprised β-
Si3N4 grains and an intergranular glassy phase of approximately 12%. More details about the
material and sintering processes are given by Fünfschilling et al. in [10]. High purity copper
(Cu-OF1) was used in the hot rolling and rolling-contact experiments. Yield stress and elastic
modulus values of copper were acquired by conducting room- and high-temperature tensile tests.
Reaction tests were carried out on three silicon-nitride-based bulk ceramics. These were pre-

pared through a gas-pressure sintering process at 10 MPa reaching densities >99% td. The sec-
ondary phase in silicon nitride was assumed to be the critical reaction partner in contact with
copper compared with the β-grains; thus, bulk samples of two secondary phase were also in-
cluded in the tests: an amorphous oxynitride glass (Si3N4-MgO-Y2O3-SiO2) and a crystalline
disilicate (SiO2-Y2O3). The production of the oxynitride glass samples is described in detail in
Satet et al. [11]. To synthesize the disilicate samples, green bodies were pressed from a starting
powder of 65.3 wt.% Y2O3 and 34.7 wt.% SiO2 and sintered in air for 8 hours at 1450 °C. The
disilicate samples reached densities up to 73.3% td. The chemical composition and description of
the tested materials are shown in Table 1. The tested bulk ceramic material (Si3N4-Al2O3-Y2O3)
is identical to the commercial powder used to prepare the experimental rolls. High purity oxygen
free copper (Cu-OFHC) was used for these experiments.
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Table 1:Materials tested in the reaction experiments with high purity copper

Sample Composition Description

1 Si3N4-SiO2-Y2O3 Bulk ceramic
2 Si3N4-Al2O3-Y2O3 Bulk ceramic
3 Si3N4-SiO2-Lu2O3 Bulk ceramic
4 Si3N4-MgO-Y2O3-SiO2 Amorphous oxynitride glass
5 SiO2-Y2O3 Crystalline disilicate

3 Experimental Procedure

Three sets of experiments were conducted to study the behavior of silicon nitride when brought
into contact with copper.

3.1 Wire Hot Rolling Experiments

Lubricated and unlubricated hot rolling experiments were carried out using high purity copper
wire. The wire was heated to 650 °C in an inert gas atmosphere (argon), to reduce oxidation.
Friction between the work rolls and the wire pulls the latter into the roll gap. The diameter of the
wire is then reduced by 30% into an oval cross section. The corresponding force applied to the
work rolls is in the range of 2.7 kN. All parameters (i.e. temperature, feed rate and reduction)
were fixed for both lubricated and unlubricated tests. In the lubricated tests, a special-purpose
mineral oil-based cooling lubricant (UNOPOLG 600, Bechem) was applied to the caliber surface
at the exit zone side of the roll gap. This reduces the influence of the lubricant on the rolling
temperature of the wire. In each test, approximately 2000 meters of copper wire were rolled. A
detailed description of the test rig is found in Khader et al. [12].

3.2 Rolling-Contact Experiments

In rolling-contact experiments ceramic rolls are loaded under cyclic mechanical loading condi-
tions. This can be compared to the loading situation in wire rolling. The tests were conducted
under emulsion-lubricated, water-lubricated and unlubricated (dry) conditions at room temper-
ature. Copper discs (Øo 60 mm) were brought into rolling-contact with silicon nitride rolls (Øo
55 mm). The Cu-Si3N4 mating pairs were forcibly driven with different rotational speeds. The
copper disk was driven at a speed of 200 rpm and the ceramic roll at 175 rpm; thus, creating a slip
ratio of 22% between the mating surfaces. The slip ratio is calculated according to the equation
∆U/U ; where U represents the average surface velocity of the two bodies in contact, and∆U is
the differential surface velocity. An ascending pressing force, starting at 175 N and reaching 260
N, was applied to the mating pairs for the test duration of 230 hours. The lubricant was filled in
a retainer, pumped on the surface of the roll, and its level was checked regularly. The emulsion
lubricant used in rolling-contact experiments is identical to that used in hot rolling.

3.3 Reaction Experiments

The nature of adhesion between copper and silicon nitride was investigated by conducting reac-
tion experiments. The ceramic and secondary phase specimens were cut using a diamond blade
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into dimensions of 10× 10× 3 [mm]. Their surfaces were polished by using a slurry comprising
diamond particles up to 1 m in size to ensure good contact with the copper plates (dimensions
10x10x2 [mm]). The specimens were assembled in a sandwich configuration, shown in Fig.1,
then placed in a Gero tube furnace, pressed together imposing a contact pressure of 0.06 MPa
and held for 24 hours at 1000 °C in an argon atmosphere, Table 2.

Figure 1: Sandwich assembly of the reaction couples

Table 2: Reaction experiments’ parameters

Experimental parameters

Temperature 1000°C
Holding time 24 hours
Atmosphere Argon
Contact pressure 0.06 MPa

4 Numerical Simulations Results and Discussion

A finite element (FE) analysis was carried out to predict the thermo-mechanical stresses devel-
oped in copper wire rolling at elevated temperatures. Minimum principal stresses (compressive
stresses) give a rough estimation of contact stresses, while maximum principal stresses (tensile
stresses) are commonly considered to predict failure in brittle materials such as ceramics. The
simulations were adapted to the model designed for hot rolling experiments. A detailed descrip-
tion of the FE-model is found in [12].
The ceramic roll’s initial temperature was 50 °C. The first analyzed case used copper wire

with an initial temperature of 600 °C; accordingly the yield stress of copper, obtained from ten-
sile tests, is approximately 14 MPa. The analysis reveals maximum tensile stresses in the range
of 40 MPa, compressive stresses in the range of 230 MPa, and maximum surface contact tem-
perature of 470 °C. The tensile stress field distribution shows maximum stresses appear in the
depth of the roll, below the caliber surface. Raising the wire temperature to 825 °C reduces the
yield stress of copper to approximately 6 MPa. However, this results in an increase in the max-
imum tensile stress up to 45 MPa, in the compressive stress up to 320 MPa and the maximum
contact temperature on the surface of the roll reaches 640 °C as shown in Fig. 2. The fact that
the highest tensile stress appears in the depth of the roll and that increasing the wire tempera-
ture increases the developed stresses, despite a reduction in the strength of copper, indicates that



387

Figure 2: FE simulations’ results of hot rolling copper wire with an initial wire temperature of 840°C, (a) temper-
ature distribution in the depth of the roll, showing maximum temperature of approximately 640 °C on the caliber
surface, (b) lateral shear stress distribution (maximum in red) on the surface of the caliber

the greater proportion of the developed stresses are thermal stresses. The acquired temperature
distribution shows steep gradients developed in the depth of the roll. In any case the associated
thermal stresses were too low to induce thermal shock in silicon nitride. In accordance with the
experimental observations, no failure of the silicon nitride rolls was expected to take place. The
simulations showed that the thermo-mechanical stresses developed throughout the rolls were too
low to induce damage. Fig. 2 also shows the lateral shear stress distribution on the surface of
the caliber. This distribution coincides with the locations of maximum copper adhesion on the
surface of the caliber as will be shown in the next section.

5 Experimental Results and Discussion

5.1 Hot Rolling Experiments

After running both lubricated and unlubricated hot rolling experiments, tribofilms appeared on
the calibers’ surfaces. A significant reduction ofmetallic adhesionwas noticedwhen applying the
lubricant. Fig. 3 shows the calibers before and after running the experiments. It was previously
noticed in [12] that copper oxidation plays a significant role in reducing metallic adhesion on
the surface of silicon nitride. This was attributed to the fact that the oxide layer acted as an
anti-scuffing layer.
Examining the calibers under the scanning electron microscope (SEM) after rolling indicated

a slight change in the surface texture of the calibers. SEM images of the three cases presented in
Fig. 3 are shown in Fig. 4.
Unlubricated rolling left a metallic adhesive layer on the surface of silicon nitride in the form of

agglomerates of small particles. Under lubricated conditions the adhesion formed sparse adhesive
micro-particles on the ceramic surface. Thesemicro-particles are the reason behind the coloration
observed on the surface of the caliber. EDX analyses indicated that the major constituents of the
metallic adhesive layer are copper and oxygen. In order to inspect silicon nitride surface under
this layer, copper was etched using a solution of 53% HNO3 for 8 minutes. This acidic solution
does not react with the surface of the ceramic. SEM inspection of the etched specimen showed
less grinding micro-spalls on the caliber surface compared to what was observed in the unused
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Figure 3: Hot rolling experiments showing (a) the caliber status before running the tests, (b) after rolling ˜2000
meters of copper wire without lubrication, (c) after rolling ˜2000 meters of copper wire with lubrication

Figure 4: SEM images showing (a) the caliber surface of an unused specimen, (b) after rolling ∼ 2000 meters of
copper wire without lubrication, (c) after rolling∼ 2000 meters of copper wire with lubrication

specimen. No chemical pitting was observed on the surface of silicon nitride in lubricated and
unlubricated experiments. In both cases, grinding undulations and grooves, which were obvious
on the surface of the unused specimen, were removed and the surface of silicon nitride was
smoothed. Additionally, the remaining micro-spalls on the caliber surface were blunted.

Table 3: Summary of roughness measurements before and after hot rolling

Description Ra [ m] Rz [ m]

Before rolling 0.36 1.08
Unlubricated hot rolling 0.36 0.51
Lubricated hot rolling 0.35 0.42

A slight decrease in roughness was noticed after conducting the experiments. Average cal-
iber roughness values measured before and after rolling are shown in Table 3. The decrease in
roughness indicates an insignificant amount of wear.

5.2 Rolling-contact Experiments

The dry sliding tests were stopped shortly after running due to a rise in temperature of the mating
pairs.
This temperature raise caused the formation of an oxide layer on the copper disk that prevented

direct Cu-Si3N4 contact. Emulsion-lubricated tests showed a reduction in roughness and slight
abrasion on both the ceramic roll and copper disk, Fig. 5. No pitting, damage or chemical reaction
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Figure 5: Rolling-contact experiments, showing the wear track on the ceramic surface after 230 hours (a) with
emulsion lubrication, (b) with distilled water lubrication.

between copper and silicon nitride was observed. Water-lubricated tests showed considerable
silicon nitride wear and less abrasion on the copper disk than that measured after the emulsion-
lubricated tests. The surface of silicon nitride was polished and roughness decreased sharply
as shown in Fig. 5 and Table 4. No damage or chemical reaction between copper and silicon
nitride was detected. The polished ceramic surface explains the low wear rate of the copper disk.
Friction between the two mating surfaces was significantly reduced after a short running time.
The SEM analysis on the rolls showed that the glassy phase of silicon nitride was attacked by
distilled water causing high wear rates.

Table 4: Summary of roughness and wear measurements before and after running the experiments

Description Copper cut[ m] Si3N4 cut[ m] Si3N4 wear volume[mm3] Ra[ m] Rz[ m]

Before 0 0 0 0.45 3.40
Emulsion-lubricated 300 1-2 0.86 0.10 0.98
Water-lubricated 250 25 10.79 0.02 0.18

Corrosion of silicon nitride in aqueous media at low temperatures was previously investigated
and attributed to the solution of the glassy phase (selective corrosion). Fig. 6 shows the surface
of the rolls before and after being exposed to distilled water during the experiments. Selective
corrosion of the glassy phase can be clearly depicted from the SEM images.

5.3 Reaction Experiments

After running the reaction experiments, the contact surface of each specimen was inspected.
SEM, EDX and X-ray diffraction (XRD) analyses were carried out. The results are summarized
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Figure 6: SEM images showing (a) the surface of an unused HIP-Si3N4 roll, (b) the same surface outside the wear
track after being chemically attacked by distilled water during rolling-contact experiments, some of the grinding
grooves are still visible in the photo.

in Table 5. In the XRD column, only new phases are listed. Fig. 7 shows the XRD-patterns of the
three ceramic bulk materials and an SEM image of the surface of an examined Si3N4-SiO2-Y2O3
specimen.
Experiments conducted on bulk ceramics showed no influence of the additives on the reaction

of HIP-Si3N4 with copper under these experimental parameters. These results are in accordance
with the observations of Sangiorigi et al. [5] and Leroux et al. [13]. Additionally, no traces of
damage were found on the contact surface of the ceramics. The SEM images showed small (2 m)
spherical copper particles on the surface of the ceramic, Fig. 7, which indicates a non-wetting
behavior with copper.
The oxynitride glass bulk samples showed no Cu- containing reaction products after running

the tests. The detected YMgSi2O5N and Y4MgSi3O13 phases are crystallisation products of the
glass. This was also the case for the disilicate bulk samples; where no new crystalline phases were
detected. It is clearly obvious from the results obtained in these experiments that no significant
chemical reaction takes place, either between copper and silicon nitride, or between copper and
pure silicon-nitride secondary phase. Moreover, no damage or significant surface changes could
be detected on the surface of the samples.

Table 5: Summary of the outcomes of the reaction experiments

Sample Description XRD (new phases) SEM/EDX

Si3N4-SiO2-Y2O3 Ceramic bulk Cu Spherical copper particles
Si3N4-Al2O2-Y2O3 Ceramic bulk Cu Spherical copper particles
Si3N4-SiO2-Lu2O3 Ceramic bulk Cu Spherical copper particles
Y2O3-SiO2 Disilicate Cu Spherical copper particles
Si3N4-MgO-Y2O3-SiO2 Oxynitride glass YMgSi2O5N,

Y4MgSi3O13, Cu
Copper deposits

6 Summary and Conclusions

The FE simulations of hot copper wire rolling using silicon nitride rolls predicted very low
stresses in general. The maximum developed tensile stresses in silicon nitride were lower than
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10% of the material’s bending strength. Steep temperature gradients were developed within the
roll material but the associated thermal stresses were too low to cause damage. In hot rolling
copper wires, where the material exhibits low yield stress and high thermal conductivity, the
dominant proportion of the developed stresses within the roll material is due to thermally in-
duced expansions. It was also noticed that the locations of maximum lateral shear stresses on the
caliber surface coincide with the locations of maximum copper adhesion.
Hot rolling experiments showed considerable metallic adhesion on the surface of the tested

silicon nitride (Si3N4-Al2O2-Y2O3). The adhesive metallic layer consisted mainly of copper and
oxygen. In dry rolling, it took the form of agglomerates of small particles which distorted the
profile of the caliber. Adhesion was significantly reduced by applying cooling lubricant to the
rolls. In both lubricated and unlubricated tests, the surface roughness of the calibers slightly
decreased. Micro-spalls and grinding grooves were removed, but neither cracks nor a chemical
reaction with copper was detected. Along with the results obtained from the simulations, this
highlights the role of friction as a crucial factor in the adhesions of copper.
Rolling-contact experiments showed a reduction in roughness of the ceramic rolls. Experi-

ments carried out with cooling emulsion lubrication showed smooth wear tracks with no traces
of cracks, pitting or chemical reaction with copper. Water lubricated tests formed polished wear
tracks and metal cuts in copper disks were lower than expected. No traces of cracks, pitting
or chemical reaction between copper and silicon nitride were observed. It was noticed distilled
water reacted with the surface of silicon nitride causing selective corrosion of the glassy phase.
Reaction experiments carried out on the three bulk ceramics showed a non-wetting behavior

with copper and neither chemical pitting nor chemical reaction could be detected. Sintering addi-
tives had little or no effect on the behavior of HIP-Si3N4 when brought in contact with high purity
copper. The crystalline disilicate (SiO2-Y2O3) showed no significant reaction with copper and no
new crystalline phases were formed. This was also the case for the amorphous oxynitride glass
(Si3N4-MgO-Y2O3-SiO2), which showed no evident reaction with copper as no Cu-containing
reaction products were detected. Based on these experiments it can be concluded that the reaction
of copper with silicon nitride or its pure secondary phase is highly improbable.
Based on the results obtained in this study, the wear of HIP-Si3N4 when brought in contact with

pure copper can be described as minimal. Hot rolling and rolling-contact experiments showed
no chemical damage on the surface of silicon nitride caused by copper. Reaction experiments
showed a non-wetting behavior and almost no chemical reaction between the tested silicon nitride
materials and copper. In conclusion, rolling tools made of silicon nitride could be successfully
applied in rolling high purity copper wire, provided the suitable lubricant was used. Nevertheless,
HIP-Si3N4 shows high wear rates when running under sliding contact loading in aqueous media
due to selective corrosion. This corrosion can be significantly reduced by applying suitable lubri-
cation. A continuation to this study will consider the suitability and limitations of silicon nitride
rolling tools in rolling high strength steel alloys under various conditions.
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Abstract

We study the wear behavior of zirconia-based ceramic composites and WC-based hard alloys
under high-speed dry sliding on steel. A pin-on-disk technique is used at a sliding speed of up to
45 m/s.
It is shown that during wear tests an interlayer of very complex composition is formed, which

governs non-monotonous wear and friction behavior of CMC – steel and MMC – steel couples.
On the first stage the wear rate is normal and wear increases to catastrophic one. On the second
stage for MMC the wear rate stabilizes together with a decrease of the friction coefficient. For
CMC the wear rate reduces to its almost initial value (like for low speed 0.1 m/s). In this speed
interval the CMC material exhibits wearless behavior.

1 Introduction

Transformation-toughened CMC and MMC materials show much promise for being applied in
heavily loaded friction units [1, 2]. Of special note among them are ceramics on the basis of
yttria-stabilized tetragonal zirconia polycrystals (Y-TZP [1]) and metal matrix WC – Hadfield
steel composites [2]. The major toughening mechanism for Y-TZP ceramics is the phase trans-
formation from the tetragonal ZrO2 phase to monoclinic, which occurs under applied stresses [1].
For WC – Hadfield steel composite it is the relaxation of contact loads at the cost of γ→α and
γ→ε phase transformations [2] in its structurally unstable binding phase.
It should be noted that there are currently no sufficient data on the behavior of such CMC and

MMCmaterials at high sliding speeds (above 10 m/s). The main emphasis is now put on studying
the material behavior at low speeds (up to 1 m/s) under abrasive wear [3], at cutting and polishing
[4].
At the same time, in order to choose an optimal structure of composites and to widen their

possible application areas, it is necessary to gain data on friction and wear and to study structural
changes in composites in speed intervals characterized by high temperatures in the tribocontact
zone.
Particularly, if sliding speed increase above 10 m/s temperature in the tribocontact grows,

which can significantly change the structural phase state of the composite material and its tri-
botechnical properties. As shown in [5], under high-speed friction of SiC-Al2O3-Al composite
on steel the coefficient of friction and wear decreases due to the formation of a layer containing
various oxide mixtures on the friction surface. At elevated contact temperatures this layer has
low shear stability, playing the role of a lubricant [4]. Similar cases of preserving high tribo-
logical characteristics and protective function of transfer layers formed in high-speed friction on



403

steel have been discussed in papers [6–8], which consider zirconia- and alumina-based ceramic
materials. According to [8], at high sliding speeds up to 34 m/s ZrO2-Y2O3 ceramic specimens
demonstrate high wear resistance despite high temperatures in the tribocontact zone and related
high-temperature phase transitions.
The present paper is aimed on studying tribological characteristics and structural phase state

of the friction surface of Y-TZP ceramics and WC – Hadfield steel composite after dry sliding
on steel in a wide speed interval.

2 Material and Investigation Techniques

Friction tests were carried out on a friction machine UMT-1 using a pin-on-disk technique with
a stepwise speed increase under dry friction. The disk was made of cast high-speed steel (HS6-
5-2, DIN EN 10027-1, HRC60) and rotated in the vertical plane. The test ceramic specimens
(3 psc) were of rectangular or cylindrical shape with a total area of 60 mm2. The test pressure
made up 5 MPa, and the sliding speed varied up to 50 m/s. The test time was chosen so that
the sliding distance at all speeds amounted to 2 000 meters. Prior to each test the specimens
were grinded at speed 0.2 m/s and pressure 5 MPa to get friction surfaces of planar geometry. In
every experiment the friction force moment was recorded by the computer at 1 sec intervals and
later it was recalculated into the friction coefficient. The measure of wear intensity was the ratio
between the volume of the material removed from a specimen during test and sliding distance.
The structure and phase composition of friction surfaces were examined with X-ray structural
analysis, optical and scanning electron microscopy. The objects of investigation were Y-TZP
ceramic specimens of composition 97 mole % ZrO2 + 3 mole % Y2O3 and specimens of hard
alloy WC – 30 wt % Hadfield steel.

3 Results and Discussion

3.1 Ceramics

The performed tests have shown that with increasing sliding speed the wear intensity and friction
coefficient of ceramics first increase and then decrease with further speed growth, Fig. 1a,b. The
friction coefficient at speed 34 m/s reduces down to ∼ 0.1.
By the electron scanning and optical microscopy data, friction in the speed interval up to 1 m/s

results in the formation of grooved surface typical of abrasive wear. Above sliding speeds of
3 m/s the worn surfaces have large areas with traces of pitting, and at speeds above 6 m/s they
appear smoother. Of special note is that there is a network of cracks on friction surfaces which
divides the surface into separate fragments. We have measured crack spacings along the sliding
direction and found that their size distributions are nearly normal with a clear peak, with the
average crack spacing changing with sliding speed variation: the increasing crack spacing at
low speeds decreases almost twice with increasing sliding speed growth and remains constant at
speeds of 15 m/s, Fig. 1c.
After low-speed tests the X-ray images of ceramic friction surfaces demonstrated traces of the

monoclinic phase that was not observed after testing with speeds up to 10 m/s. At high sliding
speeds up to 34 m/s we revealed, along with tetragonal, the cubic phase on the friction surface
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whose content increased with increasing speed. The appearance of the cubic phase on the spec-
imen surface after maximum sliding speeds is evidently due to that part of the tetragonal phase
transforms to cubic by the diffusion mechanism. This transition is favored by high tempera-
tures in the tribocontact zone, e.g., in [6] temperature in the tribocontact zone at speed 10 m/s is
estimated to be ∼ 2000 °C.

Figure 1: The sliding speed dependence of the wear rate (a), the friction coefficient (b) and the mean intercrack
distance on wear surface. The contact pressure 5 MPa.

Optical and scanning electron microscopy revealed that above high speeds (higher than 6 m/s)
friction surfaces were uniformly covered with a transfer layer. After low- and medium- speed
sliding friction the transfer layer distribution on the surfaces was extremely inhomogeneous,
which appeared as large friction surface areas with absolutely no transfer layer.
We have also examined near-surface regions of the ceramics and found that this surface layer

(evidently having submicrocrystalline structure) is rather thin, about 1–2 m. In the speed interval
from 0.2 to 6 m/s where the wear rate rapidly increases, there is a material region beneath the
layer in which the grain shape is significantly changed in the sliding direction. The thickness of
this region is maximum (∼ 10 m) at medium sliding speeds (∼ 3 m/s), i.e. at the speeds when
the wear rate is maximum, Fig. 1a.
The wear processes occurring at speeds 2–6 m/s correspond to high-temperature adhesive in-

teraction between ceramic and steel. This wear regime is characterized by high wear intensity
and friction coefficient, which is illustrated in Fig. 1a,b. Subsequent decrease in wear intensity at
sliding speeds higher than 6 m/s is a result of contact stress reduction owing to the formation of
the transfer layer and its transition from the ductile to quasi-liquid state, which is also favored by
high tribocontact temperature. The formed quasi-liquid film uniformly covers the ceramic fric-
tion surface and acts as “soft” coating. The latter facilitates contact stress decrease on the surface
by reducing the true contact area between the specimen and disk. In case when the quasi-liquid
“soft” film covers the ceramic surface, the friction coefficient is minimum and approaches values
typical of boundary lubrication friction.

3.2 Hard Alloy

The tests have shown that at sliding speed growth three regions can be distinguished inwhichwear
intensity changes considerably: a smooth increase in the wear intensity of WC – Hadfield steel
composite is followed by its sharp growth in the sliding speed interval 23–30 m/s, and then the
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wear value remains almost constant up to 37 m/s, Fig. 2a. The friction coefficient first decreases
with increasing speed from 0.5 to 0.05 and then increases again to 0.2, Fig. 2b. Notice that in
the domain of minimum friction coefficient values depend on test time: the initially high friction
coefficient equal to 0.15–0.2 is reduced to 0.05 for about the first twenty seconds of sliding and
then its value did not almost change until the end of testing. At sliding speeds up to 10 m/s and
above 26 m/s the friction coefficient value is nearly independent of test time.

Figure 2: The dependence of wear rate and friction coefficient of WC – Hadfield steel composit on the sliding
speed. The contact pressure 2 MPa.

In the low speed interval 0.65–4 m/s the friction surface exhibits a regular grooved relief with
sparse inclusions of white-colored particles which corresponds to normal wear by microcutting.
Abrasive particles here are wear debris of friction couples which present complex Me12C carbide
[2]. The number of the particles tends to decrease with increasing sliding speed. The X-ray
structural analysis of the friction surface after the sliding speed interval 0.65–8 m/s revealed,
apart from phases referring to the WC – Hadfield steel composite, M23C6, Me12C, Fe3O4 and
Fe2O3 phases.
Starting from sliding speeds 10 m/s and higher the friction surface of all specimens indepen-

dently of the sliding speed is represented as white and dark-gray regions or their mixture. The
performed X-ray fluorescent analysis of the specimens prior to and after tests has shown that
there are elements on their surface which enter into the composition of the steel disk. By the
X-ray structural analysis data, the dark-gray layer is FeWO4 oxide whose content, judging from
diffraction peak intensity, increases with sliding speed growth. It is actually the transfer layer
that has formed as a result of mixing and subsequent oxidation of chemical elements of the steel
disk on the composite friction surface.
Above sliding speeds 10 and 20 m/s this layer is distributed extremely nonuniformly over

the friction surface, which is manifested as large areas having absolutely no transfer layer. With
increasing sliding speed the area occupied by the layer increases and by 37m/s almost completely
covers the friction surface.
The crack network that divides the friction surface into separate fragments like in ceramics

is observed only in the speed interval 10–20 m/s, and their propagation depth does not exceed
10–20 m.
According to X-ray structural analysis, in the speed interval 0.65–20 m/s the near-surface vol-

ume of the binding phase undergoes partial martensitic γ→α transformation, which is manifested
in a reduction of the γ-phase volume fraction. The presence of martensite is evidenced by the
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splitting of the (110) and (200) lines referred to the bcc iron lattice and by its needled morphol-
ogy revealed at metallographic examination of the specimen structure. With further increasing
sliding speed above 20 m/s only the γ-phase is found on the friction surface.
The strengthening phase of the composite after all tests, independently of sliding speed, is

represented only by tungsten monocarbide. A feature of the X-ray peak profiles of tungsten
carbide for specimens after friction is that they can be divided into a “narrow” and a “broad”
component, which were used to calculate the crystallite size, Fig. 3. An opposite form of the
sliding speed dependence of crystallite sizes for the broad and narrow components of the (100)
tungsten carbide peak, Fig. 3, points to an interrelation between these sizes. In fact, the data given
in Fig. 4 are testimony to this: crystallite size increase for the broad component of the (100) peak
causes a decrease in the size of crystallites corresponding to the “narrow” component. This means
that the finer is the structure of the “white” layer, the less fragmented is the underlying composite
layer.
Thus, a feature of the friction surface structure of the composite material is the presence of

three layers differing from each other in structure and properties. The first layer (2–3 m thick)
is the dark-gray transfer layer consisting of oxides of mixed composite and disk components and
containing FeWO4 phase. Below is the “white” layer that presents fine WC – Hadfield steel
composite fragmented during friction. Beneath the “white” layer there is a composite layer with
increased volume content of WC particles as compared to the initial material.

Figure 3: The dependence of the crystallite sizes for the “broad” and “narrow” components of the (100) tungsten
carbide peak on the sliding speed.

The broad component in the diffraction peak pattern of tungsten carbide, Fig. 4, is directly
related with the presence of the “white” layer on the friction surface, whose thickness amounts
to 2–3 m. This is demonstrated by the fact that after the removal of this layer the broad compo-
nent of the tungsten carbide peaks also disappears. According to [2], the “white” layer structure
presents a fine mixture of carbides and binder compared to the initial composite structure. The
narrow component of the diffraction peaks of tungsten carbide is in turn related to the composite
layer underlying the “white” layer. Probably, in the conditions of transfer layer deficiency at slid-
ing speeds 10 and 20 m/s the “white” layer plays the role of protective coating, easily undergoing
deformation and covering the entire friction surface.
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Figure 4: The dependence of the crystallite sizes for the “broad” components of the (100) tungsten carbide peak
on the crystallite sizes for the “narrow” components of the (100) tungsten carbide peak.

Based on the obtained results, we may formulate the following sequence of changing wear
mechanisms in the “hard alloy – steel” couple. At sliding speeds up to 4 m/s normal abrasive-
oxidation wear takes place. Low-rate wear is characterized by the maximum friction coefficient
value that reaches 0.5. In this case, the disk metal is cut by the specimen. Phase composition
variation consists in martensitic γ→α transformation. Further, the wear processes occurring
at speeds 10–20 m/s can be related to high-temperature adhesive interaction between the com-
posite and steel. Typical of the given wear regime are the rough wear surface, pits and cracks,
which is observed experimentally. In the speed interval where wear intensity sharply increases
(23–30 m/s) the minimum friction coefficient values do not rise above 0.07. They are character-
istic of friction regimes with the formation of quasi-liquid films, because in all friction regimes at
sliding speeds higher than 10 m/s a large amount of heat was released in the tribocontact zone and
the composite specimens were strongly heated throughout the volume. The estimate obtained in
accordance with [9] shows that local temperature at high sliding speeds can attain 1500 0 , i.e.
it is comparable to the melting temperature of the binder. This causes binder softening, then,
possibly, melting in near-surface regions of the composite and its extrusion on the surface to the
tribocontact zone between the composite and steel disk. Nevertheless it is a region of catastrophic
wear, where wear rate increases by almost an order of magnitude. Finally, at sliding speeds above
30 m/s the stage of steady-state wear begins which can be related to the action of the oxidation
wear mechanism.

4 Conclusions

The performed experiments have revealed that at high sliding speeds up to 34 m/s ZrO2-Y2O3
ceramic specimens have high wear resistance, despite high temperatures in the tribocontact zone
and related high-temperature transitions. In this case, there is a wide interval of speeds where the
process is nearly “wearless”.
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In the “hard alloy – steel” couple the smooth growth of wear rate is followed by its sharp
(four times) increase, after which steady-state wear begins. The found changes in tribotechnical
characteristics can be interpreted from the viewpoint of the changing wear mechanisms.
The structural phase state of the composite binder plays different roles depending on sliding

speed. At low speeds (up to 4 m/s) the martensitic γ↔α transition assists in preserving the high
wear resistance of the composite without visible traces of deformation and failure. In the speed
interval 20–30 m/s the high-temperature diffusion γ↔α phase transformation, along with binder
melting and its extrusion to the tribocontact zone, favors friction coefficient decrease to 0.05 and
abrupt wear intensity increase.
We have found a relation between crystallite sizes in carbide layers formed near the friction

surface. In this case, the refinement of the uppermost surface layers occurs together with the
coarsening of fragments in the underlying layer. If the upper layers contain ˜ 10–20 nm crys-
tallites, the underlying composite layer remains almost unfragmented and differs slightly by the
crystallite size from its initial state prior to testing.
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Abstract

Tribological systems that are lubricated with liquid crystals exhibit ultralow friction coefficients
and wear. This effect, which has not yet been well examined and which is even less understood,
has been reproducibly observed in reciprocating friction after a certain running-in period and at
temperatures around 90° C.
Aim of the present work is to study the tribological behaviour of different liquid crystals in

more detail. Special focus was on the influence of tribological loading (load, velocity and tem-
perature) on the friction and wear coefficients. Additional surface analysis was performed to
correlate the tribological characteristics with surface features. Some attempts were also made to
influence the friction coefficients by electrical fields.
A better understanding of the tribological behaviour is essential for the development of effi-

cient production routes and for the qualification of liquid crystalline lubricants for possible future
applications.

1 Introduction

Liquid crystals (LCs) – also denoted as mesogens or mesophases – have been so far developed for
electronic devices such as displays because of their anisotropic electronical and optical properties.
Today a huge number of LCs have been developed for this applications [1]. Multi-component
mixtures in such displays also contain compounds that in pure form do not attain liquid crystalline
structures at normal conditions. Their transition temperatures to LC phases often lie far below
room temperature.
The use of liquid crystals for tribological applications has been studied under different condi-

tions that demonstrated the feasibility of this class of compounds as lubricants [2-6]. Due to their
ability to form liquid crystalline structures that reorient themselves under frictional loading, ex-
tremely low friction coefficients may be realised. In addition, if electrically active liquid crystals
are used these orientation processes can be influenced by electric fields [7,8].
In a collaboration of Nematel GmbH and the Fraunhofer-IWM, extreme low friction coeffi-

cients were detected with fluids that under normal conditions are isotropic and are supposed to
form a molecular order in a shear field of a slide bearing. These observations gave further reason
to improve and optimise new thermotropic liquid crystals.
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Although first results showed the positive effect of several specific liquid crystals in tribologi-
cal applications, essential questions on the relation between molecular structures and tribological
effects of liquid crystalline compounds aroused:

• Under which conditions do liquid crystals or isotropic mesogenic fluids induce ultralow fric-
tion (depending on chemical structure of the LC, temperature, load, sliding velocity, material
combinations)?

• Are they miscible with conventional base oils?

• Do they respond to external electric fields?

• What are the fundamental effects of ultralow friction?

Furthermore, the exact mechanisms of the mesogenic lubricants, which lead to the extreme low
friction, are poorly understood, however this unprecedented behaviour has recently been dis-
cussed under the aspect of other ordering phenomena in fluids [6]. The knowledge and modelling
of fundamental mechanisms leading to ultralow friction values is indispensible of the tailored de-
sign of new liquid crystals with a broadened range of practical applicability.
In a cooperation of Nematel GmbH, Mainz and Fraunhofer-Institut für Angewandte Poly-

merforschung, Potsdam, a tribological investigation of several mesogenic compounds has been
started to create empirical results as a basis for a better theoretical understanding of the prevailing
tribological mechanisms. In this paper, the results of these investigations are summarised.

2 Experimental Setup and Materials

The tribological tests were performed using a reciprocating cylinder-on-disc geometry (RCD, fig.
2) using a SRV-III test rig (Optimol Instruments). The temperature was controlled by heating up
the test assembly. Specimen materials and geometry, typical test parameters used for the test
series and LC compounds and lubricants used as reference compounds are given in tables 1 to
3. In each test, only one droplet (0.025 ml) of lubricant was placed on the disc before applying
the contact and starting the experiment. It should be pointed out that a number of different LC
compounds were tested, however, not all LCs led to ultralow friction. Because of the limited
space we summarize just on the results of LCs leading to ultralow friction.

Figure 2: Picture of test setup and sketch of loading geometry of reciprocating cylinder on disc (RCD)
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Table 1: Characteristics of the test specimens

Cylinder Disk

Material Steel 100Cr6 Steel 100Cr6
Diameter 15.0 mm 24.0 mm
Length, Height 22.0 mm 7.9 mm
Surface roughness
Ra 0.15 m 0.13 m
Rz 0.18 m 0.28 m

Table 2: Test parameters of tribological experiments

Temperature 90 °C
Normal load 50 N
Frequency 50 Hz
Stroke 1 mm
Duration 20 hours

Table 3: LC compounds and materials

Name description of molecular structure kin. viskos-
ity ν mm /s
at 40 °C

Transition temperatures*

D1 Hexakis[octylthio]-benzene 53.0 Cr -6.0 Colho -10.0 I
KI-07/10 1-(4-Ethylphenyl)-nonan-1,3-dion 6.5 (Cr 0 SmB 10 I)

KI-887 1-(4-Methylphenyl)-decan-1,3-
dion

7.6 (Cr 21 SmB 34 I)

KI-904 1-(3-4-Dimethylphenyl)-nonan-
1,3-dion

10.4 (Cr 10 SmB 17 I)

CCN-47** 4’-Butyl-4-heptyl-bicyclohexyl-4-
carbonitrile

- Cr 28.0 SmA 33.0 N 61.0 I

10W40 (Dura Blend) (standard motor oil, used as refer-
ence compound)

93.0 –

n-Hexadecane n-C16H34 2.9 –

* Cr: Crystalline (solid), Colho: Columnar (hexagonal ordered), Sm: Smectic, N: Nematic, I: Isotropic; data put

in parentheses are estimations based on DSC-results

**Anisotropy of the dielectric permittivity∆ε: -7.0

3 Results

3.1 Tribological Behaviour of Different Compounds

The results of the RCD-test of several LC compounds are compared in fig. 3. In contrast to the
reference compounds 10W40, the LC compounds showed extremely low friction coefficients.
The low-friction regime usually was observed after a running-in period of 5 to 10 hours, depend-
ing on the type of mesogen. It is worth mention that during these (rather long) running-in periods
friction-spikes occurred that may be ascribed to solid-solid contacts, i.e. temporary breakdown
of the lubrication film.
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Figure 3: Friction coefficients as a function of testing time of LCs and reference lubricant

3.2 Variation of Test Parameters

To study the temperature dependence of the tribological behaviour of LCs, tests were performed
at temperatures between 60 °C and 120 °C (fig. 4). While the course of the friction coefficients
of D1 is hardly changing within this temperature range (fig. 4a), the KI-7/10 shows a decrease of
friction coefficients only at relatively higher temperatures and also a shorter running-in period at
higher temperatures (fig. 4b). The temperature dependence has not yet been studied for all LCs,
but it is supposed that the temperature range for ultralow friction conditions will be different for
each compound and may depend on many factors, e.g. transition temperature, liquid crystalline
structure that is formed in shear fields, chemical structure, viscosity, chemical interaction with
the surface.

Figure 4: Friction coefficients as a function of testing time of D1 and KI-7/10

The variation of the frequency of the reciprocating motion between 10 Hz and 60 Hz (20 mm/s
and 120 mm/s) resulted in a extension of the running-in period that was not proportional to the
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number of cycles, indicating that the running-in distance is significantly longer at lower sliding
speed for the mesogenic fluids D1 and 07/10.
The variation of normal load showed only small changes of the duration of running-in pe-

riod. However, the course of the friction coefficient was different, since at higher loads, friction
remained at ca. 0.15 for a longer time and the decrease of friction was more abrupt.

3.3 Variation of Material Combinations

Several material combinations were studied, including steel/ceramic and steel/polymer combi-
nations. As shown in fig. 5, ultralow friction coefficients were not obtained in all cases. The
combination of steel cylinder and silicon nitride ceramic yielded low friction, when D1 was used
as a lubricant (fig. 5a). Steel cylinder in combination with polymers and D1 lubricant yielded
low friction only with PMMA (fig. 5b) after a very short running-in period.

Figure 5: Dependence of friction coefficients on the material combination for a: steel/silicon nitride; b:
steel/polymer combination. Lubricant: D1

3.4 Mixtures of LCs with Paraffin Oil

Different weight ratios of paraffin and D1 were tested under standard conditions. The paraffin
oil was used because of a similar viscosity compared to D1. The results in fig. 6 indicate that in
the case of D1 already 10% to 25% of LC decrease the friction coefficient significantly. At least
40% of D1 are necessary to realize ultralow friction conditions. Similar tests, made with other
LCs and standard lubricants indicated that between 40% and 60% of LC lead to ultralow friction
regimes.

3.5 Influence of External Electrical Fields

To study the influence of electric fields on the friction behaviour, a LC compound with high
anisotropy of electric permittivity was used (CCN-47), although this LC did not show ultralow
friction coefficients. To electrically insulate the disc surface, a diamond-like coating was applied
with a coating thickness of 5 m. During the test the temperature was varied to form different
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Figure 6: Dependence of friction coefficients on mixtures of D1 with paraffin oil

LC modifications. At each temperature the electric voltage was turned off and on twice (once at
25 N load and once at 50 N load).

Figure 7: Friction coefficient of CCN-47 as a function of test parameters and electric fields (30V DC)

The largest effect of the electric field on the friction coefficient was observed at 50°Cwhere the
LC has a nematic phase. As soon as electric field was turned off, the friction coefficient increased
by more than 20%. After turning on the electric field, the friction coefficient slowly decreased
to former values. At 90°C (isotropic phase) this effect is also clearly visible. At temperatures
below 30°C (smectic phase) the electric field had no significant influence on friction.

3.6 Surface Analysis

For surface analysis, different methods were used. In fig. 8, the typical surface features of wear
scars on steel samples are visible. At higher magnification (fig. 8b) surface pits and tribofilms
were detected. On samples lubricated with D1, traces of sulphur were detected by energy disper-
sive x-ray analysis (EDX).
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Considering the course of the friction coefficients (see fig. 3) and the observation that most
of the wear was formed during the running-in period, it can be concluded that adhesive wear and
surface pitting must have been caused by occasionally solid-solid-contact during the running-in
period. The tribofilms may have been formed and stabilised under the mixed lubrication condi-
tions during the running-in period and the subsequent ultralow-friction regime.

Figure 8: SEM-image of wear scar on steels disc (lubricant: KI-07/10)

Further surface analysis is being conducted including surface topography (atomic force mi-
croscopy, interferometry), wettability and vibrational spectroscopy (micro-Raman) and will be
published in the near future.

4 Discussion

Although there are many results that show ultralow friction coefficients under various conditions
with different LC compounds and materials used, the mechanisms that are responsible for this tri-
bological behaviour are not completely clear. It is remarkable that ultralow friction was observed
(without exception) at temperatures, at which the isotropic phases of the LCs are stable. On the
basis of the tribological analysis presented in this paper, the following frictional mechanism is
suggested:
To realize ultralow friction, LCs with a rod-shaped molecular structure may be favourable (but

D1 having disc-shaped molecules is an example that also different orders are possible). Although
they are normally isotropic at test temperature, there must be orientation effects between the slid-
ing surfaces probably leading to liquid crystalline order. These near-surface liquid crystalline
structures cause highly anisotropic viscosity, the direction of lowest viscosity according to the
sliding direction. The formation of this structure will also take a certain time and will only take
place under moderate contact pressures (in the order of 100 MPa and lower) of flat surface con-
tacts (under high and inhomogenous contact stresses of rolling contacts, ultralow friction was not
observed). During the running-in period, there is considerable wear of the sliding parts. In addi-
tion, wear-induced changes of the contact geometry fromHertzian line contact (130MPa) tomore
flat contact geometry with lower contact pressure (ca. 15 MPa) as well as changes of the surface
roughness during the running-in period will influence the tribological behaviour significantly.
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In addition, the physico-chemical interaction of the LC with sliding surfaces must also be
crucial. Low friction conditions were not observed with all material combinations, but only
partly in steel/ceramic contacts as well as steel/polymer contacts. The measurement of surface
energies by the determination of wetting angles has indicated that higher surface energies and/or
polarity may be beneficial.

5 Summary and Outlook

In the presented study extensive analysis was carried out on the tribological behaviour of liquid
crystals in reciprocating line contacts. For several fluids, ultralow friction coefficients were ob-
served under a variety of test conditions and material combination. These results allowed first
indications about a correlation between molecular structures and their ability to induce ultralow
friction. Moreover, a model of the prevailing friction mechanisms is proposed. However, there
are many open questions and more work is clearly needed to understand this effect. This work is
in progress and further results will be published in the near future.
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1 Introduction

In recent years a great interest was raised in scientific and industrial communities to apply poly-
mer composites in sliding components, where their self-lubricating properties can be exploited to
avoid the need for oil or grease lubrication accompanied with the problems of contamination [1].
The choice of an appropriate matrix is of huge importance in design of wear resistant polymer
composites. The required property profile of such a tribo-matrix includes high service temper-
ature, good chemical resistance and outstanding mechanical performance [2]. Within the frame
of the aforesaid, polyphenylene sulfide (PPS) is regarded as a proper tribo-matrix material [3].
Neat PPS, however, is a brittle material with relatively low impact strength [4]. Therefore, vari-
ous fillers have been incorporated in order to enhance the property profile of PPS. Short carbon
fibers (SCFs), which are widely advocated as a decisive reinforcement component, show a re-
markable capability to increase the wear resistance of PPS as well [5]. As for the incorporation of
particulate fillers, the problem becomes more sophisticated. Some micro-particles such as Ag2S,
CuS, NiS, SiC and Cr3C2 have been reported to reduce the wear rate of PPS, but others like PbTe,
PbSe, ZnF2, SnS and Al2O3 have been found to exercise an opposite effect [6–11]. The concept
of adding nano-particles into polymers has already called for a big furor in the field of material
science in the last decades. On the one hand, the influence of the particle angularity, which is
unfavorable to the wear resistance, is significantly diminished in the nano-range. On the other
hand, appropriate particulate nano-fillers contribute positively towards the development of a thin
and uniform transfer film and better adhesion of the transfer film to the counterpart during sliding
[12, 13], which play a crucial role in the enhancement of wear resistance [14]. Still, to our best
knowledge, except our own studies there are only few papers that investigated the influence of
the hybrid reinforcement of nano-particles and short carbon fibers on the tribological behavior of
polymer composites [15–18].
Motivated by the recent enthusiasm in the field of nano-science and technology, we present

an investigation on the tribological behavior of PPS composites filled with short carbon fibers
(14.5 µm in diameter and 90 µm in length) and/or nano-TiO2 (300 nm in diameter) particles. An
artificial neural network (ANN) technology, which is a powerful analytical tool in diverse fields,
is introduced to model the functional relationship between the wear properties of PPS composites
and the chosen parameters including material compositions and testing conditions.
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2 Experimental

Polyphenylene-sulfide (Fortron 214 C, Ticona GmbH) was used as a matrix material. Pitch-
based short carbon fibers (Kureha M-2007S, Kureha Chemicals GmbH), and nano-TiO2 (Kronos
2310, Kronos Titan GmbH) were selected as fillers. For the purpose of testing, samples were cut
into pins with a contact surface of 4 4 mm2. In order to ensure identical flow conditions, only
the middle section of the injection molded plates (80 80 4 mm3) was chosen for machining the
samples. Sliding wear tests were completed on a pin-on-disc test rig under different pv-conditions
at room temperature (see below Table 1). The surface roughness of the counterpart (LS 2542,
INA Scheffler KG) was measured as average roughness Ra = 0.19 µm by a Mahr Perthometer
(Perthen, Mahr-Perthen). The testing time was fixed at 20 hours. For some of the materials,
e.g. pristine PPS, the test was stopped after 1 hour due to the severe wear. In the course of
the experiments both the normal and frictional forces were recorded to determine the friction
coefficient. The specific wear rate, ws, was evaluated by:

ws =
∆m

ρ · v · t · FN

[
mm3

Nm

]
(1)

where ∆m is the mass loss, ρ is the density of the material, v is the sliding speed, and t is the
duration of test. FN represents the normal force imposed on the specimen during sliding.

3 Artificial Neural Network Analysis

3.1 Principle

The ANN is an information processing model inspired by the way the biological neural system
(the human brain) process information and has been used to solve a wide variety of problems
in diverse fields (see ref. [19–21] for the reviews about its application in material science). As
illustrated in figure 1, a neural network commonly consists of three parts connected in series:
input layer, hidden layer and output layer [22]. The raw information is accepted by the input
layer, and processed in the hidden layer. Finally, the results are exported via the output layer.
The neurons in the neighboring layers are cross-linked by the weighted inter-connections, which
is similar to the bioelectricity passing through the real axons. Besides the weight, the neurons
also possess a bias value, which refers to their initial states. During the training process, the
generalized knowledge is memorized in terms of the combination of weights and biases. In the
hidden layers and the output layer, the individual neuron gets the information from the neurons
in the previous layer, and modulates the information with a transfer function, weight as well as
bias, and then outputs the result.
In order to facilitate the evaluation of the network performance a mean relative error is intro-

duced, which provides the comparisons between predicted values for different network parame-
ters and desired values. The mean relative error (MRE) is computed by:

MRE =
1

n

n∑
i=1

|di − oi|
di

(2)
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Figure 1: A schematic illustration of artificial neural network.

where di is desired value, oi the predicted output value and n the number of data. The lower the
MRE, the better the network performance is.

3.2 Procedure

Table 1 lists the chosen input variables (material compositions and testing conditions), the output
variables (specific wear rate and friction coefficient) as well as the range of the experimental
values.

Table 1:Measured parameters for input and output of ANN

Input PPS Short carbon fiber Nano-TiO2 PTFE Graphite
[vol.%] [vol.%] [vol.%] [vol.%] [vol.%]
65÷100 0÷15 0÷7 0÷10 0÷10

Sliding speed Applied pressure
[m/s] [MPa]
1÷3 1÷3

Output Specific wear rate Friction coefficient

The prediction quality of ANN has been proved to be susceptible to the size of the database for
network-training. Thus in the present study a larger experimental database including 66 groups
of independent tests, in which compositions that contain lubricant fillers (graphite and PTFE)
in addition to short carbon fibers and nano-TiO2, were used to train the network. Based on our
earlier methodology research [23, 24], two networks with the structures of 7-[9-3]2-1 and 7-[3-
1]2-1 were selected by training and testing process in this study. The former is employed to model
the relationship between the specific wear rate and the chosen input variables. The latter is used
for the friction coefficient. A Powell-Beale conjugate gradient algorithm [25] was chosen as the
learning algorithm.

4 Results and Discussion

Figure 2 shows both the measured (data points with error bars) and the predicted (3D profiles)
results of the specific wear rate and friction coefficient. These plots demonstrate how well the
ANN models capture the wear and friction behavior of PPS composites.
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Figure 2: 3D plots generated from an ANN of (a) the specific wear rate, (b) the friction coefficient as a function
of the content of short carbon fibers and nano-TiO2 particles (pv=1 MPa*m/s)

It can be seen that the sole incorporation of nano-particles exerts a detrimental effect on the
wear resistance of the PPS matrix (figure 2a). As a consequence, an upward trend in the specific
wear rate originated when the content of nano-TiO2 increases. A significant improvement in the
wear resistance (approximately two orders of magnitude) was obtained by adding short carbon
fibers, both as a single or a second reinforcement phase. Moreover, the hybrid reinforcement of
short carbon fibers and nano-particles began to reduce the wear rate even more when compared
to the single reinforcement with short carbon fibers. According to the experimental results the
composition of PPS with 15 vol.% SCF and 5 vol.% nano-TiO2 gives the highest wear resistance.
Still, it can be estimated from the predicted trends that the lowest specific wear rate might be
obtained for PPS with 15 vol.% SCF and 6 vol.% nano-TiO2.
In contrast to the specific wear rate, short carbon fibers when acting alone did not decrease, but

increased the friction coefficient of the PPS matrix (figure 2b). However, the addition of nano-
particles as second phase did not only neutralize this effect, but even diminished the friction
coefficient approximately 6-fold as compared to SCF-reinforced PPS.
A prudent question arose at this point, namely how this hybrid reinforcement of nano-particles

and SCFs led to such a great improvement in the wear resistance of a pristine polymer matrix.
Zhang et al. [15–17, 26, 27] presumed that the nano-particles roll rather than slide between the
two mating surfaces and reduce the shear stress, friction coefficient and contact temperature.
Such ball-bearing concept has also been reported with fullerene-like WS2 nano-particles as ad-
ditives for lubrication fluids [28]. Still, this rolling mechanism is until now only hypothetical.
Additional investigations are warranted to verify it or reject it experimentally. We believe that
the elucidation of this mechanism will advance to a great extent the understanding of tribolog-
ical behavior of nano-compounds, and may promote a new promising approach in designing
polymer-based tribo-materials.
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5 Conclusions

The results of this study illustrated the feasibility of using ANN for characterizing given tribo-
system over broad range of operating conditions. The ANN prediction and the experimental
observation showed a good agreement. The lowest specific wear rate of approximately 4.0 10–7

mm3/Nmwas found for PPS with 15 vol.% SCF and 5 vol.% nano-TiO2. Amore optimal compo-
sition of PPS with 15 vol.% SCF and 6 vol.% nano-TiO2 was estimated by the ANN. A synergis-
tic effect of short carbon fibers and nano-TiO2 particles on the wear resistance was reported both
experimentally and by ANN prediction. The latter might be interpreted in terms of the rolling
action of the particulate filler in the boundary layer, which helps keeping the fibers in the matrix
and reduces significantly the frictional coefficient. Still, the rolling mechanism is so far only
hypothetical. It is the objective of the future works to prove it experimentally.
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1 Introduction

Since Gardos [1] used the term “lubricious oxides” in 1988 to describe expected low coeffi-
cients of friction (COF) and wear rates in unlubricated dry sliding conditions for titanium sub-
oxide materials, numerous tribological studies have been carried out on materials such as bulk
(Ti,Mo)(C,N)-NiMo hardmetals (e.g. [2,3]) or TiC-based thermally sprayed hardmetal coatings
(e.g. [3,4]) which form titanium suboxides as a result of tribo-oxidative and/or high-temperature
reactions. Other extensive investigations have been carried out on bulk titanium suboxides (e.g.
[5,6]) and coatings prepared by different spray processes (e.g. [7,8]). The predictions of Gardos
[1] were based on the ability of the defects in the oxygen sublattice of titanium suboxide TiOx
to form the so-called crystallographic shear planes. These ordered planar defect structures are
calledMagnéli phases and are better described by the formula TinO2n-1 with 4≤n≤9 than by TiOx
[9].
As a rule, commercially available titania feedstock powders for the preparation of thermal

spray coatings are substoichiometric. In the spray process the Ti/O ratio is changed, but the
coatings are characterised by substoichiometry and defect structures as well. Application of the
coatings at high temperatures in air will lead to reoxidation and to changes in the coating prop-
erties. Thus, the application of Magnéli phases with higher (oxidative) stability during the spray
process and during service in air would be advantageous. Such phases are found in the TiO2-
Cr2O3 system.
The phase diagram of the TiO2-Cr2O3 system is very complex. Figure 1 shows the latest

proposed phase diagram, published in 1978 by Somiya et al. [10]. This phase diagram and that
ofWerner [11] are limited to temperature ranges that do not provide information about the solidus
and liquidus lines. Both phase diagrams show the existence of different, distinct low-temperature
Magnéli phases with a phase transition to a so-called high-temperature phase (designated by ‘n’,
see Fig. 1) with a wide homogeneity range [10,11].
Initial studies on coating microstructures with systematically varied compositions in the TiO2-

Cr2O3 system sprayed by high velocity oxy-fuel (HVOF) spraying and by APS were recently
published [13,14]. Coatings sprayed by atmospheric plasma spraying (APS) from the powder
composition of 27/73 (in mass%) were studied in dry and lubricated sliding conditions [7,12]. In
this paper the dry sliding wear resistance up to 800°C of two other selected coating compositions
sprayed by APS was studied. The results are compared with those of the composition of 27/73
[7] and those of Cr2O3 coatings [4].
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Figure 1: TiO2-Cr2O3 phase diagram according to Somiya et al. [10]

2 Experimental Procedure

2.1 Starting Materials and Coating Preparation

Each of the powder and coating compositions is given in this paper in mass% as a Cr2O3/TiO2
ratio. The coatings studied in this work were sprayed from feedstock powders of composition
75/25 and 23.5/76.5. The nominal and phase compositions, trade names, preparationmethods and
feedstock particle sizes of the feedstock powders are given in Table 1. For comparison purposes,
the characteristics of the experimental powder with the composition of 27/73 [7] and the chromia
powder [4] are also included in Table 1.

Table 1: Nominal and phase compositions, trade names, preparation methods and particle sizes of the feedstock
powders used for coatings for studying the dry sliding wear resistance. * corresponds to shifted lattice parameters
compared to the standard; + for this composition (phase E in the phase diagram) several standard cards exist; # a&s
correponds to ‘agglomerated and sintered’.

Composition Supplier Trade name Preparation
method#

Particle size
[ m]

Phase composi-
tion

100/0 Ceram GmbH Cr2O3 99.7 sintered 10-40 Cr2O3
75/25 HC Starck

GmbH
Amperit
712.066

a&s 15-53 Cr2O3*,
Cr2TiO5*

27/73 HC Starck
GmbH

experimental a&s 10-45 Ti6Cr2O15,
Ti2Cr2O7+

23.5/76.5 Fh-IKTS experimental a&s 15-45 Ti7Cr2O17,
Ti6Cr2O15
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The phase compositions of the feedstock powders and the coatings were analysed by XRD
using CuKα radiation and a D8 Advance diffractometer (Bruker AXS). The XRD patterns were
measured in the range of 2θ from 15° to 90° with a step size of 0.05°.
Coatings were prepared by APS with optimised spray parameter sets using the F6 Plasma

Gun (GTV mbH, Germany) and an Ar/H2 plasma gas mixture. The tribological substrates are
described together with the tribometer below. For microstructural studies and hardness mea-
surements coatings of the compositions 75/25, 27/73 and 23.5/76.5 were deposited on mild steel
substrates using the same spray parameter sets. All substrates were degreased and grit-blasted
as usual before spraying. The microstructures of the coatings were investigated by optical mi-
croscopy of metallographically prepared cross sections. Hardness HV0.3 was measured on the
cross sections.

2.2 Sliding Wear Test

For the unlubricated sliding wear tests performed according to DIN 50324 (ASTM G-99), a
BAM-designed high-temperature tribometer, described in detail elsewhere [15], was used. This
tribometer is shown in Figure 2.

Figure 2: BAM-designed high-temperature tribometer

Coatings were deposited on to one planar surface of the rotating specimen made of steel
Ni36 (Invar, 1.3910). Coatings from the previous study [7] were deposited on to grey cast iron
GG20HCN. The deposited coating thickness was about 250 m. Before testing the coatings were
finished by lapping to a surface roughness as indicated in Figures 5–7 below. Sintered alumina
(99.7%) bodies were used as stationary spherical (R1 = 15 mm and R2 = 21 mm) specimens with
polished surfaces (Ra = 0.033 m and Rpk = 0.019 m) which were pressed against the coated
planar surfaces of the rotating specimens during the tests. A normal force of 10 N was applied,
resulting in an initial Hertz pressure PH of ˜ 1,000 MPa. The sliding distance was 5,000 m. Ex-
periments were performed at 23°C, 400°C and 800°C in air with sliding speeds of 0.1, 0.3, 1, 3
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and 7.5 m/s. Continuous measurements of frictional force, total linear wear and specimen tem-
perature were made. The wear volume was calculated from the dimensions of the wear scar and
the results of profilometry of the wear tracks. The resolution limit of the wear rate for the rotat-
ing specimen corresponds to about 10-8 mm3/Nm. One test per parameter was performed in this
study.

Figure 3: Optical micrographs and hardness (in parentheses) of the coatings; compositions: a) 100/0 (HV0.3:
1054) [4], b) 75/25 (HV0.3: 980), c) 27/73 (HV0.2: 851 [7]), d) 23.5/76.5 (HV0.3: 799)

3 Results and Discussion

The optical micrographs of the coating cross sections and the hardness values are compiled in
Figure 3. For all compositions typical structures for APS-sprayed coatings with porosities below
5% (as estimated from the optical micrographs) were obtained. However, measurement of the
true porosities of oxide coatings requires more detailed SEM studies [16] which are the subject
of continuing work. The hardness values of the coatings are included in the caption of Fig. 3.
There is a systematic change in hardness with coating composition for the TiO2-Cr2O3 system;
this has been described in detail elsewhere [14].
Although the 100/0 feedstock powder consisted solely of Cr2O3, metallic chromium was

detected in the coatings by XRD. However, the metallic chromium oxidises during high-
temperature sliding testing [4]. Figures 4a and 4b compare the x-ray diffraction patterns of the
feedstock powders and the coatings of composition 75/25 and 27/73, respectively. As shown
in Fig. 4a, for the composition 75/25 the phase CrTi2O5 which was contained in the feedstock
powder was not found in the coating. The coating contained only a Cr2O3 crystal lattice with
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Figure 4: a) XRD patterns of the 75/25 powder (line a) and the APS-sprayed coating (line b)
b) XRD patterns of the 27/73 powder (line a) and the APS-sprayed coating (line b)

shifted lattice parameters. The phase compositions of the 27/73 (see Fig. 4b) and the 23.5/76.5
feedstock powders corresponded to the chemical compositions given in the phase diagram (see
Fig. 1). For both coatings the diffraction pattern showed the presence of the high-temperature
Magnéli phase (‘n’ phase). In addition, CrTi2O5 was present in the coating of composition 27/73.
This phase is not shown in the phase diagrams, but has been described in the literature [17]. Due
to the complexity of the diffraction patterns in the TiO2-Cr2O3 system other phases could not yet
be clearly identified.

Figure 5: Dependence of total wear rate on sliding speed and temperature for the coatings
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Figure 6: Dependence of wear rate on sliding speed for the stationary (top) and rotating (bottom) samples

The total wear rates for the unlubricated sliding wear tests are compiled in Figure 5. The wear
rates for the rotating and stationary samples are given separately in Figure 6. Figure 7 shows
the coefficients of friction (COF) of all couples. Analysis of the results indicated that wear of
the coating was the main component of the total wear rate, with wear of the sintered alumina
conterpart being at least one order of magnitude lower. At room temperature, with the exception
of the results for the Cr2O3 coating, the total wear rates were high. For most test conditions at
800°C the wear rates were below 10–6 mm3/Nm and less sensitive to sliding velocity. This value
characterises the borderline between dry friction and mixed/boundary lubrication and underlines
the potential of these coatings for use in dry high-temperature sliding wear applications. Differ-
ences in the coating surface roughness might have been responsible for some differences in the
total wear rate and COF between different compositions, as they ranged from Rpk = 0.06 – 0.61
m. At 800°C with increasing sliding speed the COF decreased to nearly 0.2 (see Fig. 6).

4 Conclusions

Application of APS-sprayed coatings of the TiO2-Cr2O3 system in high-temperature sliding con-
ditions has been studied in this work. Changes in the phase composition from the feedstock
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Figure 7: Dependence of the coefficient of friction on sliding speed against sintered alumina

powder to the coating occurred as a result of the spray process. The diffraction patterns of the
27/73 and the 23.5/76.5 coatings showed the presence of the high-temperature Magnéli phase
(‘n’ phase), while only a Cr2O3 crystal lattice with shifted lattice parameters existed in the 75/25
coating. Inconsistencies in the roughness values obtained for the tested specimen prevented clear
conclusions on the influence of the coatings’ phase compositions on their dry sliding wear prop-
erties from being able to be made. However, all coatings showed very low total wear rates and
low COF values at the test temperature of 800°C.
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1 Abstract

During continuous casting of steel the main goal of applied mould slags is the lubrication of
the solidifying strand surface in the mould because steady state and oscillating movement are
causing unwanted friction. Shear stresses have to be minimized to prevent of surface hot cracks.
Considering the facts that the viscosity of slag changes from Newtonian viscosity based friction
by crystallization to Coulomb´s friction, the prediction of lubrication effects is a complex task.
Thus the friction cannot be calculated but it has to be determined experimentally. Therefore a

friction force simulator has been developed at the Department of Ferrous Metallurgy of RWTH
Aachen University. By this method measurement of friction forces in hot condition under almost
continuous casting conditions is possible in a wide temperature range. In laboratory trials values
of friction forces and lubrication effects of liquid and crystallising mould fluxes for different
types of fluxes are given. Surface temperatures of the steel are between 1,250°C and 1,000°C.

2 Introduction

Liquid steel is continuously cast at temperatures of about 1,500 °C in casters consisting of a wa-
ter cooled copper mould and a strand guiding system with secondary cooling equipment. The
steel solidifies in contact to the mould walls which have a length of about 1 m. The tube-like
solidifying shell of the strand contains liquid steel which solidifies finally after 10 to 40 m. The
mould oscillates vertically while casting velocity of the strand is adjusted constantly. In com-
bination with an applied lubricant this measure diminishes the friction between the withdrawn
strand and the mould to prevent of surface cracks in the hot and sensible solidified steel shell.
In worst conditions an un-sufficient lubrication leads to sticking of the steel to the mould wall
and subsequently a breakout. In cases of casting small billets special oils are applied as lubricant
which cracks to carbon and burning hydrogen and carbon-oxide, but in the most cases of casting
so called casting fluxes consisting mainly of different oxides in well tuned mixtures are used.
Worldwide about 1 Mio tons of steel is produced annually by this method.
Mould fluxes have to fulfill several tasks besides the most important task, the lubrication of the

strand in the mould. The flux is added directly onto the liquid metal surface (so called meniscus
level), melts and forms a mould slag which is continuously drawn into a forming gap between
strand and mould walls [1]. Hydro-dynamical conditions are created at the triple point of mould,
liquid steel and liquid/solidifying flux in combination with the oscillating movement to transport
liquid flux between strand and mould. The rate of flux entrapment is depending on both, the
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pressure conditions and the fluidity of the flux expressed as viscosity and temperature of crys-
tallization start. The fractions of liquid and solid parts of the flux in the gap of less than 1 mm
thickness control the friction forces and so the shear stress to the hot strand surface. The tem-
perature gradient within that flux layer is more than 1,000 K/mm. The perpendicular force to
the friction area is caused by internal ferrostatic pressure of the liquid steel and the geometrical
conditions of shrinking steel shell and tapered mould walls.
While the flux is completely in liquid state the viscosity as a measure for inner friction can be

determined by calculation, several models have been released throughout the recent years [2,3,4],
also with respect to a crystalline part. By passing the meniscus level of the mould the flux starts
to solidify as crystals, i.e. from that point on the flux is not completely liquid but heterogeneous.
The solidification process continues during the descent of the flux in the gap between mould and
strand, the result is a rising content of crystallized slag in the flux [5,6]. From the point when
first crystals appear in the slag the former Newtonian viscosity is transferred into an apparent
viscosity. That apparent viscosity is not calculable with sufficient accuracy to predict the friction
forces. A measurement of friction forces during operation at a running caster is difficult because
only overall forces or accelerations of the driven mould can be recorded. Therefore a friction
force simulator was developed and approved at the Department of Ferrous Metallurgy. With this
new facility friction forces and friction coefficients of mould fluxes can be determined in the
laboratory under hot conditions similar to continuous casting.

3 Basics

Friction is the resistance that occurs when two materials in contact are shifted against each other.
The amount of force can be determined after (Eq. 1). Coulomb’s coefficient µ determines the
amount of force to shift a materials pair. This approach is chosen because the lubricant is not
completely liquid, but mainly solid/ liquid.

Fr = µ · Fn (1)

Fr = Friction force, Fn = perpendicular force, µ = friction coefficient.
The determination of a temperature depending friction coefficient µ of mould fluxes is impor-

tant in order to give validated statements on possible development of stickers in the mould or
breakouts related to this phenomenon [7,8].

4 Testing Equipment and Trials

At the Department of Ferrous Metallurgy several studies were carried-out before to create a thin
solidified shell like an as-cast strand under controlled conditions in the lab [9]. In order to simulate
continuous casting conditions properly the friction is to be measured in the system steel strand
– mould flux – copper mould. To form the hot surface of a fresh solidified steel shell on which
the flux can be applied is the most important problem to overcome in an experiment. A special
mould was developed in which steel melt solidifies and offers a free surface for experiments like
the application of the also developed measurement system (Figure 1).
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The testing equipment consists of two units: A) Casting box (mould) relined with 40 mm of
chamotte lining in which an ingot is cast which provides sufficient heat to hold the flux in a liquid
state for several minutes, even when the water cooled copper tester comes in contact. The ingot´s
dimensions are 170 mm by 150 mm by 520 mm. Three thermocouples were installed in order to
measure the temperature close to the surface and to calculate the recent surface temperatures. B)
The friction measurement system which consists of a motor with constant speed, a torque sensor
and a mould simulator made of a revolving water cooled copper plate. By shifting the copper
mould simulator over the steel surface a torque is induced by friction which is measured by the
torque sensor and recorded on a computer. To determine the friction forces from the torque, the
following equations (eq. 2…6) are taken into account in addition to eq. 1:

Figure 1:Measurement facility and casting box (mould)

Fn = p ·A (2)

dA = 2 · π · r · dr (3)

M =

∫
r · dFr ⇒M =

2

3
π · p · µr · r3 =

2

3
Fn · µr · r (4)

⇒ Fr =
3

2

M

r
(5)

⇒ µr =
3

2

M

Fn · r (6)

p = pressure in Pa, A = Area in m , r = radius in m,M = torque in Nm,F γ = friction force, µγ =
friction coefficient
Before any hot measurement the friction force tester has to be calibrated. The calibration was

carried-out at room temperature with the pair copper and polished steel. The friction coefficient
for this pairing is well known and gives a friction coefficient of µ = 0.3 [10] used as reference for
the following hot tests. Within the calibration an apparatus factor is determined in order to correct
the inner friction of the testing rig. Calibration curves with (‘raw data’) and without (‘real’) inner
friction of the facility are oscillating because both planes are not in parallel but with a small angle
to capture flux later-on.
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All trials were carried-out in the following pattern: The steel was cast into the casting box.
To ensure a smooth solidified shell the box was covered with a steel plate of 40 mm thickness.
The steel plate was removed after a defined time to make sure that the shell thickness is 15 mm
minimum, and the mould flux was applied as powder onto the hot steel surface at about 1,500 °C.
Then, the measurement system was moved into position. During that time the mould flux melted
to a liquid slag. The rotating water cooled mould simulator was lowered onto the slag layer.
During the measurement, the values of time, surface temperature of the shell and the torque in
the motor drive were recorded. Each trial with rotating copper plate lasted about 1 minute.

5 Experimental Results

Several mould fluxes - bounded for casting of different steel grades - were tested by this method.
Figure 2 is given as an example of such a measured curve. The torque is changed to friction
coefficients by comparison with the reference values as explained above. Due to the rotation of
the sampler and the fact, that it was impossible to ensure that the surface and the mould simulator
are completely parallel during the trials. In order to determine the friction coefficient itself, the
data were treated to find an average for the µ-value. At the end of each trial the rotating plate
was elevated to measure the apparatus constant again; in the given curves that factor is already
taken into account and removed from the results mathematically.

Figure 2: Friction force coefficient of the mould flux grade ST-C39/26 Al4D

The flux (grade Accutherm St-C39/26-AL4D) in the test of figure 2 is used for TRIP-steels
with high alumina content. This first test was carried out with the initial chemical composition
of this flux which consists of a low alumina fraction and a high SiO2 content (low basicity).
In its initial state this flux has a calculated viscosity (after Riboud [2]) of 0.049 Pa· s at 1,500 °C.
The friction coefficient by lubrication of flux in this case is lowered to µ = 0.17 compared to

dry friction of the material pair copper / steel, respectively –44 %.
During real casting processes the casting flux can react chemically with the elements dissolved

within the liquid steel, mainly the redox-reaction (eq. 7) with aluminium
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Figure 3: Change of concentrations by redox-reaction during 50 min

4[Al] + 3(SiO2)⇔ 2(Al2O3) + 3[Si] (7)

is active; reactions between aluminium and manganese have been also observed. The brackets
mean that [ ] is dissolved in steel and ( ) is a component of the slag. The result is an increas-
ing viscosity of the slag when alumina is picked-up and silica is diminished. The influence of
the chemical composition of real slags was also tested in laboratory: Therefore specimens of
this flux were taken from the running casting process at ThyssenKrupp Steel AG in Duisburg-
Beeckerwerth steel plant. The change of silica and alumina concentrations during the time period
of about 1 hour (Figure 3) took place in respect to equation 7.
In the second trial run the specimenswere taken after 10 and 50min of the continuously running

cast also directly from the mould. The samples were chemically analysed and the viscosity was
calculated on the basis of Riboud´s formula. Though the calculated viscosity rises from 0.049 Pa s
to 0.079 Pa s (+61 %) after 50 min. Figure 4 shows a summary of 3 lubrication trials, carried-out
with the origin flux (like already shown above), with the re-molted flux after 10 min of residence
time on the mould, and the re-molted flux after 50 min. The friction force raised and the friction
coefficient µ increased from 0.18 to 0.22 (+22 %).
The influence of the strand surface temperature on the friction was measured, too. Therefore

the testing facility was equipped with a thermocouples type B which were located in the solidify-
ing shell in distances below 15 mm to the surface. The friction coefficient was measured 4 times
during one trial of 25 min of duration while the temperature decreased continuously; 3 times the
friction coefficient was at the same level but when than the friction increased clearly. That phe-
nomenon is to be understood with respect to the partly crystallization of the slag as well as the
roughening of the surface of the steel ingot to a Rz of about 25 m.

6 Conclusions

In order to validate this result on influence of the chemical composition several mould fluxes with
different chemical compositions have been tested, subsequently. Table 1 shows a comparison of
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Figure 4: Determined friction coefficients µ of the mould flux Accutherm St-C39/26-Al4D

the friction coefficients of several mould powders with different chemical compositions to the
calculated viscosity. It is obvious that the friction is not influenced only by the viscosity in that
complex system.

Table 1: Comparison of friction coefficients µ and viscosity η

Flux (Accutherm St-C39/26-…) H 12-1 26-6 KS Al 4D 616 W4 220 DR
viscosity (after Riboud) 0.032 Pa s 0.036 Pa s 0.049 Pa s 0.022 Pa s 0.059 Pa s
friction coefficient 0.2 0.22 0.17 0.16 0.14

But taking into account the fraction of crystalline phases in the liquid-solid-mixture in that
temperature gradient of more than 1000 K/mm the friction must be explained as complex process
of Newton´s and Coulomb´s approaches. Particularly, in the Newton´s part of liquid friction an
apparent viscosity helps to explain the influence of chemical and mineralogical composition of
the flux on the lubrication behavior.
There are empirical formulas to determine the following values:

1. Break temperature: The temperature where the liquid and solid fraction are approximately
equal. S. Sridhar et al. [3] give proposals to apply chemical composition in wt-% to that
special temperature.

2. Dynamical viscosity: Chemical composition in mole-% is applied to predict the viscosity by
the approach η = A ·T · exp(B/T ) where A and B are function of chemical composition and
T is the temperature [2]

3. Ratio NBO/T: Gives a relation to the fraction of crystalline phase in the slag as a function of
chemical composition in mole-%. It is similar to basicity, but the formula takes into account
rather all components of the slag parted in network formers (like SiO2) and network destroyers
(like CaO) [11].
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It can be assumed that, the crystalline portion (expressed by break temperature and NBO/T),
and the liquid fraction (expressed by dynamic viscosity in the Newton´s law of shear stress τ =

η·dv/dx) are influencing the friction coefficient. But in those first experiments direct dependence
couldn´t be found by statistical correlation.
The change of chemical composition of the lubricant during casting leads to less viscosity and

by that purpose to a thinner film in the gap combined with the danger of increasing friction.
In spite of suppressing in the experiments the oscillating effect of the mould which is changing

the direction of the friction force in each period, the unidirectional laboratory test of measure-
ment of friction and lubrication behavior leads to reasonable values of both, influence of surface
temperature and chemical composition of the flux. The application of solidifying steel and a
water cooled copper tester are able to simulate industrial continuous casting in the process step
of initial solidification. The increasing pressure of the strand to the mould by rising ferrostatic
pressure can be simulated by change of the load of the copper plate.

7 Summary

In continuous casting there is a relatively movement between oscillating mould and withdrawn
solidifying steel strand. Using liquid slag as lubricant the knowledge of a friction coefficient
helps to predict critical shear stress situations and to provide surface cracks. At RWTH Aachen
University a hot testing rig was designed and operated to measure the friction at surface temper-
ature between 1,000 °C and 1,400 °C. At conditions similar to industrial casting, measurements
leaded to friction coefficients of µ = 0.17 and 0.22 between the solidified hot steel surface and a
water cooled rotating copper plate. Also effects of chemical compositions of the fluxes on lubri-
cation could be observed taking into account that in the thin gap the lubricant is partly in solid,
heterogeneous and liquid states.
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1 Introduction

Wear is a general problem in many industries and much effort is done to impede premature wear
out of often costly equipment. Unexpected high wear rates imply high economic losses due
to production stops, unscheduled maintenance or in rare cases catastrophic breakdown of critical
wear parts. This is especially the case for mining and cement industries where the vast majority of
production equipment suffers from severe wear due to processing of often very hard and abrasive
minerals and ores. Hence, careful selection of wear resistant materials based upon dedicated
wear tests is vital to ensure sound production. Furthermore, such tests may be applied to study
abrasiveness of the treated ores, [1].
Wear is complex and should be regarded as a system, covering numerous parameters as illus-

trated in Figure 1, showing a bed of mineral particles of varying size and shape compressed and
crushed between two tool surfaces of wear resistant material sliding relative to each other. The
interaction between the tool surfaces, mineral particles and surroundings during comminution
causes a severe and complex wear situation.

Figure 1: Illustration of factors influencing wear during comminution of mineral particles.

Successful studies of this kind of wear are heavily depending on selection of appropriate test
methods. In principle, two different approaches may be considered for evaluation or predicting
wear appearing on industrial size equipment: 1) Field testing and 2) Laboratory testing, each
having their advantages and disadvantages.
Field testing possess the major advantage that candidate wear samples are subjected to the

exact conditions under which they are later to be applied and as such it may be able to disclose
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unforeseen events influencing wear. However, such field-tests are very costly and time consum-
ing, since replacement and evaluation of in-situ wear samples in production lines may be limited
to time intervals already planned for maintenance. Moreover, depending on the application, it
may be difficult to access the wear parts during the test, and the insertion of test tool parts in exist-
ing equipment for production, which turns out to be inappropriate causing unexpected downtime
or even catastrophic breakdown may imply significant costs. Parametric studies of the numerous
parameters which may influence wear are impractical or impossible implying that the results are
limited by the rather limited conditions tested and often poorly documented due to the poor con-
trol of fundamental process parameters such as normal pressure and sliding length, and variations
in abrasive media composition, temperature, moisture etc.
Laboratory testing implies that wear is measured under more controlled conditions using sim-

plified test setups compared to the industrial equipment. Downscaling and off-line testing implies
much larger flexibility to test different tool and ore materials under varying process parameters
like normal pressure, sliding length, temperature and moisture, [2, 3]. In order to succeed in such
simulations of the real production it is vital to select/develop proper laboratory tests modelling
the production conditions appropriately, [4, 5].

2 The Proposed Test

A fundamental objective of the present wear test has been to include particle breakage thus sim-
ulate wear mechanisms, which appears when comminuting especially hard and brittle minerals.
This rarely the case for existing wear tests such as the dry sand rubber wheel wear test (ASTM
G36). In praxis, comminution processes involve both compressive and shear forces implying a
multidirectional stress field between mineral particle and wear surface. The proposed test in-
cludes shear forces as well as compressive forces between tool surface and mineral bed.
Page et al. [6] have found that a compressive force superimposed with a shear force acting on a

bed of quartzminerals generates a thin layer of fines at the boundary layer between the tool surface
and the mineral bed due to comminution. The generation of fines is likely to have large influence
on the resulting wear since particle size and shape has been found to be important for abrasive
wear [7, 8]. Establishing of this so-called autogenous wear protection layer is important in many
comminution applications since it effectively impede wear by retention of fines. The fines are
captured in voids or pockets on the active wear surface, hence acting as a buffer layer against
fresh abrasives to be crushed. Excessive moisture may disturb an autogenous layer and direct
washing out of the fines must of course be avoided. Thus the primary purpose of the proposed
test has been to establish a method by which wear can be evaluated for various candidates for
tool material under conditions similar to typical comminution conditions in which generation of
fines comes into play.
The test principle is shown in Figure 2 and is hereafter denoted ‘compression-twist test’ or

‘CT-test’ in short. The abrasive mineral is enclosed in a container and compressed between
identical upper and lower wear discs. Precision-machined grooves in the wear discs ensure a tight
connection and torque transfer between punch and upper disc as well as between lower disc and
container assembly. Contact pressure is build up between the wear discs and the bed of abrasive
particles by applying an adjustable axial force on the upper punch, which is not able to rotate. By
subsequent rotation of the lower disc and container assembly sliding wear occurs on the stationary
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upper disc. Friction between the inner wall of the container and the particle bed implies that pure
indentation, with no relative sliding of the abrasive particles against the lower disc, occurs. This
means that actually two different mechanisms appear during testing, representing two important
test conditions, namely resistance towards 1) indentation and 2) abrasive wear. Both mechanisms
may cause significant wear in case that the abrasive mineral particles are capable of indenting the
tool surface either by contacting regions of the matrix structure more prone to wear or by directly
damaging hard phases such as carbides, [4].

Figure 2: The CT-test schematically shown

3 Test Equipment

The presented test principle requires combined axial loading and rotation, which calls for special
equipment. Such equipment for performing the CT-test is placed at Department ofManufacturing
Engineering, Technical University of Denmark, see Figure 3, where it was originally developed
for cold welding with superimposed sliding, [9] and later applied for testing of friction and lubri-
cation in cold forging, [10].
A hydraulic cylinder provides the axial load of maximum FN,max = 175 kN. A hydraulic motor

below the press table connected to a worm gear drives the vertical spindle axle on which the
container and the lower tool disc is mounted. Maximum torque on the spindle is Tmax = 140
Nm. A custom-built strain gauge transducer, which measures load as well as torque, is placed
between the upper tool plate and the hydraulic cylinder. Corresponding values of axial load,
torque, angular displacement and punch travel are collected during testing by a data acquisition
computer and software. Data are collected at 100Hz sampling rate, stored on hard drive and
extracted for subsequent data treatment. The container bore diameter is 40mm and the upper
and lower tool plate has a slide fit with the bore. These are both 6.0mm in height. The above
mentioned load capacity allows a maximum contact pressure of pmax = 140MPa. This is however
not feasible in the test since the torque capacity limits the maximum allowable pressure to ensure
rotation of the lower tool parts and the mineral particles towards the upper tool due to excessive
friction. The torque capacity corresponds to a maximum in average friction stress on the upper
tool plate of τmax = 8.35MPa. Appropriate levels of contact pressure have been selected ensuring
proper relative sliding between mineral particles and upper tool plate.
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Figure 3: Equipment for wear testing

The wear resistance of four different tool materials has been studied using the CT-test, see
Table 1 for properties. Mild steel C45 would never be used as a tool material in practice, but
it represents a material with no hard phases. Cromin 15 is commonly used as tool material for
roller and grinding tables in vertical roller mills for cement industry. It is a white cast iron having
a structure of large chromium carbides distributed in an martensitic matrix.

Table 1: Properties of tool materials included in study

Description of steel Standard Hardness

Mild steel Wn. 1.0503 (C45) 266 HV30
White cast iron EN 12513-2000, JN3029 (Cromin 15) 630 HV30
Hardened tool steel AISI D2 (Sverker 21, Uddeholm) 764 HV30
Hardened PM tool steel AISI M3:2 (Vanadis 23, Uddeholm) 796 HV30

AISI D2 is widely used cold work tool steel with high contents carbon and chromium and
furthermore alloyed with molybdenum and vanadium. The structure is dominated by chromium
carbides 7 m to 10 m in diameter and hardness between 1200HV and 1400HV. It should be noted
that this steel is not common for cement nor mining industry, but usually applied as a tool-steel
for metalforming applications.
The fourth tool material included in the present investigation is a powder metallurgical (PM)

steel, AISIM3:2, which is manufactured by Hot Isostatic Pressing (HIP). The HIP-process allows
a complex composition of several alloying elements, which is also the case of the AISIM3:2 steel
having contents of: chromium, molybdenum, tungsten and vanadium. The HIP-process implies
that a very homogenous structure is obtained in terms of very small (< 3 m) and evenly dispersed
Cr, W, Mo and V and Mo carbides.
Two types of silica sand of different particle size (coarse and fine) have been applied as abra-

sive media in the present investigation. The particle of the coarse sand is in average 2000 m,
whereas the fine sand is 300 m. Both types contain mineral particles with a average hardness of
approximately 1200HV and with rounded grains.
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Testing was performed at a contact pressure of 7MPa and 20MPa for coarse and fine sand
respectively. The number of rotations of the lower tools was different depending on the silica
sand used; five rotations in case of coarse sand and one rotation in case of fine sand. The resulting
wear was quantified by measuring weight loss and by roughness testing of worn surfaces. The
weight loss, ∆m was measured using a precision scale with a resolution of 0.1mg.

Figure 4:Weight loss of the tested tool materials and the two different of abrasive silica sand

Roughness measurements were carried out for each of the tested discs on the active surface
before and after wear testing. Each surface was measured along two perpendicular diameter
lines tracing from the outer circumference towards centre implying four perpendicular roughness
profiles. Each roughness profile was 16mm in length. However, according to existing standards,
only 4mm of this distance was applied for actual roughness parameter calculations, refer to Figure
5. The roughness test equipment was from Taylor–Hobson having a stylus tip radii of 5 m with
a resolution of 0.01 m
The measured weight loss, ∆m is shown for all of the investigated tool materials in Figure 4.

The weight loss is generally found to be higher when worn against coarse silica sand using five
rotations compared to the fine sand and using only one rotation.

Table 2: Average roughness values measured on the different tool materials.

Type of tool material Fine sand Ra [ m] Coarse sand Ra [ m]

C45 1.13 1.11
Cromin 15 0.50 1.33
AISI D2 0.38 0.63
AISI M3:2 0.29 0.70

The same ranking of wear resistance is found for the two types of silica sands. It is obvious
that significant weight loss occurs of mild steel C45 than the other three tool materials. Cromin
15 and AISI D2 are very similar as regards the wear, but both are less wear resistant than the
powder metallurgical steel AISI M3:2 showing the best performance.
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Figure 5: Representative roughness profiles from worn surfaces by fine silica sand by a single rotation; a) mild
steel C45, b) Cromin 15, c) AISI D2 and d) AISI M3:2. Blue markings on each profiles indicate the areas where
roughness parameters have been calculated.

A comparison of the roughness profiles of the worn surfaces confirms the weight loss measure-
ments. Figure 5 shows the profiles measured on the different tool materials subjected to wear by
the fine silica sand and a single rotation. A significant change in roughness is noted for the mild
steel due to severe scoring by abrasive wear of the surface. The wear tests have also changed the
topography of the other tool surfaces, but a clear difference from the mild steel is observed. Next
after the mild steel, highest roughness is measured on the Cromin 15 alloy followed by AISI D2
and lowest roughness is found for AISI M3:2 indicating lowest wear rate. Similar results were
obtained by coarse silica sand. A smaller difference in roughness between C45 and Cromin 15 as
well as between AISI D2 and AISI M3:2 were however observed. Table 2 summarizes average
values of the arithmetical mean roughness value, Ra, for all of the tool materials and both types
of silica sand.

4 Conclusions

A new test method called the Compression-Twist test for evaluation of tool wear due to abra-
sion by hard minerals has been proposed. The test enables large contact pressure and controlled
relative sliding between tool material samples and mineral particles thus ensuring breakage of
mineral particles and generation of fines which influence the resulting wear. This implies, that
the proposed test simulates the production conditions in processing of hard minerals, where au-
togenous wear protection is present.
The test furthermore allows fracture of mineral particles to be studied under varying loading

conditions, since shear stress and well as compressive stresses can be separately applied. This
has, however, not been a topic of this work.
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The investigation of four different tool materials demonstrates the ability to rank wear resis-
tance by the proposed CT-test. Roughness profilometry as well as weight loss measurements
have been found to be useful methods for quantifying wear resistance. Results confirm that
larger particle size increase wear, but only until fines starts to form, [7]. The test is fast and
allows reconditioning of wear samples, which may thus be used several times.
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1 Introduction

The RTM - Radionuclide Technique in Mechanical engineering – developed continuously and
systematically in Karlsruhe is a high precision technique [1–5] for wear and corrosion diagnostics
in mechanical and process engineering. This nondestructive online measurement technique is
widely used for research and development work of the industries in Europe, North America and
Japan [6,7]. The application of new industrial materials (synthetic materials, ceramics, hard
coatings etc.) and the worldwide problems in medicine technique (prosthetics) demand further
development of RTM, especially the labelling of critical surfaces with radionuclides.

2 RTM – the Radionuclide Technique for Online Wear Diagnosis

The irradiation at the cyclotron accelerator with Thin Layer Activation Technique, TLA, pro-
duces an accurate, thin radioactive layer on the surface of the critical machine component. The
activation parameter must be selected in such a way that the generated activity versus material
depth has a linear dependence, and that the physical and chemical properties of the components
are not affected. TLA technique has been developed at Karlsruhe Cyclotron for all industrial iron
and steel grades (low-alloy steels up to high-alloy steels), non-ferrous metals and alloys: Al, Co,
Cr, Cu, Mo, Ni, Pb, Sn, Ti, V, W, Zn, sintered and hard metals, special ceramics.
As an example of irradiation, Figure 1 demonstrates the adjusting of a large piston ring of a

marine diesel engine in front of the beam line of the Karlsruhe cyclotron. The surface over the
full circumference has been activated.
The labelled part is remounted in the machine under investigation on a test bench. Two mea-

suring methods are available: TLM and CMM. With TLM, Thin Layer difference Method, the
decrease of the radioactive layer during the wear process is measured using a gamma ray detec-
tor outside the machine. The wear diagnostics device determines the wear value online on the
basis of the calibration ratio of measured activity versus material depth. Precondition of correct
function is the transport of the wear particles away from its place of origin.
CMM, Concentration Measuring Method, is usually the more sensitive measurement of wear

than TLM. But the resolution depends on the volume of the lubricant and on the level of the
specific activity of the labelling. The radioactive wear particles in the lubricant are measured
with a gamma ray detector in the flow chamber of the closed measuring circuit. The wear of
the machine part is proportional to the measured activity of the wear particle concentration in
the lubricant. Required is a constant specific activity in the activated volume of the component
for the reliable allocation of the measured activity value to wear mass. The required levels of
radioactivity are considerably lower for CMM than for TLM. Precondition is that the wear par-
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Figure 1: Adjusting of a piston ring of a marine diesel engine in front of the ion beam line in the RTM facility of
Karlsruhe cyclotron.

ticles enter the lubricant circuit and are suspended homogeneously in the lubricant. The method
is described in detail in [1,2,5,10].

3 Application

RTM is a widely used tool for wear analysis of engine components such as bearings, gears,
camshafts, valves, tappets, piston rings, cylinder walls etc. This is the main field of RTM ap-
plication. But the technique is also used to evaluate corrosion, cavitation and erosion phenomena
in pipes, steam and gas turbines, offshore platforms and sea bed pipe work, Chemical and Textile
Industry.
RTM has been applied to the development of the first non-C-F-C (Chlorofluorocarbon) refrig-

erant compressor of production stage. For this purpose a special test bench was developed which
has been applied furthermore to larger compressors for air conditioning [4].
Figure 2 demonstrates the result of a wear test with a small piston of a refrigeration compressor

labelled in its critical circumference area. The wear of the run-in phase during first hour could
be clearly demonstrated because of the high resolution power of 0.2 g.
RTM has been applied to biomechanical engineering [8]. The number of surgeries for total

replacement of bone joints by prostheses increases continuously. One reason is the limited life
time of the actual hip joint prostheses which requires a considerable number of revision surgeries.
Wear particles are the main reason for the late aseptic slackening of the implants. So a sensitive
and reliable measurement of wear is required for the improvement of the life time of prostheses.
A ceramic prosthesis is for a wear measurement technique the most sophisticated friction cou-

ple due to the very low wear rates. The conventional standardized simulator test demands long
testing periods. Of significant disadvantage is the interruption of the test run, the dismantling of
the joint for measuring the weight. Each new start produces a new run-in effect. Moreover the
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Figure 2: Typical run-in wear of the piston skirt (red curve) of a C-F-C free refrigeration compressor together with
its increasing pressure (blue). Activation depth: 15 m. Detection limit: 0.2 g, Refrigerant: propane.

usual weight loss measurement is inaccurate because of the hygroscopic properties of the used
ceramic material.
We labeled three heads of a ceramic – ceramic hip joint (Al2O3). An on-line wear diagnostic

system for artificial hip and knee joints was established using the know how of the RTM method
(cf. Figure 3). The real time wear measurements of the ceramic prosthesis were performed at a
hip joint simulator.

Figure 3: Schematic sketch of the RTM measuring system for prosthetics with Concentration Measuring Device
CMD for measuring the activity of the wear particles in the lubricant (calibrated wear mass is displayed online),
with Reference Measuring Device RMD for accurate correction of half life and control of correct functioning of
the measuring system, and with the hip joint simulator (right) containing the labelled head under investigation. As
lubricant were used Aqua dest. as well as Bovine Serum.
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The test results in figure 4 demonstrates the strong run-in wear with an integral wear rate of
40 g per hour followed by a steady state phase with only 0.3 g/h. With a higher difference
between the lower and the upper load the wear rate increases to 0.5 g/h.

Figure 4: Real time wear measurement of a hip joint prosthesis in a simulator. Material of labelled head and
acetabular cup: Al2O3; frequency: 1 Hz; 3600 cycles correspond to 1 hour; upper and lower load Lu/Ll in two
steps. Raising the load from 2.5/0.5 kN to 3/0.3 kN results an increase of wear rate by 66 %. Remarkable is the
high run-in wear rate of 40 g/h.

4 Developments of RTM

RTM has been developing in Karlsruhe since 50 years. Regarding logistics and radiation protec-
tion the beginning in the year 1958 with neutron activation at a nuclear reactor was complicated.
The development of RTMmeasurement and Thin Layer Activation technique, TLA, at Karlsruhe
cyclotron in cooperation with RTM customers strongly improved the sensitivity of the method,
and the handling of radioactive parts. At this time the application was usually limited to metal
components.
The actually running development of Ultra Thin Layer Activation UTLA will allow the label-

ing of nearly all synthetic and ceramic materials in a depth of some m [2,3,9]. So the application
fields of RTM will become larger. The accuracy will increase and the handling of the radioactive
parts will become uncomplicated.
The labeling of DLC coatings has already been established as routine method. The labeling of

plastic materials like PTFE and PEEK is in development to a routine method within a cooperation
project of ZAG Zyklotron AG and IAVF Antriebstechnik GmbH supported by AiF.
The effect of material damage by radiation was investigated in several activation tests with

DLC and PTFE coated engine parts. Microscopic tests, adhesion tests, Raman spectroscopy,
X-ray spectroscopy and pin-on-disc tribometer tests have proved that no material damage is gen-
erated by the special UTLA.
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For test and demonstration purposes a PTFE coated journal bearing (25× 30 Øi) mm, was
radioactive labeled by 7Be implantation to a depth of approx. 5 m. The applied total activity of
7Be was 10 kBq: that is one thousandth of the free handling limit (10MBq) for this radioactive
material. The wear measurements with this labeled bearing were performed on a bearing test
bench with the concentration measuring method (CMM). The results are illustrated in figure 5
and demonstrate the high sensitivity in the region of 30 nm or 0.01 nm/h. Even in the case of
such small wear rates as 0.2 nm/h, the wear step after increasing the surface pressure by 100 %
is clearly detectable. At the step of increase of surface pressure a strong decrease of the friction
coefficient by 50 % occurs. That is a distinctive feature of this PTFE material.

Figure 5: Online measurement of the wear after run-in of a PTFE coated journal bearing on a bearing test bench.
The PTFE coating (in the range of 7 m) was labelled with 10 kBq of 7Be to a depth of 5 m. The count rate in
the lower part of the diagram determines the pure output of the radiation detector without calibration, the upper
part shows the calibrated result as wear depth. Lubricant: diesel. Sliding speed: 0.5 m/s. The relative standard
deviation of wear results is 1.5 %.

The results of a tribometer test (pin-on-disc) with a radioactive labelled DLC coated tappet are
presented in figure 6. The test run shows clearly the increase of wear with the stepwise increased
surface pressure. At a pressure of 110 N/mm2 a dramatic increase of wear rate from 1 nm/h to
3.3 nm/h was observed in this example of application.

5 Acknowledgements

We are grateful to the RTM team, especially to our colleagues Richard Mayl and Jürgen Daul
for solving engineering problems and analysing the irradiated material samples, as well as to the
CEO of ZAG Hermann Schweickert and the CEO of IAVF Bernhard Kehrwald who created this
UTLA project and the financial support from AiF.



451

Figure 6: Online measurement of a DLC coated tappet with a pin-on-disc test bench. The test results show clearly
the increase of wear with the stepwise increased surface pressure. At a pressure of 110 N/mm
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Friction and Wear of Highly Loaded Mixed Lubrication Contacts

Influenced by Superposed Sliding Directions and Intermittent

Surface Pressure Performed on a Novel Model Bench
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1 Introduction

Actual market requirements aim increasing power density and economics ideally for all operat-
ing conditions as for example by increasing efficiency. Technical systems as for example con-
tinuously variable transmissions (CVT), multiple-disk clutches or synchronizations are based on
friction contacts operated under mixed lubrication conditions. Improvement of the tribological
system regarding wear and coefficient of friction has to consider economical production pro-
cesses (e.g. surface treatment and finishing) and efficiency requirements influencing the tribo-
logical performance. In order to investigate the influences of parameter changes on friction and
wear a relation and a correlation to a technical system is promising since the technical system
defines relevant load collectives. Taking recent research and development into account, there
is an exerted knowledge and data base for lubricated tribological contacts that is mainly based
on experimental investigations. The yet available model descriptions for the mixed lubrication
are increasingly supported by advanced simulation approaches. In order to validate simulation
models adequately or to optimize the related technical system (e.g. CVT) all influence parame-
ters have to be regarded and varied independently. Therefore IPEK has invented and validated
an experimental method - a novel system-related model test bench - which provides independent
variation of all expected influence parameters, particularly multiple (three-dimensional) slip di-
rections, contact pressure and operating temperature in order gain qualitative and quantitative in-
formation on friction and wear behavior of the friction contact. A main feature is the intermittent
tribological contact that enables the investigation on “squeeze-effects”. First results emphasise
major influence of superposed sliding speeds (sliding vectors) and contact intermittent frequency
on the friction coefficient and the wear quality and quantity. This paper will cover extending in-
vestigations in order to validate the test bench capabilities for identification of minor tribological
changes such as directional properties.

2 State-of-the-Art

Considering a friction system based on steel vs. steel under mixed lubrication the coefficient
of friction is mainly influenced by the boundary condition of the contact element as well as
the shear stability of the lubricants. Especially in mixed lubrication regime the pressure flow
factors become very sensitive to the directional properties of the surface roughness [1]. Regarding
the selected technical reference system (CVT) the local contact conditions become even more
complex since intermittent contact conditions occur and surface pressure as well as sliding speed
are varying during operation. Getting pin and disk into contact the lubricant has to be rearranged
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(squeeze-effect). Focusing a high coefficient of friction a pure steel-steel-contact is ideal but since
sliding is occurring in the friction contact at least a minimum of lubrication has to be kept active.
Assuming occurring fully-lubricated areas during mixed lubrication lower viscosity results in a
higher coefficient of friction, because the above mentioned squeeze effect and oil film thickness
decreases. During operation with mixed lubrication a special focus is set on additives. On the
one hand the type and quantity of extreme-pressure additives heavily influences the frictional
behaviour in addition to the type and viscosity of the base lubricant [2]. On the other hand anti-
wear additives are effective regarding wear and fretting. IPEK’s recent research carried out on
the novel test bench matches with common sense for influence of the surface topography and
surface pressure on friction and wear [2, 4]. Furthermore, the influence of sliding speed, sliding
directions (tangential, radial and drilling) – the sliding vector – and the contact time in relation
to surface pressure and temperature bas been identified and quantified. Hereby, it is important to
mention the excellent correlation to a system test bench using an original variator as well as the
occurring difference in relation to a elementary single-dimension pin-on-disk model test bench.
This emphasizes the importance for future investigations on the mixed lubrication using the new
model test bench.

3 Objectives

The methodological objective is to enable a knowledge transfer with material sciences. As well,
the set-up of a holistic chain of tribological testing aiming a relation of elementary physical mech-
anisms and system specific influence parameters is aimed. In addition the objective is to deepen
and to extend the knowledge of the mixed lubrication conditions focusing on frictional and wear
behavior as well as to extend the understanding for transferring model test bench results to system
behavior predictions. The objective also includes extending and establishing the given develop-
ment tool that offers the differentiation and characterization of measures on friction contact’s
based on objective results using single parameter variations. This offers an investigation method
which enables to save time, cost and resources.
A mid-term objective is to improve steel-based tribological contacts by including the influence

of viscosity, surface topology (micro- andmacroscopic), material and hardness based on common
results and technical realizations. High values of the coefficient of friction are important but not
the single research objective. Generally spoken, it is important to realize a high but additionally
constant coefficient of friction which does not change or at least is predictable regarding lifetime,
varying loads due to surface pressure, sliding vector, contact time and temperature.
By the use of the novel model test bench detailed system-related investigations are to be per-

formed. Exemplary, the investigations will be related to the tribological contact conditions as
they occur in chain-based CVTs since they are characterized by a complex and highly loaded
intermittent contact with high surface pressure and low but superposed sliding speeds. By es-
tablishing a detailed tribological data base, simulation models and modeling approaches can be
validated. They can even be extended by skipping the global coefficient of friction approach in
order to enable a multi-dimensional look-up table for gaining local values for each contact ele-
ment. These gained results are expected to be transferable to other technical systems that operate
under mixed lubrication.
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4 Proceeding – Methodological Approach

Based on the methodological approach [3] the system-related model test bench was developed,
validated and harmonized with a variator test bench (on system level) [4] of the cooperating re-
search institute IMKT (Hannover University). Based on simulations of the local sliding speeds
und surface pressures – the local contact losses – the operating conditions of the model test bench
were defined. The validation results regarding the coefficient of friction and wear - qualitatively
and quantitatively - prove an accurate friction level as well as accuracy for wear prediction above
ninety percent [4]. It has to be considered that the validation was based on seven friction pairings
which differ extremely regarding the properties as for example hardness and surface topology.
Thus, it can be assumed that the tribological contact is correctly simulated on the model test
bench and therefore the tribological properties are comparable. Regarding this, basic investiga-
tions were performed with the focus on the influence of the tangential slip, tangential slip with
superposed radial slip as well as tangential slip with superposed drilling regarding wear and dam-
age of steel-based tribological systems [5]. Thus, the coefficient of friction was determined using
256 operating points depending on contact time, surface pressure, sliding speeds and their super-
position as well as the lubricant temperature. Furthermore, the time-dependent wear behavior
was determined using constant operating points. As a result several “Friction Maps” [4, 5, 6]
are available for every friction pairing. Recent research was focused on evaluation of model test
bench capabilities regarding surface directional property changes.

5 System-Related Model Test Bench

The novel system-related model test bench displayed in Figure 1 enables tribological investi-
gations of 5th and 6th category using multi-dimensional pin-on-disk tryouts under intermittent
cyclic contact pressure [4]. It offers an independent adjustment of multiple slip directions (sliding
vectors), the contact pressure and the operating temperature in order to detect the related influ-
ences. By superposing the three independently adjustable sliding directions (tangential, radial,
drilling) a multi-dimensional load collective is effective that results in geometrically forced slid-
ing conditions. Here, always three pins are transmitting torque to the disk and the other three are
disengaged for relaxation. Constant torque transmission is guaranteed due to a short overlapping
phase of the pins during state shift. This intermittent contact realizes the pin lift-off from and
pin approach toward the disk in order to disable quasi-static lubrication conditions and to enable
periodic loading and relaxation of the contact areas.
The investigations are performed for six contact element pins at once interacting with one

planar disk (see Figure 2) in order to enable a statistical consideration of wear and failure. The
pins displayed in Figure 2 with diameter of 8 mm and length of 12 mm have a spherical surface
in the contact area. In addition to auxiliary hydraulic pressure variation the Herzian pressure can
be adjusted without changing the test bench operating parameters by varying the sphere radius.
Thus, recent investigations were performed with sphere radius between 20 to 2000 mm in order
to determine this influence. To increase test bench accuracy a method has been developed which
determines online the test bench losses dependent on temperature, load and speed, generally
spoken for every possible operating point.
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Figure 1: System related model test bench

Figure 2:Multiple sliding speeds (a) and specimen (b)

6 Results

Figure 3 shows several specimens with deterministic (directional) as well as stochastic (isotropic)
patterns (surface roughness about Ra 0.3) that have been investigated in order to quantify the
topology influence regarding sliding vectors and intermittent surface pressure. Therefore, only
disks have been varied without changing test bench parameters or counter part steel pins. The
investigations are performed using varying superposed tangential and radial slip (sliding vectors)
at 64 operating points. In order to determine the influence on friction’s distribution and wear
behavior single parameter variations are used [2].

Figure 3: Specimen with applied directional and isotropic patterns (schematic)

The following results due to surface change (directional properties) are considered relatively
to results of a friction pairing based on steel vs. steel [5] shown in Figure 4. Thus, the coeffi-
cient of friction vs. the increasing argument of nominal sliding vector α (relative to tangential
direction) is displayed for several surface pressures and viscosity regimes. The operating param-
eters of vector α and surface pressure are in technical relevant ranges of the reference system
(CVT). It has to be mentioned that the absolute coefficient of friction is displayed; sliding vec-
tors argument’s influence on measured tangential force is already compensated by sophisticated
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data interpretation. The first issue was to point out the influence by switching from directional
concentric ground steel disk to isotropic pattern by the use of coating since this is expected to in-
crease the pressure flow factor σx in sliding direction [1] by providing γ = 1 (ratio of correlation
length; can be visualized the length-to-width ratio of representative asperity [1]). Apparantly,
the test bench is capable to identify this measure (s. Figure 5a,b) especially for higher viscosities
about 40 mm /s. In regards of sliding vector dependency there is still a decreasing coefficient of
friction. This is expected to be reasoned by constantly changing contact conditions. Especially
the intermittent contact avoids quasi-static lubrication and the superposed radial slip results in
continuously changing sliding track radii. Due to statistic consideration a pin approaching the
disk hardly will interact with a track of another pin.

Figure 4: Coefficient of friction for directional concentric pattern – low viscosity (a) and high viscosity (b)

The Second issue was to change the directional properties by using a directional spiral ground
steel disk in order to change the interacting angle without changing the test bench operating
parameters. Figure 5c shows no significant influence of lower viscosities about 8 mm /s since the
sliding vector partially compensates the directional patterns. However, spiral pattern additionally
increases the lubricant flow along the surface pattern and increases the flow in radial direction
due to centrifugal forces towards the pin movement and therefore can hinder the oil-squeezing
that is observable in Figure 5d.

Figure 5: Coefficient of friction for varying patterns - low viscosity (a,c,e) and high viscosity (b,d,f)

The third issue was to use a directional linear ground steel disk that partially will lead to inter-
acting surface patterns perpendicular to sliding direction and therefore to γ<<1. Regarding higher
viscosities (s. Figure 5f) there is marginal influence compared to spiral pattern since the pattern
as well changes oil flow in radial direction. But applying low viscosity the influence becomes
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obvious (s. Figure 5e) due to heavily decreased pressure factor σx. Additional investigations
applying tangential slip only (α = 0) provide increasing coefficient of friction that merges with
the theory of γ >1 influence.

7 Conclusion and Outlook

Using IPEK’s novel system-related model test bench it has been proven that the complex load
collectives of a belt-supplied CVT can be experimentally simulated by significantly decreased
testing time and specimen quantity. It has been identified that the level of the coefficient of fric-
tion can heavily decrease by switching from tangential operating condition to superposed tangen-
tial and radial operating or drilling conditions. Furthermore the model test bench capability for
identification of optimization measures on surfaces is shown. These results of course differ from
elementary pin-on-disc tests using tangential slip without intermittent contact but this especially
emphasizes the importance of this novel approach. The test bench now offers a test procedure to
differentiate and characterize the friction contact’s optimization measures based on objective re-
sults by using single parameter variations. Actual research is focused on influences of decreased
viscosity as it is increasingly required due to efficiency issues considering low temperature us-
age. Future investigations will cover extended investigations on surface topology (micro- and
macroscopic), material and hardness based on common results and technical realizations will be
performed in order to extend the yet existing “Friction Maps” by adding these influence parame-
ters. This data base will support the improvement and validation of existing simulation models.
A mid-term objective is to correlate investigations with elementary pin-on-disk test benches by
disabling the intermittent operation. Since the parameters are independently adjustable a long-
term objective is to correlate the model test bench with other referring technical systems as for
example multiple-disk clutches or synchronizations. Special interest will be the practical result
transfer since the contact conditions change from high pressure and low sliding speed to low
pressure and high sliding speed.
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1 Introduction

In technical systems, the breakaway forces of rolling element bearings can be comparatively large
due to the preload or to external loads. Friction force and displacement show nonlinear interre-
lationships. Therefore, macroscopical rolling element bearings for precision positioning are the
topic of widespread research [1, 2, 3, 4]. However, linear ball bearings with radii of curvature
smaller than 500 m and frictional forces less than 100 mN are investigated only infrequently.
Such bearings are interesting for medical devices, e.g. minimal invasive surgery or endoscopy,
for analysis equipment, e.g. dispensing or probing tasks, and for metrology, e.g. miniaturized
precision stages for displacements over several mm with sub- m increment of motion.
The friction behavior of miniaturized linear bearings has been studied by Tan et al. [5], using

an inertial set-up with displacement detection by means of a vision system. Phataralaoha and
Büttgenbach utilized a microtactile 3-D sensor for force measurement and application [6]. An
inclined plane was used for the determination of the coefficient of friction in [7]. The apparatus
in the present study minimizes the influence of the coupled mechanism on the friction force
measurements further and realizes arbitrary force- and displacement-loops with high resolution
measurements. Particular attention is paid to visibility and ease of handling and assembly of the
sensitive microparts in the device.

2 Design

The rolling friction apparatus has four main tasks: Firstly, to determine the axial displacement
of the carriage. Secondly, a normal force and thirdly, an axial force have to be applied. Fourthly,
this axial force has to be measured.
In this study, the axial force is induced by a Lorentz actuator. The straining line, the axis of

movement of the center of mass of the carriage and the displacement measurement are collinear,
see Figure 1. The voice-coil design allows a high dynamic range of the driving unit. The addi-
tional moving mass is less than 1 g. The coil is coupled by means of a glued or screwed carbon
rod. The magnetic unit of the voice-coil drive is designed to maintain a constant magnetic flux
in the gap, see Figure 2. The coil can move with a stroke of approx. 3 mm, even with a radial
deviation of up to 0.5 mm. The maximum deviation from the linearity of the current and the force
is then less than one percent, predominantly due to nonlinearities of electrical amplification, see
Figure 2 right. Likewise, the resolution is restricted in terms of the noise of the amplifier. To
avoid parasitic forces and to reduce the influence of force measurement, the applied force is also
determined with the Lorentz actuator, by means of the coil-current. The active current in the coil
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is measured directly, including the fraction of self-induction. The linear relationship between
force and current is beneficial for designing the driving unit, see Figure 2 right.

Figure 1: A: Sketch of experimental set-up; B: Force diagram

Displacements are measured optically by means of interferometry. The maximum measurable
velocity is 1.5 m/s, the maximum resolution 0.3 nm. 5 mm of displacement can be detected. The
minimum frequency used here of the moving object is 0.5 Hz, the maximum detectable frequency
is 500 kHz. The laser spot of 100 m in diameter is focused onto the center of the front face of the
carriage, taking Abbe’s principle into account. No additional mirrors or retroflectors are required.
Relative cosine errors due to misalignment are less than 4× 10–3 for both the force and dis-

placement measurements.

Figure 2:Magnetic drive unit.Left: Photograph; Mid: Cross-sectional view with coil; Right: Characterisitic

For the experiments, the apparatus is driven both in force mode, with a preset developing coil
current, and in positioning mode, by means of a controller. An analog positioning loop is then
used for controlling the driving force with the displacement signal as feedback. Arbitrary force
and displacement loops can be passed through in the pre-rolling regime. The stability of the PID-
controller is limited by the non-linear frictional behavior of the contacting bodies, highly affected
by their topography.
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The first and second derivative of the displacement x are needed to determine the inertial forces
of the moving mass, affected by the friction force FR and driving force Fx

mẍ = Fx − FR , (1)

see figure 1 B. These are obtained from curves, fitted to the noisy primary data by averaging.
The difference quotient is used to differentiate with respect to time t:

dx/dt = (xi+1 − xi−1)/2 ∆t . (2)

For averaging approx. 10 values, sampling frequencies are in the range of 50 kHz to 500 kHz.
All friction forces FR displayed below are determined with respect to inertial forces.
An additional normal load is applied onto the center of the top face of the carriage by means of

an elongated spring with a low spring constant, which is extended by a fiber of a length of up to
1 m, see figure 1 B. Thus, the additional moving mass is very small. Prior to an experiment, the
spring is preloaded by a known mass and then fixed at the bottom. The resulting ratio of parasitic
and measured axial force is kept in the order of 10–4.
In future, separate calibration procedures for force- and displacement measurement are pos-

sible, similar to the guidelines for tensile testing machines. The characteristic of the voice-coil,
figure 2 right, is determined statically by means of a calibrated balance. To calibrate dynami-
cally, the coil can be coupled with a calibrated load cell. The displacement measurement can be
calibrated using an traceable interferometer simultaneously.

3 Evaluation

The apparatus is capable of running experiments with frequencies of displacements up to 10 kHz
in positioning mode. In this study, the maximum velocities are approx. 2 mm/s, which leads to
frequencies of approx. 20 Hz. For the evaluation, dry-running and lubricated bearings are tested,
in the brittle and ductile contact, respectively. Selected results are discussed. The main focus is
on small displacements in the pre-rolling regime and the transition into the regime of complete
rolling. All plots are steady state.
First, a non recirculating, retainerless micro linear bearing (MB) with 2 x 2 spheres is tested.

Each sphere is 200 m in diameter and contacts two raceways, each formed by a pair of cylindrical
rods, 250 m in diameter. The bearing is dry-running and run in before measurement. The overall
dimensions are 6 · 4 · 8 mm . Carriage and body are made of stainless steel. As material for
the spheres, ruby (99 % Al2O3 monocrystalline, 1 % Cr2O3) is used, for the raceways, carbide
(6 % Co, mixed carbides <0.5 %, WC rest). The kinematics of rolling motion under external load
is complex due to the spin motion of the spheres.
For sinusoidal displacements over several microns in positioning mode, a wavy characteristic

of the friction-force can be observed, see Figure 3. No additional normal load is applied here.
The spheres are in rolling motion and contact the raceways at different points of their surfaces.
These runs are highly repeatable and so the shape can be attributed to surface topography. When
the displacement is reduced to very small amplitudes, almost smooth hysteresis loops appear, see
Figure 4 B. The spheres no longer execute a rolling motion.
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Figure 3:Measurement results for MB in positioning mode. A: Displacement vs. time plot.
B: Corresponding force vs. time plot. C: Resulting force vs. displacement plot.

Figure 4: Force-displacement plots for MB in positioning mode. A: Results of the simulation; σ = 1.8 mN/ m, α
= 0.8, FC=1.25 mN in equation 1. B: Measurements

The Dahl model captures dissipation in the pre-rolling regime [8]. The friction force FR is a
function of the velocity v, the maximum friction force in the steady state FC , the slope σ and the
state variable z.

FR = σ · z (3)

dz

dt
= v

(
1− z σ

FC
sgn(v)

)α
(4)

The exponent α is a shape element. Figure 4 shows the simulation results (A) in comparison
to the measurement results (B) for a sinusoidal displacement with a frequency of 1 Hz. In the
simulation, σ was set to 1.8 mN/ m, FC = 1.25 mN and α = 0.8. A good agreement of this model
can be seen in the case of small amplitudes up to 1 m over a wide range of displacements and
velocities. The model is dissipative in the pre-rolling regime, with a fixed characteristic shape.
For comparison and further investigation, commercially available, non-recirculating, two-row

linear bearings (CB) are tested. They have 10 spheres of 1 mm in diameter, running in V-grooves.



464

The stroke is 5 mm. The bearings are oil-lubricated for life and run in. The materials for both
the raceways and the spheres are non-corrosive steel. The retainer is made of brass.
The onset of rolling motion can be detected in terms of drifting, non-closed force-displacement

loops of the force-mode experiments. Remarkably – not shown here – the required axial force
for the transition to pure rolling decreases with increasing normal load. Figure 5, left, shows
steady state force-displacement loops in force mode for amplitudes in the range of 0.092 mN up
to 0.957 mN and a normal load of 0.66 mN at 1 Hz. The loops are centered for symmetry. For
200 N of force amplitude, an intermediate spring-like correlation can be observed. The shapes
of the loops differ from the characteristic shape of Dahl´s model.
In positioning mode under increasing normal load, the dissipative tendency becomes more

obvious, see Figure 5, right. A linear correlation no longer exists in the x-FR-plot for 2.11 N of
normal load. The steep reversals remain with a decreasing amplitude.

Figure 5: Force-displacement plots for CB (1Hz). Left: Force mode with a normal load of 0.66 N, Right: Posi-
tioning mode with different normal loads.

For displacements in the transition regime, the friction force depends in an unexpected way
on the velocity in the lubricated contact. Figure 6 shows force-displacement loops for different
velocities and the resulting force-velocity plots under preload. For increasing velocity the wavy
local force alterations flatten, which leads to a remarkable vertical force increase in the v-F plot.
The envelope of maxima is similar to a Stribeck-curve.
In the macroscopic displacement range, with increasing normal load, the frictional force am-

plitudes increase slightly, see Figure 7, with triangular trajectories. This can be due to the level
of the outer load, which does not compensate for the bearing’s preload. In the range of normal
forces up to 2 N, no significant change of the typical run of the curves can be observed. Rather
than defining an integrated value for a coefficient of friction, it seems reasonable to investigate
the run of friction force for both types of miniaturized bearings. The variations of the amplitude
and the slope are relative large.
Compared to the ruby carbide bearing, the steel bearing shows a ten times higher axial stiffness

and maximum friction force under preload. However, the breakaway forces are comparable,
defined as maximum cyclic axial force without residual carriage displacement.
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Figure 6: Variation of velocity for CB in positioning mode. The driven trajectories are of triangular shape.

Figure 7: Force-displacement plots for CB in positioning mode.

4 Conclusion and Outlook

A new apparatus for determining the friction forces of miniaturized linear ball bearings is pre-
sented. The compact, highly dynamic design enables comprehensive studies in positioning and
force mode. The measurements under different normal loads of both the miniaturized lubricated
steel contact and the dry-running brittle contact reveal different complex behavior in the pre-
rolling regime, the transition mode and the rolling motion. In the macroscopic displacement
range, force amplitudes are relatively large, but highly repeatable. The measurements in the pre-
rolling regime of the brittle contact are in good agreement with simulations of Dahl’s model [8].
In a next step, the design of the apparatus will be upgraded for low velocity studies.
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Advances in Thin Film Layer Sensors for Temperature

Measurements in Highly Loaded Tribological Contacts under

Mixed Lubrication
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1 Introduction

In tribological contacts and particularly in sliding bearings a failure of lubrication quickly leads
to damage which usually implies expensive repairs and standstill periods. Nowadays the mech-
anisms of hydrodynamics (HD) and elastohydrodynamics (EHD) are well studied, as well from
a theoretical as from an experimental point of view. Measurement of temperature and pressure
directly in the contact could be reached in these domains thank to the use of resistive thin film
sensors.
Actual tribological applications have to fulfill high requirements on power density and on envi-

ronmental compliance. The second is often reached by the use of medium lubrication (e.g. diesel
oil), and the combination of the different boundary conditions of the systems often lead to the
occurrence of mixed lubrication. Studies concerning the theoretical explanation and simulation
of mixed friction states are available [1, 2]. Nevertheless, the results of experimental studies are
still incomplete due to a lack of suitable measuring methods to confirm the developed models.
Therefore, the aim of the studies presented in this article is to provide advances in thin-film-

sensors-technology, which allow measurements even under friction involving contacting solid
bodies. Furthermore, a new test bench for examining diesel-lubricated sliding bearings under
conditions of mixed friction is developed as an example of application for the sensors.

2 State of the Art

In the past years thin film sensors were successfully used to investigate hydrodynamic and partic-
ularly elastohydrodynamic contacts [3, 5]. Depending on the properties of the studied tribologi-
cal contact, the sensors consist of an insulating film (Figure 1), which separates the (electrically
working) sensor from the surface of the machine element – if the mechanical part is electrically
conductive. In the case of insulating substrates (cf. studies on ceramic parts [4], this layer is
not necessary. The real sensor layer is located on top of this insulation layer. For mechanical
protection of the sensor as well as for electrical insulation towards the opposite part in the tribo-
contact, a third film is deposited. The insulating and protection layers usually have a thickness of
0,5…2 m. Contrary to these films, the sensor layer is not covering the complete friction surface.
Therefore, its thickness is reduced to 100 to 200 nm in order not to change the geometry of the
tribocontact.
During the recent years ceramic materials have commonly been used for insulating and as

top films (e.g. Al2O3). These films were resistant against the strains under hydrodynamic and
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elastohydrodynamic conditions, however, they always failed at the first occurrence of solid body
friction.

Figure 1: Schematic illustration of a thin film sensor.

Sensors based on a resistive principle permit themeasurement of pressure or temperature distri-
butions: The sensors consist of a very thin wire of a metal, which changes its electrical resistance
depending on temperature and pressure. Most of the metals respond more on temperature than
on pressure, but some alloys like manganin show sufficient pressure dependant characteristics,
which allow the measurement of pressure repartitions in the contact.
The sensor filament usually has a width of 10…20 m, which is sufficient for resolving the

phenomena in the EHD-contact.

3 Objectives

In order to use the described thin film sensors in future also under conditions of dry and mixed
friction, wear resistance and adhesive strength of the films have to be improved significantly. Due
to their enormous hardness and adhesive strength this target can be reached with electrically non-
conducting carbon-based coatings [6]. Earlier theoretical estimations [7] predicted the effect of
the coating system on the studied parameters to be in acceptable limits for correct measurements.
At the same time, the theoretical studies on mixed lubrication, as well as experimental work

on simplified systems have shown that a higher resolution of measurement is needed for the
description of the repartitions of temperature and pressure in the mixed lubrication. Therefore,
new sensor-designs are developed in the form of a micro thermocouple [7, 8].
For the application of the sensors, many test benches are available at the IPEK, allowing

the study of different contact geometries (two-disc-machine, cam-follower-test-bench, sliding-
bearing-test-bench). However for the study of diesel-oil lubricated contacts, a new test-bench is
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developed, considering the actual boundary conditions in fuel injection systems and the special
aspects of safety induced by these working conditions.

4 Coating Systems – Production and Characteristics

4.1 Coating Deposition

The coating systems used for the production of the sensors are described in earlier publications
[7, 9].
For coating, different substrate geometries have been used: square parts (10× 8× 3 mm) for

first developments. These small parts allow to coat many parts at the same time and herewith to
get statistical information about the coatings properties. In a second step of the coating develop-
ment, some tests have been made on rings used in a two-disk-machine (100mm outer diameter,
80mm inner diameter and 20 mm width). These systems allow testing of the complete sensor
system for the function verification in the test rig. Due to the very long coating times necessary
for the production of such rings, further sensor development has been made on smaller planar
substrates (40 mm diameter and 5 mm thickness). Like the rings, these substrates can be used for
testing the functionality of the sensors, being placed in another test bench available at IPEK: the
EDH-test-bench. In all three cases the sample material was 100Cr6-steel.

4.2 Current Coating Properties

Earlier coatings systems with lower thickness used to delaminate due to the high internal stresses
in the coating. On the new substrates, the thickness of the DLC-coating could be enhanced by
a large amount (from 2 m up to 8 m), using multilayer concept through graded variation of
Methane proportion by r.f. magnetron sputtering of a graphite target in an argon discharge.
The increase of the thickness of the DLC-films is promising for the electrical insulation prop-

erties of the sensor systems. The coating operations for the deposition of the sensor layer are
strongly modifying the properties of the insulation layer: sputtering of titanium for the sensor
layer integrates metal atoms in the insulating layer, reducing its electrical resistance.
Figure 2 shows the enhancement of the insulation properties of the developed coatings with

the increasing thickness. The resistance of the films is hereby measured between the substrate
and the sensor layer after its deposition. The bad correlation of the resistance measured for the
6 m-thick film is due to variations in the profile of the methane-flow supplied to the process for
this experiment.
Other experiments showed actual limits of the coating systems under full sliding conditions at

600 MPa of Hertzian pressure.
.

5 Present State of the Sensor Development

Before setting up the thin film sensor in tribocontact its characteristics were identified. Figure
3 (left) illustrates a linear calibration curve of this sensor. The first application of the ring with
sensors in the two-disk-rig has shown first reactions (Figure 3, right). These are signal peaks with
a frequency corresponding to the rotational speed of the disks, and a width corresponding to the
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Figure 2: Insulation properties (logarithmic scale) of the developed coatings.

one of the Hertzian pressure zone. Due to some electronic problems (saturation of the amplifiers,
sampling rate), the measured signal could not be evaluated regarding their physical significance.

Figure 3: Left: Sensor characteristics; Right: Signal delivered by sensors in a two disc rig

For reasons of efficiency in the development of the coatings and sensor systems, new substrate
geometry is used for current work. The planar parts allow a better control over the coating process
and over the structuring of the sensor layer. At the same time, these parts allow the verification of
the function on the sensors using the EHD-test bench available at IPEK. For further applications
of the sensors in the two disk machine, a scaling of the production process of the coating systems
will be needed in the future.
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6 Sliding Bearings-test-bench as an Application for the Sensors

Due to the propagation of medium lubrication in praxis with liquids of low viscosity, an ad-
justment of the boundary conditions for testing machines is necessary. In some cases increased
safety measures (e.g. for the application of diesel oil under high pressure and high temperature)
are necessary as well. In order to meet these requirements a new type of test bench is currently
being developed [7].
At the actual state of development, the function of the test-bench (max. load, rotation speed,

torquemeasurement) is being verified by the use of dry sliding bearings. By the use of air bearings
as support bearings, an exact measurement of the friction torque of the tested bearing is allowed.
Figure 4 shows first friction coefficients measurements in these bearings at two different specific
loads for the bearing. Further studies with variations of the specific load for the bearing, sliding
speed as well as the use of lubricants will permit to build very exact friction maps for different
working conditions, until the achievement of the development of the thin film sensors.

Figure 4: Coefficients of friction of a dry sliding bearing.

7 Summary and Outlook

In this paper, the current advances in the development of thin film sensors on the basis of insu-
lating DLC-coatings are presented. In the future, such sensors will allow measuring of pressure
and temperature distributions in lubricating films with high local and temporal resolution under
conditions of mixed friction. These sensors will provide a better understanding of the phenomena
of mixed lubrication. They will help to align theoretical models with reality. Maybe they can
serve for controlling tribological contacts not only in the laboratory and on test benches but also
in serial products.
The test benches with which the sensors will be tested and applied during the upcoming

project steps are presented, permitting the precise examination mixed lubrication and of medium-
lubricated sliding bearings.
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Nevertheless, still much remains to be done. The mechanic characteristics of the developed
electric non-conducting DLC-coatings are considerably worse than those of other known wear
protection films. In this context further development work is required. Combining the concept
of the micro thermocouple with the DLC-coatings is also an important step in the direction of the
final system.
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Abstract

Experimental investigation of highly loaded rolling contacts with rough surfaces and low film
thicknesses under boundary or mixed lubrication conditions showed various locations of crack
origin, as well as competitive modes of contact fatigue damage. Endurance tests for rolling
contact fatigue with different mechanically-induced residual stress states and various surface to-
pographies were obtained using a newly developed two-disc test rig.
For the prediction of fatigue life, a damage accumulation model for rolling bearings based on

Weibull statistics according to Ioannides and Harris is introduced. Comparing the obtained fa-
tigue life of experiments with theoretically data of Ioannides/Harris model and FEM simulations
indicate that it is possible to estimate crack initiation time quite correctly.

Keywords

Rolling element fatigue model, rolling contact fatigue, boundary/mixed lubrication, residual
stresses, surface roughness, crack initiation

1 Introduction

Due to low frictional losses, rolling contacts are often used in varying applications, as for instance
in bearings, gears, rail wheel contacts and in cam-roller contacts of high-pressure pumps, which
will be the particular focus of this paper. Apart from the technological demand of high reliabil-
ity under high loads, the lubrication with low viscosity lubricants, e.g. Diesel fuels, is a great
challenge. Under such lubrication the film thickness is only marginal and insufficient. Despite
good surface finishing, a complete separation of the contacting bodies is not possible. While
operating under mixed lubrication, micro-contacts between asperities of the contacting surfaces
are responsible for high local stresses and friction forces [1], [2]. Consequently, a reduction of
the lifetime is expected.
In highly loaded rolling contacts, surface fatigue is an unavoidable failure mechanism to limit

lifetime. For lifetime calculations many approaches are found in literature. Comparing stresses
with material strength, local concepts and integral concepts that consider the whole stressed vol-
ume are available [3], [4], [5]. This work investigates the applicability of the rolling bearing
fatigue life model based on Weibull statistics according to Ioannides and Harris to highly loaded
rolling contacts.
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2 Fatigue Model (Weakest Link Model)

Lundberg and Palmgren [6] introduced Weibull’s weakest link model for the life prediction of
rolling bearings [7]. Ioannides and Harris [8] extended Lundberg and Palmgren’s model by con-
sidering the effects of surface roughness, and introducing a fatigue limit depending on the mate-
rial. This experimentally based model has been widely used in bearing manufacturers’ catalogues
and was standardized in ISO 281 [9]. Requirements for its application are that subsurface fatigue
is the main failure mechanism and crack initiation is the by far longest period of the lifetime of
the examined specimen.

ln
(

1

S

)
∝ Ne

∫

V

(τ − τu)c
z′h

dV (1)

S: probability of survival;N : number of cycles; e: Weibull-Exponent, e = 10/9; τ : stress-related
fatigue criterion (see section 4: Results and Discussion); τ u: fatigue limit (see section 4: Results
and Discussion); c: stress criterion exponent, c = 31/3; V : volume; z′: stress weighted average
depth; h: depth exponent, h = 7/3 or h = 0 for real roughness profiles

3 Experiment and Simulation

3.1 Two-Disc Test Rig

Experimental investigations and determination of lifetime data were carried out on a newly de-
veloped two-disc test rig [12]. The test rig consists of two independently driven disks. The
twin disc machine simulates the operating conditions of a high-pressure pump cam-roller con-
tact. Rolling and sliding speed, contact pressure, lubrication and temperature were measured
and controlled. Investigations were carried out for three surface topographies and three differ-
ent residual stress states. Residual stress profiles were measured by X-Ray diffraction. The main
tests were executed under the following conditions: bearing steel SAE 52100 in bainitic condition
for both specimens, contacting surface shot peened and finished (Rq = 0.3 m), mean pressure
pmean = 3100 MPa, elliptical contact, rotating speeds v1 = 7.1 m/s and v2 = 7.027 m/s, lubricant
diesel fuel (DIN EN 590), inlet temperature of lubricant ϑin = 20°C.

3.2 FEM-Simulation

Two simulation approaches were made with ANSYS: 1. 3D FE model for the investigation of
the effect of different mechanically induced residual stresses in the Hertzian sub-surface stress
distribution under constant load; and 2. 2D FEmodel for the description of the effects of different
surface roughness profiles under the same surface treatment (shot-peening) and loading. The lu-
bricant film thickness is extremely small (boundary/mixed lubrication) and was considered to be
constant. The friction coefficient was set to µ = 0.1 based on experimental results. Bainitic SAE
52100 steel was modelled as an elastic-plastic material, with no hardening effects included and
its properties were retrieved from compression testing (DIN 50106). The measured material data
of the bainitic SAE 52100 steel are: compression modulus of elasticity E = 136 GPa, Poisson’s
ratio ν = 0.26, elastic limit σe = 2460 MPa.
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3D FEA: In order to reduce model complexity and thus computational time, geometry and
loading symmetry, was taken into consideration, whenever applicable, as well as submodelling
technique. Coarse and sub model were meshed with ∼ 20k and ∼ 300k hexahedral elements
respectively (high density of mesh needed for the application of residual stresses). External load
was applied as a multi point constraint. Augmented Lagrangian contact algorithm with the basic
Coulomb friction model was used for an ideally smooth point contact area consisting of approxi-
mately 2.5k elements. Mechanically induced residual stresses were implemented as initial stress
condition of every element below the surface (σin = f (depth)). The model was validated with
theoretical solutions of the simple Hertzian loading without residual stresses.
2D FEA: Due to high requirements in mesh density in order to calculate the stress distribution

of a rough surface in contact, the 3D model was reduced: The cross section of the two speci-
mens, perpendicular to the rolling direction, was simplified to a 2D plane strain model. The sub
model was meshed with∼ 50k plane quad elements. The geometry and loading conditions were
altered, so that the new mean pressure and contact width are equal to the initial ones. The rough-
ness profile is produced by spline interpolation of points created by a Gaussian random number
generator. The amplitude and the wavelength of the produced roughness depend on the deviation
of the Gaussian distribution and the number of points created respectively. Consequently, real
roughness profiles, that are measured by ISO standards (Rq, Rz etc.) are recreated in the FEM
environment. Residual stress distribution is constant - shot peened - for all experiments.

Figure 1: 3D and 2D models respectively

4 Results and Discussion

The Ioannides/Harris model is applied as a post processing routine to the simulation results. All
constants, c, h, τ u are retrieved from Ioannides et al. original paper [8]. Attention needs to be
given to the exponent ‘h’ of the stress-weighted depth. For all cases, ‘h’ is considered to be equal
to zero. This is justified by literature [8], [10]. In the 3D model, roughness effects are excluded;
and rough surface profile is created in the 2D model. Dang Van fatigue criterion is applied, as
proposed in [3], and in all examined cases showed better agreement than other classic fatigue
criteria as von Mises and Tresca. The behaviour of the fatigue limit τ u must also be emphasised.
In the elastic region τ u has a constant value, but τ u decreases linearly in the region between the
elastic limit σe and the fracture strength σf of the material. Finally, as suggested in [8], results
of this model are calibrated to the experimental data set with the minimum dispersion. Thus, by
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altering the investigated parameters (residual stresses and roughness profiles) and calculating the
stress integral for the 3D or 2D model respectively, the tendency of lifetime can be predicted.
In the following figures, the stress distribution produced by the effects of various mechani-

cally induced residual stresses and roughness profiles as well as the lifetime calculated by the
Ioannides/Harris model in comparison to the experimental values are demonstrated. Lifetime of
rough profiles is presented in dependence of the film parameter Λ [4] with:

Λ =
h0√

(R2q1 +R2q2)
(2)

Λ: film-parameter; h0: film thickness according to Hamrock and Dowson [11]; Rq1,2: RMS-
heights of surfaces 1 and 2 of contact partners

Figure 2: Influence of surface roughness on stress distribution

In highly loaded contacts it is apparent that the surface roughness has a graver impact on the
lifetime of specimens, due to high local stresses emerging from local micro Hertzian contacts
between asperities. As observed by the experimental results, the Ioannides/Harris model appears
to be able to describe the positive influence of residual stresses as well as of smoother roughness
profiles. However, the limitations of the model and the simplifications made in this paper should
be taken into consideration. On the experimental side, long term phenomena (tribochemical and
material effects) could not be investigated, because of the high loading conditions and the thus
shortened lifetimes. Furthermore, a proper statistical basis of the results is lacking. Concerning
the simulation, the roughness wavelength in rolling direction is considered to remain constant,
because of the approximation method used. Further, residual stress changes as well as different
micro-structural modifications that appear in real endurance tests after many load cycles are ex-
cluded. Finally, Ioannides/Harris model was developed for sub-surface fatigue as main failure
mechanism and for calculating the time until a crack initiates in the examined volume. Here the
predicted lifetimes correspond with the experimental ones, since the duration from crack initi-
ation to complete failure of the component (crack propagation) is extremely small under high
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Figure 3: Influence of mechanically induced residual stresses

Figure 4: Comparison of experimentally and theoretically predicted lifetimes in logarithmic scale (left side: life-
time at different cases of compression residual stress, right side: lifetime at different cases of surface roughness
characterized by the film parameter Λ)
– distribution range corresponds to lifetimes between L10 and L90
– least number of experiments per loading level = 3

loads compared to the complete life. It is apparent to conclude from the above mentioned that
the applicability of this model requires further evaluating.

5 Conclusion

Rolling fatigue is a complex phenomenon of high interest for the industry. In this paper, the
damage accumulation model proposed by Ioannides and Harris (ISO 281) for the prediction of
lifetime of rolling bearings has been applied to predict rolling contact fatigue. Fatigue endurance
tests performed in a newly created two-disk test rig showed the positive influence of mechanically
introduced residual stresses and smoother surfaces. Comparisons between experiment and sim-
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ulation show the ability of the model to describe the influence of residual stresses and roughness
profiles on the lifetime of highly loaded rolling contacts.
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Reciprocating Sliding Wear of Surface Modified Austenitic High

Nitrogen Stainless Steel and CoCrMo-alloy
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1 Introduction

For years surface texturing is known to be an effective method to improve the properties of certain
tribological systems [1,2]. One approach is to create lubricant reservoirs by non-corresponding
dimples in the surface of one of the articulating surfaces. In MEMS devices, surface texturing is
used to reduce the contact area in order to overcome adhesion and friction. Another interesting
beneficial effect of a textured micro-topography is its function as a wear particle trap. By elim-
inating particles from the tribological system, third-body-wear is prevented [1,3,4]. The metal-
on-metal (MOM) artificial hip joint is a system which does not suffer third body wear by means
of abrasion. Nevertheless, wear particles are suspected to be responsible for implant failure due
to osteolysis, a bone degrading disease that causes implant loosening. A major improvement
would be the elimination of wear particles, in particular, during the run-in of the artificial joint.
In order to apply a micro-topography different techniques can be performed like machining,

ion beam texturing, laser texturing, and etching [2,5]. For this study an electrochemical etching
process was used. The advantage of this process is the homogeneity of the material. Furthermore,
this process is a less expensive application than, for example, laser texturing.
In order to observe whether an electrochemically textured surface is beneficial for wear per-

formance in a first step, a reciprocating sliding wear test rig has been established. This paper
shows and discusses the results, which were achieved with two austenitic materials.

2 Materials and Methods

2.1 Sample Material

For this study two different alloys were tested: a CoCrMo-alloy (Protasul, Zimmer Inc.; Warsaw,
USA) which is used by default for the manufacturing of total joint replacements in orthopaedics
and the austenitic high nitrogen stainless steel 1.4452 (P2000, VSG Energie- und Schmiedetech-
nik GmbH, Essen, Germany) which has proven similar wear performance as CoCrMo in an earlier
study [6].

2.2 Reciprocating Sliding Wear Test

For the sliding wear testing a cylinder-on-bar apparatus was established (fig.1). Two cylinders
(ø 10× 15mm) applied a normal force to a bar (80× 10× 10mm) which conducted a reciprocat-
ing movement on a vertical axis. The test was performed in new born calf serum at 37°C isolated
from the laboratory environment. Even though the unidirectional reciprocating sliding motion
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does not represent the circumstances in a hip joint it allows for a similar nominal contact me-
chanical and comparable tribomechanical loading situation in a first and rough approach..During
testing the normal and friction force were recorded. Furthermore, the cylinders and the bar were
isolated from the sample holders in order to prevent the formation of a galvanic element in the
testing fluid. The bar was electrically contacted in order to measure the open corrosion potential
during the wear test against a kalomel electrode placed in the testing chamber. The tests were
conducted on bars of CoCrMo and HNS steel as well as a polished (Ra = 0.04) bar surface. The
topographies on cylinder and bar exhibited large differences. The cylinders had machining marks
in order to produce more wear during testing. Each sample coupling was tested with 103, 104 and
105 cycles. The operating variables are given in table 1. The measurement of the open corrosion
potential began one hour prior to test start and ended one hour after each test.

Figure 1: Reciprocating sliding wear test apparatus (l.) and schematic principal (r.) [7]

Table 1:Wear test operating variables

Operating Variables

Normal force (FH) 25 N
Nominal surface pressure (σ) 135 MPa
Frequency (f) 6Hz
Amplitude (a) 3 mm
Temperature (T) 37 °C
Cycles 1000, 10000, 100000
Testing fluid newborn calf serum + basic solution

2.3 Application of micro-topography

A micro-topography was applied to the metal bar surface by an etching process which has been
previously described [6,8,9]. For tribological purposes it was first introduced by Büscher et al.
[6]. Chromo-sulfuric acid at 70°C was used as the electrolyte. For the set-up the metal sample
served as the anode and a platinized titanium electrode as the cathode. Prior to contact of the
sample with the electrolyte an initial potential of 20V for the high nitrogen steel and 30V for the
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Co-Cr-Mo was adjusted. After 30-45 seconds a full micro-topography was applied to the sample
surface.
In order to characterize the micro-topographies on the bar’s surface and to image wear ap-

pearances a confocal white light microscope ( Surf, Nanofocus, Oberhausen, Germany) and a
field-emission scanning electron microscope (Gemini 1530, Leo, Oberkochen, Germany) with
electro dispersive x-ray spectroscopy were used. The confocal white light microscope was also
used for the determination of the potential contact area.

3 Results

The topographical appearance of the high nitrogen stainless steel (HNS) and the CoCrMo-alloy
differed largely. The steel topography exhibited evenly distributed cones with a smooth surface.
The maximum height of a cone was 24 m and a diameter of 15 m (fig. 2). The CoCrMo
topography had a lower density of cones than the steel with large valleys in between them. The
cones had a height of 24 m and a diameter of 100-150 m. The surface was much rougher than
that observed on steel. Furthermore, dimples of former carbides covered the surface, which were
torn off the surface during the electrochemical etching process (fig. 2).

Figure 2: Topographies on high nitrogen steel (l.) and Co-Cr-Mo-alloy (r.)

The results of the confocal microscopy investigations (fig.3) exhibited the penetration of the
topography of both materials during wear. With the increase of the potential bearing surface over
cycles observed, it can be stated that both the HNS steel and the CoCrMo samples reached steady
state after approximately 104 cycles. At this point the flattened tips of the asperities of the HNS
steel reached a 1.5 times larger nominal contact area than the CoCrMo-alloy (fig.4).
After 105 cycles the volumetric wear of both textured samples was too small to be measured

by means of weight loss. However, analysis of the 3D-data sets obtained with the confocal white
light microscope, it was possible to calculate the volumetric material loss (fig.5). After 105 cycles
the volumetric material loss of the CoCrMo bar was more than double the amount of the HNS
steel bar.
The dissipated work of friction per cycle is plotted in fig. 6 versus the wear path. Nearly all

specimens showed a similar tendency. The exception was the textured CoCrMo sample which
exhibited less than half of the friction work compared to the other samples. However, it ap-
peared that the polished samples reached steady state relatively early compared to textured sam-
ples which exhibited a slight increase.
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Figure 3:Wear appearances of the micro-topography on HNS steel and CoCrMo alloy

Figure 4: Increase of the potential contact surface during the run-in

The results of the SEM investigation clearly confirmed the assumption of wear debris entrap-
ment in the depressions of the HNS steel sample. In figure 7 the top of the asperities are visible.
The wear scars corresponded to the machining marks of the cylindrical counterpart. In between
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Figure 5: Volumetric wear of the samples with micro-topography during the run-in

Figure 6: Friction loss over path for HNS steel and CoCrMo with polished and structured surface mode

the asperities, dried residue of the new born calf serum can be seen. The round bright particles
have been identified by EDS as agglomerates of wear particles and residue of the testing fluid.
No wear debris was found on the surface of the CoCrMo-alloy
The development of the open corrosion potential (OCP) during the wear tests differed between

the polished and textured samples (fig.8). After the test start the value of the OCP dropped
immediately by about 150–250 mV. However, during the test the OCP values for the polished
samples increased slowly. The OCP value of the textured samples did not increase until test
termination. After the end of the test the OCP rose up to the initial value.

4 Discussion

Regarding the quality of the micro-topography it should be noted that the etching process has to
be modified for the CoCrMo-alloy. The cone density is lower than that on the HNS steel and
the cone surface is rough and uneven. Even though a small amount of wear occurs during the
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Figure 7: Entrapped agglomerates of wear particles in between the topography valleys. The cracks within the
agglomerated layers are generated during drying before SEM investigation.

Figure 8: Development of the open corrosion potential during the wear test

first 105 cycles of the test, the CoCrMo sample exhibits a larger volumetric material loss than
the HNS steel. This may be linked to the porous appearance of the cones. The term wear does
not apply, since it is unknown which amount of the removed material left the tribosystem or got
entrapped in between the surface asperities.
Both textured samples appear to have a similar run-in behavior as the polished samples. The

low friction of the textured CoCrMo-alloy may be linked to the small contact area. The lubri-
cation effect is unlikely since there are no isolated depressions in the surface. All depressions
are corresponding allowing the lubricant to squeeze out of the surface and prohibiting the build
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up of hydro-dynamic pressure as previously reported [3]. This is also the reason for the lack of
wear debris found in-between the micro-topography of the CoCrMo-alloy. The lubricant flushed
the wear debris from the interface, but did not entrap it in the surface. On the HNS steel the
wear debris is clearly visible in the surface depressions. The emitted wear particles are sized in
the nm-range (30–150 nm) [10]. The observed debris consists of agglomerates of such particles
along with denatured protein. It can be stated that the surface modification of both materials suc-
ceeded to eliminate the wear debris from the tribological interface. The HNS steel topography
also prevented the debris from entering the surrounding environment.
Regarding the results of the OCP measurements, the value drops after the test starts. At this

point the passive layer on the metal surface is removed by the tribological load. The importance
of this layer is well known [11]. However, the polished samples of both materials are able to
recover during the test and build up a new passive layer within the contact zone, which is now
stable enough to act as such under contact stresses. According to earlier findings this stable
passive layer covers the entire contact surface and is a mixture of denatured proteins from the
interfacial medium and metallic nanocrystals from the metal [7]. This is not observed for the
textured samples. Here this stable layer cannot stand the acting tribological mechanism and is
scratches away by abrasion. Still the sequence of mechanisms is not fully understood and will
be investigated in the future.

5 Conclusions and Outlook

The goal of preventing wear particles from leaving the system has been achieved on the textured
sample of the HNS steel. However, the electrochemical texturing process has to be modified for
the CoCrMo alloy in order to apply this technique to the cup of an artificial hip joint. It appears
that the entrapment of wear particles has a negative influence on the corrosion behavior of the
alloy and that the passive film formation is inhibited. Thus, a potentio-dynamic approach has
to be added to the wear test in order to judge the overall wear performance, both mechanically
and corrosively. Furthermore, the wear performance of both materials and surface modifications
(polished and textured) has to be tested further beyond the run-in period.
The testing fluid of all tests has been collected for metal content analysis and particle isolation.

The shape, size, and chemical composition of all particles will be determined and compared.

Acknowledgements

The authors would like to thank the Zimmer Inc. for funding the present work and providing
the CoCrMo material. We also thank Steffen Schweizer, Stefan Hingmann, Aykut Canpolat, and
Christopher Knowlton for their valuable input.

References

[1] Pettersson, U., Jacobson, S.: Influence of surface texture on boundary lubricated sliding
contacts, Tribology International 2003, 36, 857-864

[2] Etsion, I.: State of the art in laser surface texturing, Journal of Tribology 2005, 127, 248-253



486

[3] Wang, X., Kato K., Adachi K., Aizawa K.: Loads carrying capacity map for the surface tex-
ture design of SiC thrust bearing sliding in water, Tribology International 2003, 36, 187–197

[4] Suh N.P., Mosleh M., Howard, P.S..: Control of friction, Wear 1994, 175, 151–158

[5] Büscher, R., Fischer, A.: Sliding wear behaviour of an electrochemical modified austenitic
high-nitrogen steel surface, WEAR 2003, 254, 1318–1325

[6] Büscher, R., Fischer, A.: Tribological performance of austenitic high nitrogen steels for
biomedical applications, Proc. Conf. HNS 2004, 481–489

[7] Büscher, R.: Gefügeumwandlung und Partikelbildung in künstlichen Metall/Metall-
Hüfgelenken, Fortschritt-Berichte VDI 2005, Reihe 17, Nr. 256

[8] Jennissen H.P., Zumbrink T., Chatzinikolaidou M., Steppuhn J.: Biocoatings of implants
with mediator molecules: surface enhancements of metals by pretreatment with chomosul-
furic acid, Materialwissenschaft und Werkstofftechnik 1999, 30, 838–845

[9] Büscher, R., Jennissen H.P., Chatzinikolaidou M., Fischer, A.: Characterization of wet-
chemically nanostructured stainless steel surfaces, Proceedings of the Symposium on Ma-
terial Research Society on Synthesis, Functional Properties and Applications of Nanostruc-
tures 2001, 676, Y3.14

[10] Kurtz, S., Hodgson, A.W.E., Virtanen, S., Fervel, V., Mischler, S.: Corrosion characterisa-
tion of passive films on CoCrMo with electrocehmical techniques in saline and simulated
biological solutions, European Cells and Materials 2002, Vol. 3 Supp. 1, 26–27

[11] Catelas, I. et al.: Size, shape and composition of wear particles from metal-on-metal hip
simulator testing: effects of alloy and number of loading cycles, Journal of biomedical
materials research 2003, 67A, 312–327



Tribology of Human Skin: Effect of Epidermal Hydration on

Textile friction*

L.-C. Gerhardt1,2, V. Strässle1, N.D. Spencer2, S. Derler1
1 Laboratory for Protection and Physiology, EMPA, Swiss Federal Laboratories for Materials Testing and Research

St. Gallen, Switzerland
2 Laboratory for Surface Science and Technology, Department of Materials, ETH Zürich, Zürich, Switzerland

* This article is an abbreviated and modified version of a previously accepted paper,
published in the Journal of the Royal Society Interface.

1 Introduction

In everyday life, human skin is in practically permanent contact with fabrics. Particularly in
immobile or bedridden persons, friction and moisture at the skin-textile interface are often causes
of mechanical skin irritations and wounds, such as decubitus (Figure 1). Therefore, friction and
shear, as well as moisture and liquids are considered to be major clinical criteria for judging a
person’s risk of decubitus [1].

Figure 1: Two initial decubitus ulcers according to the European Pressure Ulcer Advisory Panel, (a) grade 1: non-
blanchable erythema of intact skin (b) grade 2: partial thickness skin loss involving epidermis and/or dermis. The
ulcer is superficial and presents clinically as an abrasion, blister or shallow crater (with permission and by courtesy
of PAUL HARTMANN AG, Heidenheim, Germany).

Sivamani and Maibach have reviewed the current knowledge of skin tribology, derived from
mainly dermatological studies concerning the effects of cosmetics [2]. Most of the in vivo skin
friction studies were fundamental and performed with solids as rubbing partners. In the past, tex-
tile friction was primarily instrumentally determined without considering appropriate mechanical
skin models [3]. A polyurethane-coated polyamide fleece with a surface structure similar to that
of human skin has recently been shown to simulate human skin under dry sliding conditions [3].
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In vivo skin-to-fabric friction was not yet studied in detail, and the role of textiles in the formation
and prevention of decubitus is largely unexplored [4].
Moisture commonly increases the friction at the skin-textile interface, as can be experienced in

sport or leisure activities. For skin friction, factors of 1.5 to 7 have been reported between wet and
dry conditions [5-8]. So far, however, no systematic study on the functional relationship between
skin moisture and textile friction has been presented. The goal of the present paper was to study
in detail the influence of skin hydration on the friction against a hospital fabric. Skin moisture
measurements were combined with friction experiments on a force plate to link the physiological
skin condition to skin-textile friction.

2 Experimental

2.1 Test Subjects

Twenty-two Caucasians without any history of skin disease participated in the experiments. All
persons (11 males, 11 pre-menopausal females, age: 31.7 ± 8.4 years, BMI: 23.3 ± 3.2 kg/m2)
signed informed consent to the study purpose.

2.2 Friction Experiments

Friction measurements were carried out using a quartz force plate (Model 9254, Kistler, Win-
terthur, Switzerland), as recently described in detail [3, 9]. The subjects were instructed to
rub their dominant inner forearm in a reciprocating and uniform motion (≈ 20 cycles) against
a cotton-polyester hospital textile on the force plate, using normal loads of 15 N. The average
dynamic coefficient of friction (COF) obtained from at least 15 full friction cycles was calculated
by the ratio of friction force and normal force. The friction process (frequency: 0.9 ± 0.2 Hz,
estimated forearm stroke ≈ 80 mm) was carried out with a linear sliding velocity of about 140
mm/s. Prior to the friction experiments, the apparent contact area between the skin and the force
plate was determined using a pressure-sensitive film, as reported in [9]. Average apparent contact
areas varied between 36.3 and 56.6 cm2, without any significant difference between both genders
(p = 0.52). The applied normal loads and the person’s underlying forearm geometry/anatomy re-
sulted in average apparent contact pressures of 3.4 ± 0.5 kPa, which are clinically relevant contact
conditions and close to maximum interface pressures in supine persons [10].

2.3 Skin Analysis

Skin hydration was measured at about 15 locations on the inner forearm using a Corneometer
probe (CM 825, Courage&Khazaka, Köln, Germany), which measures the epidermal moisture
content by penetrating the skin up to a depth of 10–20µm[11]. The Corneometer method uses
the high dielectric constant of water (εr = 81) for detecting water-related changes in the electrical
capacitance of the skin. The corneometer has a high linearity with respect to water, demonstrated
by experiments using a filter fleece soakedwith different amounts of salt water [11]. Corneometer
measurements are given in arbitrary units [a.u.] and were recently related to physiological skin
types [12]. CM values below 30 characterise very dry, between 30 and 40 dry and greater than 40
normally moist skin. Measurements were conducted at 23 ± 1°C and 50 ± 2% relative humidity
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Figure 2: In vivo skin-fabric friction experiments on a force plate. Skin friction is determined by rubbing the volar
forearm in a reciprocating motion against the textile on the force plate. Normal load is controlled by checking
needle deflection of a voltage meter.

after an acclimatisation period of 15 minutes. For standardisation of the experimental procedure,
the subjects were asked not to apply cosmetics on the test site for at least 2 days before the
measurements, and not to shower 6 hours before skin testing. Excessive hair, if present at the
forearm, was gently removed using scissors or razor blades about two days in advance.

2.4 Generation of Different Hydration States

Different skin hydration conditions of the skin were generated upon soaking into isotonic sodium
chloride solution (0.9%w/v NaCl), using a water bath (35 ± 0.5°C, volume: 25 l). After the base-
line measurements, i.e., skin analysis and friction experiment in the natural skin condition, the
skin was iteratively soaked with NaCl solution for 5, 10, and 15 minutes. After each immersion
period, visible excess water at the inner forearm was gently wiped away with a non-woven soft
tissue. Subsequently, corneometer measurements were performed within 2 minutes, followed by
the friction test on the force plate. In order to simulate extreme moisture/liquid accumulation on
the skin surface, the fabric was completely soaked with NaCl solution (≈ 10 µl/cm2).

2.5 Statistics

Statistical analyses were performed using SPSS for Windows (Version 14.0.1, SPSS Inc.,
Chicago, IL, USA). Since data from all measurements showed neither normal distribution nor
variance homogeneity even after transformations, distribution-free rank tests were chosen. For
all analyses, statistical significance was considered at a probability value p < 0.05. All results
are expressed as mean ± 1 s.d., or alternatively as a median, describing the typical value obtained
from skewed experimental data. Depending on the person, maximum skin hydration (MSH)
associated with maximum friction was achieved after the second or third soaking period. To as-
sess gender-specific differences in moisture-related skin-fabric friction, the percentage change in
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friction and moisture content at MSH in relation to the baseline were analysed using a two-tailed
unpaired U-Test.

3 Results

A highly positive linear relationship between moisture and friction was found in all twenty-two
persons, with coefficients of determination R2 > 0.72, obtained from linear curve fitting (Figure
3, Table 1). Coefficients of determination found for quadratic or exponential functions were in
the same order of magnitude. Figure 3 shows typical cases for 2 male and 2 female subjects. The
baseline COFs of 0.41 ± 0.04 (men) and 0.42 ± 0.03 (women) increased to 0.56 ± 0.06 (men) and
0.66 ± 0.11 (women) as a consequence of the iterative soaking cycles.
At MSH, skin-fabric friction was typically 51% (median) higher in women and 37% (median)

in men, while skin hydration increased by about 45% (median) compared to the baseline skin
moisture. There was no significant difference in the increase in skin moisture between men and
women (p = 0.79). However, the increase in friction was significantly higher (p = 0.016) for
women. With a very similar increase (≈ 45%) in skin moisture compared to the natural skin
condition, female skin showed about 15% greater frictional resistance, i.e., the skin of women
reacted more sensitively to moisture-induced changes.
By assigning all measured friction coefficients to physiological skin conditions [12], median

COFs varied between 0.42 on very dry skin (men and women) and 0.53 (men) and 0.61 (women),
respectively on normally moist skin. The COF increased typically by 26% in men and by 43% in
women, indicating greater susceptibility of females to moisture-induced changes in skin-textile
friction. A factor of more than two was found between the friction of skin in the natural condition
and the measurement against the wetted fabric, with COFs of 0.88 ± 0.08 for men and 0.95 ± 0.04
for women being significantly different from each other (p = 0.047).

4 Discussion

We found a linear relationship between skin moisture and skin-fabric friction in each individual
tested. Such a linear behavior was not expected because non-linear material behavior is typical
for living tissues in general and soft tissues in particular [13]. Remarkably, the friction of female
skin was more susceptible to moisture. Possible explanations can be gender-specific changes in
the anisotropic mechanical properties of the stratum corneum, enhanced skin softening, or al-
tered skin surface topography in women upon the soaking procedure. Smoother skin probably
increases the real contact area (RCA) and adhesion to a fabric. Moisture uptake of the skin is
believed to induce skin softening, smoothing and reduction of interfacial shear strength. Skin
friction commonly increases upon moisture exposure, implying that increase in RCA dominates
the interfacial shear strength reduction [5]. We attribute the large increase in friction to the plasti-
cizing effect of water, leading to a greater RCA. We believe that fluid menisci (capillary bridges)
formed by superficial water droplets play an unimportant role for the increase in RCA.
Until now, no significant gender differences have been reported for skin friction [7, 14, 15].

Recently, Ramalho et al. found particularly in women two skin-friction regimes [16]. They
observed a transition from a low (COF = 0.27) to a high friction regime (COF = 0.83), when
the index finger was rubbed against a glass surface and normal loads were varied up to 90 N,



491

Figure 3: Influence of skin moisture on the friction of skin against a cotton-polyester medical textile. A high linear
correlation between skin hydration and friction coefficient was observed for all subjects. The influence of moisture
on the textile friction was more prominent in women, as indicated by greater slopes obtained from linear fits (see
Table 1). For clarity, four typical cases of Table 1 are shown.

with an average transition normal load of ≈ 31 N. In the former studies [7, 14-16], other skin
regions were investigated and different test methods were used, so that comparisons to our study
are difficult.
We found that friction coefficients of skin against a hospital textile increased from very dry

to normally moist skin by 33% (median of all 22 persons), which is in the range of literature
data. Increases in friction between 20% for wool and 60% for polytetrafluoroethylene upon skin
moisturization have been reported [6, 17]. The friction coefficients of skin against the completely
wet fabric (COF = 0.91) exceeded those in the natural skin condition (COF = 0.42) by a factor of
more than two, confirming results by Kenins [7]. Comaish and Bottoms measured on the back
of the hand a dynamic COF of 0.40 for wool knitwear [6]. Zhang and Mak obtained dynamic
COFs between 0.49 and 0.52, when rubbing cotton knitted fabrics against forearm skin [18]. Our
baseline values were close to these values.

5 Conclusions

Skin analysis was combined with in vivo friction experiments on a force plate to study the effect
of skin hydration on skin-textile friction. In a physiologically relevant range, friction increased
linearly with skin hydration. Surprisingly, the influence of moisture on skin friction was more
pronounced in women. From very dry to normal skin conditions, friction increased typically by
26% in men and by 43% in women. Measured against wet fabric, friction was more than two
times higher than in the natural skin condition. Our results emphasize that friction and moisture
reduction should have high priority in wound-prevention programs. The differences between
men andwomenmay offer implications for nursing interventions (e.g. turning and repositioning),
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Table 1: Simple linear regression analysis. The results of all 22 subjects revealed a highly positive linear correlation
between epidermal moisture and friction coefficient, measured on the volar forearm. The greater slopes in women
indicate that the friction of female skin is more susceptible to hydration changes.

especially if the skin becomes moist. This aspect may motivate future clinical studies to better
understand if women really do form decubitus at a greater rate in comparison to men.
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Abstract

The introduction will point out the aim and methods of research and exemplary results of the
Collaborative Research Center 442 ’Environmentally Friendly Tribological Systems’ (SFB 442)
which is established at RWTH Aachen University.
The article will present the required structure of the research work carried out by different

scientific disciplines and take a closer look at ongoing research work highlighting some achieve-
ments. The development of fluids is part of this description as well as the formulation of new and
innovative composites by using PVD-coatings. It will be shown how these research results flow
into different applications regarding a machine tool as an example. Bearings, gears, hydraulic
components and -systems as well as cutting and cold forming machines are part of these research
works.
Current research activities in the forth promoting phase of the SFB 442 focus on process chains

to show interactions of the treated tribological systems. The results of the development of suitable
coatings and fluids as well as the benchmark will be summarized in an expert system to ensure
the use of this knowledge beyond the duration of the SFB 442.

1 Introduction

Tribological systems play a decisive role in the transmission of performance as well as in produc-
tion processes. Besides their performance they cause a good ecological and economical balance
of technical systems. This balance is shaped by a high ecotoxicological risk potential of the min-
eral oil-based and additive-alloyed intermediate substances. Due to leakage these intermediate
substances attain to the environment and may cause damage. Furthermore inappropriate use of
lubricants is causing a huge dissipation of resources [1–7].
The main idea of the SFB 442 consists in transferring the additive functions of fluids to the

material surfaces of the tribological partners. Therefore, biologically fast degradable and non-
toxic fluids are developed by using slightly dosed and environmentally friendly additives. In
order to take over the missing lubrication and wear protection features by the material compounds
of the tribological bodies basic research works has been done to determine suitable composite
materials.
The basic course of action adopted within SFB 442 is described in Figure 1. The starting

situation provides for the redesign of tribological systems on the basis of mineral oils and the aim
is to achieve the effects of the surface-active additives by transferring the additive functions to
the surfaces directly. This requires research into and development of new ester fluids based on
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oleic acid methyl esters, as well as efficient coating systems, which are capable of performing the
functions of the additives. Carbon coatings and coatings of hardmaterial have been worked out as
a function of the respective tribological system in this respect, which have been adapted to meet
the specific requirements for the point or area of contact. A machine tool with both components
and processes capable of running on environmentally compatible lubricants is envisaged as being
the aim of the research project. At the same time, the concept must allow for the methodical
approach of integrating environmental protection into the production process in accordance with
the proposed new EU regulatory framework for Registration, Evaluation and Authorization of
Chemicals (www.reach-info.de) which is discussed in greater detail below in chapter 3. At the
end of the actual and concluding research phase, it will be possible to design the tribological
systems with the help of a design and dimensioning method that incorporates the knowledge
acquired from the test results stored in a database.

Figure 1: Course of action adopted by SFB 442 and the objective

2 Structure, Objectives and Proceeding

Scientists specializing in different fields have to work together very closely in order to achieve
this objective. Activities have therefore been divided up into three project sections (PS).

• PS A: Substances and their characteristics

• PS B: Components, systems and processes

• PS C: Knowledge base and simulation

This grouping has proven to be very satisfactory and will therefore be maintained during the
concluding of the research project.
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Figure 2: Structure of SFB 442

Activities in Project Section A ‘Substances and their characteristics’ are centred on developing
the innovative intermediate substances and composite materials, as well as assessing their ecolog-
ical and toxicological characteristics. The chemical and physical stability of the new intermediate
substances is also investigated, allowing for their interaction with the composite material systems
and the physical, chemical and mechanical characteristics of the composite materials. The new
tribological systems are examined in various machine elements for the transmission of energy
and power, such as gearboxes, linear guides, high-speed rolling bearings and screw drives, slow-
speed rolling and sliding bearings and fluid power components in Project Section B ‘Components,
systems and processes’. The characteristics of the environmentally compatible tribological sys-
tems in forming and shaping processes are determined within cutting and forming technology.
The data generated in these two project sections come together in Project Section C where the
information is processed in a knowledge base so that it can be used for further development and
to set up simulation models and correlation analyses.
The ‘Physical simulation’ working group serves to reinforce and focus the activities relating

to the formulation of requirements to be met by the materials and lubricants involved in the
tribological system.
Lubricants are of prime importance to the SFB, being the subject of research in all subprojects

and this is the responsibility of the ‘Lubricants’ working group. The activities of this group
include central coordination of work performed within the ‘Lubricants’ section, presupposing
that the aim of realizing a fluid family is stringently pursued within the SFB, the number of fluid
formulations to be produced remains within reasonable limits and that standard additives and
associated fluid formulations are used. Central aspects of the working group are as follows:

• Specification and coordination of lubricants

• Support for the production of fluid formulations

• Examination of the interaction between lubricant additives and material surfaces
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• Evaluation of the new lubricants and the way they change in use

• Correlation and establishment of lubricant production in the laboratory plant

The SFB 442 has so far been able to pursue its objectives during three completed phases of the
project with the described structure and these working groups. The phases are shown in Figure
3 whereby achievement of the objective – optimized environmentally compatible tribological
systems - is to be demonstrated on amachine tool by way of example during the fourth concluding
phase.

Figure 3: Procedure and structure of the research work within SFB 442

Phase 1:
This phase focussed on a review and evaluation of established parameters in order to describe
the tribological, chemical and ecotoxicological properties of the fluids and coatings. These
parameters were determined for marketable, rapidly biodegradable fluids and known composite
materials, establishing points of reference for technical properties to which the development
of the newly designed and ecologically optimized tribological systems was oriented. Model
experiments were carried out to determine the tribological characteristics of these reference
fluids and coatings, which were entered in the database and used to develop new intermediate
substances and coatings that are in accordance with the SFB’s central theme. Even at this early
stage, the scientists were able to present successfully developed, future-oriented tribological
system components, such as lubricants based on oleic acid methyl esters and such coating
systems as HfCg and TiHfN [8].

Phase 2:
The aim of this phase was to drive the development of environmentally compatible tribological
systems forward. The studies carried out on the fluids and coatings were intensified and one
example of the results achieved on the composite materials front was the successful development
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of a graded carbon coating (ZrCg). This is characterized by low wear accompanied by low
coefficients of friction and provides impressive evidence of the ability to do without the surface-
active additives used in the lubricants and transfer the fulfilment of complete requirements to
the coatings, such as protection against corrosion and wear. New coating systems were also
developed. Apart from the TiHfCrN-based systems for application in the cutting and forming
sector, these included multilayer TiAlN + amorphous Al2O3 and CrAlN. Coatings and fluids that
had been successfully studied in the tribometers were subjected to practice-oriented component
tests, e.g. on displacement units in the case of the zirconium-based carbon layer. At the same
time, enhanced tribometers were used to improve the performance of the coatings and fluids.
Other promising results were obtained in the field of synthesizing new intermediate substances.
Having synthesized several lubricants based on oleic acid methyl esters by adding acids and
alcohols, and covering the spectrum of cooling lubricants and hydraulic fluids, it was possible to
produce transmission fluids by epoxidizing glycerol trioleate and TMP oleate. This means that
all of the fluid requirements for the entire machine tool can be met [9]. The various SFB 442
papers at the TAE convention ‘Colloquium Tribology’ go into this specific aspect in greater
detail [10].

Phase 3:
The transition from models to complete components has been made during this phase of the
project. It has been possible to carry the lubricant, which has been the subject of small-scale de-
velopment and research with respect to its environmentally relevant characteristics and produced
on a laboratory scale using a 25-liter reactor, over into a continuous production process so that
the innovative new lubricant can now be supplied to complete test rigs. The composite materials
have been further developed within the framework of low-temperature and high-temperature
processes. The graded ZrCg zirconium carbide coatings have produced very satisfactory results
in systems with low surface pressure. The carbon and the alloying elements Ti and Si were able
to reduce the frictional and wear behaviour considerably. As far as hard coatings are concerned,
(Cr,Al)N was developed to meet extreme abrasion resistance requirements and was tested
with successful results. The TiAlN coating system and the TiAlN+Al2O3 multilayer system
were found to be ideal systems for coating tools used in high-temperature cutting processes.
Successful results were also achieved with the nanolayer TiHfCrN for forming tribological
systems. All of the layers were tested iteratively on such components as bearings, pistons, gears,
cutting edges and forming tools. The use of pulsed technology in the plasma synthesis process
has enabled the production of crystalline-Al2O3 and nanocomposite coating systems. The
ecological research concepts were applied to the developed HISM and HIGTS fluids, leading to
the optimization of the fluid synthesis process. The complete scope of SFB 442 was presented
in two colloquia [10, 11] with reports on the results of the various individual projects.

Phase 4:
In this concluding phase the research concentrates on a holistic consideration of the components
and systems used in the machine tool and to portray the holistic character of the newly developed
tribological systems convincingly on the machine tool. When the SFB 442 project comes to an
end, the research work conducted with reference to the expert system should have progressed
to such an extent that it can be used to design and dimension environmentally compatible tribo-
logical systems. Development of this expert system began by analyzing the tribological systems
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studied within SFB 442 and mapping them in a relational data model, which then serves as the
basis for a tribological database. The results of all investigations are gathered together in the
database, where they are stored in the form of qualitative and quantitative data, e.g. as wear
parameters for new tribological systems in relation to a defined standard tribological system.
During the second phase, initial correlations were found and these were incorporated into the
development of the intermediate substances and composite materials. The parameters and corre-
lation analyses were used for modelling in the third phase, enabling initial statements on safety,
durability and failure probability. These activities were flanked by the continuation of lubricant
synthesis, as well as the analysis of new fluids and the ways in which they change as a function of
use. It is intended to portray the success of the research work with reference to process chains that
are demonstrated on a Chiron machine tool and other systems, and to manufacturing techniques,
these are described in greater detail in chapter 4.

3 Relevance of the Research

The search for environmentally compatible lubricants made from renewable resources has given
rise to research projects all over the world in recent years. One of the most interesting approaches
takes the form of a fundamental investigation into the coherences between composition, molec-
ular structure, physical and chemical characteristics and ultimate suitability as a lubricant. The
findings are then used to optimize the resulting lubricants by means of selective synthesis oper-
ations.
Numerous interesting studies have been carried out on the basis of the situation described in

[12], [13] reports on pertinent analysis in the field of mineral-oil-based lubricants. As far as activ-
ities in the field of renewable rawmaterials are concerned, reference ismade to thework ofHillion
and Proriol [14] as one example. Sunflower oil with a high linoleic acid content was first isomer-
ized, then codimerized with ethylene, catalytically saturated, purified by means of crystallization
and finally transesterified with TMP (trimethylol propane). Saturation increases oxidation stabil-
ity, branching improves the low-temperature characteristics (pour point) and transesterification
enhances the hydrolytic stability.
Filley [15] combines methyl 9,10-dihydroxystearate (DHSM) with long chain aldehydes to

form cyclic acetals and produces oils, which have a low pour point and good viscosity. This paper
also correlates structural parameters (acetal instead of ketal, number of non-hydrogen atoms etc.)
with macroscopic properties.
In recent years, it has been becoming increasingly evident that the effects of using environmen-

tally hazardous substances are not only local, but global, which means that they are also putting
people at risk. This is why the importance of environmental protection is growing to an ever
increasing extent, particularly in the highly developed industrial countries. This is also made ev-
ident in the White Paper on a ‘Strategy for a future Chemicals Policy’ that was published by the
European Commission in February 2001. With the overriding goal of sustainable development,
this paper contains proposals for a single system to govern the handling of chemicals in order to
protect human health and promote a non-toxic environment, which should also be implemented
on a global scale in the long term. A new ruling was necessary because, although there were
systematic regulations covering the testing and assessment of new chemicals, these proved to be
inadequate for older substances which account for around 99 % of the total substances available
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on the market. The new EU directive should supersede 40 existing legal acts, thereby creating
a homogeneous system for all chemicals to ensure that both existing substances and new sub-
stances are subject to the same evaluation procedure in the future. The White Paper and the
associated rulings are being implemented in the form of the REACH (Registration, Evaluation
and Authorization of Chemicals) Regulation, Figure 4. The idea behind REACH is to record
the entire lifespan of a chemical substance, whereby manufacturers and importers are required to
assess the hazard potential of each substance and mark it accordingly so that downstream users
are able to take measures to minimize risks. The aim is to obtain more information about the
handling and use of substances and to avoid or replace hazardous substances. The development
of simple test and evaluation procedures that offer a means of testing chemicals while they are
being developed plays a significant role in this respect (www.reach-info.de).

Figure 4: Research within the scope of REACH

The course of action adopted within SFB 442 is completely in accordance with the REACH
requirements. Apart from using base oils obtained from renewable raw materials, the devel-
opment of suitable coating systems should preclude the use of additives. The interdisciplinary
cooperation enables recording and investigation of the entire lifespan of a lubricant, from its pro-
duction via use, right through to disposal. This means that a contribution towards optimizing
the substances can be made as early as in the development stage. Figure 5 illustrates the fluid
manufacturing cycle from development cycle that was established within SFB and as it will also
be applied within the framework of interdisciplinary cooperation during the current phase of the
project for the synthesis of new chemical substances or modification of existing substances.
As introduced in chapter 1 the research within SFB 442 includes all tribological contact sur-

faces being wetted or separated by those fluids. The industry has recognized the special potential
of component and tool coatings in many sectors as described in the 2003 BMBF (Ministry of
Science and Technology in Germany) report “Nanotechnologie als wirtschaftlicher Wachstums-
markt” [16]. The importance of SFB 442 as a reflection of industrial developments can be illus-
trated by a few examples: the CrAlN coating system has been an integral element of research
within SFB 442 as a low-temperature coating since 1998. This coating was launched onto the
market as an industrial coating for cutting tools under the product designation BALINIT ® AL-
CRONA by Oerlikon Coating Services Balzers in 2003. The TiAlN/γ-Al2O3 coating system was
presented within SFB 442 as a concept in the form of a multilayer coating system in 2003 and
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Figure 5: Fluid manufacturing cycle

the first technical realization was already available in 2004. Its industrial realization followed in
2005 under the name TIGERTEC® byWalter. Also very successfully used in cutting operations,
the nanocomposite TiAlN was presented as a concept within SFB 442 in 2003 and successful
realizations of this concept have been the subject of consistent further development.
Estimates of the market volume in the sector for automatic component coatings as displayed

in Figure 6 clearly show that a virtually explosive development is anticipated for the importance
of coating technology on the free market in the future, which further accentuates the innovative
position of SFB 442.

Figure 6:Market value of PVD coatings

4 Exemplary Results

Understanding how the research is conducted within the collaborative research centre is impor-
tant before some examples are provided with regard to the development of fluids and composite
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materials by means of PVD. Figure 7 shows the typical cycles occurring in the various research
projects. The left part depicts examples of components and processes while the loops can be seen
on the right hand side.
Original investigations start with tribometer tests with results leading to analogies. Tests on

real components follow when tribometer results are promising. Loads and wear mechanisms
are fed back to establish specifications for fluids and material composites. All results and the
knowledge gained is gathered in project sectionCwhere correlations are searched and simulations
will lead to results building an expert system. Evaluating the data with respect to its relevance
for the research objectives will establish priorities and an action list for the development and
production of fluids and its variants. Those will be investigated and characterised closing the
loop in the development cycle.

Figure 7: Cycles of research

Apart from providing the lubricating fluids for all sections of SFB 442, one of the main objec-
tives of fluid development is to clarify the reaction and/or optimize the synthesis leading to the
respective lubricants. In this respect, the synthesis process comprises two reaction stages. The
first stage involves epoxidizing the double bond of the oleic acid methyl ester or glycerol trioleate
by means of peracetic acid. The resulting epoxide is broken open during subsequent alcoholysis
to produce the HISM or HIGTS lubricant, Figure 8. The HISM lubricant is customized to suit
the pertinent application and unwanted by-products are reduced selectively by optimizing the
synthesis process. The used educts consist of many methyl esters or trioleates, which means that
the actual reaction is accompanied by numerous secondary reactions that exert a considerable
influence on certain parts of the lubricating fluid synthesis process. In an effort to examine this
extensive reaction system an analytical concept was established around gas chromatography as
its core. This technique is capable of determining the composition and conversion level of the
HISM lubricating fluid. The HIGTS is cracked by means of KOH/MeOH and carried over into
a system similar to HISM, so that the composition and conversion level can also be determined
here without the need for high-temperature GC. The typical characteristic values of lubricants,
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such as acid number, iodine value or viscosity are also determined for a detailed characterization
of the lubricating fluid. An in-line IR measuring technique that offers a means of monitoring the
formation of precursors and products was developed in order to obtain more precise information
concerning the progress of the reaction.

Figure 8: Development of HISM

Selective studies determine the effects of various influences and will be described in the project
results belonging to the SFB 442 presentation.
For the development of PVD coatings two avenues were pursued. The first comprises com-

ponent coating with low-temperature processes as shown in Figure 9. The graded zirconium
carbide ZrCg (acc. to VDI 2840: a-C:H:Zr) coating system developed within the framework of
SFB 442 belongs to the group of what are frequently referred to as Me-DLC coatings. Because
of its low coefficient of friction, it is not only suitable for application to the components of Sub-
projects B1 (gear), B3 (rolling bearing) and B4 (hydraulic displacement unit), but also for such
forming processes as the deep drawing of X5CrNi18-10 or backward cup extrusion of Al 99.5,
as demonstrated by tests carried out within Subproject B6.
Chromium aluminium nitride (CrAlN) is another multilayer system (right part of Figure 9)

that is suitable for a number of tribological components. The excellent adhesive strength, wear
resistance capacity, resistance to alternating impacts, corrosion resistance and wettability of this
system enable its use on such components as gears (SP B1), spindle bearings (SP B2) and rolling
bearings (SP B3). Coating adhesion was improved considerably by using adhesion promoter
layers during the second phase of the project. The scientists had not been able to lower the
temperature to less than 200°C during the previous project phases, which was the reason why
components tempered at high temperatures had to be used. In the course of the third project
phase, pulsed power supplies made it possible to reduce the temperature to less than 200 °C in
order to coat components tempered at low temperature and also offered a means of synthesizing
a quasi-isotropic layer structure because of the high aluminium content.
The second path uses tool coating with high-temperature processes. Here Ti layers are build

up which are mainly used in cold forming processes because of the required strength and wear
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Figure 9: Low temperature coatings

resistance. In Figure 10 three developed layers are depicted which are used in cold forming
applications. Typical features are listed below each coating.

Figure 10: Ti - layers for high temperature processes

Main objective of the current project phase is to acquire a more detailed explanation of the
coherence between the process parameters and the coating characteristics. The coating processes
and the properties of the plasma in particular, undergo detailed analysis by means of process
diagnostics within Subproject A2. The coating characteristics are then determined in Subproject
A5 by means of highly precise techniques and the coherence between the process parameters and
the coating characteristics is validated.

5 Highlights of the Current Research Phase

Detailed papers about results in the current research phase are provided by all subprojects and
therefore do not need to be treated here. Developing the research phases as explained in chapter 2
and shown in Figure 11 the first focus was directed towards models used in tribometer tests. The
research then shifted to the components such as tools, pistons, gears and bearings.
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Figure 11: From model to system

Final research will concentrate on whole systems, e.g. machine tools in operation, piston units
in hydraulic circuits and gear boxes. Development of PVDmaterial coatings and fluids including
its analysis will continue in phase. The validity of the SFB main idea will be verified in process
chains.
An example can be seen in Figure 12where subproject results will be incorporated in a Chiron

FZ22 machining centre.
This means that the performance of the developed tribological systems will be demonstrated in

practical application by means of cutting materials with reference to real machining cycles and
by means of the measurements and assessments made by the machining personnel. The work
carried out within the individual subproject and the resulting SFB networking within the overall
framework of the machine trials are outlined briefly below.
Implementation of the results of work performed within SPA2/A5 on the machine will take the

form of coating the raceways of the spindle bearings with CrAiN and the bearing cages (PEEK)
with ZrCg. Cutting tools will be optimized with multilayer TiAiN + g-Ai203 or nanocomposite
TiAiN. Coating synthesis will be adapted to the changing requirements within Subproject A2.
In this context, quality assurance for the coating processes implemented by Subproject A5 takes
on major importance, particularly in the light of the growing number of components and tools to
be coated. Focussing on the subject of synthesizing environmentally compatible lubricants and
therefore providing the necessary lubricants for the machine and the cutting processes, SP A7’s
research work is directly connected to the work performed by SP A2/A5.
SP B2 will be equipping the main spindles and a feed shaft in the machine with the tribological

systems that produced the best results on the test rig. Apart from coated spindle bearings, the
traversing paths of themachine along the Z-axis are so short that ball screws and linear guideswith
PVD coatings from commercial suppliers will be used on this axis, as long as they demonstrate
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Figure 12: Integration of subprojects into a machine tool

sufficient potential during rig testing. Coated axial angular contact ball bearings from SP B3 will
also be used in the machine’s feed drive. These bearings often run through the mixed friction
zone during the rapid starting and braking movements that characterize the operation of a cutting
machine tool. Conventional rolling bearings therefore require lubricants with additives. These
are substituted by the PVD coating in conjunction with environmentally compatible additive-
free lubricants. The components will finally undergo practical trials in a real cutting process
on an exemplified component made of tempering steel 42CrMo4+QT. The machining modes are
milling and drilling, using tools that have been testedwithin SPB5 and have the high-performance
coating systems (see above) developed within SP A2. Machining will be dry, with minimum
quantity lubrication (HISM, SP A7).
Samples of the fluid will be taken continuously in the course of the manufacturing process on

the machine and these samples will be examined with respect to their ecological compatibility
and chemical composition within SP A4 and A6.
The outstanding wear characteristics and performance of the new tribological systems will

therefore be verified under real machining conditions with the help of the demonstrator at the
end of the project, proving that the SFB’s objective of developing environmentally compatible
tribological systems by means of suitable composite materials and has been achieved fully and
completely and that the results of the work can be transferred into practical applications.
Further process chains that will be pursued in the concluding research phase are:

• gearbox process chain

• gear manufacturing process chain

• ageing test rig process chain

• lubricant synthesis process chain, ecological assessment, tribological appraise, use in the tri-
bological system
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As mentioned before the process chains are explained and discussed in detailed papers of the
subproject and first results are introduced there.

6 Conclusion and Outlook

At the beginning of the concluding phase it was convincingly proven that the concept to locate
functions of additives directly into the material surface is valid and carries a huge potential. A lot
of new and highly innovative PVD coatings were developed as well as new processes to apply
those on the base materials. Also the development of fluids and research into its analysis has
made huge progress and the environmentally friendly esters are meanwhile used in components
and systems.
The use of process chains to verify the results of the research within the framework of the

collaborative research centre is actually intensively pursued and first feedbacks are promising.
For the outlook it is important to lay out how research results of 12.5 years are kept alive after

the official ending of the funding period at the end of 2009.
The answer is explained with Figure 13. All results are fed into the expert system which

will be updated and maintained by the interdisciplinary RWTH forums ‘Material Sciences’ and
‘Environmental Sciences’. Most researchers and members of the SFB 442 are also members of
these forums thus being able to carry the gained knowledge far into the future.

Figure 13: Outlook of the research work
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Abstract:

An environmentally friendly lubricant system was developed. The synthesis could be optimized
by means of Reaction Calorimetry. First steps towards a continuous production in micro scale
were accomplished.

1 Introduction

This work is part of the collaborative research center 442 (CRC 442). The aim of this CRC is
to realize a tribosystem based on renewable resources without additivation. Therefore a route
to synthesize an environmentally benign lubricant in a two-step-synthesis was established. This
lubricant will be used in machine tools without or with less additivation. The problem of com-
mercially available lubricants is the possible toxicological harm for the user who gets into contact
with the oil and the ecological problems caused by loss lubrication. Therefore, the main idea of
the CRC 442 is, to transfer the additives’ task to the machine tool materials and their coatings.

Figure 1: Reaction steps of the lubricant synthesis from OME via e-SME to HISM

As shown in Figure 1, the lubricant-synthesis consists of two steps: the epoxidation of oleic
acid methyl ester (OME) to 9,10-epoxy stearic acid methyl ester (e-SME) and the subsequent al-
coholysis of the e-SME to 9(10)-hydroxy 10(9)-isobutoxy stearic acid methyl ester (HISM). The
first approach towards the synthesis and application for lubrication was performed by Hölderich
et al. [1] in the first two periods (6 years) of this CRC. They chose the in situ generated peracetic
acid as the epoxidizing agent. This peracetic acid is generated by acetic acid and a 35% aqueous
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solution of hydrogen peroxide in the presence of a catalytic amount of sulphuric acid [2] which
means that the first step proceeds in a biphasic system. Therefore, the system can be limited
by mass transfer. The second step of the lubricant synthesis is the alcoholysis with iso-butanol.
This step is catalyzed heterogeneously with the acidic ion-exchange-resin Amberlyst 15 (Rohm
& Haas).

2 Established Procedure for the Lubricant Production

The starting material for this synthesis is technical grade OME which contains about 70% OME
(C18:1, 18 carbon-chain with one double bond). It also contains the saturated esters C14:0,
C16:0 and C18:0 as well as the unsaturated compounds linoleic (C18:2, 11%) and linolenic acid
methyl ester (C18:3, 1–2%). These unsaturated compounds can react in the same way as the
monounsaturated OME and the product of this reaction is a mixture of different compounds. The
target product that should be produced most during the reaction is HISM.
The synthesized lubricant oils are characterized with the help of gas chromatography. Addi-

tionally the key data for the lubricants (saponification number, iodine number etc.) is determined
in order to guarantee a consistent composition of the oils. Since the pour point is an important
and characteristic number for lubricants, we investigated the correlation between the pour point
and melting/crystallization point determined by differential scanning calorimetry (DSC). This
tool offers the possibility to measure crystallization and melting points very precisely. We could
show that the pour points match quite well the results determined by DSC (Table 2).
Composition, ecological and toxicological aspects of the produced oil batches are investigated

at the institute for hygiene and environmental medicine (IHU). With this information the reaction
can be further optimized. The aim of this CRC is an integrated process development including
not only chemical aspects (selectivity, yield) but also environmental such as degradability and
toxicity.

2.1 Synthesis

The lubricant synthesis was established by Hölderich et al. The reaction is performed in a 25 L
batch-reactor. S. Eichholz optimized the reaction during his work at this institute. The reaction
conditions he chose were a reaction time of 18 hours at 57°C and a stirring speed of 400 rpm [3].
At this time, a maximum of epoxide was formed with only a small amount of the consecutive hy-
drolysis reaction. After a phase separation, the aqueous layer is separated from the organic. The
epoxide is washed with water for three times and the solvent n-hexane is distilled off. After that,
the mixture of Amberlyst 15 (10 mass-%) and iso-butanol (5 eq.) is added to the epoxide. This
mixture is stirred for another 18 hours at 60°C with 400 rpm. After completion of the reaction,
Amberlyst 15 is filtered off the product mixture and the excess iso-butanol is distilled off. Eich-
holz et al. showed that sulphur-containing components leached from the catalyst which had to be
separated from the product by steam stripping. This treatment hydrolyzed non-reacted epoxide
as well. Three consecutive runs of steam stripping reduces both acid and epoxide value below the
toxicologically significant threshold value (as verified by IHU).With this procedure performed in
pilot-plant scale it is possible to run two batches per week, which is a total production of 25 L/w.



511

2.2 Properties of the Synthesized Lubricants

The synthesized lubricants are characterized concerning their properties such as viscosity and
the key data of the lubricants. Figure 2 shows samples of the starting material, the intermediate
product and the lubricant, respectively. The starting material is a light yellowish, the intermediate
product a colourless and the lubricant a light brownish liquid.

Figure 2: Samples of OME, e-SME and HISM (from left to right)

Table 1 shows the typical key data for the different compounds. The saponification number
(correlated with the amount of esters) does not change during the synthesis because the ester
group does not react in any way during the synthesis. The iodine number shows the degree of
unsaturation. The starting material has the highest degree of unsaturation and the product the
lowest, in the ideal case there should be no unsaturated position left in the product. The viscosity
increases during the reaction from about 5 to 20 mm /s due to the rising steric demand, molecular
weight and polarity of the molecule.

Table 1: Typical key data for the starting material, the intermediate product and the lubricant

compound saponification number
[mg KOH/g]

iodine number
[g Iodine/100 g]

viscosity at 40°C [mm /s]

OME 58.4 88.5 4.7
e-SME 59.0 7.7 9.4
HISM 59.6 1.9 21.3

Table 2 shows the determined pour points and crystallization points determined by DSC. For
the batches 157 and 159 pour point and crystallization temperature do not match as well as they
do for the batches 161-165. A reason for this could be that the batches 161-165 were measured
only a short time after their production while batches 157 and 159 were about 6 months old when
the measurement was carried out.

Table 2: Crystallization temperatures and Pour Points of different lubricants

Lubricant 157.X.O.HISM 159.X.O.HISM 161.X.O.HISM 163.X.O.HISM 165.X.O.HISM

Crystallization
temperature [°C]

–22.7 –22.1 –29.4 –26.9 –33.5

Pour Point [°C] –9 ± 1.5 –9 ± 1.5 –33 ± 1.5 –18 ± 1.5 –33 ±1.5
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3 Process Optimization of the Epoxidation of OME by means of Reaction

Calorimetry

With the use of less or no solvent downstream processing is much simplified andwaste is avoided.
Since the results for solvent-free conditions were comparable or even better than for standard
conditions, all following reactions were carried out without additional organic solvent.
Reaction Calorimetry (RC) is a useful tool for the direct investigation of kinetics as well as

thermodynamics of chemical reactions [4]. The measured signal, the heat flow (QP), is directly
proportional to the reaction rate (QP ∝ ri) with the molar reaction enthalpy ∆Hm as propor-
tionality constant. QP therefore is a differential signal as opposed to concentrations or common
spectroscopic signals, which are integral signals. By integration of the total heat flow the molar
reaction enthalpy can be determined (∆Hm ∝

∫
QP dt).

Although QP incooperates all reactions occurring in the reaction volume at the same time, in
many cases this signal gives very exact information about the reaction, which are necessary for
a complete understanding of the process.
RC could be used for the investigation of the kinetics of the epoxidation of methyl oleate in

a biphasic system containing OME and an aqueous solution of hydrogen peroxide, acetic and
sulphuric acid. The aim of the investigations was to characterize the reaction kinetics as well as
the influence of mass transfer. Due to the high viscosity of OME as well as limited solubility
of the reactants in the substrate phase, the reaction was expected to be strongly influenced by
mixing efficiency.
In order to prove this, a variation of temperature (50–90°C) and stirring speed (200–400 rpm)

was done. In addition to the measurement of QP, GC analytics were used to investigate the
chemical composition of the products. As measure for the reaction rate a 90% criterion (time
until 90% conversion is reached), which was determined by a combination of RC and GC, was
chosen.
The reaction is strongly exothermic with a mean adiabatic temperature rise of 99 ± 19K. The

mean molar reaction enthalpy was 236 ± 25 kJ mol-1 with a good reproducibility.

3.1 Variation of Temperature

As shown in Figure 3 an increase in temperature leads to a decrease of the 90% criterion. Reaction
times thus can be reduced 4 fold (18h at 60°C; 4h at 80°C).
Obviously the temperature dependence of the reaction kinetics cannot be described by a simple

Arrhenius approach, which is mainly caused by the additional influence of mass transfer.
Surprisingly the selectivity of the epoxidation towards e-SME is nearly independent of the

reaction temperature. A comparison shows that in all cases high conversions (95%) and good
selectivities (85–86%) are obtained at 60°C standard conditions as well as at higher temperatures.
This was found to be the case in 1 L as well as in 25 L scale.

3.2 Variation of Stirring Speed

As shown in Figure 3 the reaction rate is dependent on the stirring speed. Obviously the depen-
dence is negligible for temperatures >80°C but significant for temperature <80°C. At 60°C an
increase in stirring speed from 300 to 400 rpm leads to a 20% smaller 90% criterion.
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Figure 3: Dependence of 90% criterion on temperature and stirring speed.

For 85°C the decrease of 90% criterion is <5% when increasing stirring speed from 300 to
400 rpm. This can be explained by the fact that the viscosity of OME strongly decreases with
increasing temperatures. This leads to an enhanced mass transfer by diffusion resulting in a
weaker effect of stirring speed on reaction rate.

4 Continuous Epoxidation

The calorimetric measurements clearly indicated that higher reaction temperatures (>70°C) as
well as more intense phase contact are beneficial for the productivity of the reaction. One possi-
bility to improve both factors is the use of micro reaction technology [5]. Plug flow is favourable
as the overall reaction rate and selectivity will be highest. A high surface to volume ratio is
favourable in view of heat transfer to contain the exothermicity. Furthermore, good mass trans-
fer can be obtained in the slug flow regimes in micro structured reactors.
In view of continuous reaction matching best conditions to the right reactor was carried out.

As the above mentioned aims are best obtained in micro reactors the continuous reaction in a
plug flow reactor was chosen. For good mixing a static micro mixer tee and as reaction way a
coiled and thermostated FEP tube is used.
One example of an epoxidation reaction in the continuous reactor is show in Figure 4. At

60°C full conversion can be reached after a residence time of 10h. Here the flow rate was 2mL/h.
Without optimization in this scale, the reaction is twice as fast as in the batch process [6]. By
optimization of parameters like temperature or stoichiometry it is possible to shorten reaction
time even further. At 90°C the reaction is almost complete within 0.5 h residence time, which
was already indicated by RC investigations.
The results show the large potential of micro reaction technology for the present system leading

to higher selectivities and productivities and a better control over the reaction conditions.
In order to obtain comparable amounts of lubricant compared to the batch process, the micro

process has to be numbered up 4 fold approximately at best reaction conditions. Thus a fully
automized process can be developed for the continuous production of the lubricant.
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Figure 4: Example for a continuous epoxidation at 60°C, 10 h residence time
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1 Introduction

Lubricants are used for reducing friction and wear in various technical applications like engines,
hydraulic systems, gears or metal working processes. They consist of a base fluid and a variety of
additives including anti-wear additives, antioxidants and corrosion inhibitors in order to enhance
the technical performance and the lifetime of the lubricant by protecting it against oxidation and
hydrolysis. More than 90% of the base fluids are mineral oils, a complex mixture containing
varying portions of aliphatic, cycloaliphatic and aromatic hydrocarbons. Since the sensibility
with respect to the environment has increased, nowadays lubricants have to fulfil ecological as
well as technical requirements. Thus the development of lubricants based on renewable resources
has gained more andmore attention during the last years due to their low ecotoxicological impact.
The collaborative research centre “SFB 442” was established at the RWTHAachen University

in July 1997 to develop new environmentally friendly tribosystems and lubricants which facilitate
the avoidance of additives by transferring their functions to suitable coatings of the tool. These
ester based lubricants are a promising alternative to lubricants made of mineral oils for use in
machine tools. In combination with specifically designed coatings for tools and components, the
use of additives can be avoided. For optimizing the newly developed bio-based lubricants, named
hydroxy isobutoxy glycerine tristearate (HIGTS) and hydroxy isobutoxy stearic acid methyl ester
(HISM), their environmental characteristics have to be considered as well as the technical prop-
erties of the fluid before and during usage. The use may influence their composition and thereby
ecotoxicity of the lubricants. Metals are transferred to the lubricants by abrasion and organic
compounds are changed by high pressure and high temperatures.
In the following study the new lubricants were tested as a mixture in a tribological test bench

with coated and uncoated gears and in an oxidation test bench without gears. It should be cleared
if only the intake of metals has an influence on the ecotoxicological behaviour or ageing is another
cause for the increasing toxicity after usage.

2 Materials and Methods

2.1 Samples

The lubricants hydroxy isobutoxy glycerine tristearate (HIGTS) and hydroxy isobutoxy stearid
acid methyl ester (HISM) were mixed at a ratio of 65:35 v/v to achieve the technically required
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kinematic viscosity of 100 mm2/s. The lubricant mixture of “HIGTS/HISM” was tested in two
different test benches.

2.2 Test Benches

2.2.1 Scoring test

The scoring test on a back-to-back test rig with uncoated and CrAlN coated gears according to
DIN 51354 Part 1 was used to examine possibly developing scuffings [1]. Samples were taken
at load stage (LS) 12 for the uncoated gears and at load stages 8 and 12 for the gears coated with
CrAlN as described by Erlenkaemper et al. [2].

Table 1: Test conditions for the back-to-back test rig

Scoring test

Lubrication 2 l splash lubrication
Load Hertzian stress 147 to 1841 N/mm2

Time 12 load stages (LS) à 15 min
T [°C] 90 ± 3

2.2.2 Oxidation Test

A modified Rotary Bomb test was used, to characterize the lubricant mixture HIGTS/HISM re-
garding their oxidative stability according to the procedure described by Goehler et al. [3]. The
oil sample was put into a rotating and sealed container with an oxygen atmosphere of 6.25 bar
and at 120 degrees. A metal coil catalyst can be added to the sample. As a result, this test pro-
vides the life time of the oil indicated by the time needed for a pressure drop of 1.75 bar from the
pressure maximum. In order to focus on the oxidative stability and not on the hydrolysis of the
ester, no water was added to each sample.

2.3 Preparation of Water Soluble Fractions (WSF)

Water extractions of the oil samples were performed according to the procedure described by
Maxam et al. [4]. A mixture of oil fluid and MilliporeTM water (ratio 100 g + 1 L) was agitated
overhead for 24 h in dark DURANTM glass bottles (Schott, Mainz, Germany). The aqueous ex-
tract was filtered with a glass fibre filter (pore size 1 m, Gelman Sciences, Michigan, USA)
after separation of phases over night. The pH-value and conductivity were measured electro-
chemically. The oily phase was ignored. Ecotoxicological testing was performed within 14 days
with a dilution series of the WSF. The samples were stored at 4 °C in dark DURANTM glass bot-
tles in order to avoid photochemical reactions. For the 100 g/L water fractions effective loading
rates (EL50-values in % of the eluate) were calculated by means of probit transformation.
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2.4 Chemical Characterisation of the Aqueous Extracts

Concentrations of the metals copper, zinc, iron, chromium and nickel were determined with
inductively coupled plasma mass spectrometry (ICP-MS, Elan DRC II, Perlin Elmer SCIEX,
Wellesley, USA).

2.5 Bioassays

Bacterial growth inhibition assays with Vibrio fischeri and Pseudomonas putida were performed
using microplate photometers and incubators (IEMS-readers, Labsystems, Finland). The fi-
nal test volume was 200 l/well. The microplate photometers were placed in cabinets (Infors,
Bottmingen, Switzerland) for cooling. The tests were performed at 20 °C (V. fischeri) and 21 °C
(P. putida), according to standard test procedures [5, 6]. Each dilution of the water extract, the
growth controls, and the blanks were tested in three replicates. For the acute luminescence inhibi-
tion assay with V. fischeri two replicates were tested [7]. Contrary to the standard test procedures
cold-stored cultures of V. fischeri and P. putida cells were used for inoculation.
Algae growth inhibition tests with Desmodesmus subspicatus and immobilisation tests with

Daphnia magna were performed according to standard procedures [8, 9]. The water extracts of
the lubricant samples, the controls and the blanks were tested in three (algae) and four (daphnia)
replicates respectively.

3 Results

3.1 Scoring Test

3.1.1 Aquatic toxicity of used lubricant mixtures

In addition to toxicity tests with newly synthesized lubricants the changes caused by application
of lubricants in a tribological test bench were investigated. For the comparison of changes by
usage the unused lubricants were also tested. The results for the 100 g/L aqueous extracts are
presented in Table 2 as already shown by Erlenkaemper et al. [2].

Table 2: EL50-values [%] of 100 g/L eluates of used lubricants, lowest values are bold

sample Algae
growth
inhibition

Daphnia
immobili-
sation

Luminescence
inhibition
V. fischeri

Growth
inhibition
V. fischeri

Growth
inhibition
P. putida

HIGTS/HISM unused 20.5 24.1 10.4 26.5 > 50
HIGTS/HISM used LS 8 coated 35.5 33.1 7.5 23.3 30.4
HIGTS/HISM used LS 12 coated 47.6 32.9 6.7 34.2 16.8

HIGTS/HISM used LS 12 uncoated 24.4 20.7 5.8 20.1 17.3

All lubricants used in the scoring test on a back-to-back test rig showed a decrease in toxicity
towards algae (Table 2). While HIGTS/HISM used with uncoated gears and taken at load stage
12 showed only a slight decrease, the two samples with coated gears showed a larger decrease
in toxicity. The results for the toxicity test with daphnia showed a clear difference for the use of
coated and uncoated gears. For HIGTS/HISM used with uncoated gears toxicity towards daphnia
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increased slightly while both samples of HIGTS/HISM used with coated gears exerted less toxic
effects on daphnia.
Values for the V. fischeri luminescence inhibition assay, as the most sensitive test in this con-

text, were approximately equal (5.8 % to 7.5 %) and showed an increasing toxicity compared to
the unused lubricant. For the V. fischeri growth inhibition assay the samples taken at load stage
12 (uncoated gears) and load stage 8 (coated gears) showed similar EL50-values below the values
of the unused lubricant. The lubricant taken at load stage 12 and used with coated gears was less
toxic compared to the unused fluid. In contrast to the toxicity towards algae and daphnia, the
P. putida growth inhibition assay whereas both samples taken at load stage 12 were more toxic
than the sample taken at load stage 8. There were no toxic effects for the unused lubricant at
maximum test concentration (EL50-value > 50 %).

3.1.2 Metal Content of Used Lubricant Mixtures

Due to the fact that the lubricants were used in a tribological test system where they were exposed
to different metallic materials the metal concentrations in the water extracts were analysed. These
analyses might also support the toxicity identification. The metal concentrations in the aqueous
extracts were determined with ICP-MS as described in 2.4. Results of this analysis are given in
Table 3 as already shown by Erlenkaemper et al. [2].

Table 3:Metal content of 100 g/L eluates [ g/L], highest concentrations are bold

sample Cu Zn Fe Cr Ni

HIGTS/HISM unused 11.49 73.8 1.69 9.5 5.32
HIGTS/HISM used LS 8 coated 174.9 275.8 23.97 15.38 9.26

HIGTS/HISM used LS 12 coated 213.5 136.3 36.21 11.32 7.23
HIGTS/HISM used LS 12 uncoated 263.4 157.5 53.62 11.81 9.03

In all water extracts the content of metals increased after usage. The concentrations of copper,
zinc and iron were significantly increased. Copper concentration was increased from 11.49 g/L
to a maximum of 263.4 g/L and zinc from 73.8 g/L to a maximum of 275.8 g/L. The concen-
tration of ironwas significantly lower withmaximumvalues of 53.62 g/L for the used lubricants.
The values of chromium and nickel were also lower with maximum concentrations of 15.38 g/L
chromium and 9.26 g/L nickel in the used fluids at load stage 8. These values were not much
different from the values of the unused fluid.

3.2 Aquatic Toxicity of Lubricant Mixture after Oxidation Test

Beside the intake of metals in the oil, changes of the lubricants itself may also lead to a change of
the ecotoxicological behaviour. This so-called oil ageing is caused amongst others by oxidation
processes. To examine this influence, the lubricant mixture of HIGTS/HISM was tested in the
oxidation test. Results for the 100 g/L aqueous extracts are presented in Figure 1.
After the oxidation test with HIGTS/HISM a clear increase of the toxic effects was observed

in all ecotoxicity tests because all EL50-values were less than 10 %. Before the oxidation test
HIGTS/HISM showed no toxic effect in the daphnia immobilisation assay as well as in both
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Figure 1: EL50-values [%] of 100 g/L eluates before and after oxidation test

growth inhibition assays at maximum test concentrations. The most sensitive test was the lumi-
nescence inhibition assay whose toxic effect was still strengthened by usage.

4 Conclusion

Tests with used lubricants demonstrate that application in tribological systems not necessarily
increases the measurable toxicity of a lubricant via bioassays (e.g. EL50-values for algae growth
inhibition assay and daphnia immobilisation assay, Table 2).
Furthermore the results clearly indicate that the abrasion of metallic particles during use leads

to the intake of water soluble metal elements. These metals are available for uptake and accumu-
lation in aquatic organisms. Nevertheless, there is no link up with lowest EL50-values and highest
metal concentrations in all used fluids taken at load stage 12. Moreover the artificially aged sam-
ple in the oxidation test clearly showed the influence of the oxidation on the ecotoxicological
behaviour after usage. This emphasizes the statement of the metal investigations that they are
not the only reason for toxic effects of used lubricants. Ageing of the lubricant itself and limited
bioavailability of metals might be another explanation for negative changes in ecotoxicological
behaviour.
These results underline the necessity for ecotoxicological tests in collaboration with chemical

analysis of unused and used fluids since the ecotoxicological behaviour cannot be predicted by
chemical analysis only.
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1 Introduction

Lubricants are widely used in industrial applications to minimize friction and wear in differ-
ent technical systems, predominantly in combustion engines, hydraulic systems, gears, or metal
forming processes. Traditionally lubricants consist of petrochemical products and various supple-
mentary additives to improve their technical performance. Due to losses, e. g. loss lubrication
or leakage, large amounts of lubricating oils reach in the environment. These entries occur in
terrestrial and aquatic environmental systems. With respect to their ecotoxicity and restricted
availability, petrochemicals constitute non-contemporary lubricants. Native or synthetic esters,
derived from renewable resources, demonstrate an emerging alternative to established mineral oil
products. The development of such lubricants with well biodegradable, non-genotoxic and excel-
lent tribological properties are the main intention of the collaborative research centre “SFB 442”.
Furthermore the avoidance of additives by transferring their function to suitable coatings of tools
is an important part of the lubricant design. Thus the newly developed ester lubricants have to
fulfill technical performance needs as well as environmental characteristics.
The aim of this study is comparing substantial changes of herbal and animal based lubricants

with respect to their application. Therefore the influence of usage on the composition of ester-
based lubricants was monitored from the synthesis to tribological application.
In a two step synthesis, analyzed lubricants were produced from herbal and animal oleic acid

methyl ester (OME) to the low viscous lubricant hydroxy isobutoxy stearic acid methyl ester
(HISM). Throughout their application mechanical, thermal and chemical effects are able to trans-
form the ecological-toxicological properties of the oil. The usage of lubricants in machine tools
causes an intake of metals due to abrasion from the surrounding components. In this study fric-
tion andwear are achieved in a pin-on-disc tribometer test, followed by themonitoring substantial
changes of lubricant in analytical methods and biological screenings. The aim of this project is
the development of sustainable lubricants [1].

2 Methods

2.1 Samples

All lubricants were produced and provided by the Institute for Technical and Macromolecular
Chemistry (ITMC) of the RWTHAachen. Lubricants were synthesized in a two step process from
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herbal and animal oleic acidmethyl ester (OME). In the first step, the double bondwas epoxidized
using hydrogen peroxide, sulphuric acid and acetic acid in hexane. Subsequently alcoholysis with
i-butanol transformed the intermediate into hydroxy isobutoxy stearic acid methyl ester (HISM).

2.2 Pin-on-disc Test

The degree of the changes due to the usage of the lubricant was observed in pin-on-disc tests
(CSM Instruments) described by Bobzin et al [2]. The test parameters were chosen as followed:
surrounding atmosphere (23± 2 °C, 40± 5% relative humidity) and lubricated running condition
at a load of 15 N. 100Cr6 balls of 6 mm in diameter were used as counterparts for chromium
aluminium nitride (CrAlN 2054) coated 100Cr6 discs. The test length was 1000 m at a track
diameter of 5 mm. The test speed was set on 3 cm/s. About 63.500 overruns per point were
reached. The lubricated wear tests were performed at room temperature (RT) and at 90 °C.

2.3 GC-Analysis

Identification of the several HISM components was realized on a Hewlett Packard 5890 series II
gas chromatograph interfaced with a HP 5972 mass detector (GC-MS) with a mass range of
m/z 45-450. The gas chromatograph was equipped with a unpolar column (Restek, Rxi-5ms,
30 m x 0,25 mm ID, 0,25 m df). Quantitative analysis of the low viscous lubricant HISM was
performed (GC-FID) on a Hewlett Packard 5890 series II gas chromatograph equipped with a
flame ionisation detector (FID) and a Rxi-5ms column (Resteck, 60 m x 0,25 mm i.d., 0,25 m
df). The sample was diluted in methylene chloride and injected into a Hewlett Packard 7673
injector. Helium gas 5.0 was used as the carrier gas. The pre column pressure was constant at
195 kPa. The samples were introduced using the splitless mode. The injector temperature was
set at 300 °C. The GC oven temperature was gradually increased from 30°C to 150 °C (both 0,01
min isotherm) and maintained at 300 °C for 4 min with a total runtime of 54 min. The flame
ionisation detector was operated at 3000 °C throughout the analysis [1].

2.4 ICP-MS

The element-specific detection was performed with an ICP-MS System Elan DRC II (Perkin
Elmer SCIEX, Wellesley, MA, USA) equipped with a quadrupole mass spectrometer. The de-
tection parameters were the following: rf power 1100 kW, plasma gas flow 15 L min−1, auxiliary
flow 1.1 L min−1, nebulizer gas flow 0.88 L min−1. Metal concentrations were quantified using
multi element calibration standards (Merck KgaA, Darmstadt).

2.5 umu-Genotoxicity test

The umu assay for measuring DNA damage bymeans of SOS induction was carried out according
to the procedure described previously by Oda et al. and Reifferscheid et al [3, 4]. The test was
performed with Salmonella choleraesius subsp. chol. TA1535/pSK100 in 96-wells mircoplates
according to ISO 13829 [5]. Deviating from the ISO 13829 the samples were extracted in 100%
DMSO and introduced as a 4% DMSO-extract in the test system. The extent of induction of the
SOS-repair system, indicated by β-galactosidase units which result in the induction rate (IR).
According to the standard (ISO 13829), a sample was supposed to be genotoxic if this induction
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rate exceed 1.5. For the environmental samples, the first dilution with an induction rate below
1.5 and a growth factor exceeding 0.5 is presented (Lowest ineffective dilution: DLI-value).

2.6 Biodegradability test

The combined biodegradability test system “O2/CO2 headspace test with GC-TCD” was per-
formed according to standard procedures ISO 10708 (BODIS-test) and ISO 14593 (ISO CO2
headspace test) with modifications [6, 7, 8]. The inoculum was a Lufa 2.2 (Landwirtschaftliche
Untersuchungs- und Forschungsanstalt Speyer, Germany) soil. The assay based on the mea-
surement of the ultimate aerobic mineralisation of test substances to carbon dioxide in water.
Results are expressed as biological oxygen demand in relation to the theoretical oxygen demand
(BOD/ThOD) and carbon dioxide production in respect to the theoretical carbon dioxide pro-
duction (TIC/ThIC). Oxygen and carbon dioxide in headspace samples are measured with gas-
chromatography using a thermal conductivity detector (TCD, Perkin Elmer Autosystem) and a
CTR 1 column (Alltech GmbH, Unterhaching, Germany). The test substance was evaluated as
ready biodegradable, if degradation exceeds 60% within 28 days (OECD) [9].

3 Results

3.1 Chemical Analysis

3.1.1 GC-Analysis

Quantitative analysis of the ester based lubricant HISM was determined via GC-FID. The eval-
uation of usage-dependent changes was based on the HISM quantity. Figure 1 represents the
quantity changes of the HISM contents in the lubricants from two different reactants before and
after usage at different temperatures. All lubricants except sample number 143 showed a usage-
dependent decrease of HISM. For both animal reactants, this decrease did not depend on thermal
effects. The decrement of HISM content varied between 13% (109) and 6% (121). Therefore
sample 121 showed a higher resistance towards thermal and mechanical forces. Compared to
the animal reactants, herbal reactants were characterized by lower initial values for HISM and
diverging responses on both factors. Sample 143 showed equal values of HISM under all con-
ditions. A decrease in HISM caused by usage and temperature effects was discovered only for
sample 135.
In a direct comparison, animal lubricants are favourable due to higher concentration of HISM,

although there is lower resistance against the tribological application compared to herbal reactants
which are more resistant.

3.1.2 ICP-MS

In a tribological test system, mechanical interaction can contribute to the accumulation of metals.
By this reason all tested lubricants were subjected to ICP-MS measurements. Table 1 reflects
the quantities of Fe, Zn, Al, Cr and Cu in used oils.
Before usage of lubricant the concentrations of metals is considered to be zero. As expected,

usage in the test bench resulted in metal uptake. For copper, aluminium and zinc, this uptake
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Figure 1: Percentage quantity of HISM before and after usage in the pin-on-disc tribometer

Table 1:Metal concentration of HISM after usage in the pin-on-disc tribometer

Sample Al Cr Cu Fe Zn
ng/g

109. HISM RT 1361 - 155 35067 2433
109. HISM 90° 1140 949 555 20270 3305
121. HISM RT 1047 1193 - 3027 2678
121. HISM 90° 2175 13467 862 41878 3150
135. HISM RT 676 - 69 - 1819
135. HISM 90° 821 - 1856 - 2449
143. HISM RT 841 - 175 - 2525
143. HISM 90° 1509 4225 - 9761 2573

was observed as temperature-dependent. For iron no temperature-dependent behaviour could be
detected (Table 1).

3.1.3 Genotoxicity

All tested oil samples were subjected to the umu-test. DLi values of the umu test demonstrated
induction rates below 1.5 with growth factors larger than 0.5. No genotoxicity was observed for
all tested lubricants and under any conditions of usage.

3.1.4 Biodegradability

Biodegradability depends on the composition of the lubricants. To verify this, the dismantling
behaviour is determined for each sample. Relative values of biodegradability for used lubricants
are shown in Figure 2.
As a reference substance, which fulfills the guidelines of the OECD, sodium benzoate is de-

picted in Figure 2. For herbal and animal based reactants, similar biodegradability after usage
was detected. Sample 143, 135 (herbal) and 121 (animal) fulfill the guidelines of the OECD. No
significant evidence for thermal influence could be observed. Composition of individual sam-
ples highly determined their biodegradability. The achieved data suggest a correlation between
usage-dependent changes of lubricants and biodegradation.
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Figure 2: Aerobe biodegradation of different unused and used HISM samples; BOD/ThOD = biological oxygen
demand/theoretical oxygen demand, TIC/ThIC = carbon dioxide production/theoretical carbon dioxide production,
SB = sodium benzoate (first bar)

4 Conclusion

Chemical analysis revealed a direct correlation between the conditions in application and substan-
tial properties of lubricants. As a result of abrasion the concentration of copper, aluminium and
zinc increased with mechanical as well as thermal exposure. No genotoxic effects were detected
for all tested samples. Two herbal and one animal originated lubricants fulfilled the guidelines
of the OECD. Regarding technical performance, the results display higher initial HISM quantity
for animal reactants. Herbal reactants are instead superior in mechanical and thermal stability.
Mechanical and thermal effects simulated in tribological systems showed lower effects on envi-
ronmentally relevant properties of the lubricants in this study.
This approach concerning environmental risk assessment of lubricants combines the appli-

cation of chemical analysis and biological test systems. These results allow selection of con-
temporary lubricants at very early stage of product development and aims in monitoring high
quality standards. The awareness of sustainable aspects for individual lubricants allows precise
adjustment in synthesis according to contemporary needs. Practically the combined application
of chemical analyzes and biological test systems allows constant quality assurance and environ-
mental risk assessment.
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1 Introduction

Tribological Systems belong to many technical applications. Within the Collaborative Research
Centre SFB 442 “Environmentally friendly Tribosystems” at RWTH Aachen University, tribo-
logical functions are transferred from mineral oil based lubrication to surface coatings. Depend-
ing on the application area different PVD (Physical Vapour Deposition) thin films and deposition
techniques are applied to enhance tool life, reduce or avoid lubrication and decrease costs. As
an example, the present paper deals with two different coatings, which are designed for different
tool applications: high performance metal forming and machining applications.

2 Nanolaminated (Ti,Hf)N/CrN for Metal Forming Tools**

After the first appearances in the mid 1990ies [1, 2, 3] specialized PVD coating architectures like
multilayers and nanolaminates (superlattice) awaked increasing importance during the last years
for several tool coating applications [4, 5, 6, 7]. It was shown that a (Ti,Hf)N/CrN coating [9]
offers outstanding mechanical properties for several metal forming applications. Realized by the
AIP PVD technique (Arc Ion Plating), the coating delivers a high adhesion to the tool substrate
(critical scratch load of 90 N on carbide, 60 N on high speed steel HS-6-5-2) in hand with the
required properties of high as possible hardness and low as possible Young’s modulus (see Figure
1). Also an outstanding wear resistance and oxidation stability was presented before [10].

Figure 1: Development progress in coating hardness and Young’s modulus for different coating architectures in
the material system Ti-Hf-Cr-N.

Different etching methods can be applied in the coating processes depending on different ap-
plication demands. For all coating developments regarding a directed modification of material
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properties the challenge always consists in achieving a high as possible coating to substrate adhe-
sion. Coatings on round shaped functional surfaces like punch heads for cup backward extrusion
processes (Figure 2 left) were deposited after a metal ion etching (MIE) process.

Figure 2: Typical metal forming tools: punch tool for cup backward extrusion (left), workpiece and cutting tool
for fine blanking (right).

More demanding metal forming tools like fine blanking punches (Figure 2 right) require an
adjustment especially in the etching stage. A customised high ionisation plasma etching was
developed based on the AEGD technology (Arc enhanced glow discharge, [8]). The AEGD
technology almost eliminates the deposition of macro particles during the etching stage whereby
a higher coating to substrate adhesion is realized especially on sharp tool edges. Recently a new
nanolaminated (Ti,Zr)N/CrN coating was developed based on former in-house research [9, 10].
It is shown that the recent development can as well deliver state-of-the-art material properties as
even increase coating to substrate adhesion and reduce coating costs with regard to the industrial
coating scale.

2.1 Experimental

A nanolaminated (Ti,Hf)N/CrN and a newly developed (Ti,Zr)N/CrN coating were deposited by
Arc Ion Plating. Both coatings were deposited on carbide (WC/6%Co) samples using a Metaplas
Ionon 20” AIP coating facility. For each deposition process cathode currents of 60 A, substrate
bias voltages of -100 V and a total gas pressure of 1 Pa nitrogen were applied. The coating facility
provides conventional MIE and also high ionisation plasma etching based on the AEGDTechnol-
ogy as described above. The adhesion tests were carried out by using an automatic scratch tester.
In order to determine the critical load at which failure occurs several scratches with a length of
4 mm and a stepwise increase of 10 N were done and analyzed by light optical microscope. The
load was kept constant during scratching. The scratches were performed with a velocity of 10
mm/min. Universal hardness was measured with a Nano Indenter XP® (MTS Systems Corp.)
using a Berkovich diamond indenter. The indenter penetrated the coated surface perpendicular at
a constant load of 10 mN. Calculations of the Young’s modulus are based on Oliver and Pharr’s
equation and Poisson ratio was kept constant at ν = 0.25 [11]. Indentation depth was less than
10 % of the coating thickness. The Rockwell adhesion test was performed with a conventional
hardness tester. The indentation was analyzed according to VDI Guideline 3198. The tribologi-
cal performance was examined using a CSM pin-on-disc (POD) tribometer, running the coated
carbide specimens against carbide counter partners in non-lubricated experiments at different
temperatures. The POD parameters were the following. Counter partner: carbide ball of 6 mm
diameter, normal load 5 N, rotating speed 10 cm/s, wear track radius 2,5 cm, rel. humidity 40 %,
ambient temperature 25, 200 and 400°C, running distance 500 m.
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2.2 Results

Comparable to the preceding Hf-based coating version, the new (Ti,Zr)N/CrN coating also de-
livers adhesion class 1 in the Rockwell test. Regarding the critical scratch load actually a clear
improvement from 80 to 100 N can be documented (see Figure 3).

Figure 3: Results of Rockwell and scratch tests for the compared coatings (Ti,Hf)N/CrN (left) and the new
(Ti,Zr)N/CrN (right) on coated carbide specimens. Both coatings were deposited with a film thickness of 3µm
± 0.1µm.

A comparison between the deposition rates showed an increased rate for the new Zr-based
coating system of nearly 33 %, since the rate could be increased from 3 to 3.9 m/h. This is due
to the lower melting point of Zirconium compared to Hafnium and its lower specific evaporation
enthalpy. By POD tests it was observed for both coatings that only adhesion wear on the counter
partner appeared. Counter partner material was transfered to the coated specimen’s surface. As
an example the results of the measurement at 400 °C are shown in Figure 4.

Figure 4:Wear tracks after dry POD sliding test on coated carbide specimens against carbide counter partners at
400 °C. a: LMpicture, wear track on (Ti,Hf)N/CrN. b: LMpicture, wear track on (Ti,Zr)N/CrN. c: SEMmicrograph
according to b

It was proven for all examination cases that only counter partner material was transfered to
the coated specimen’s surface (see Figure 4 c as example). Due to this result a wear rate of
the coated specimens could not be detected. For the (Ti,Zr)N/CrN coating system it was shown
that the counter partner’s adhesive wear was reduced generally (compare Figure 4 a/b). The
medial wear rate of the carbide counter partner was reduced by nearly 50 %. The results of
nanoindentation on “as coated” specimens showed the same values of 32 ± 3 GPa as medial
results of 15 measurements for both coatings. Corresponding to the results of nanoindentation
calculations of the Young’s modulus exhibited nearly the same result with 350 GPa for the new
Zr-based nanolaminated coating.
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3 TiAlN/γ-Al2O3 for High-Performance Machining
*

Regarding cutting operations, difficult to machine materials like Inconel 718 are more often ap-
plied due to their high thermal stability. High thermal exposure on the cutting tool and high tool
wear are the consequences. Therefore cutting tools with a high hot hardness, a low tendency to
adhesion-related sticking, high oxidation resistance and high abrasion resistance are necessary.
Tool coatings like TiAlN, TiN and TiCN are still state of the art [12]. Nevertheless these coatings
are not applicable for demanding cutting operations, due to their low thermal stability. Within the
second phase (2000–2003) of the SFB 442 a multilayer of TiAlN (DC-sputtered) and amorphous
alumina (r.f.-sputtered) was developed offering a high thermal stability to fulfill these demands.
But the generated coatings did not offer enough hardness. With the development of the pulse
technology and the related higher ionization, crystalline γ-alumina was generated, resulting in a
higher hardness (introduced by [13]). γ-Al2O3 offers good premises: it exhibits high hot hardness
and high thermal and chemical stability at elevated temperatures [14, 15]. The major problem of
the reactive sputtering of alumina is the so-called target poisoning. When a certain oxygen par-
tial pressure is reached the target is totally poisoned and the deposition rate decreases, resulting
in an amorphous film. On the other hand, a low oxygen partial pressure leads to the deposition
of metallic films. Target poisoning strongly depends on the technological setup, particularly the
ratio vacuum chamber volume to pumping speed as well as the target material. Compared to
small laboratory coating units the deposition in industrial coating units is related to small pro-
cess windows, in which crystalline alumina is formed. Another advantage of a laboratory is the
application of higher possible target power densities. But for industrial application of alumina a
further aim of the SFB 442 was the transfer of the process to an industrial coating unit. Further
problems are the different bond types of the substrate, e.g. cemented carbide (metallic bond), and
alumina (ionic and covalent bond). The adhesion of the coating is not sufficient. Additionally, the
different gradient of residual stresses in coating and substrate degrades the adhesion. Therefore
a bond coat like TiAlN is necessary. Another way to enhance adhesion is an improved etching
process. In the following, a high-performance etching process by means of a hollow-cathode is
compared to a standard etching process.

3.1 Experimental

For the etching and deposition processes an industrial coating unit CemeCon CC800 was used.
As substrate WC-Co cutting inserts (THM 12, SNUN 120412 Kennametal Holding GmbH) were
employed. As shown in table 1, three etching processes were investigated: A conventional m.f.-
etching process (method A), an etching process, in which the gas is highly ionized by means
of a hollow-cathode (method B), and a mixture of both (method C). After etching the samples
were deposited without an optimized coating interface to provoke a bad adhesion and therefore
clarify the effect of the etching process. The coatings were deposited using four cathodes in
a two by two dual cathode arrangement. The cathodes were pulsed in a bipolar pulse mode
using a rectangular pulse with a frequency of 18.51 kHz. The nanocomposite TiAlN coating was
produced by co-sputtering of two TiAl-targets (6000 W) and two Al-targets (1000 W) at a total
pressure of 500 mPa by reactive sputtering in a mixed atmosphere of argon and nitrogen. The
deposition of the Al2O3 top layer was performed by two aluminum targets using the dual cathode
arrangement (power 3500 W, pulse frequency 18.5 kHz). The process was voltage controlled:
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the argon was kept at 200 sccm while the oxygen flow was varied. The oxygen partial pressure
was set by adjusting a certain voltage at the cathodes.

Table 1: Parameters of different etching methods

A (m. f.-etching) B (hollow cathode-
etching)

C (Mixture of A and B)

Etching time [min] 80 80 A: 40; B: 40
Argon flow [sccm] 120 150 120
Anode current [A] – 20
Hollow cathode Voltage [V] 90 – 90
Table bias [V] –650 (m.f, 350 kHz) –200 A: –650 (m. f, 350 kHz),

B: –200

Further process parameters are also described in [16]. The coatings were compared to a coating
deposited in a laboratory sputtering device (Z400, Leybold-Heraeus) [17]. Hardness measure-
ments, Rockwell adhesion test and the scratch test were performed as described above.

3.2 Results

Table 2 shows the results of the scratch test and the Rockwell test of TiAlN coatings with a thick-
ness of 4 m deposited with different etching pre-treatments. All coatings showed an adhesion
class 1 in Rockwell test.

Table 2: Results of Rockwell and scratch test for different etching parameters

Method A Method B Method C

Adhesion class (Rockwell test HRA) 1 1 1
Critical Scratch Load LC3 (N) 50 70 50

The best results for the scratch tests were achieved by using hollow cathode-etching. Here a
critical scratch load of 70Nwas achieved. Consequently, this etching process was used for further
experiments. In comparison to the laboratory device Z400 the industrial unit CC800 shows some
differences as shown in Table 3.

Table 3: Differences between the CC800 and the Z400 coating unit

CC800 Z400

Pumping volume 1300 l/s 450 l/s
Chamber volume 0.64 m 0.0305 m
Possible aluminium target power density (limitation of the coating unit) 7.95 W/cm 18.1 W/cm

Due to the different chamber volume to pumping speed ratio the development of voltage and
pressure as a function of oxygen flow differs enormously. Figure 5 shows the different results for
the cathode voltage. In both diagrams the poisoning of the targets with increasing oxygen flow
is obvious. As a result the cathode voltage decreases. Reason for this is the lower deposition rate
and the lower yield of secondary electron emission at the target respectively. In comparison to the
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laboratory unit (left diagram) the drop in cathode voltage of the industrial unit is much sharper
(right diagram) than that of the laboratory unit. Therefore a precise process control is necessary
to get crystalline alumina. This is realized by adjusting a certain voltage at the cathodes.

Figure 5: Cathode voltage as a function of oxygen flow for Z400 (left) and CC800 (right)

To find a suitable working point resulting in an appropriate coating, different working points
within the hysteresis were investigated. Table 4 shows the examined working points and the
hardness values.

Table 4:Working points and resulting hardness values

cathode voltage [V] 630 560 500 460
hardness [GPa] 4 ± 0.9 10 ± 1.2 19 ± 1.6 10 ± 0.8

The coating deposited at a cathode voltage of 500 V showed the highest hardness values.
XRD analysis clarified, that this coating showed the highest intensity of the γ-alumina peaks. In
Rockwell test the coating exhibited an adhesion class of 1, the critical scratch load was 90 N. In
contrast to the coating deposited with the standard γ-Al2O3/TiAlN coating of the laboratory unit
the hardness is lower (25 GPa vs. 19 GPa). A possible reason may be the lower target power
density. Figure 6 shows cross sectional SEM pictures of the coatings deposited with a TiAlN
interlayer on the industrial unit and the laboratory unit.

Figure 6: SEM Cross-section of TiAlN/γ-Al2O3 coatings deposited in the industrial unit (left) and the laboratory
unit (right)
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4 Conclusions

It was possible to generate a TiAlN/γ-Al2O3 thin film on an industrial coating unit. The coating
is a promising candidate for its use in cutting operations. It exhibits an excellent crystallinity and
strong adhesion.
The results of the development of a nanolaminated (Ti,Zr)N/CrN coating for metal forming

tools were presented. The investigations show enhanced material system properties compared
to former developments [9] together with a more economical coating process, since the same
material properties were realized with a less expensive coating material. Due to the exchange of
hafnium by zirconium, even the adhesive wear of carbide counter partners was reduced signifi-
cantly.
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1 Introduction

On account of high mechanical stresses and strains on forming dies the liability of tool coatings
is decisive for their effect in use. Lacking layer liability leads to flaking or delamination, so that
the coating cannot protect the tool surface any more. In some cases, unfavorable tool geometry
and unfavorable loads on coating leads to chipping, even for tool coatings with good adhesive
properties.
Special requirements for the tool coating are demanded for punches, used in stamping and fine

blanking operations. These are usually manufactured sharp edged and sharpened in practice by
surface grinding on the face, which leads to geometrically undefined burr-afflicted cutting edges,
or the edges are finished manually.
In both cases the edge geometry leads to stress peaks on the tool surface during the stamping

process, often leading to a layer separation. The tool coatings in raw cutting edges of the punch
often show the first microscopic damages already after a few strokes. Starting from these areas
the tools quickly start to wear out.
Hence, for the improvement of the tool edge life of stamping and fine blanking punches the

cutting edges can be provided with a defined micro-rounding off. In this way on the one hand,
edge-stability is raised in the process and on the other hand the layer liability is improved in these
exposed tool areas.
This tool finishing can be realized with different manufacturing methods. One of these pro-

cedures is the brush-polishing process by means of plate brushes on which in the following is
entered closer.
The results from basic investigations show the influence of different process parameters while

brushing a cutting punch made of high speed steel and possible variations of edge rounding off.

2 Investigations of the Punch Cutting Edge of Stamping and Fine

Blanking Punches

In many stamping and fine blanking companies, the edge contours of cutting punches are formed
mostly intuitively. According to the operational know-how the punch edges are easily rounded
off or sharply grinded and coated afterwards [1]. Stress minimization on coated punches for fine
blanking processes was already investigated in 2001 in the SFB442 by Klocke et. al. [2]. By
means of the Finite Element Analysis (FEA) different cutting edge geometries were simulated
during the cutting process. As a result an optimum punch micro edge geometry was developed.
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The simulation results showed that a chamfer on the front surface of the cutting punch with
a small opening angle α leads to minimal stresses and strains in tool coating and substrate. In
support of the results of Klocke et. al. it is the long-term purpose of the investigations introduced
here to realize the determined micro–cutting edge economically and reproducibly by a brush-
polishing process for stamping and fine blanking punches.

2.1 Experiment Set-Ups and Approach of the Brush-Polishing Machine

For the basic investigations introduced in this paper, simple test bodies from round material HSS
BöhlerS390 are vacuum hardened to 63 HRC. Afterwards all samples are uniformly circular
grinded to a diameter of 30 mm. The decisive creation of the cutting edge occurs in the fi-
nal surface grinding on the face process. After the grinding process, the punch edge shows a
very distinctive microscopic burr, which is only partially attached with the surrounding material.
Coating this tool without edge-finishing would result in layer defects in the process after a few
strokes.
For the cutting edge rounding off of the fine blanking punch a brush-polishing machine BP

Smart by Gerber AG (Lyss-Switzerland) is used (Figure 1).

Figure 1: Brush-Polishing Machine by company Gerber AG (Lyss) for edge rounding off of cutting inserts

The machine was originally developed for rounding off cutting edges on hard metal-, cBN-and
PKD-tools [3]. Nowadays, chipping tools made of hard metal are often already submitted to an
edge finish [4]. The process parameters of the brush polishing machine are examined within the
SFB442 for rounding off in punching and fine blanking tools and will be adapted to this process.
Within the investigated rounding off method a plate brush takes over the function of the carrier
for an abrasive medium in form of a diamond paste. By striking the bristles on the cutting edge
of the punch material removal is accomplished. The sample to be rounded off is fixed on the
oscillatory sample table of the brush-polishing machine and the plate brush is put parallel with
the punch front surface. The machine construction allows different geometrical profile forms of
the edge rounding off (see Figure 6). The influence taking machine-parameters are discussed in
chapter 3.

2.2 Measuring the Cutting Punch Edges

The cutting edges before and after edge finishing are measured by means of a tactile 2D stylus
instrument process.
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Figure 2: Characterization of the cutting punch edges by means of 2D contour plots

A round sample which is tilted 45° is measured before and after the rounding off process. To
the investigation of the ability for reproduction of the edge rounding off about the sample radius
four measurements were carried out on every sample (see Figure 2).

Figure 3: SEM-micrograph and according 2D contour plot

Scanning Electron Microscope (SEM) micrographs deliver, in addition, a qualitative verifica-
tion of the results from the 2D topography measurements (see Figure 3).

2.3 Characterization of different Cutting Edges Rounding Off

The formative factor for rounding off cutting edge design is the working pressure p. The term
“working pressure” describes the depth of immersion of the work piece in the bristles of the plate
brush. The height of the edge rounding off h and therefore the dimension of the cutting edge is
determined by it.
Different edge forms can be generated by specific choice of the parameters working pressure p

and machining time t (see Figure 4), which are characterized by the profile classification number
λ.
The adjustment between sample body and brush is critical. To produce a rounding off with
Rx < 20 m, the samples may only dip in 0.04–0.12 mms into the bristles of the plate brushes (p
calculated by the manufacturer of the brushing machine given formula p = 2....6 · h).
Nevertheless, the user cannot recognize, when the first contact takes place between punch

and brush and therefore can only steer the working pressure p insufficiently. Edge rounding off
thereby can hardly be comparedwith each other on account of strong form and position dispersion
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Figure 4: Profile shape with different treatment times

in different samples. In the introduced results somemachining parameters were fixed: the number
of revolutions U of the brushes correlates according to manufacturer’s data with the wear of the
bristles and is basically used for the balance of correction variations in the result. U was fixed
with all attempts on the speed by 300 1/min. All edges preparations were carried out with a
diamond paste of the grain size 2-4 m.

3 Basic Investigations to the Factors of Influence on the Edge Rounding

Off

The following factors of influence matter to edge rounding off:

• Machining time t [min]

• Brushing material

• Working pressure p [mm]

• Number of revolutions of brush U [1/min]

• Abrasive grain size d [ m]

3.1 Influence of the Machining Time on the Rounding Off Results

The influence of the machining time t on the cutting edge geometry of the sample is shown in
Figure 5. All other parameters of influence on the rounding off process were fixed (test parameter
see box, Figure 5).
At first the distinctive burr in the circumference of the sample is removed by the brushing

process. A defined contour of the sample in form of a cascade profile appears after approximately
12 minutes. After 25 minutes machining time an exact radius appears on all samples. In spite
of rising the brushing time on more than 40 minutes a distinctive trumpet profile could not be
generated in any sample. The maximum achieved profile identification number is about λ =1.2.

3.2 Influence of the Brush Material on the Rounding Off

In the basic attempts three brush material types of different hardness grades from the company
Gerber (horsehair (soft), Vitex (medium hard), Tampico (hard)) are investigated. With increasing
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Figure 5: Influence of the machining time t on the rounding off process of the cutting edge

hardness of the bristles the ability for reproduction of the edge rounding off rises, i.e. the cutting
edge geometry presented itself about the circumference of the whole test in the same geometrical
stamping and dimension. Indeed, the range of the attainable geometry also economizes with
rising brush hardness.
Within the series of experiments it is, in spite of high treatment times, not successful with the

harder brush qualities Vitex and Tampico to generate a distinctive radius or trumpet profile on
the sample bodies.

Figure 6: Rounding off results by use of plate brushes of different hardness grades with steady machine parameters

In addition, the edge geometry presents itself rather as a chamfer without distinctive rounding
off. This refers probably to the fact that the bristle materials Vitex and Tampico are (originally
developed for the edge treatment of hard metals) too hard for the treatment of HSS.
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The application of soft horsehair brushes generates partly irregular and less reproducible edge
rounding off with a wide dispersion of the geometrical dimensions about the sample circumfer-
ence.
This is probably due to the fact that the untreated burr arrested in the cutting edge of the punch

is differently strong tied with the remaining punch substrate and soft bristle material within the
treatment duration cannot completely remove the different material volumes.

4 Summary and Preview

The wear behavior and therefore also the efficiency of coated stamping and fine blanking punches
from high speed steel will be positively influenced by a specific rounding off of the cutting edges
by brushing processes. The demanding process parameters of the introduced procedure compli-
cate it to the user to achieve optimum cutting edge geometry by this technology. The results
introduced here from basic investigations for brush-polishing of cutting punches, show the in-
fluence of different treatment parameters on the rounding off process in the area of the cutting
edge. The present attempts have made clear that reproducible edge rounding off can be realized
on cutting punches by the brush procedure. Nevertheless, the scales achieved in the preliminary
investigations and edges profiles are not suitable optimally for the application in stamping and
fine blanking punches.
To realize the optimum edge geometry ascertained by Klocke using a brushing process, op-

tional process parameters should be examined in continuing series of experiments.
In addition a dumping/ tipping of the samples appeared in some preliminary investigations

to the plate brush as a promising factor of influence on the rounding off results. In addition,
the influence of complicated sample geometry (edges, narrow radii) for the rounding off results
should be examined.
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1 Introduction

Environmentally friendly cutting technologies are rapidly gaining in importance in industrial
production. Nano-structured PVD coatings are characterised by a high performance potential
when drilling, turning and milling using a synthetic ester oil as the lubricoolant.
Native ester lubricants, free of additives and biologically degradable, possess the potential to

replace water-based cutting fluids and mineral oil in machining operations. When drilling into
the nickel-based alloy, Inconel 718, the use of an additive-free synthetic ester led to a significant
improvement in tool life. In contrast to the emulsion used in the comparative tests, the number
of holes produced was able to be doubled with the ester. The comparison between ester oils and
mineral oils when turning the austenitic steel material, X5CrNi18-10 (AISI 304), reveals that the
use of the ester oil in this machining operation leads to a considerable increase in performance.
New PVD-coating systems, such as nanolaminates, nanocomposites and crystalline γ-Al2O3,

are characterised by a high performance potential under the given operating conditions. As the
overall results show, synthetic esters in combination with adapted high-performance coating sys-
tems represent an efficient alternative to water-based lubricoolants and mineral oils, even in
difficult machining operations. Their use as a lubricoolant in cutting processes thus not only
contributes to environmental protection and to improving the working environment, but also to
enhancing productivity. In a further part, the wear behaviour of tools coated with TiAlN/γ-Al2O3
during dry-cut milling operations is presented. As the tests demonstrate oxidic PVD coatings can
contribute to a significant increase in cutting performance.

2 Tailored PVD Coatings

Machining of materials with a pronounced adhesive effect, such as austenitic steels or nickel-
based alloys, requires tools that are optimally adapted to the particular demands of the machin-
ing task with respect to substrate, hard-material coating and the geometry of the cutting edges.
Coating systems play a key role in this. Their proneness to adhesion should be minimal, and
they should demonstrate a high degree of hardness at elevated temperatures, a great resistance to
abrasive wear, a considerable level of resistance to high temperatures and oxidation, as well as
good adhesion to the substrate. With new or enhanced PVD coating technologies, it is possible
to generate innovative coating systems with highly sophisticated wear-relevant properties, such
as hardness, toughness and resistance to oxidation, compared to those achieved with conven-
tional hard-material coatings. Examples of such innovative coating systems are fine-crystalline
coatings with an aluminium content of > 60 % [1,2], nanolaminates, nanocomposites [3,4] or
crystalline γ-Al2O3 [5].
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Nanolaminates represent a further development in multi-layer technology. The denomination
nanolaminates refers to coating systems which consist of a multitude of extremely thin individual
layers, the thickness of which only amounts to a few nanometers each [3]. The nanocomposites
are among the most recent developments. These are nanocrystalline, isotropic multi-phase sys-
tems in which two phases that are not soluble in each other (e.g. Al, Ti, Si) are deposited on the
surface of the tool during the coating process. Examples include the embedding of nanocrys-
talline cubic TiN in an amorphous AlN matrix (TiN/a-AlN), or of nanocrystalline TiAlN or Al-
CrN in an amorphous Si3N4 matrix [4]. Nanocomposites may be deposited as mono-layer or
multi-layer coating systems. The layer boundaries and grain boundaries in nanolaminates and in
nanocomposite coatings represent energy-consuming resistance for cracks. Crack formation and
the crack propagation rate are thereby reduced. Nanolaminates and nanocomposite coatings are
thus not only characterised by an extremely high hardness at elevated temperatures and thermal
wear resistance, but also by good toughness properties.
The coating of tools with Al2O3 has thus up to now always been reserved for CVD technolo-

gies. Due to the outstanding wear protection and high performance potential of Al2O3 coatings,
intensive research has been undertaken over the past few years into producing such coatings with
the aid of the PVD process. By means of the pulsed magnetron sputtering process, it is nowa-
days possible to coat machining tools for turning, milling and drilling operations with crystalline
γ-Al2O3 layers at substrate temperatures of between 500 °C and 650 °C. The γ-Al2O3 coating
may be applied in such cases as a mono-layer or multi-layer coating in combination with nitride
intermediate coatings.

3 Native Esters – an Environmentally Friendly Lubricoolant

Oils generate far lower costs when it comes to maintenance and disposal compared to emul-
sions. Their service life is practically unlimited. There are drawbacks, however. These include
the higher costs associated with initial and subsequent filling processes, the proneness towards
vapour and mist formation, and the high degree of adhesion of the oil on the workpieces, which
necessitates washing of the components (Table 1). Oil vapour and oil mist may form a com-
bustible mixture in the presence of air and can thus lead to deflagration.
Oils suitable for machining should, therefore, have a low viscosity, low emissions and a high

flash point [6,7]. These prerequisites are met by native synthetic ester oils. Compared to mineral
oils they are characterised by a low volatility, a high flash point, as well as better lubricating
properties, skin tolerance and biodegradability [7]. In spite of the advantages which synthetic
esters hold, mineral oils are still currently used in the majority of cases (approx. 90 %) where
oils are employed as a lubricoolant in cutting processes. The reason for this has been the lower
procurement costs of mineral oils to date. This advantage of mineral oils is, however, losing in
significance due to the crude oil prices, which have seen a steep increase over the past few years.
Compared to emulsions, oils have a lower thermal capacity. They thus remove less heat from

the machining site, leading to greater thermal load on the machining tool. On the positive side,
oil has a superior lubricating effect that reduces friction and adhesion between tool, component
and chips. The different cooling and lubricating properties of oils and emulsions have an effect
on the wear mechanisms and on the progress of wear during the machining process.
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Table 1: Differences between oil and emulsion.

Oil Emulsion

Percentage of consumption 10 % 90 %
Skin tolerance good problematic
Workplace contamination high / low low
Water hazard class 1–2 3–4
Media costs high low
Maintenance costs low high
Duration of use unlimited 2–24 month
Disposal cost low high
Quantity of waste water – very high
Fire prevention cost high –
Time required for workpiece and toll cleaning high low

4 Test Results for Drilling Inconel 718 and Discussion

When drilling into the nickel-based alloy, Inconel 718, the question to what extent the replace-
ment of an emulsion by an additive-free ester would affect the performance of coated carbide
drilling tools was investigated. Due to their good cooling effect, emulsions are usually employed
as a lubricoolant when drilling into high-temperature resistant nickel-based alloys.

Figure 1: Effect of the lubricoolant and PVD coating system on tool wear when drilling Inconel 718.

The results shown in Figure 1, which are dependent on the coating system and lubricoolant
used, reveal that the coating system has a considerable influence on tool wear when drilling using
an emulsion. The tool life criterion was a wear land width of VB = 0.17 mm. The highest level
of wear was measured on the uncoated tools. Significantly lower wear was observed on tools
coated with the new coating systems nl-TiN/TiAlN and ml-TiAlN/γ-Al2O3.
When drilling using an emulsion, the cooling effect is dominant. Due to the low proportion of

oil, which amounts to only 6 %, the lubricating effect is less prominent. Under these conditions,
the coated tools wear at a significantly slower rate compared to the uncoated ones. This is due
to the great hardness of the hard-material coating layers and to their high level of resistance to
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abrasive wear. Although the synthetic ester has a poorer cooling effect compared to the emulsion,
it does demonstrate a far better lubricating effect. The enhanced lubricating effects of the ester
lead to better lubrication at the frictional contacts, and thus to a significant reduction in abrasive
and adhesive wear processes on the tool flank. Subsequently, this results in a lower level of wear
on all coated tools.

5 Effect of the Lubricoolants on Wear Formation when Turning Using

PVD-coated Cemented Carbides

Mineral oils still represent the most commonly used oil-based lubricoolants during cutting pro-
cesses. Before any switch from mineral oil to a synthetic ester may be made in a machining
operation, the performance potential of the synthetic ester must be compared with that of the
mineral oil for the tribological system of machining.
Appropriate tests were carried out during the turning (vc = 200 m/min, f = 0:2 mm, ap = 2 mm)

of the austenitic steel, X5CrNi18-10 (AISI 304), using a synthetic ester (ν = 9.8 mm2/s, flash
point: 220°C) and a mineral oil (ν = 9.4 mm2/s, flash point: 155°C) as lubricoolants. In order
to eliminate the influence of additives on tool wear, pure base oil was used in each case. The
tools were coated with TiAlN. The geometry of the indexable inserts (CNMG120408) and the
cemented-carbide substrate (WC-6Co) was the same in the case of all inserts.
As the results in Figure 2 show, the mean tool life amounted to 20 min when using the cutting

inserts with ester oil. This represents a 25% increase compared to that achieved when turning
using mineral oil. The wear criterion determining tool life in the case of both fluids was the
formation of crater wear. When using mineral oil, however, this crater wear developed at a
significantly faster rate.
Compared to mineral oil, esters demonstrate a better lubricating effect due to their polar struc-

ture, and, as results from using hardening oil show, they also enable heat to be removed more
efficiently and more evenly. Tests carried out when grinding high-speed steel using sintered
corundum grinding wheels revealed that ester oils lead to a lower thermal impact on surface
properties as compared to mineral oils [8]. Thus the higher level of crater wear evident when
turning the austenitic steel material using mineral oil may be attributed to the greater friction and
higher temperatures in the contact zone of the tool face compared to those arising with ester oils.
Both effects promote wear formation on the tool face. Higher cutting temperatures, in particu-
lar, lead to rapid propagation of the crater wear in the cemented-carbide substrate as soon as the
hard-material coating has been worn through.

Figure 2: Influence of the lubricoolant on tool wear when turning X5CrNi18-10 (AISI 304).



545

6 Wear Behaviour when Dry Face Milling the Quenched and Tempered

Steel SAE4140+QT

The high performance potential of oxidic PVD coating systems may be demonstrated effectively
when dry-milling the quenched and tempered steel, SAE 4140+QT (42CrMo4+QT). Even after a
milling path of 12 m, the inserts coated with the multi-layer coating system, ml-TiAlN/γ-Al2O3,
did not reveal any comb cracks under a light microscope within the contact zone on the tool face,
see Figure 3a. Only when carrying out analyses using a scanning electron microscope, very fine
comb cracks could be discerned also in the cemented carbide coated with TiAlN/γ-Al2O3, see
Figure 3c. By contrast, the reference inserts using the nitridic coating systems revealed initial
comb-like cracks in the coating when examined under a light microscope after a milling path
of only 4 m. These comb cracks then promoted either partial or even complete wear of the
coating on the tool face and tool flank of these inserts. In the case of the milling inserts coated
with crystalline γ-Al2O3, the contact zones remained completely coated until the end of the test
(Figure 3c); on the tool flank, a considerably smaller wear zone formed, see Figure 3b.

Figure 3: Effect of the coating system on the formation of comb-like cracks in the insert and on tool-flank wear.

Comb cracks are generated duringmilling operations due to the thermal alternating stress in the
hard-material coating and the cemented-carbide substrate occurring as a result of the interrupted
cut. The observation that no comb cracks formed in the cutting part of the inserts coated with
TiAlN/γ-Al2O3 may be attributed not only to altered friction conditions in the contact zones but
above all to the lower thermal conductivity of the oxidic coating system. As shown in Figure 3,
this leads to more heat being led away via the chip, so that the substrate is subject to less thermal
stress. As the graphics in Figure 3a, b and the scanning electron microscope images in Figure 8c
effectively show, the performance potential of the inserts coated with TiAlN/γ-Al2O3 is by far
not exhausted even after a milling path of 12 m.
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Abstract

A substitution of toxic surface active additives in lubricants is the motivation of the collaborative
research centre SFB 442 “Environmentally friendly tribosystems”. The aim is realized by a com-
bination of a lubricating biodegradable synthetic ester and a wear resistant and friction reducing
PVD-coating (PVD: Physical Vapor Deposition) which replaces the additivated lubricants. The
challenge of PVD-coating design and development is the unique variety of applications which is
covered by the research centre. First, the complex analysis of tribological and material scientific
aspects considered with process technological options for each application led to a successful tri-
bological system. The success of the “development on functional specifications” of the research
centre has even aroused interest in industry.
At the Surface Engineering Institute (IOT, RWTH Aachen university) low-temperature com-

ponent coatings like the carbon based graded Me-DLC (metal containing diamond like carbon)
coating zirconium carbide (ZrCg) and the hard coating chromium aluminum nitride (CrAlN) were
developed within this project. Enhancements in process technology are considered hereby as
well as novel material scientific insights. A lot of new knowledge was gained in the recent past.
Mainly, the integration of process analytics led to further improvements and allowed a process
transfer from a research unit upon an industrial facility. The advantage of this process transfer is
a higher reproducibility of the coating process. The request of coating of all bearing components
creates new challenges e.g. the coating of polymer substrates like bearing cages. Therefore, a
plasma pretreatment process ensuring good coating adhesion was developed and evaluated. All
developments in coating process and design are tested at the partner institutes of the research cen-
ter to verify the successful approach. Furthermore, the co-action of synthetic ester and coating
was investigated by pin-on-disc tests to check the achievement of the aim of the research center.
The results showed that the realization is successful.

1 Introduction

With the aim to create an alternative for additivated lubricated tribological systems wear resistant
and friction reducing PVD-coatings for components were developed considering the transfer of
surface active functions of additives onto PVD-coatings. The development and characterization
of these low temperature PVD-coatings were done within the sub-projects A2 and A5 within the
collaborative research center SFB 442 “Environmentally friendly tribosystems” at the Surface
Engineering Institute (IOT, RWTH Aachen). The coating development is mainly influenced by
three aspects. First of all, the tribological complex of loads acting on the coated component should
be considered. A second aspect is the component material and its properties and production
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history. Last but not least the co-action with the biodegradable synthetic ester is a factor which
has influence on hydrolysis stability, oxidation and catalyses.
Two types of coatings are investigated in the following: the gradedMe-DLC (metal containing

diamond like carbon) coating zirconium carbide (ZrCg) and the hard coating chromium aluminum
nitride (CrAlN). Both coatings are designed for components and are deposited in pulsed low
temperature magnetron sputtering processes (<160 °C). Their suitability were shown in different
applications in machine tools and for Me-DLC ZrCg as well as for deep-drawing tools [1–7].
The Me-DLC coating ZrCg is characterized by high wear resistance combined with good fric-

tion properties, a result of the graded coating design. Starting with a pure zirconium interlayer the
gradation is achieved by a continuous increase of the partial pressure of the reactive gas acety-
lene during the magnetron sputtering process. The gradation results in a distribution of hardness
along the coating thickness. The top layer consisting of a carbon-rich phase shows solid lubricant
properties [4, 7].
A focus in the present research period was set on the analytical description of the deposition

process of Me-DLC ZrCg by plasma analytical methods and the correlation to coating charac-
teristics. The results are used for an upscaling of the coating process. That means a transfer of
the coating process from a research unit to an industrial facility. Another working point was to
develop a pretreatment process for PEEK (poly ether ether ketone), a technically used thermo-
plastic. The aim was to evolve a coating process which ensures a good adhesion.
CrAlN is a hard coating of a metastable phase which provides a high wear resistance due to

its high hardness and a good oxidation resistance because of its chemical stability. The coating
is deposited in a reactive pulsed magnetron sputtering process. A good adhesion is achieved by
a metallic interlayer while the tribological properties are gained in the nitride zone. Besides the
nitrogen content the coating characteristics are dependent on the ratio Cr:Al [3, 5].
The aim was to improve the friction properties of CrAlN by adding a top-layer of hexagonal

aluminum nitride. The hexagonal structure of the top-layer should lead to shearing planes com-
parable to graphite and improve the friction behavior. Another focus was set on the co-action of
coating and biodegradable lubrication. For this, the alternative concept of coating and synthetic
ester was tested in a pin-on-disk test against an unadditivated lubricant and coating respectively.

2 Experimental Details

For the plasma analytical investigation of ZrCg the gradation was examined in discrete steps.
After the deposition of the metallic interlayer a constant reactive gas flow was used for the de-
position on hardened (HRC 63), polished (Ra: 0.03 m) 100Cr6 (1.3505, SAE 52100) samples.
Langmuir wire probe measurements (cylindrical tungsten tip, 40 m in diameter, length 4 mm)
were carried out to characterize the different phases of the deposition process. Floating potential,
electron density and mean electron energy were determined. Next to plasma and process parame-
ters (e.g. reactive gas flow) the mechanical, structural and chemical coating characteristics were
ascertained by nanoindentation, x-ray diffraction, SEM (scanning electron microscopy), TEM
(transmission electron microscopy) and glow discharge optical emission spectroscopy.
The development of a pretreament and coating process for PEEK bearing cages was carried out

at the laboratrory unit PVT 550. Ultrafine grinded round blanks of PEEK (Ra: 0.76 m) were
precleaned in a multi-stage ultrasonic bath with alkaline solutions of different concentrations,



549

rinsed with deionised water and alcohol and dried. Afterwards, the samples were batched in the
vacuum chamber which was subsequently evacuated. For the plasma pretreament, the influence
of the etching gas (Ar, O2, N2) was investigated inter alia. After plasma pretreament the samples
were immediately investigated by contact angle measurement to determine their surface energy
and calculate the wetting behavior. Furthermore, PEEK samples were coated with ZrCg after the
pretreatment process. The coating adhesion was evaluated by tape and lattice cut test as well as
by scratch test and Rockwell test.
The development of a friction reducing hexagonal AlN top-layer for CrAlN was carried out at

the sputtering facility CC800 (CemeConAG,Würselen). The deposition took place consequently
after the CrAlN deposition as a pulsed reactive magnetron sputtering process. In magnetron
sputtering process two aluminum targets (99.95%)were used. The aim of the development was to
deposit a hexagonal aluminum nitride layer with good adhesion. The coatings were characterized
with regard to coating thickness, adhesion, morphology, structure and dry friction against 100Cr6.
For the investigation on the co-action of coating and lubricant hardened, polished and coated

(ZrCg, CrAlN) round blanks of 100Cr6 were tested in a pin-on-disk tribometer combined with
a 100Cr6 ball of 6 mm in diameter and a lubricant (mineral oil based lubricant FVA2 (Deutsche
BP, Landau), synthetic ester HISM109 (hydroxy isobutoxy stearic acid methyl ester) (Institute
for Technical and Macromolecular Chemistry ITMC, RWTH Aachen). The testing parameters
were chosen as followed: bath lubrication (12 ml) at a normal load of 15 N in an air-conditioned
room (23 °C ± 2 °C, 40 % ± 5 % relative humidity). The test length was 1000 m at a track
diameter of 5 mm. So, 63695 overruns per point were reached. The testing speed was varied from
1.5 cm/s, 2 cm/s, 3 cm/s, 5 cm/s up to 10 cm/s. Friction coefficients were noted automatically.
Wear volumes and wear rates were calculated for sample and counterpart by the results of laser
profilometry or light microscopy.

3 Results and Discussion

Within the plasma analytical investigation of the reactive deposition of discrete C-content con-
taining ZrC coatings a dependence of the process and plasma parameters on target poisoning was
ascertained. Target poisoning describes the effect of the formation of an isolating layer on the
target surface, here a carbide layer. With increasing reactive gas share the cathode voltage at a
constant target power increased due to the increasing target poisoning until the formation and
sputtering of the isolating layer is balanced. By the reason that the target power is kept constant
the cathode current dropped with the formation of the isolating layer. There is a dependence of
the electron density and deposition rate on the cathode current. If the current drops the other
will, too [8]. This effect was clearly seen. Further, it could be ascertained that the mean electron
energy increased at the same time, caused by the increasing electric field related to the increas-
ing cathode voltage. The opposed behavior of floating potential and mean electron energy was
correlated to the electron repelling current which is earlier reached at higher electron energies.
The characterization of coating showed no direct correlation to plasma parameters. The influ-
ence of the changing zirconium/carbon content and their phase formation was dominant in the
investigation which is confirmed by GDOESmeasurements. Valued at the results of GDOES and
nanoindentation measurements the stoichiometric ZrC phase was determined between a reactive
gas share of 2–3 % (Figure 1). So, there is a very small zone of pure ZrC phase in the graded
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coating which does not explain the good wear characteristics. The explanation is the formation
of a broader nanocrystalline region between 3-6 % reactive gas share which could be detected by
TEM and HRTEM investigations.

Figure 1:Mechanical properties of ZrC coatings and their dependence on the reactiv gas share

The different adhesion mechanisms between coating and metal or coating and polymer re-
quired that a new pretreament method had to be developed for the deposition of ZrCg on the
polymer PEEK as only metal substrates where coated within the research center yet. Plasma
pretreaments of polymers had been proved as very effective to increase the adhesion between
substrate and coating [9]. It was shown that polymers require different plasma pretreatments de-
pending on their chemical com-pounds. In this case, the variations of the composition of etching
gas showed that an etching process with a mixture of argon and oxygen (ratio 10:1) led to the
best adhesion of the ZrCg coating on PEEK substrates. The etching power variations showed that
a power increase improved the coating adhesion with regard to the etching duration. Too long
etching times at high etching powers destroyed the surface. Finally, with the developed pretreat-
ment process the ZrCg was successfully deposited on PEEK. Tape and lattice cut tests showed
adhesion class of 0 and a critical load of 10N in scratch tests after Olivier-Matthews which is
quite high for a polymer/coating compound.
The aim of the development of the AlN top-layer was to deposit the hexagonal phase AlN on

the cubic CrAlN phase. The connection between the different lattice structures was the challenge.
By the change of lattice structure high intrinsic stress can originate which can lead to adhesion
loss. But a good adhesion is a basic requirement for tribological applications. First the deposition
of the hexagonal AlN was realized in a low temperature process. Via variations of target power
and reactive gas flow hexagonal AlN was deposited (Figure 2 left). This was affirmed by x-ray
diffractionmeasurements. Afterwards, the top-layer connection to the CrAlN layer was improved
by variations of the interlayer structure. A direct connection from CrAlN to AlN could not be
realized with sufficient adhesion. First a metallic interlayer of CrAl improved the adhesion. In
Rockwell testing an adhesion class of 1 could be determined and a critical load of 70 N in scratch
tests. The comparison of friction behavior of CrAlN and CrAlN with AlN toplayer showed that
the top-layer improve friction behavior in dry running conditions (Figure 2 right).
The tribological investigation of the co-action of coating and lubricant showed that a broader

distribution of friction coefficients is observed for lower rotation speed. CrAlN/FVA2 showed
an improved friction behavior at increasing speed. CrAlN/ HISM109 showed opposed friction
behavior. The results for ZrCg showed that the level of friction coefficient for FVA2 reached a
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Figure 2: left) SEM micrograph of magnetron sputtered CrAlN-AlN; right) comparison of friction progression of
CrAlN and CrAlN with AlN top-layer

static value up to a velocity of 5 cm/s. At a velocity of 10 cm/s a drop in friction coefficient was
seen. ZrCg/HISM109 showed a slight tendency to be dependent on the rotation velocity. A better
friction behavior was achieved with increasing speed. The wear rates of samples indicated in all
cases that the wear of both coatings is independent of the sliding velocity (Table 1). In contrast,
the wear rates of the metallic counterparts showed trends depending on sliding velocity, coat-
ing and lubricant. These results can be interpreted that in dependence of the lubricant different
areas of friction were reached. CrAlN/100Cr6 with FVA2 shows a friction behavior correlat-
ing to the mixed friction area, CrAlN/100Cr6 and HISM109 can be allocated in the transition
area between mixed and fluid lubrication. The behavior of ZrCg/100Cr6 can be related to the
beginning of mixed friction area for both fluids where non-hydrodynamic characteristics prevail
[10]. The different characteristics of lubricants and their wettability can lead to different levels
of counterpart wear rates as well as coating roughness.

Table 1:Wear rates of samples and counterparts

wear ratesample wear ratecounterpart wear ratesample wear ratecounterpart
·10–7 [mm /Nm] ·10–7 [mm /Nm] ·10–7 [mm /Nm] ·10–7 [mm /Nm]

CrAlN ZrCg

FVA2 v1.5 3.26 16.70 v1.5 1.16 7.08
v2 3.68 13.80 v2 1.33 6.97
v3 3.92 12.80 v3 0.67 6.71
v5 3.08 5.63 v5 0.85 7.46
v10 4.11 3.53 v10 1.05 6.70

HISM 109 v1.5 5.04 4.44 v1.5 1.04 1.34
v2 2.20 3.14 v2 1.68 0.86
v3 3.66 5.29 v3 1.18 0.75
v5 3.15 10.60 v5 0.75 0.61
v10 3.17 7.92 v10 1.29 0.34

4 Conclusions and Outlook

Within the plasma diagnostical investigation a clear dependence on process parameters and
plasma parameters were detected. A direct correlation between coating characteristics and plasma
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parameters could not be seen yet. Further investigation is planned. It could be determined that
the good wear resistance of ZrCg is not only explained by the formation of the hard stoichiomet-
ric ZrC phase. Structural investigation showed that the structural change from a columnar to an
amorphous structure contains a broad zone where a nanocrystalline coating is deposited. This
has influence on the wear behavior. In future this aspect will be regarded.
A plasma pretreatment method was developed for the deposition of ZrCg on PEEK substrates.

The characterization of deposited coating showed good adhesion values (adhesion class of 0 in
tape and lattice cut test, critical load in scratch test: 10 N). Current coated PEEK bearing cages
are tested at partner institutes. The results of the investigations will be used for an iterative
optimization process.
The change in lattice structure from the cubic CrAlN phase to the hexagonal AlN phase was

the great challenge. First, a nm thick pure metallic CrAl layer between both phases led to a good
adhesion, so that a critical load of 70 N in the scratch test was reached. In the tribological test
a reduction of friction was observed. So, the concept of friction reducing top-layer was realized
successfully. Future work will focus on inserting oxygen in the top-layer which should result in
a further drop of friction coefficient.
The tribological investigation of CrAlN or ZrCg coated samples with 100Cr6 balls showed that

a lubrication with the developed synthetic ester HISM109 results in lower wear rates for samples
and counterparts than the commercially available unadditivated mineral oil FVA2. This can be
correlated to the different properties and wetting behavior of lubricants which results in different
states of friction in use for the examined rotation velocities. Further investigations shall compare
the developed alternative environmentally friendly lubricated tribosystem with a conventional
tribosystem with additived lubricants.
Finally, it is to sum up that a lot of novel scientific insights have been gained. These results

led and lead to further improvements of the coating designs. All gained knowledge is and will
be documented in the expert system of the research center.
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1 Introduction

Reduction of friction and wear is a very important objective of the design process of modern
tribological systems making PVD coatings become more and more popular. Especially carbon
based coatings are characterised by very low friction coefficients corresponding with high wear
resistances.
Whereas friction and wear properties of these coatings can be assessed directly in test rig inves-

tigations, the calculation of admissible stresses requires numerical simulations of representative
tests. One of these tests is the so called “Scratch Test” in which a diamond cone moves laterally
on a coated surface while the normal load increases continuously. The measured quantity in this
experiment is the normal force at which the first damage of the coating occurs.
Numerical simulations with the Finite Elements Method of this test procedure make it possible

not only to understand the microscopic damage processes but also to calculate the failure stresses
corresponding with the failure load, which is necessary to identify the admissible loadings of
coated components. These simulations have to consider nonlinear effects like plasticity, strain
hardening and contact.
This document shows both the experimental tests and the corresponding simulations for an

example coating, which is chrome aluminium nitride (CrAlN) with a thickness of 6.5 m.

2 The Scratch Test

As shown in Figure 1 in the scratch test procedure, a Rockwell C cone scratches on a coated
specimen, while the contact load increases continuously. This load leads to plastic deformation
of both the substrate material and the coating, which has to be assessed. This kind of load causes
complicated stress conditions in the coating, which can be characterized as bending stress in front
of the indenter, frictional shear stress in the contact zone and remaining tension stress behind the
indenter.
Depending on the typical failure mode of the assessed coating, damages may occur both due

to the bending loading and in consequence of the high plastic strain in the transition of shear and
tension zone. In most cases, the increasing normal force first causes small cracks, which may be
detected analysing the acoustic emission or bymicroscopic investigation of the specimen. Higher
loads will cause laminar flaking of the coating, which results in a significant rising of the lateral
force [1].
The result of the scratch test procedure is the normal load, which corresponds to the first

observed damages. For the CrAlN coating the scratch load arose to 80 N.
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Figure 1: Functional principle of the scratch test

Figure 2: REM photography of a longitudinal grinding (by courtesy of IOT d. RWTH Aachen)

Figure 2 and Figure 3 show both a longitudinal and a transversal grinding of the damaged
scratch trace of a CrAlN coating. It becomes apparent, that on one hand the cracks start at the
edge of the trace, which is obviously the most stressed zone and one the other hand, that the
columnar structure of the coating keeps its orientation and is just little textured. The latter issue
indicates, that only very small plastic strains occur, which means that this material fails rather
brittle.
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Figure 3: REM photography of a transversal grinding (by courtesy of IOT d. RWTH Aachen

3 Modeling

3.1 General

Figure 4 shows the Finite Elements Model of a coated specimen, which is investigated in the
scratch test. The model contains a rigid body (blue) which represents the diamond cone with a
tip radius of 0.2 mm and a tip angle of 120°, as it is specified for the Rockwell C indenter, and
a continuous, deformable part with the properties of the steel substrate (green) and the coating
(red).
In a first calculation step the contact load between both parts is applied whereas the friction

coefficient is assumed to 0.1. This load already causes plastic strain in the substrate material. In
a second calculation step the rigid body moves laterally by 100 m. This value is sufficient to
reach steady state conditions if the contact load stays constant.

3.2 Material Properties

In the first calculation, the material CrAlN is not assumed to be plastic, whereas its Young’s mod-
ulus amounts to 305GPa. In general, the plasticity properties of PVD coatingsmay be determined
by nano indention investigations, since this coating is quite new, however, these investigations
could not be done yet. To discuss possible effects of plasticity, the stress is limited by a yield
point of 15 GPa in a second calculation.
The tested specimen is a coated disc of a axial roller bearing which consists of hardened

100Cr6. For this material the plastic behaviour of the near surface zone could be analyzed by
simulating several ball on disc indentions with different loadings as Figure 5 shows.
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Figure 4: Finite Elements Model of the scratchtest

Figure 5: Analyzing the plastic properties of 100Cr6

4 Results

Figure 6 and Figure 7 show the stress distribution in the coating resulting when the assumption of
total elastic behaviour is made. The maximum vonMises stress amounts to 47 GPa, which seems
to be very high, so that a further investigation of the plastic property of this CrAlN coating is
necessary. In Figure 7 it becomes apparent, that the maximum stress both for the bending and the
tension zone is in themiddle of the scratch trace which is in contradiction to the damages in Figure
3.This issue indicates a significant influence of plasticity. As Figure 8 shows, the maximum strain
occurs in a shear zone at the edge of the scratch trace which corresponds perfectly to the observed
damage.
Discussing these two calculations leads to the conclusion, that the calculated material strength

is obviously an overestimation. Nevertheless, this way of modelling is helpful to understand the
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damage mechanisms of the scratch test, which is absolutely necessary to compare test results of
different specimen. Further, if the plastic behaviour of the coating will be investigated, this finite
elements model will also be suitable to quantify the real material strength.

Figure 6: von Mises stress [GPa]

Figure 7: von Mises stress [GPa] underside the CrAlN coating

The authors gratefully acknowledge the support of the Deutsche Forschungsgesellschaft within
the Collaborative Research Center SFB 442 “Environmentally Friendly Tribosystems”.
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Figure 8: max. principal of the real strain for a assumed yield stress of 15 GPa
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1 Introduction

The main spindle systems of modern machine tools have to operate in higher performance ranges
because of the required lower processing times. The requirements of spindle systems rise con-
tinuously with the increase of processing and cutting velocities. Furthermore the process cycle
forces the bearing to work in mixed-film friction condition. The responding kinematic constraint
results in higher loads of the tribological system. These operational demands have a strong in-
fluence on the resulting tribological system.
The Collaborative Research Centre (SFB 442) funded by the Deutsche Forschungsgemein-

schaft (DFG) intends to develop “Environmentally compatible Tribological Systems”. Accord-
ing to previous investigations different coatings and lubricants for high speed applications were
tested. Thereby it turned out that low temperature coatings (Diamond Like Carbon-DLC) in
combination with ceramic balls (Si3N4) are appropriate [1].
In this contribution test results of coated and uncoated spindle bearings in combination with

additivated (synthetic ester) and unadditivated (environmentally compatible) lubricants are pre-
sented.
To improve the tribological system the coatings can be deposited onto the raceway of the

bearings or onto the cages.
By means of test bench analysis the spindle bearings are checked under constant axial load

for the application in a main spindle. In a first test run the bearings are exposed to higher load
conditions and insufficient lubrication. In a second run the bearings are driven alternately by
mixed-film friction from downtime to high speed range in order to determine the tribological
characteristics in comparison of coated and uncoated bearing rings.
In a second step coated cages at standard and minimum lubrication and additionally at dry

running condition were analysed in comparison to uncoated cages.
The decisive criteria for the qualification of the tribological systems are the resulting wear and

temperature behaviour of the spindle bearing.

2 Spindle Ball Bearings and Coatings

For high speed application in main spindle systems a high reliability is required. In case of
bearing failures the downtimes for demounting, repair, waiting time for spares and production
downtimes due to a multiplication of the resulting loss. More than 80 % of the occurring failures
causes of roller bearings are related to the lubrication condition. Even more than 50 % are caused
by insufficient or inadequate lubrication [2].
One of the most frequent failures are broken cages, which can be caused by many different

effects. Some of the steps who lead to that failure are the contact between cage and guide flange,
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increasing friction, tarnishing of the cage, wear of cage material (guide flange and cage pocket),
increasing temperature and effect reinforcement etc.
In order to understand the kinetic and kinematic conditions in the spindle ball bearing some

important facts have to be mentioned.

2.1 Spindle Ball Bearings

Spindle ball bearings are precision angular contact ball bearings with a defined contact angle. In
the composed bearing the radial clearance (e) is given. To initiate a defined axial overload (a)
the preload class is manufactured. Afterwards the inner and outer rings have to be grinded onto
the same width (Figure 1).

Figure 1: Basics of a spindle ball bearing

The tribological system in the ball bearing can be separated in two parts due to friction and
wear. The first one is the rolling contact between the rolling element and the inner and outer rings
[A]. The second tribological system exists between cage and (outer) ring and also between cage
and rolling elements beeing defined as a slipping contact. An approach to reduce the occurring
friction and wear is to protect the bearing by coating. Focus is on the reduction of the friction
coefficient, the decrease of warming, wear protection, improvement of the characteristics at dry-
running condition etc.
The basic demand for the coating process is the prevention of structural transformation of the

substrate which can cause reduction of hard- and roundness. The typical substrate material is
100 Cr6 and should not be heated above 160 °C [3]. Form- and orientation tolerances have to be
maintained and the coating may not have an influence onto the kinetic and kinematic attributes.
A homogeneous coating-thickness on the raceway and on top of the cage has to be ensured. The
coating itself has to possess a high roll-over protection at Hertzian stress more than 2000 MPa.
The form and orientation tolerances of the cage are lower than the coating thickness which is
negligible.

2.2 Coatings

The analysed coatings are amorphous hydrocarbon coatings. Both tribological systems of the
bearing [A] and [B] are focused. For the analysis of the spindle ball bearings a metal-modified
(a-C:H:W) and non-modified (DLC PECVD) coating have been selected. For the coating of
the cage a metal-modified zirconium carbide (ZrCg) and a non-modified coating (DLC PECVD)
were chosen. The schedule for the experimental analysis is shown in Figure 2. Before the test
run analysis the basic demands on the coatings have to be specified.
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Figure 2: Schedule of experimental analysis of the spindle ball bearing (left) and the cage (right)

2.3 Qualification of the Coating

The results are shown in Figure 3 representing that the hardness of the inner and outer ring were
not reduced by the coating process within the range of 59.0 HRC. Additionally the surface rough-
ness in axial and radial direction and the roundness do not show a strong loss of precision through
the coating process. The roundness failure of all analysed bearings is close to the maximum tol-
erance limit.

Figure 3: Analysis of the spindle ball bearings

The different components are analysed in two different test benches. In the rotational tribome-
ter the inner contact of the rolling element and the tribo disc leads to a higher hertzian stress.
In the spindle ball bearing test bench realistic mounting arrangements and higher axial loads are
realized [4]. The experimental analysis is separated in two setups. First the coated rings of the
ball bearings are tested in two different rows on the spindle ball bearing test bench. Afterwards
coated cages are analysed on the rotational tribometer and the spindle ball bearing test bench.



563

3 Experimental Analysis of the Spindle Ball Bearing

In Figure 2 the schedule of the test runs was already presented. The characteristics of temperature
and friction torque of uncoated and a-C:H:W-coated bearings were compared with the application
of additivated and unadditivated lubricant by oil-air-lubrication. The DLC PECVD coated were
compared with uncoated bearings by use of additivated grease.

3.1 Ball Bearings with a-C:H:W-coating (Row 1)

The bearings were tested in three different stages. In stage 1 the bearings were driven for 3 h until
the maximum speed of 24000 min–1. The rotation speed was increased in steps of 2000 min–1 up
to 10000 min–1 and then in 1000 min–1 increments.
In the second stage the bearings were driven alternately by mixed film friction from downtime

to five different speeds (5000, 10000, 15000, 20000, 24000 min–1) in order to determine the
tribological characteristics. In a third stage run the lubrication was reduced onto a minimum
of grease (0,001 g) to determine the characteristics of the coating, because spindle breakdowns
are often caused by insufficient lubrication. The preload for the three test stages were in the
upper-medium range of 1000 N.

Figure 4: Results of the stage run (1) and the alternating run (2)

Results:

The yielding temperature and motor torque of stage 1 showed a uniform trend. Up to the maxi-
mum speed of 24000 min-1 the a-C:H:W-coating leads to a lower friction torque and temperature.
In contrary the use of an unaddativated coating yields to higher friction torque and temperature.
An uncoated bearing in combination with an additivated lubricant leads to a lower temperature
than an a-C:H:W-coated bearing in combination with an unadditivated lubricant (Figure 4).
In the alternating run of stage 2 the similar have been achieved. With the additivated lubricant

the friction torque and temperature of the uncoated and a-C:H:W-coated bearing are in the same
range. In contrary to stage 1 the a-C:H:W-coated bearing in combination with an unadditivated
lubricant runs on a lower level of temperature and motor friction. The analysed wear of the stages
1 and 2 is beyond the measurable quantity of the measuring system.
At minimum lubrication mmin=0.001 g (compared to standard: mstand=5.0 g) in stage 3 the

whole speed range of the a-C:H:W-coated spindle ball bearing showed a lower temperature. The
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breakdown (maximum temperature of 70 °C) of the uncoated bearing occurred after 12.4 h at
19000 min–1 and of the a-C:H:W-coated bearing after 18.3 h at 22000 min–1. This shows a
strong postponement of the breakdown that could be reached by the applied coating.

3.2 Ball Bearings with DLC PECVD Coating (Row 2)

The DLC PECVD-coated bearing was compared with uncoated bearings with different amounts
of grease lubricant: standard lubrication of 5.0 g, minimum lubrication of 0.001 g and dry-running
condition without any grease. The stage run had a stage duration of tstage=2 h and an initial speed
of nstart = 7000 min–1 with an increasing speed of 2000 min–1 per step up to 20000 min–1.
Results:

The DLC PECVD-coated bearings had a lower motor torque and temperature over the whole
speed range until the temperature limit Tlimit = 65 °C was reached. The difference at standard
lubrication was about 4 °C at 17000 min–1 and a higher speed of 2000 min–1 could be realised.
At minimum lubrication a strong postponement until Tlimit could be realised and at dry-running
condition the time until Tlimit could be extended strongly (Figure 5).

Figure 5: Comparison of the characteristics of DLC PECVD coated and uncoated bearings

4 Experimental Analysis of the Bearing Cage

In order to analyze the contact performance between the cage and the outer ring and the rolling
elements the cage was coated by ZrCg and DLC PECVD.

4.1 Cage Coated with ZrCg Coating (Row 3)

The ZrCg coated cages were analysed on the tribometer test bench. By reason of comparable
test condition the same components (out of the cages) were used. To get a first impression of the
characteristics the cages were driven in a stage run (stage 1) from 0..15000 min–1 for a duration
of tst=1 h and speed increments of 1000 min–1.
At standard lubrication of 100 mm3/h the friction torque and temperature curves showed a

slight difference. All curves had the same characteristics. In the mixed-film friction condition
the friction torque rises uniformly to the speed and the temperature of the bearing. The next range
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is a reduction of the friction torque at steady temperature. Afterwards a range of sporadic non
reproducible friction torque-peaks up to 8000 min–1 were measured (cage rattling) with a coeval
increasing temperature. From 8000 up to 15000 min–1 the friction torque rises continuously with
each stage (compare: Stribeck-curve).
Stage 2 was executed with a longer stage duration of tst=8 h in the range of the cage rattling up

to 8000 min–1. In that case the sporadic peaks only occurred with uncoated cages. Cages coated
with ZrCg did not have occurring peaks of the friction torque and had a slightly lower temperature
(Figure 6).
In the third stage the cages were oil-off tested at a constant speed of n=15000 min–1 in the

spindle test bench. After a duration of 15 h the oil-air-lubrication was turned-off and the test
went until the temperature-limit of tlimit=60°C. In the range of the constant lubrication the friction
torque and the temperature had a steady-state condition. After the lubrication and air turn-off the
temperature rose to a second steady-state level for a short time because of the missing cooling
effect of the compressed air. When the lubrication is starting to be insufficient the friction torque
and the temperature increased slowly until a peak overrun the temperature limit. The ZrCg-
coating could not extend the time until the breakdown. After the test friction marks could be
found on the cages visually and a strong delamination of the cage side contacted to the guiding
flange of the outer ring.

4.2 Cage Coated With DLC PECVD Coating (Row 4)

The DLC PECVD-coated cages were run in the spindle bearing test bench. The friction torque
and temperature curve at standard lubrication in the test stage run just showed a slight difference.
At dry-running condition and a speed of 7000 min–1 the uncoated cage showed an immediate
increase of the friction torque until a peak causing a breakdown after 4.5 minutes. The DLC
PECVD coating showed a nearly linear increasing friction torque and temperature until a peak
causing the breakdown after 36 minutes (Figure 6).

Figure 6: Results of the stage run (Row 3) and the oil-off test (Row 4)
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5 Conclusion

The postponement of the breakdown was elongated by factor 8. At a visual control of the peak
no indication of a beginning delamination could be found.
In this contribution different coated spindle ball bearings were tested at different loads and

lubrication by the criterions of friction torque, temperature and wear.

• At standard lubrication a slight influence onto friction torque and temperature could be mea-
sured by a-C:H:W and DLC PECVD-coated inner and outer rings.

• At minimum lubrication a strong postponement of the breakdown have been achieved with
both coatings.

• At dry-running condition a strong postponement of the breakdown by DLC PECVD coating
have been shown.

• At standard lubrication no higher friction torque and temperature curves by application of the
coated cages were measured (ZrCg and DLC PECVD)

• At minimum lubrication and dry-running condition the DLC PECVD showed a strong post-
ponement of the breakdown and no indication for a delamination of the coating.

• The influence of the unadditivated compared to the additivated lubricants in contrary to coat-
ings is lower.

• A problem of the analysed coating systems for the application in bearing components is the
low repeat accuracy of the coating quality.
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1 Introduction

Today, rolling bearings are one of the most often used machine elements. Often AW- and EP-
additives are helpful to improve their performance and to reduce wear when rolling bearings are
driven under mixed friction conditions. Unfortunately, additives have some disadvantages. It
was shown by several authors [1, 2] that they may lead to a reduction in rolling contact fatigue
performance when they affect the surface of the rolling bearing. Another disadvantage is that they
must be activated by high pressures and temperatures and may be inactive in a temperature-range
as shown by [3].
Examinations of the IHU (Institute for environmental medicine) of the University Aachen

show that most additives have an ecotoxic effect [4]. This is why the Collaborative Research
Center SFB 442 wants to replace additives and use coatings for wear protection instead. Within
this project the Institute forMachine Elements andMachine Design investigates, if PVD-coatings
are able to protect the surface of rolling bearings. Therefore examinations are done with the help
of a FE8-test-rig according to DIN 51819 [5]. The mass loss under boundary friction condi-
tions is proven for several kinds of coatings. Because the bearing type (81212 axial cylindrical
roller thrust bearing) used for these examinations has got regions of high slippage much wear is
expected for improper lubricants. When using a PVD-coating the mass loss of the rollers was
reduced from 1000 mg after 80 h testing time down to 4 mg after 400 h testing time [6]. Besides
wear rolling contact fatigue lifetime of PVD-coated rolling bearings is of special interest when
they shall be used in applications like gearboxes. Therefore the rolling contact fatigue properties
of PVD-coatings are discussed in this paper.

2 Rolling Contact Fatigue Testing

For examinations concerning rolling contact fatigue lifetime of PVD-coatings the radial roller
bearing fatigue test rig (RLP) of the Institute for Machine Elements and Machine design is used.
Cylindrical Roller bearings NU206were chosen for the examinations because this type of bearing
is often applied. The complete bearing is tested because interactions between the components of
the roller bearing together with the lubricant may take place. Figure 1 shows the test-rig used
for the examinations and the chosen test conditions. The load is generated by disc-springs and
transmitted into the supporting bearing, into the shaft and from there into the test-bearing. All
bearing components are loaded periodically with every revolution of the shaft. The oscillation
signal is controlled by a vibration-sensor.
When a pitting damage occurs, the vibration level increases and the sensor stops the test. The

bearing lifetime is entered in the Weibull-diagram (figure 2). Because two bearings are tested
at once, an interruption of the test is caused by the failure of one bearing while the other one is
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Figure 1: Radial roller bearing fatigue test rig (Radial-Lagerermüdungs-Prüfstand, RLP) and test conditions

still intact. Therefore it is necessary to use the sudden-death method for statistical evaluation.
By its help it is possible to account the lifetime of the bearing with no failure. When it is applied
the diagram for the tests with two bearings tested simultaneously is in accordance with the one
for separately conducted bearing-tests. As can be taken from figure 1 the roller bearings run
under mixed friction conditions. Because many roughness peaks will therefore be in contact, it
is assumed that there will be an influence of the coating on fatigue lifetime.

2.1 Examined PVD-coatings

The examined coating systems originate from industry and the Surface Engineering Institute
(IOT), RWTH Aachen University. A short description of the coatings can be taken from table
1, where several properties are listed. As shown in table 1, strong distinctions exist between
the PVD-coatings examined. While the 2054.CrAlN-coating is carbon-free, the other coatings
contain carbon (640.a-C:H) and metal in case of 1009.ZrCg and 250.WC/C. Each coating has a
different coating structure. Hardness as well as Young’s modulus are different, too.

Table 1: Properties of different examined PVD-coatings

2054.CrAlN 1009.ZrCg 250.WC/C 640.a-C:H

coating structure columnar graded multilayer columnar + monolayer
coating thickness [ m] 3.6 2 approx. 3 3
hardness [GPa] 13.1 11.3 25 17 bzw. 25
Young’s modulus [GPa] 305 155,5 120 275
adhesive strength HF 1 1 1 1
critical scratch load [N] > 90 30 70 60N
deposition temperature 160°C <200°C 180–200°C approx. 210°C
source IOT IOT industry industry
further informations [7] [8], [9] [10]

IOT: Surface Engineering Institute, RWTH Aachen University
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2.2 Test Results

The following figure 2 shows the Weibull-plot for the examinations conducted down to the
present day. Rolling bearings which were partially coated with 1009.ZrCg, 250.WC/C or
2054.CrAlN have a rolling contact fatigue lifetime that is nearly the same as for totally uncoated
rolling bearings. Some coatings lead to a dramatically reduced bearing lifetime (640.a-C:H).

Figure 2:Weibull-diagram and tested roller bearings NU 206 (uncoated, partially coated, uncoated)

But taking a closer look at the tested bearing shows that the coated components most often
stayed intact while in most instances the uncoated components failed (except for 640.a-C:H).
This means that coatings are able to improve the lifetime of components under fatigue critical
conditions. When the whole bearing was coated a life-enhancement of the whole bearing was
observed under the chosen test-conditions. The lifetime for a probability of failure of 50 percent
was 3 times higher compared to totally uncoated roller bearings. Further details concerning the
fatigue lifetime of partially coated roller bearings can be taken from [11].

2.3 Interpretation of the Test Results

Based on the presented results the conclusion could be drawn that PVD-coatings may have a
positive influence on rolling contact fatigue of roller bearings. The question comes up how this
is possible. In the following potential factors are described concerning rolling contact fatigue of
coated components. It should be mentioned that this list is not exhaustive.
It is well known that uncoated roller bearings can fail because of fatigue cracks initiated in

the subsurface region and because of cracks initiated nearby the surface. Several authors have
shown that surface initiated fatigue has become more important [12].
According to Ioannides [13] fatigue lifetime of uncoated rolling bearings is dominated by the

time for crack initiation. Crack initiation in turn is strongly dependent on the appearing and the
bearable stresses. Within the coating process, the material properties of the substrate in deeper
regions shall not be affected. Therefore the bearable stresses of the substrate are supposed to
be uninfluenced by the coating process. FEM-calculations made by the Institute for Machine
Elements and Machine Design have shown that the appearing stresses in the subsurface region
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will not be influenced by a PVD-coating (see figure 3). To show this a smooth contact between
a roller and an inner ring of a cylindrical roller bearing NU206 was calculated without tangential
forces andwithout significance of surface roughness. The result of this examination is that neither
the magnitude of the maximum von-Mises stress nor its position is influenced by the coating.
Therefore it is most probable that subsurface-initiated fatigue will not be affected by a PVD-
coating.

Figure 3: FEM-calculations for the contact between a roller and the inner ring of a cylindrical roller bearingNU206,
no tangential forces and no roughness peaks included in the calculation

The conducted bearing tests have shown that PVD-coatings may have a strong influence on
rolling contact fatigue performance (see figure 2). If subsurface fatigue is not affected, it is
obvious that surface initiated fatigue must be dominant. In the following figure 4 several factors
are listed which may be influenced by PVD-coatings.

Figure 4: Factors concerning surface initiated fatigue influenced by PVD-coatings (left side); coating fatigue dam-
age at the surface of ZrCg-coated washers nearby roughness peaks after wear-critical test (right side)

a.) The appearing stress in the loaded near-surface region of every loaded body is most obviously
influenced by the force transmitted between the contacting bodies and the Young’s modulus.
Young’s modulus of the coating has got an influence on the strains in the substrate and the coating.
A skipping concerning the stresses may occur in the interface region when Young’s modulus of
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the substrate and the coating are very different. Problems concerning the bonding of the coating
may then occur [14].
b.) The roughness of the contacting surfaces is of special interest because it will lead to high
pressure spikes as shown e.g. by [15]. While the stress in the subsurface region is more or less
unaffected by surface roughness peaks, they have a strong influence on near-surface stresses.
When testing coated rolling bearings in the FE8-test almost no wear was observed but surface
near fatigue because of stress concentrations at roughness peaks occured (see figure 4) in case
of ZrCg. When testing completely 250.WC/C-coated roller bearings under fatigue critical con-
ditions, some coating removal took place early in the test. A smoothening of the bearing surface
appeared. In the opinion of several authors PVD-coating will prolong rolling contact fatigue
lifetime by a smoothening of the counterpart [16].
c) Taking a look at the calculation method for bearing lifetime DIN ISO 281 [17], it becomes
clear that debris has a strong influence. Because particle contamination can not be excluded
and may be generated e.g. by gearings nearby the roller bearing, it is clear that the influence
of debris concerning the lifetime of PVD-coated roller bearings must be examined in the future.
Particles may have an abrasive-wear effect and an influence on rolling contact fatigue due to
surface denting. Another aspect is that coatings shall not flake off when the surface is dented.
d.) Wear may play an important role concerning the pressure distribution in a rolling bearing
[18]. Because PVD-coatings are able to reduce material loss in a considerable way, wear-induced
fatigue damages will be prevented.
e) Coating a surface may lead to additional surface defects. For example droplets may occur on
a coated rolling bearing. Most probable they will have a negative influence on rolling contact
fatigue.
f) For uncoated rolling bearings it was shown by several authors that compressive residual stresses
may have a positive influence on fatigue [19]. PVD-coatings imply compressive residual stresses
while tensile stresses are generated within the near-surface substrate. If cracks are initiated within
the coating, the compressive residual stresses may have a positive effect concerning rolling con-
tact fatigue lifetime (time for crack initiation and crack propagation).
g) As a matter of course the bearable stresses in the coating, in the interface region and in the
near-surface substrate will play an important role concerning rolling contact fatigue.
h) Besides crack initiation crack propagation may be significant concerning the lifetime of coated
rolling bearings. Several authors have shown that crack propagation is influenced by the coating
structure [20]. In case of 1009.ZrCg and 250.WC/C it was observed that some kind of coating
removal has taken place. Because under wear-critical conditions nearly nowear but fatigue cracks
occurred (see figure 4) together with PVD-coated rolling bearings, it is strongly believed that
fatigue is dominant in coated roller bearings under fatigue-critical conditions, too. When coating
removal took place, cracks must be initiated within the coating. Because coating material is
still on top of the substrate, cracks did not reach the substrate obviously. Therefore the coating
structure will have an impact on crack propagation and rolling contact fatigue lifetime.

3 Summary and Outlook

When PVD-coated rolling bearings shall be used in industrial applications their rolling contact fa-
tigue performance must be examined. Within the examinations made by the Institute for Machine
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Elements and Machine Design it was found out that some PVD-coatings may have a negative in-
fluence while others have shown a positive effect on rolling contact fatigue under the chosen test
conditions.
In this paper it was shown that it is very improbable that subsurface fatigue is affected by

PVD-coatings. Instead surface initiated fatigue will be influenced very strong. Several possible
explanations and influences were listed. Up to day it is not clear what is the major cause for the
life-enhancement that can be reached by PVD-coatings. In the future the Institute for Machine
Elements and Machine Design will conduct examinations concerning several aspects like testing
coated components under debris contaminated conditions.
The authors gratefully acknowledge the financial support of the Deutsche Forschungsgemein-

schaft (DFG) within the Collaborative Research Center (SFB) 442 “Environmentally Friendly
Tribosystems by suitable coatings and fluids with respect to the machine tool”.
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Efficiency of Axial Piston Pumps With Coated Tribological

Systems
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1 Introduction

The Collaborative Research Center 442 “Environmentally Friendly Tribological Systems” (CRC
442) aims at the development of biologically fast degradable and environmentally friendly fluids
in machine tools. Up to now, tribological systems are commonly realized with biologically ques-
tionable fluids based on mineral oils and additives. These additives cause a bad toxicological
behaviour of those fluids. By using synthetical esters without additives, it is possible to improve
the ecological toxicity, but with the disadvantage of loosing the good tribological features of the
fluid. This necessitates the use of coated materials when using environmentally friendly fluids
to improve the surface features compared to regular material combinations.
This paper describes results from different testing categories within the subproject B4 of the

CRC 442. The subproject focuses on the tribological systems of an axial piston machine. Basic
examinations to determine suitable coatings and fluids have been carried out by using tribometer
tests. Based on these results, examinations of a single tribosystem piston-bushing were done.
Finally, these results will be confirmed in a unit test. It will be shown, that newly designed tri-
bosystems with coated components and bio-fluids facilitate lower values of wear and friction, so
that these tribosystems are suitable to increase the efficiency of hydraulic pumps and to substitute
common mineral oil based systems.

2 Use of Coated Test Specimen and its Effects on Friction and Wear

Examinations to determine wear and friction in hydraulic displacement units have been done,
which convert mechanical energy in hydrostatic energy. Therefore an axial piston pump with a
variable swivel angle had been selected. This unit consists of different tribosystems which are
part of the rotary group, as shown in figure 1. Driven by the prime mover, the drive shaft rotates
and causes a rotation of the cylinder. The pistons within the cylinder are taken along and are
held against the sliding surface of the swashplate by the slipper pads. The pistons carry out a
certain stroke, depending on the swivel angle and the position of the swashplate. A valve plate
connects the turning bores of the cylinder to the high and low pressure port. Thereby, pressures
up to 400 bar and volume flows up to 120 l/min are available with this particular unit. The flow
is proportional to the input speed and the swashplate angle [1].
The tribosystems in figure 1 sustain different values and types of loads. Examinations showed

a complex collective stress of the tribosystem piston / bushing, a detailed examination of the
contact is required. A description of the losses of axial piston motors due to friction and leakage
is shown in [2]. These examinations showed high losses of the piston / bushing contact, the
highest of the rotary group. When using coated components it is important to understand the



576

load in the contact area to ensure that the allowable load of the coating is not exceeded. As a
result of further investigations, it could be shown that the high contact load on the piston causes a
failure of the coating. To reduce these high loads, which are caused by a line or point contact, it is
helpful to enlarge the contact area by using contoured pistons. This is realised by optimising the
cylindrical part of the piston by manufacturing a radius with a certain length in the contact points
(1 and 2), as shown in figure 2. A contouring of the piston results in a lower friction coefficient as
shown in [3]. This is valid, if the swashplate machine is running as a pump and as a motor. Other
approaches like varying the gap between piston and bushing are difficult to manufacture and do
not show an increase in efficiency. Another approach to reduce the friction between piston and
bushing due to edge-scraping was the variation of the length of the piston, but this did not show
a clear influence on efficiency [3].
To determine suitable geometries for piston and bushing, simulations can be used. Based

on this test specimens are manufactured. The different levels of testing include basic tribometer
tests, tests of the tribosystem piston / bushing and unit tests. All tests use environmentally friendly
fluids and coatings as presented in [3, 5, 6].

Figure 1: Sectional view of the tested axial piston pump with its tribological systems [4]

Figure 2: Forces and geometry of the tribosystem piston / bushing

2.1 Coatings

There has been a development of a variety of coatings for different applications. Coatings have
been successfully tested in gears, guidings and bearings as well as for cold forming processes.
Relevant coatings for hydraulic applications as tested in subproject B4 are the graded zirconium
carbide ZrCg and chromium aluminium nitride CrAlN. The ZrCg-coating is a carbon-based coat-
ing (acc. to VDI 2840: a-C:H:Zr) and belongs to the group of Me-DLC coatings. Its advantages
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are a low friction coefficient and its graded design with low values of hardness on the surface and
a maximum hardness close to the middle of the coating. ZrCg is commonly used as a coating for
pistons and slipper pads. The CrAlN is a hard coating with a columnar structure and features an
excellent adhesive strength, wear resistance capacity as well as resistance to alternating impacts,
corrosion and wettability. CrAlN coatings are applied on valve plates [7].

2.2 Fluids

The basic idea of the CRC 442 is the development and examination of environmentally friendly
fluids. This lead to the use of rapeseed as a reactant for the synthesis of suitable fluids. After get-
ting the glycerine trioleate (GTO) from rapeseed and synthesizing oleic acid methyl ester (OME),
a two-step synthesis takes place to get high (HIGTS) and low viscosity oil (HISM). By mixing
both oils in varying ratios, it is possible to get the required viscosity for different applications.
The two-step synthesis consists of an epoxidation and an alcoholysis either of GTO to HIGTS or
OME to HISM. The high viscosity oil HIGTS or hydroxy isobutoxy glycerine tristearate is used
in gears, guidings and for cold forming processes. The low-viscosity oil HISM or hydroxy isob-
utoxy stearid acid methyl ester is suitable for applications as bearings, chipping and hydraulics
[7, 8, 9].

2.3 Tribometer tests

Model tests according to DIN 50322 allow a fast and cheap testing of specimens, which are
simple to manufacture and coat. These tests can be used for parameter studies as well as for a
preselection of suitable coatings and fluids.
To examine the general suitability of coatings and fluids basic tests have been carried out with

a Siebel-Kehl tribometer, as shown in figure 3. The test rig consists of three main groups, the
load module on top of the test rig, the test module and the drive module. The test module in the
middle section consists of the two test specimens stator and rotor, as shown in the right part of
figure 3.
The test specimens are discs under facial contact and are loaded by a normal force from the

load module. The rotor is turned by a drive module. The contact is lubricated by oil, which
is constantly cooled and filtered by a fluid circuit. Figure 4 shows a comparison of tribometer
results. The results show a good running-in behaviour of the ZrCg-coating while there are low
friction coefficients in the galling test at higher contact forces. The good running-in behaviour is
caused by the graded coating profile [5].
The comparison was done by using a Stribeck-test which means that the friction was measured

while the speed was being reduced. It can be shown that another carbon-based and graded coating
HfCg showed the best running-in behaviour by having the lowest coefficient of friction at low
speed, while ZrCg shows the best compromise for all speeds. Furthermore, ZrCg showed the
lowest wear concerning the specimen surface on stator and rotor [7].

2.4 Tribological System Piston / Bushing

Based on the tribometer tests using model test specimens tests were carried out with a slow speed
test rig to determine friction andwear. The test rig reproduces the tribosystem of a piston / bushing
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Figure 3: Siebel-Kehl tribometer and tested pairing

Figure 4: Comparison of different coatings and parameters in testing, Stribeck-Test (left) and galling test (right)

contact of a swashplate machine, as shown in figure 5. It is based on the test rig established by
Renius [10].

Figure 5: View of the slow speed test rig for the tribosystem piston-bushing

While the swashplate of the test rig is turning, it causes a movement of the piston relatively to
the bushing. The speed of the swashplate ranges from 1 to 7 rpm to achieve high friction coeffi-
cients. Friction forces can be measured by piezoelectric sensors which connect the tested bushing
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with the housing of the test rig. To separate the friction from the pressure force, a compensation
piston between bushing and pressure port is used.
The reference pairing consists of a steel piston in a brass bushing. Examinations showed

high values of friction which caused high wear of the brass bushing while the piston showed
no significant wear [6, 11]. Figure 6 left shows a comparison of the reference pairing (KS3) and
the influence of pre-treatment and contouring of the piston. A pre-treatment of the surface causes
lower friction coefficients. Experiments with finished (F1), profile-grinded (IP3) and hard turned
(H4) pistons have been done. All tests were carried out by using a reference oil 2.H.LP.ES.Ref.32
with a kinematic viscosity ν = 32mm2s.

Figure 6: Relative friction depending on pre-treatment of pistons (left) and of a contoured and coated piston in an
uncontoured bushing (right)

Contoured and pre-treated pistons show lower values of friction than the reference pairing, the
relative friction is comparable to pre-treated pistons. These tests have been carried out by using
CuZn40Al2 as bushing material. By using coated pistons the friction coefficient can easily be
reduced due to better tribological properties of the coating. Using coated and contoured pistons in
an uncontoured bushing (figure 6, right) reduces the relative friction as well as wear. Depending
on the pressure in the contact, the friction reaches values comparable to pre-treated pistons [6].
The aim of minimizing the load on the coating by changing the geometry of both piston and

bushing causes friction values which are a little higher than estimated. The used piston was
tested twice in an uncontoured and later a contoured bushing, as seen in figure 7. The reason
for the minimally increased friction may be the use of the piston in two tests and the increased
temperature in the contact of 47 °C instead of 40 °C. Further research is necessary to determine
the reason and explain the effects. The piston shows wear in the contact area to the bushing,
especially in the area of the backward contact when high pressure is conducted, figure 7 (top).
This position causes high wear of the bushing as well. It has to be shown, whether the increase
of temperature caused this groove in the bushing.
For an improved geometry of the contact piston / bushing, it is important to avoid a small

distance b− a of the contact points, see figure 2. The momentum on the piston is constant. By
reducing the distance between the points of contact, the contact force may increase and counteract
the positive effect of the contouring.

2.5 Unit Tests with Coated Tribosystems

Further tests to determine the interactions between all tribological systems of the rotary group
can be realized by using a contamination test bench and an ageing test bench. The contamination
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Figure 7: Relative friction of a contoured and coated piston in a contoured bushing (left) and surfaces of piston
(above) and bushing (below) after the test

test rig can be used to determine the efficiency of a pump with clean or contaminated oil. The
development of particles within the circuit will be detected permanently. The ageing behaviour
of oil and its influence on the efficiency of a pump, running with coated components, can be
examined with an ageing test bench. Tests with both benches are part of current examinations.

3 Conclusions

Examinations within the subproject B4 of the Collaborative Research Center 442 showed promis-
ing advantages by using coated components with environmentally friendly fluids. Tribometer
tests showed the suitability of coatings for hydraulic applications. Different environmentally
friendly fluids were tested as well. It could be shown that coatings are most suitable for opti-
mised pistons of axial piston machines. The optimisation regards the piston’s geometry and is
required to reduce the contact load. Experiments with this contouring show a reduction of the
relative friction in the contact, so that an increase of the efficiency can be expected. It should
be taken into account that this increase concerns only the tribological system piston / bushing,
because interactions between the tribosystems of the rotary group and the used fluid may have an
influence, which have not been investigated up to now. A variation of the contouring parameters
radius and length will show suitable geometries and pairings. The efficiency has to be shown in
unit tests, which are currently in progress.
All presented results are part of the current examinations of the subproject B4 of the Collabo-

rative Research Center 442 “Environmentally Friendly Fluids”. This subproject has been carried
out at the Institute for Fluid Power Drives and Controls of RWTH Aachen University, Germany
and is funded by the German Research Foundation (DFG). The authors would like to thank the
DFG for the financial contribution to these examinations.
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Influence of Friction on Ageing of Lubricants

J. Schumacher, O.-C. Göhler, H. Murrenhoff
IFAS, RWTH Aachen

1 Introduction

Within the framework of the collaborative research centre CRC 442 at the RWTHAachenUniver-
sity, environmentally friendly tribosystems are developed. The aim is to avoid noxious additives,
which usually contain heavy metals. Two esters with different viscosities have been synthesized
at the Institute for Technical and Macromolecular Chemistry (ITMC).
The ageing behavior of these lubricants is investigated in subproject A3. The results obtained

are used to optimize the synthesis process. Up to now, the ageing behavior of lubricants is being
examined with the hydrolysis test and the oxidation test [3]. With these tests the influence of
water or oxygen can be determined separately. To expose the fluids to a more complex stress
combination, a simple hydraulic circuit consisting of tank, pump, filter, cooler, some pipelines
and pressure control valves is used as an ageing test bench. This enables an accelerated ageing
under realistic conditions.
There is so far no way to examine the influence of a single tribosystem. Therefore the oxidation

test is being supplemented with a tribometer.

2 Oxidation Test

The rotating vessel oxidation test (RVOT) has been standardized in ASTM D 2112. We use a
modified test, called oxidation test. The copper spiral and water are not used, and the temperature
is lowered to 120 °C. This way, the exclusive influence of oxygen on the ageing behaviour can
be analysed. [1]
The typical test lifetime of the fluids developed in the CRC 442 is in the range of 10 to 30 min.

This is considerably lower than commercial mineral oils, which have additives such as oxidation
inhibitors.

3 Tribo Oxidation Test

In real applications the lubricant does not only contact metal materials but also has the task to sep-
arate component surfaces to assure a problem-free operation. To examine the ageing behaviour
in presence of one single tribological system, a disk-disk-tribometer has been added into the
pressure vessel. (figure 1)
The diameter of the discs is 43 mm. Different disc materials have been used. The stator was

always made from 42CrMo4, a steel alloy which is used in many applications. The rotor was
either made from 42CrMo4 or from brass alloy CuZn37Mn3Al2PbSi. Some steel rotors have
been coated with ZrCg applied in a PVD process. The carbon content of the coating is graded,
assisting a running-in effect [6].
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Figure 1: Assembly of the tribo oxidation test

The experiments can be performed with a gap or with variable surface pressure. Thereby the
difference between the catalytic influence and the influence of friction can be distinguished. The
surface pressure should be selectedwith care. In case of high temperature, the viscosity decreases,
and a surface pressure of e. g. 7.5 N/mm , which is common for a piston-sleeve contact in an
axial piston pump, stresses the tribological contact irregularly high. To obtain comparable results
we use the Gümbel-number G (1), [5].

G =
η · ω
σ

(1)

The load on the system depends on the ratio of viscosity to surface pressure and rotary fre-
quency. The average of the ratios of the viscosities at 50°C and 120°C is about 7.5, so the surface
pressure should be decreased by this ratio, as the load on the tribosystem at 120°C and 1 N/mm
is equivalent to the load at 50°C and 7.5 N/mm .
The experiments are executed with four oil-batches. Two feature low viscosity HISM and two

high viscosity HIGTS.

Table 1: Experiments

Rotor surface pressure lubricants
N/mm

42CrMo4 0 117+119.HISM 159.HISM 112.HIGTS 124.HIGTS
brass 0 and 1 117+119.HISM 159.HISM 112.HIGTS 124.HIGTS
ZrCg 0 and 1 117+119.HISM 112.HIGTS

4 Influence on Lifetime

The test lifetimes of the oils depend on the used materials and the surface pressures. Lifetimes of
the tribo oxidation test cannot be compared with absolute lifetime results of the oxidation test. As
a consequence of the higher mass, the test vessel heats up more slowly. Furthermore, the contact
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area between oil and oxygen is smaller due to the inserted tribo system. But the ratio between
the different batches of oil is identical to the oxidation test [1].
Each combination of discs is first tested with a gap between the discs. During this pass, there

is only catalytic influence of the material on the ageing behavior. After this stage, the discs are
cleaned and brightly polished. The second pass with the renewed discs shows the influence of
friction on the ageing behavior. The lifetimes are shown in figure 2.

Figure 2: Lifetimes of the tribo oxidation test

The lifetimes of the friction passes are lower than the ones of the gap passes. This is attributed
to different causes: higher temperature, higher shear rate, and a larger catalytic surface.
It can be assumed that there will be high flash temperatures in the friction area. These flash

temperatures do not have a significant influence on the average temperature, but the oxidation
reaction depends exponentially upon the local temperature. So oxidation is accelerated at these
small points [3]. The resulting chemically changed molecules can afterwards initiate further
ageing reactions and thus accelerate the deterioration of the fluid.
The tests are carried out in the domain of mixed friction. So there is a mechanical load on the

oil in the lubrication gap. Even though the molecule size is smaller than the gap, the pressure in
the gap is an additional load on the oil.
The friction area generates abrasion. These particles also accelerate the oxidation. The high

surface to volume ratio provides an important reaction partner to the oil. In case of permanent
wear, the blank metal surfaces in the gap stay in contact with the oil, and there are no oxidation
layers or passivated layers on the disc surfaces.
As can be seen in figure 2, different materials have characteristic influences on the lifetime

of different batches. HISM has the highest lifetime in presence of a steel and a brass disc. With
ZrC, the lowest lifetimes are achieved.
The high viscosity HIGTS has higher lifetimes. Due to the higher viscosity, the oxygen can

dissolve only slowly in the oil. The effects of friction and different disc materials are similar to
those with HISM.
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5 Change of Fluid Properties during the Tribo Oxidation Test

Chemical reactions occur between oil and oxygen during the tribo oxidation test. Fluid properties
change as a consequence of these reactions. In the following, the changes of kinematic viscosity
and acid number are discussed.

5.1 Kinematic Viscosity

The viscosity depends basically on the active groups and the structure of the molecules. The
longer the molecular chain and the more branched the chain, the higher is the viscosity [4, 5].

Figure 3: Change of the kinematic viscosities

The viscosity changes during the course of the tribo oxidation tests (figure 3). But different
oils show different behaviours. The viscosity of HISM increases, while the viscosity of HIGTS
drops.
There is no correlation between the change of viscosity and friction. There is evidence though

that the change of viscosity mainly depends on the mass of oxygen that reacts with the oil. The
variation of the viscosity changes can be explained by the different residence times of the oil in
the pressure vessel after the test. When the test is finished, the pressure vessel has to be removed
out of the heating bath. Then it has to be opened and the oil sample has to be decanted into a
closed beaker. During the time needed for this procedure, the oil is still hot and can react with
the oxygen in the pressure vessel or the ambient air.

5.2 Acid Number

The acid number of biological esters is an indicator for the balance of the hydrolysis reaction (2).
The equilibrium can be shifted by adding one of the four components.

ester+ water⇀↽ acid+ alcohol (2)

The contained water reacts with the oil at high temperatures, increasing the acid number. There
is no relation between disc materials and the change of the acid number. The change of the acid
number depends mainly on the fluids initial properties.
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Figure 4: Change of acid number

5.3 Discolouration of Brass Disc

Coppery areas appeared on the brass discs. These discolorations are mainly on the backside of
the disc, which is pressed against a steel adapter. It seems that the oil dissolves the zinc fraction.
EDX analyses show that there is less zinc in the coppery areas than in the untouched areas. In
figure 5 the coppery area is marked.

Figure 5: Coppery discoloured disc and metal content of the oil

In the oil-sample a high zinc-content could be found. Figure 5 shows the metal content of
copper, zinc and iron of two samples. This confirms the hypothesis that the oil solves some
fractions of the metal alloy.

6 Conclusions and Outlook

The tribo oxidation test enables the analysis of the influence of one single tribosystem. Thereby
the gap between laboratory and test benches can be closed. The influence of friction is clearly
visible. Discolourations on a brass disc and a high metal content in the oil after use suggest the
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usage of coated components. Additionally preliminary tests have shown that the metal content
downgrades the biodegradability.
More tests with different coatings will be carried out. Furthermore the chemical reactions of

the ageing process with and without friction will be determined.
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Improvement of the Efficiency of Parallel-Axis-Transmissions by

Means of PVD-Coatings

C. Brecher, A. Bagh, C. Gorgels
RWTH Aachen University, Aachen

1 Introduction

The superior goal of the SFB 442 project is to use a machine tool as an example to modify
different tribological systems in order to make them run by using a single biologically de-
gradable fluid or at least biologically degradable fluids from one family of fluids. In order to
achieve this goal coatings that take over the wear protecting functions of the toxic additives
that are added to the current standard lubrications are applied on the components of the tri-
bological systems. Beside this the increasing efficiency of power transmissions can be men-
tioned as another reason for the application of PVD-coatings on gears. In order to consider all
positive effects of the application of PVD-coatings in power transmissions, coated parallel-
axis gears have been studied in terms of their efficiency at WZL.

This study meets the fact that within the last few years there is an increasing demand in op-
timizing power transmissions in terms of efficiency in addition to conventional design criteria
like load carrying capacity and noise emission. Especially in the automotive area, the eco-
nomical use of energy is important for customers.

Energy losses are mainly generated within the engine. However, also in the power train of
all kinds of vehicles, energy is wasted. One possibility to reduce these losses is to deposit
PVD-coatings on the relevant machine elements of the power train. This is shown by studies
described within this paper.

2 Test Rig and Test Gearings

The total power loss of a gear transmission PL is composed of different parts:

LXLSLBLGL PPPPP +++= (1)

PLG stands for the power loss of the gears, PLB for the power loss of the bearings, PLS for the
power loss of the seals and PLX for the power loss of other components. The power loss of the
gears effects a great part of the total power loss and depends on the gear geometry and the
quality of the flank surface [1]. The efficiency factor of a power transmission is defined as the
absolute value of the ratio of drive and output power:

inout PP=� (2)



There are two different methods to measure the efficiency factor of a power transmission.
According to the first method the power loss and either the drive or the output power is meas-
ured. This method is used with a commuting suspension of the transmission, with a back-to-
back test-rig or with a calorimetrical test. Using the second method the power differential of
the transmissions drive and output is measured for example by torque and speed measurement
shafts. In contrast to the measuring of the power loss the measurements precision of the sec-
ond method only depends on the precision of the used measuring equipment and not on the
current efficiency factor. [2]

In order to investigate the influence of a PVD-coating on the efficiency factor of one pair of
gears the power differential of the gears was measured at WZL. In this test series two differ-
ent gear geometries were tested.

2.1 The Test Rig 

Figure 1 shows the test rig for the investigation of the efficiency factor.

Figure 1: Test rig for the investigation of the efficiency factor

The test rig includes two identical electrical motors performing a maximum torque of
Mmax = 400 Nm up to a rotation speed of n = 3000 rpm. Since one of the engines is running in
the generator mode, both of them are set up as an electrical back-to-back test rig for the test
gears. Between the engines and the measuring unit two identical shift gear blocks are ar-
ranged to afford higher rotation speeds if necessary. Inside the measuring unit the intermating
pair of gears is supported by projecting bearings. In order to measure the torque and the rota-
tion speed, measurement shafts are used. The torsion caused by the torque is measured by
resistance strain gauges, transferred into an electrical signal and transmitted optoelectrically to
the evaluating processor unit. At the same time the rotation speed is measured by a magnetic
speed measurement unit. The nominal torque of the measurement shafts is 2500 Nm, the
nominal rotation speed 1200 rpm. In order to measure only the efficiency factor of the test
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gears, the measurement shafts are assembled directly at the intermating pair of gears. In that
way friction losses of the bearings and seals have no influence on the results. This means that
the summands PLB, PLS and PLX in equation (1) can be disregarded.

The power loss of the gears are given of load-dependent loss PLGD and load-independent
loss PLG0:

LG0LGDLG PPP += (3)

Using splash lubrication, the load-independent loss is caused by splashing, for injection lubri-
cation the displacement of the oil in the contact zone of the teeth is the determining factor.
Since the lubrication parameters are not changed within a test series the load-independent loss
PVZ0 is neither supposed to change. The load-depending loss is defined by the following equa-
tion:

VmZinLGD H�PP ⋅⋅= (4)

In this equation Pin stands for the drive power, µmZ stands for the medium friction factor and
HV for the geometry factor.

The test gears are lubricated by lubrication injection with a constant oil temperature of
40 °C. During one defined test period measured data for both the torque and the rotation
speed are scanned. By means of this measured data it is possible to calculate the efficiency
factor using the following equation [3]:
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The current efficiency factor can be calculated for every single moment of the measuring time
period.

In order to afford the comparability of the measurements the test rig was brought to work-
ing temperature and the measurement shafts were calibrated before starting a test series. The
duration for warming-up of one single load case was defined to 10 minutes and the following
measuring time was 30 seconds in a quasi-stable load case. The determination of one defined
test result for each measurement period was conducted using the following equation:

( ) n1,2,...,it�
n

1�
i

i =⋅= � (6)

2.2 Test Gear Geometries

The two tested gear geometries are a slightly modified machine tool gearing as reference on
the one hand and a gearing that has been optimized in terms of the coating process within the
SFB 442 project on the other hand. Figure 2 shows the geometrical data of the test gearings as
well as the developing of the specific sliding � along the path of contact.

The comparison of the gear geometries reveals that the optimized gearing has a significant
smaller pressure angle than the reference. Additionally, this gearing has comparative short
teeth as shown in the gear geometry drawings in figure 2. Both characteristics effect a nearly
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constant allocation of the coating thickness and an economically optimized coating process.
Beside this, the high pressure angle and the low profile height cause a reduction of the spe-
cific sliding along the path of contact.

The investigated PVD-coating is a commercially used carbon-based coating (a-C:H:W). All
test series for both test gearings and each coating condition have been carried out with one
pair of gears to avoid adulteration of the measurement data resulting from mounting. Fur-
thermore the flank geometry of all tested gears was measured to exclude significant geometri-
cal variations on the one hand, and all gears were prepared by a defined run in process on the
other hand.

Figure 2: Test gear geometries and specific sliding along the path of contact

3 Test Results

In all test series the degree of efficiency of the intermating pair of gears was measured by in-
creasing the torque from 135 Nm to 175 Nm in steps of 5 Nm with a constant rotation speed
of 600 rpm. The results show the influence of the transmitted torque on the friction behaviour
of the tested gears. For all pairs of gears the efficiency factor � was explicitly higher than 0.99
for all investigated loads. The projecting bearing allows only low torque ranges in order to
avoid a radial distortion of the gears. The comparably low torque range leads to the high level
of efficiency factors in the test results.

Figure 3 shows the test results for both test gear geometries without coating. For all load
cases of the test series the efficiency factor of the coating-optimized gearing is approximately
0.003 higher than the efficiency factor of the reference gearing. The reason for this difference
is given by the different geometry factors HV of the test gears in equation (4). As shown in
figure 3, the optimized gearing has significant smaller amounts of specific sliding � along the
path of contact. This causes lower load-dependent loss for the intermating pair of gears. In
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both cases the range of dispersion shows a comparable negative gradient against the increas-
ing torque. This result can be explained by an increase of the normal force on the tooth flanks
that causes a growing friction factor µmZ [3]. Hence the test results correlate with the theoreti-
cal basics.

Figure 3: Variation of the torque (uncoated test gears)

Figure 4 shows both the range of dispersion of the a-C:H:W-coated and the uncoated gearing.

Figure 4: Variation of the torque (reference gearing)
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The developing of the efficiency factor of the coated gearing overruns the efficiency factor of
the reference gearing by �� = 0.003 in average. Considering the high level efficiency of the
tested gearings, the PVD coating effects a significant increase of the efficiency factor.
In figure 5 the test results for the variation of torque for the uncoated and the coated opti-
mized gearing are displayed. Both ranges of dispersion show the typical gradient developing.
The range of the coated gearing is located slightly higher in the diagram than the range of the
uncoated gearing. However, the difference between the two curves is negligibly small. This
result shows that the application of the coating is not able to improve the efficiency factor of
the optimized gearing as much as the reference gearing since the efficiency factor of the un-
coated optimized gearing is already on a high level for the investigated load cases.

Figure 5: Variation of the torque (optimized gearing)

4 Summary and Outlook

This paper describes investigations of PVD-coated parallel-axis gears in terms of their effi-
ciency performed at WZL of RWTH Aachen University.

Compared to conventional gears, PVD-coated gears showed a significantly reduced fric-
tional behaviour, leading to an increased efficiency of the power transfer. This increase of
efficiency was measured directly at the gear pair without measuring the loss of the bearings,
seals and oil splashing. For the test series, a test set-up has been developed to measure torque
and rotation speed directly at both sides of the pair of the intermating gears. With this method,
the absolute efficiency of the gear set has been measured.

By means of this test set-up, two different gear designs were studied with coated and un-
coated flank surfaces and the torque transfer efficiency was determined. In order to eliminate
the influence of manufacturing deviations, the coating was deposited on the same gear pair
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that was studied in the uncoated condition. The results for the reference gearing show clearly
that the power loss of the gear pair can be reduced by the application of a PVD-coating. The
comparison of the developing of the efficiency factors of the uncoated gearings also show that
the efficiency of parallel-axes transmissions can be increased by an optimization of the gear
design, as well.

Further research will determine the efficiency of complete power transmissions by varying
coating condition of the components both gears and bearings in order to validate the presented
results and to evaluate the interaction between coated and uncoated components.
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1 Introduction

Al-Sn alloys are well known for having excellent tribological and mechanical properties making
this kind of alloy system be suitable for engineering applications, particularly in combustion
engine pistons and cylinder liners [1–3]. The Sn particles spread over a continuous Al-rich matrix
function as solid lubricants. Al-Si alloys are also used in engineering components which are
supposed to be exposed to critical wear conditions, such as engine parts, pistons, cylinder blocks
and heads, water-cooled jackets, etc [4].
Dendrites are specific microstructures that arise in casting products. They are formed by

branches that are like trees and constitute the solidification microstructure named dendritic. The
constitutional undercooling is the phenomenon that is responsible for the dendritic structure for-
mation. Such phenomenon is caused either by solute or solvent segregation at the solidification
front, and induces instability at the solid/liquid interface, which is macroscopically planar in the
beginning of the solidification process.
The dendritic structure can be analyzed both quantitatively and qualitatively. The qualitative

analysis concerns both characterization of the microstructure morphology and chemical composi-
tion analysis of the dendritic array in order to determine the segregated material. The quantitative
analysis of the dendritic structures is characterized by measurements of the spacing between two
adjacent branches, which is the dendritic arm spacing (DAS). The measurable microstructural pa-
rameters are extremely important to the mechanical performance of the alloys. Previous studies
have confirmed that dendritic arm spacings have a strong influence on the mechanical behav-
ior of metallic alloys [5,6,7]. Furthermore, the dendritic structure also influences the corrosion
resistance of metallic alloys exposed to corrosive environments [8]. Both tensile strength and
corrosion resistance of metallic alloys are influenced by the size and the microscopic segregation
of dendritic structures. Rao et al. [9] stated that strain hardening tendency of Al-Si alloys de-
pends on the DAS and the size of the eutectic silicon, which ultimately govern the wear behavior
of these alloys.
Al-Sn alloys typically present abnormal high solute concentration at the outer regions of the

produced casting. In contrast, inner Sn-poor regions can be found within the same casting. This
is known as inverse macrosegregation, which is reinforced in the case of Al-Sn alloys due to the
large freezing range typical of such of alloys.
Therefore, this study is aimed to find evidences of the relationship between dendritic arm

spacings and the wear resistance of Al-Sn and Al-Si alloys, which are widely used in tribological
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applications. The wear resistance was evaluated by the calculation of the wear volume that was
obtained by micro-abrasive wear tests.

2 Experimental Procedure

Upward unidirectional solidification experiments were carried out in unsteady state heat flow
conditions in order to simulate solidification conditions typical of industrial foundry processes.
The experimental setup is shown in Figure 1A. This apparatus consists of a water-cooled mold
with heat being extracted from the bottom, promoting a vertical upward directional solidifica-
tion. Additional details can be found in a recent study [10]. Experiments were carried out with
Al-20wt%Sn andAl-3wt%Si alloys, being natural convectionminimized since in the physical ex-
perimental configuration of vertical directional solidification, with melt on top and solid below,
the melt is both thermally and solutally stable for both alloys.
The microstructure characterization was carried out along the casting length (at 4, 10, 16, 21,

27, 32, 38 and 44mm from the metal/mold interface, but, for Al-3wt%Si alloy, the positions 32
and 38 were excluded). From the bottom to the top of the ingot, the cooling rate decreases due
to the increase in the thermal resistance during solidification. The reduction on the solidification
kinetics causes the coarsening of the dendritic array making the dendritic arm spacings increase.
Therefore, removing samples from different regions along the longitudinal section of the ingot
is the best way of having different dendrite sizes. The operational sequence applied to obtain
the samples from the ingots is shown in Figure 2. Such samples were polished and etched with a
solution of 0.5% HF in water. Image processing systems Neophot32 (Carl Zeiss, Esslingen, Ger-
many) and Leica Quantimet 500 MC were used to measure the secondary dendritic arm spacings
(λ2) and to characterize the dendritic array. The λ2 values were measured on the longitudinal
section by averaging the distance between adjacent side branches.
Transversal samples were used in the micro-abrasive wear tests in order to analyze the effect of

the secondary dendritic spacings on the wear volume. A sketch of the micro-abrasive wear tester
used in this study is shown in Figure 1B. In the tests, a hard spherical ball was rotated against
the sample, producing a wear crater. The used ball was made of bearing steel (AISI 52100), with
diameter of 25.4 mm and hardness of 850 HV 0.050. The ball sliding speed was 0.33 m.s–1 (257
RPM) and the applied normal contact load was 0.6 N.
The tests were carried out under dry sliding conditions. For each sample, a set of three experi-

ments were performed, corresponding to three sliding distances: 307m (15min), 410m (20min),
820m (40min). Four measurements of the craters diameter were determined; the average and
standard deviation were calculated.
The aforementioned optical microscope was used to measure the diameter of the wear crater.

The wear volume V was calculated according to Eq. (1), where d is the crater diameter, and R
the ball radius [11,12].

V =
π · d4
64 ·R (1)
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(A) (B)

Figure 1: Schematic representations of the (A) casting assembly used in the directional solidification experiments:
1) rotameter; 2) heat-extracting bottom; 3) thermocouples; 4) computer and data acquisition software; 5) data
logger; 6) casting; 7) mold; 8) temperature controller; 9) electric heaters; 10) insulating ceramic shielding; and (B)
Micro abrasive wear tester.

Figure 2: Sequence used to obtain the samples submitted to the microstructural characterization and micro abrasive
wear test.
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3 Results and Discussion

Figure 3 shows the wear volume as a function of the secondary dendrite arm spacing (λ2) for
Al-20wt%Sn and Al-3wt%Si alloys. Points are experimental results and lines represent an em-
pirical fit of the experimental points, with the wear volume variation being expressed as a power
function of secondary dendrite arm spacing. It can be seen that the relationship between λ2 and
the wear volume for the Al-20wt%Sn alloy is different from that for the Al-3wt%Si alloy. For
the Al-20wt%Sn alloy, the wear volume decreases with increasing λ2, while the behavior was
the opposite for the Al-3wt%Si alloy.

(A) (B)

Figure 3: Wear volume as a function of secondary dendritic spacing for (A) Al-3wt%Si and (B) Al-20wt%Sn
alloys.

Al-Sn is an immiscible binary alloy system, with an Al-rich dendritic matrix involved by a
Sn-rich eutectic phase (Figure 04). Comparing the interdendritic regions of fine and coarse
structures, the coarser one presents larger Sn-rich areas (larger interdendritic regions), despite
its lower Sn concentration, which is a consequence of the inverse segregation phenomenon. The
lower wear volume observed for coarse structures of the Al-20wt%Sn alloy seems to be associ-
ated with these larger Sn-rich regions. It seems that the lubrication effect of the soft Sn-rich areas
is improved when such configuration is achieved. Concerning the Al-3wt%Si alloy, it can be
seen that finer dendritic structures provide lower wear volumes than coarser ones. Al-Si hypoeu-
tectic alloys are morphologically formed by a dendritic Al-rich α-phase and eutectic Si particles
(Figure 05). The Si particles are coarse and characterized by an acicular or lamellar morphology.
Finer dendritic structures provide a more homogeneous distribution of Si particles and this ho-
mogeneity seems to contribute for increasing the wear resistance. Kori and Chandrashekharaiah
[4] observed that improved wear resistance in Al-Si hypoeutectic alloys can be achieved by the
addition of grain refiner and/or modifier, which permits not only a reduction of Si particles but
also a better distribution.
Power functions such as V=C.(λ2)n seem to be the best functional relationship to generate

the variation of the wear volume (V) with secondary dendritic spacing ( λ2 ) for both alloys. It
can be seen that -0.5 power law characterizes the experimental variation of V with λ2 for the
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Figure 4: Correlation between dendritic network and the diameter of the crater for Al-20wt%Sn alloy for a sliding
distance of 307.6 m: ( A1 ) and ( A2 ) Dendritic microstructure; (B1) and (B2) Craters in two positions (10 and
44mm) along the ingot length; ( C1 ) and ( C2 ) Crater areas for two different positions from the metal-mold
interface. V-wear volume; P-position from the metal/mold interface; d- crater diameter.

Figure 5: Correlation between dendritic network and the diameter of the crater for Al-3wt%Si alloy for a sliding
distance of 307.6 m: ( A1 ) and ( A2 ) Dendritic microstructure; (B1) and (B2) Craters in two positions (4 and
44mm) along the ingot length ; ( C1 ) and ( C2 ) Crater areas for two different positions from the metal-mold
interface. V-wear volume; P-position from the metal/mold interfae; d- crater diameter.

Al-20wt%Sn alloy, and the exponential factor “n” varies as a function of the sliding distance
for the Al-3wt%Si alloy. This variation probably happens because the wear volume of the Al-
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3wt%Si alloy tends to reach a constant regime as the sliding distance (SD) increases. Therefore,
the diameters of the craters formed over Al-3wt%Si alloy samples for each positon from the
metal-mold interface, for the SD = 820m, are not significantly different, indicating that the wear
volume is essentially constant along the casting length. For the Al-20wt%Sn alloy, the constant
regime seems not to be reached due to the lower values of hardness and mechanical resistance if
compared to the corresponding figures of the Al-3wt%Si alloy.
Typical dendritic longitudinal microstructures and wear craters are shown in Figures 04 and

05 for Al-20wt%Sn and Al-3wt%Si alloys, respectively. The dendritic network becomes coarser
with increasing distance from the metal/mold interface, and the diameter of the crater tends to
change when the secondary dendritic spacing is increased.

4 Conclusions

The following conclusions are derived from this study:

1. The dendritic array seems to affect the wear resistance of the two alloys studied. For the Al-
20wt%Sn alloy, the wear volume decreased with increasing secondary dendritic arm spacing
(λ2), while for the Al-3wt%Si alloy the wear resistance improved with decreasing λ2.

2. The larger Sn-rich areas of the coarser Al-20wt%Sn alloy structures seem to improve the anti-
friction properties of this alloy while the better-distributed Si needles near the bottom of the
Al-3wt%Si alloy casting, due to the finer dendritic structure, guarantee lower volume wear.
Probably, the larger Sn-rich areas make a more efficient solid-lubricant effect

3. Power functions such as V=C.( λ2 )n appear to be the best functional relationship to generate
the variation of wear volume (V) with secondary dendritic spacing (λ2) for both alloys, with
lower “n values” found when higher sliding distances were performed for the Al-3wt%Si
alloy.
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1 Introduction

During the Pulsed bipolar nanocrystalline plasma electrolytic carburizing (PBNPEC) treatment
the voltage reaches high values, above the dielectric breakdown voltage and the plasma envelop
being formed. The temperature and plasma-chemical reactions occurring inside the surface give
a fine crystalline hard layer which is called nanocrystalline carburized layer [1]. The inner part
of the carburized area formed beneath the compound layer is called diffusion zone. Thus, the
formed layers consist of various phases which varying according to the process conditions [2].
Despite the considerable effort that has been invested into understanding the wear and cor-

rosion properties of different steels, it seems that little attention has been given to the role of
PBNPEC in wear and corrosion procedure for commercially pure titanium (CP-Ti). In-depth un-
derstanding of the subject of wear and corrosion can not be achieved without a clear view of the
role of morphological properties of the nanocrystalline layers. It is therefore the aim of this pa-
per to further clarify the important role of nanocrystalline carburized layer formed by the means
of PBNPEC treatment and its role on the wear of CP-Ti, using the abrasive wear test method
following ASTM G105 guidelines. In present study, it is demonstrated that proper selection of
experimental parameters can potentially provide beneficial surfacemodifications to the substrates
by formation of compact nanocrystalline carburized layer.

2 Experimental

Disc samples made of CP-Ti with a diameter of 20 mm and thickness of 5 mm were grounded
to different stages of metallographic polishing to obtain a near-mirror surface finish and then
ultra-sonically cleaned in pure ethyl alcohol. PBNPEC treatment was performed in a cooling
vessel to maintain temperature of electrolyte constant at 40 ◦C. The treatment electrolyte was a
mixed organic solution of Gelycerol and chemically pure sodium carbonate (NaCO3). Sodium
carbonate was added to provide a desirable electrical conductivity of electrolyte. Following our
other works [3, 4], the workpieces were biased to pulsed current from a 20KW power supply.
Frequency and duty cycle of pulse current were maintained constant at 1000Hz, 30% (cathodic
direction) and 60% (anodic direction) respectively, during the coating process. Also peak voltage
on anodic direction was maintained constant at 200V and peak voltage on cathodic direction was
changed in experiments. So the phrase

”
applied voltage“ will be use after this for peak voltage
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in cathodic direction. An AISI 316 stainless steel cylinder of dimensions 15 cm dia × 22 cm
formed the anode of the electrochemical system of coating process. An average current density
of 0.5A cm−2 was used during PBNPEC treatment. The surface temperature was approximately
a linear function of the applied voltage in the PBNPEC treatment [5]. Therefore, the applied
voltage could be selected according to the desirable surface temperature. Different experimental
parameters applied in this work are summarized in samples codes. For example, sample with the
code of 600-20 treated by 600V of applied voltage at 20minutes.
Morphologies and their quantitative analysis of the coatings were observed by the means of

scanning electron microscopy (SEM). The studies were performed on a Philips XL-30 scanning
electron microscope. In order to evaluate the cross sectional hardness of the treated samples
Vickers micro hardness test was made with loads of 100 g having a maximum time of 15 seconds
at the maximum load [6]. Nine microhardness measurements were made on each sample. The
wear resistance of the samples was studied using the abrasive wear test. They were subjected to a
normal force of 50 N against the wheel rotating at a constant speed of 200 rpm. After 1000 m of
sliding distance, the weight loss of samples was determined by a digital balance with a resolution
of 10−4 N.
To measure length to diameter ratio (L/D ratio) for nanocrystalline carbides, 5 SEM nanos-

tructures with same magnification were analyzed trough commercial software for figure analysis
called a4iDocu for each treated sample. Different measurements were interpolated to obtain av-
erage results. At least 40 measurments were done in each nanostructure for minimizing systemat-
ical errors. The distribution of nanocrystals was plotted and they have shown a Gaussian-shape.
It is well known that for achieving better properties of nanocrystalline layers, it is better to have
this Gaussian-shape curve narrower, which shows distribution of sizes of nanocrystals around a
particular amount. So the ratio of height to width (in the middle of curve) (H/W ratio) of these
Gaussian-shape curves were measured and plotted for different treated samples. They have been
studied in order to maximize this ratio.

3 Results and Discussion

3.1 Layer Thickness and Microhardness

The hard layer thicknesses obtained on the specimen surfaces are shown in Fig. 1. The maximum
layer thickness value was achieved in carburizing treatment (700V, 30 minutes). The hardened
layer thicknesses were between 6µm and 38µm for compound layer and between 15µm and
98µm for total influenced layer.
The thickness of the carburized layer depends on the treatment temperature and time. Pre-

vious studies have shown that treatment temperature (as a result of applied voltage) was much
more effective on the layer thickness than the treating period. The layer thickness has increased
parabolically with time [3]. The surfaces of the specimens for microhardness measurements were
slightly polished and measurements made using a Vickers microhardness tester. The load was
kept constant in all tests in order to compare their results. Surface hardness values are given in
Fig. 2.
Microhardness values were found to be 1670 HV in specimens carburized for 30 minutes by

700V. It can easily be seen that the microhardness values of carburized specimens are higher
than those of untreated specimen (∼ 250Hv0.1). The microhardness values increase with the
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Figure 1: Thicknesses of compound layer and total influenced layer of treated samples.

Figure 2: Surface Microhardness of treated samples.

carburizing period. The maximum hardness value was reached in specimens carburized for 30
minutes by 700V.

3.2 Wear Test Results

Figure 3 shows the wear losses of different steels found through the wear tests performed af-
ter surface hardening treatment. From the wear tests performed under tribological conditions
after 1Km of sliding distance, the following results are obtained. The minimum wear losses
were found to be 2.7mg in 30 minutes carburizing by 700V. The maximum values obtained for
untreated samples (13.5mg). Also it is seen that all of the specimens to which the carburizing
treatment had been applied had higher wear strengths than raw material.

3.3 Average Size of Nanocrystals

Figure 4 shows the average sizes of nanocrystalline carbides of different treated samples found
through the carburizing process. The minimum average size of nanocrystals was found to be
19.6 nm in 30 minutes carburizing by 700V. As it can be seen the samples that have smaller
average sizes of nanocrystals also have better wear resistances. From the above results, it can
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Figure 3:Wear mass loss of treated samples after 1Km of sliding distance.

easily be said that lower average sizes of nanocrystalline carbides have been obtained with higher
applied voltages and treatment times of carburizing process at constant frequency and duty cycles.

Figure 4: Average size of nancrystalline carbides for different treated samples.

3.4 L/D Ratio

Figure 5 shows the L/D ratio of nanocrystalline carbides found through the carburizing process.
The minimum L/D ratio of nanocrystals was found to be 1.6. Smaller L/D ratios show that
nanocrystals have shapes like spheres. As it can be seen the samples that have smaller L/D ratio
of nanocrystals also have better wear resistances. In fact, in this process smaller nanocrystals
have smaller L/D ratios which lead to higher wear resistances.

3.5 H/W Ratio

Figure 6 shows the height to width (H/W) ratio of distribution curves for nanocrystalline car-
bides of different steels found through the carburizing process. The maximum H/W ratio was
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Figure 5: L/D ratio of nancrystalline carbides for different treated samples.

found to be 7.4 in 30 minutes carburizing by 700V. Comparing with other obtained results, it
can be seen that the samples with high H/W ratio have better wear resistances. High distribution
of nanocrystals around a specific average value will lead to better wear resistances. Samples
with lower amounts of this average value show better wear characteristics. This average value
will decrease by higher applied frequencies and lower duty cycles [2], but in the case of constant
values of frequency and duty cycle, such as this investigation, higher applied voltages and treat-
ment times will affect this average value and H/W ratio. Also it can be seen that the contribution
percentage of applied voltage is higher than contribution percentage of treatment time.

Figure 6: H/W ratio of nancrystalline carbides for different treated samples.

4 Conclusions

The conclusions drawn from the various tests explained in the previous sections are as follows:

1. In situations where abrasive wear is important, the best wear strengths were obtained in car-
burizing at 30 minutes by 700V for CP-Ti substrates.
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2. Hardness values results show that there is a linear relationship between hardness values and
wear resistance for treated samples.

3. Themicrohardness values and wear strengths of carburized specimens were found to be higher
than for untreated specimens.

4. Samples that have smaller L/D ratio of nanocrystals, have better wear resistances. In fact,
in PBNPEC process smaller nanocrystals have smaller L/D ratios which lead to higher wear
resistances.

5. In the case of constant values of frequency and duty cycle in PBNPEC process, higher applied
voltages and treatment times will lead to higher H/W ratio. Also it can be seen that effect
percentage of applied voltage is higher than treatment time.
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1 Introduction

The copper and copper alloys have a very good electrical conductivity, but also good resistance
at atmosphere corrosion. The particular physic-mechanical properties directly influence the weld
ability of the copper alloys through the following aspects: the high thermal conductivity deter-
mines a fast heat dissipation in the metallic mass of the pieces to be welded; pre-heating and
welding with extremely concentrated thermal sources are recommended; the considerable de-
formations due to the high linear dilatation coefficient can lead to cracks in the weld and the
HAZ (Heat Affected Zone); crystallisation cracks and pores may appear due to the oxygen or
hydrogen absorption during welding; the Cu+Cu2O formation, situated at the grains boundaries,
with the melting temperature 1064 °C lower than the copper’s melting temperature (1083 °C) can
determine heat fragility [1, 2].
In the research paper the main objective was to elaborate and test special tubular electrodes

in order to obtain wear resistant bi phase deposits made from bronze alloys with 10…12% tin.
These alloys are used for pieces rehabilitation or bimetal components obtaining with different
metallic inter-layers and special characteristics.

2 Experimental

More than 12…15% Sn content in the weld is important in order to assure the appropriate hard-
ness, wear and corrosion resistance. This content is difficult to be used for the electrode wire,
due to the low deformation capacity of the alloy. It is that why the original solutions proposed
by the research team have focused on the obtaining of special electrodes as tubular wires, made
in efficient economic and technological conditions. The solution proposed is the tubular copper
wire with bronze powder composite core.

2.1 Electrodes

At the first stage of obtaining the new composite core, the CuSn7 powder was gravitationally cast
in a copper tube of 350 mm length and 6 or 8 mm diameter, and then the two edges were closed
through plastic deformation. After pre-sintering the copper rod at 780 ºC in a protective atmo-
sphere, an infiltration with liquid Sn, in vacuum at 1.3 10–2 [at] pressure was applied. The final
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sintering with the infiltrated liquid phase (Sn) was done at approximately 815 ºC for 35 minutes
in a protective atmosphere (Endogas technique). The tubular electrode with bronze composite
core, of 15 % Sn average percent, can furthermore be coated through coating extrusion, in order
to be used for electric arc welding [3, 4].

2.2 Materials and Equipments

The basic materials used were copper, bronze, carbon steel and stainless steel plates. The dif-
ferent parent materials were selected to analyse the deposited metal’s compatibility with various
metallic networks (in order to study dilution, interface defects’ appearance, wettability). Samples
preparation for the metallographic analysis and micro-hardness usedWCmetallic carbides discs,
which were then embedded in phenol resin through polymerisation at 170 °C, then polished with
the automatic polisher machine. To obtain the polished surfaces for the electronic microscopic
analysis, the following abrasive materials were used consecutively: 1200 granulation metallo-
graphic paper, 60µm granulation alumina powders, 1650 cerium oxide with 6 µm granulation.
The FeCl3 reactive was used to highlight the phases and the metallographic components.
The samples’ welding was performed through the TIG process (Tungsten Inert Gas), under

continuous current, with reversed polarity. The control of the welding electric arc was performed
through the inverter system of the welding source (COMBIWIG 3000DC), at constant wire in-
troduction speed in the metallic bath.

2.3 Investigation Techniques

In order to evaluate the changes in the mechanical characteristics emerging in various joining ar-
eas, HV03 micro-hardness measurements were performed, using the Shimadzu HMV 2T micro-
hardness equipment. For the structural analysis, the SEM electronic microscopy was used, with
a HITACHI S2600 with energy dispersive analysis system (EDS) and FEI Inspect S electronic
microscopes. The thermo graphic images of the welding deposits required for the thermal field
dispersion analysis were taken with the IR ThermaCam PM350 Inframetrics.

2.4 Parameters

The welding regime parameters have a great influence on the deposit’s geometrical and structural
characteristics (Table 1).

Table 1: The regime parameters for the TIG process

Parameter S1 S2 S3 S4

Welding current, Iw, A 130 115 133 138
Arc voltage, Uw, V 32 32 33 30
Gas flow, Dg, l/min 7.3 7.3 7.3 7.3

Analysing the bead shape for deposits width and crown weld they obviously depend on the ma-
terial support. Thus, for copper plates, which allow massive three-dimensional heat dissipation,
the deposit has a lower crown width (h, Table 2). The melted metal is overheated and the wetta-
bility towards the base material is higher, although the welding current had the lowest value. In
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order to ensure a deposit with adequate Sn content values, knowing this element is highly volatile
and melts rapidly in the electric arc, the heat input must be lower and the protective atmosphere
must be inert, with a sufficient flow rate (6–8 l/min).
For the stainless steel and bronze plates, the deposits had highest widths (B) and highest crown

weld (h) compared to the copper plates, resulting that the consumable melted area (F) is higher.
The penetration was higher for copper and bronze plate, while for mild and stainless steel plate
the penetration was minimal (Figure 1).

Table 2: The geometrical parameters of weld deposit

Shape parameter S1 S2 S3 S4

Weld width, B, mm 10.85 15.90 13.20 12.90
Crown width, h, mm 3.20 2.50 3.60 4.40
Weld penetration, H, mm 2.30 2.50 0.01 1.10

Figure 1: Cross section of samples with weld deposit.

3 Results

3.1 The Welding Thermal Field

The thermograph analysis shows the uniform concentration in the weld area for the bronze sam-
ples (Figure 2), and the heterogeneous heat distribution of the deposit on the copper plate (Figure
3). The macro-graphic analysis pointed out a high unevenness of the deposited weld, an exag-
gerated width and a reduced over height.
The copper and bronze substrates favoured quick heat dissipation in the base material and its

concentration in the weld’s edges. Therefore, the areas exposed to high temperatures for a longer
time risk having an altered chemical concentration and different structures compared to those
cooled faster.

3.2 Microhardness

In order to evaluate the changes in the mechanical characteristics emerging in various joining ar-
eas, HV03 micro-hardness measurements were performed. The micro-hardness measured values
are presented in Table 3. In the case of steel plates, the weld structure is composite like, with
hard bi- or multi-phase islands surrounded by plastic metallic matrix (Figure 4).
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Figure 2: Bronze plate

Figure 3: Copper plate.

Table 3: HV03 micro-hardness values (2.943N, 10 seconds)

Sample S1 S2 S3 S4

Bronze alloy deposited 155 68 181 (401*) 152 (408*)
Heat affected zone 159 67 250 242
Base material 173 49 178 209

*Values measured on the hard phases

The increase of microhardness into the Heat Affected Zone (HAZ) for all samples can be
justified by the diffusion of the Sn and Cu from the weld through fusion line. Moreover, in the
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case of steel plates, the HAZ hardening is more effective because of the hard phases and multi-
component precipitates presence.

Figure 4: Hard multiphase (average diameter 57-120 µm) surrounded by plastic metallic matrix.

In the case of bronze and stainless steel support, the deposit has a lower microhardness com-
pared to those of the base metal. The situation is different in the case of cooper and mild steel
plate, were the microhardness increases in the weld deposit. However, the presence of hard mul-
tiphase compounds can increase the global hardness of the weld deposit.

3.3 Wear Tests

The wear tests have been carried out with different loads and sliding velocities, against hard steel
disc (pin on disc method, Figure 5). The sample was cut from the centre of the welding zone and
the welded edge was machined with 3 mm radius. For a set of 3 identical samples the normal
force (Fn) was measured and friction force (Ff), was calculated using equation 1:

Ff =
FS ·RS
R

(1)

were: Fs is reaction force of lamelar arch (N); Rs is distance up to catch pin (mm); R is wear
disc radius D/2 (mm).
The wear test conditions were: loads successive values (12.8, 16, 18.2, 19.65 N), sliding ve-

locity 350 rpm, sliding radius, Rs, 45 mm, temperature 25oC, relative humidity 40%. The values
of the loads and calculated friction coefficient are presented in Table 4.

Table 4:Wear test values

Sample geometry, mm Fn, N Fs, N Ff, N µi

12.8 2.28 2.05 0.16
16 2.94 2.64 0.16
18.2 3.59 3.23 0.17
19.65 4.25 3.82 0.19
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Figure 5: Tribometric system: 1 - screw; 2 - safety washer; 3 - stationary bushing; 4 - fixing screw; 5 - cilindrical
sample

Analysing the results, we noticed that the different values of the friction coefficient appeared
at the same sample due to the changes generated by the homogeneities of the composite metallic
matrix, interaction between the two surfaces, surface heating in the contact zone and structural
changes due to hot plastic deformation of the surfaces. The average values of friction coefficient
are similar with those reported in the literature [1, 2].

3.4 Metallographic Analysis

The samples collected from different areas of the weld (base material, heat affected zone, weld
deposit) were subjected to optical analysis, in order to identify the metallographic components
(Figure 6). Based on the microscopy investigations, one can notice the columnar increasing of α
and β crystals in the weld deposit and narrow fusion line with modified structure compared with
those of base material (Figure 6.a). In the base material, apart from α – β phases one can also
identify fine and very hard iron-rich particles, specific for the given chemical composition. No
welding defects (discontinuities, inclusions) are visible. In the case of mild steel substrate, the
fusion line is enriched with multi-phase precipitates (Figure 6.b).
The electronically examination of the weld deposit made on bronze substrate emphasises the

higher agglomeration of α phase near the fusion line, on a depth of approximately 20 µm towards
the base material, while in the weld deposit these phases do not appear (Figure 7a). The structure
of weld deposit is more refined compared those of the base material (Figure 7b).
In the case of copper substrate, the type of transformation that occurs on cooling the β phase

depends on the cooling rate. At slow to moderate cooling rates α precipitates on the grain bound-
ary. Slow cooling favours transformation at small undercooling and the formation of equiaxed
α richer in Cu than the parent β phases, and therefore the growth of α phase requires the long-
range diffusion of Sn away from the advancing α/ β interfaces. This process is relatively slow,
especially when Cu and Sn form substitutional solid solutions, and is favoured by the great heat
input value during welding (Figure 8).
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Figure 6: Optical microscopy of weld deposit: a) Cross-section through the CuSn alloy deposit on a bronze sub-
strate, x50; b) Fusion line rich on multi-phase precipitates for mild steel substrate (x50).

Figure 7: Electronically microscopy of CuSn weld deposit: a) Cross-section through the fusion line on bronze
substrate (x4000); b) Weld deposit with refined structure (x4000).

4 Conclusions

The original solution proposed by the research team has focused on the obtaining of special tubu-
lar electrodes with bronze powder composite core, made in efficient economic and technological
conditions.
The micro-hardness values were lower in the weld area and higher in the HAZ, especially for

the bronze substrate sample; however, in the case of mild and stainless steel substrate hardening
effects are based on the diffusion phenomenon through the fusion line. Thus, in the weld, the
microhardness value depends on the presence of different hard phases (average values of 400
HV03) comparatively with the surrounding plastic metallic matrix (average values of 150-180
HV03).
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Figure 8: Electronically microscopy of CuSn weld deposit on copper plate (x4000).

The different values of the friction coefficient (0.16 – 0.19) appeared at the same sample can
be explain by the changes generated by the homogeneities of the deposited composite metallic
matrix.
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1 Introduction

Contact wires for railway applications are made by cold-drawing of high conductivity copper
alloys [1, 2]. These alloys are selected because they allow to achieve an adequate mechanical
strength while having a low electrical resistivity. The low resistivity is a requirement related
to the necessity of assuring current transfer and the high strength is desirable for withstanding
the constant tensile force that is applied under normal operating conditions. Contact wires were
made of electrolytic tough-pitch copper, Cu-ETP, until two decades ago. Now, as a consequence
of themore demanding exigencies of high running speeds, stronger copper alloys are used, mainly
copper-silver and copper-magnesium in Europe.
Contact wires in overhead lines have to withstand not only static loads but other loads must

be considered including dynamic loads and contact forces occurring between the wire and the
current collector strip of the pantograph. The last of these effects is the main cause of the wear
of the contact wire and, thus, the factor that limit the lifetime of this component. It has been
reported that the wear of trolley can be obtained by the summation of mechanical and electrical
contributions which relative importance depend on the operating conditions [3]. The observation
of new experimental facts that cannot be explained by this simple model, like, for example, the
minimum of the wear rate that has been found at high sliding speeds due to the current´s lubri-
cation effect [2], requires a deeper understanding of the mechanisms that control the wear of the
trolley wire.
In line of this, the aim of this paper is to present some preliminary results about the abrasive

wear resistance of the copper alloys that are used for making the trolley wire.

2 Experimental

2.1 Materials

Three different copper alloys have been studied, a Cu-ETP, a copper-silver alloy, Cu-Ag0,1, and
a copper-magnesium alloy, Cu-Mg0,5. The materials were received in form of contact wire for
railway applications with sections that ranged from 107 to 150mm2. The chemical compositions
of the samples were determined by optical emission spectrophotometry and the oxyigen contents
of the three samples were calculated by methods of quantitative metallography. The results are
summarized in Table 1.
In order to obtain a more detailed characterization of these materials, their mechanical and

electrical properties were measured. The measured values for the tensile strength, Rm, the elon-
gation at break, εB, and electrical conductivity, σ, are collected in Table 2.
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Table 1: Chemical compositions of the analyzed copper alloys (concentrations are expressed in ppm)

Ag Ni Pb Mg S Sb Sn Zn O

Cu-ETP 4 < 1 < 1 2 < 1 < 1 < 1 < 1 < 200
Cu-Ag0,1 808 < 1 15 1 < 1 <1 < 1 < 1 < 200
Cu-Mg0,5 14 < 1 < 1 4582 6 < 1 < 1 < 1 < 200

Table 2: Mechanical (tensile strength: Rm; elongation at break: εB) and electrical conductivity, σ, of the copper
alloys that have been studied

Rm (MPa) εB (%) σ (% IACS)

Cu-ETP 370 6 99,5
Cu-Ag0,1 375 5,5 98,7
Cu-Mg0,5 500 5 71,3

2.2 Methods

Microhardness, MH, was determined at room temperature (21±1 ºC) by using a Shimadzu model
M microhardness tester that was equiped with a Vickers indenter. A contact time of 15 s and
a 500 N load were employed. The reported values were obtained by averaging the results of
six indentations and the intervals of confidence (95% confidence level) for these measures were
lower than ±2% of the mean values.
The wear experiments were carried out by using a Microtest pin-on-disc high temperature

tribometer that was provided with a 4 mm diameter hardened steel ball 52100. The hardness
value for the ball was 60 HRC. The test were done over transversal sections of the wires that
were previously polished for obtaining an average roughness (Ra) lower than 0.25µm. A normal
contact load of 5N was applied on the surface of the specimens. A sliding speed of 0,075m/s
was selected for all the experiments and the test duration was 50 min and, consequently, the wear
path that corresponds to these settings is 225m. The samples were tested at different temperatures
ranging from 20 to 350 °C.
The magnitude of the wear was determined by the difference between the weight of the sam-

ples before and after the test. The reported values are the average of several measurements and
standard deviations range from 20 to 30% of the average.

3 Results and Discussion

Figure 1 shows a micrograph of the wear track of the pin on disc tests. There are ruts on the
surface generated by the microcutting process produced during abrasion step [4].
Figure 2 shows the relationship between the wear that was measured in room temperature pin-

on-disc tests and Vickers microhardness. It can be seen that the losses of mass of the cold drawn
copper alloys is a decreasing function of their hardness. These results are similar to those that
have been previously reported for other materials, i.e., abrasive wear resistance becomes greater
when hardness increases [5,6].
Figure 3 shows the dependence of the loss of mass that was experimented by the different

samples as a function of the test temperature. It can be seen that the mass that is lost by the
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Figure 1:Micrograhp of the wear track of the pin on disc test

Figure 2: Relationship between the loss of mass at room temperature pin-on-disk experiments and Vickers micro-
hardness, HV, of the different copper samples (the line is just a guide to the eye)

Cu-ETP are approximately the same for test temperatures that are lower than 175 °C and slightly
decrease when temperature increases. The other alloys follow the same qualitative trend but
the magnitude of the losses of mass of the Cu-Ag0,1 and Cu-Mg0,5 samples are about one-half
and one-eighth, respectively, of those that experiment the Cu-ETP for this temperature range.
However the behaviour of Cu-ETP is found to be different of those of the other materials for test
temperatures that are higher than 225 °C. The loss of mass of Cu-ETP samples drops abruptly
from values that are close to 4mg to values lower than 1 mg whereas the abrasive wear resistance
of Cu-Ag0,1 and Cu-Mg0,5 vary smoothly . As a consequence of the steep fall of the wear rate
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of Cu-ETP, the high temperature mass decrements of this alloy are similar to that of Cu-Mg0,5
and lower than that of Cu-Ag0,1.

Figure 3: Losses of mass that are experimented by different copper alloys in pin-on-disk tests as a function of the
temperature.

The sharp change of the abrasive wear resistance of the Cu-ETP samples seems to indicate
that a structural transformation happens around 175 ºC. As Cu-ETP does not undergo any solid
state phase transition, this behaviour can only be related to recrystallization. In fact, Cu-ETP for
railway applications is drawn in order to balancing electrical and mechanical properties and it
has been reported that this copper alloys recrystallizes in a temperature interval that ranges from
150 to 200 °C [2]. As a result of this transformation, room-temperature hardness of Cu-ETP
falls abruptly to 55 HV. Even more, the extent of the recrystallization of copper is a monotonous
increasing function of the annealing temperature and, consequently, the hardness of the samples
that were tested at 350 °C is even lower than 55 HV.
According to this, the decrement of the loss of mass that is observed for the recrystallized Cu-

ETP samples cannot be justified in terms of the variation of hardness. In order to explain these
results, the changes of the mechanical behaviour of copper due to the recrystallization process
must be considered. Hard drawn copper is a material with a relative high resistance and low
ductility whereas strength of recrystallized copper is low and its elongation at break can be as
high as 50%. As a consequence of the differences on the mechanical properties of hard drawn
and recrystallized copper, the mechanism of the abrasive wear are distinct and the loss of mass
that experiment these materials are different. The damage of the relatively brittle hard drawn
copper is of particle formation type whereas that of the ductile recrystallized copper is of the
deformation type [7].
The other alloys do not show the sharp change in the wear rate that is observed for Cu-ETP

because their recrystallization temperatures are higher. It has been reported that the recrystalliza-
tion temperature of Cu-Ag0,1 is close to 375 °C and that of Cu-Mg0,5 is greater than 500 °C [2].
Consequently, these materials do not recrystallize completely in the wear tests below 350 °C and
only a slight change in the wear rate is observed.
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Long term heating below recrystallization temperature due to the sliding of the current collector
of the pantograph and due to current caption causes the recrystallization of the cold-drawn copper,
process that is accompanied by an increment of plasticity and, consequently, by a modification of
the wear mechanism. As the recrystallization temperature of Cu-ETP is lower than those of the
other alloys, this change in behaviour appears for shorter service time than for the other copper
alloys.
Because the importance of these preliminary results, new experiments involving other char-

acterization techniques are in progress in order to get a deeper insight on the influence of the
electrical and mechanical contributions of the wear of the trolley.

4 Conclusions

According to these results, the short term wear resistance of Cu-ETP at room temperature is
similar and lower than those of Cu-Ag0,1 and Cu-Mg0,5.
It is possible to obtain information on the long term behaviour of trolley from the information

provided by short time temperature dependent wear measurement.
At last, it has been proved that monitoring the loss of mass of metallic alloys in temperature

dependent pin-on-disc experiments is an adequate tool for investigating the recrystallization of
theese materials.

5 References

[1] Montesinos, J. and Carmona, M., “Tecnología de catenaria”, Mantenimiento de Infraestruc-
tura de Renfe, Madrid, 2002

[2] Kießling, F.; Puschmann, R. and Schmieder, A., “Contact Lines for Electrical Railways:
Planning – Design – Implementation”, Publicis Corporate Publishing, Munich Erlangen,
2001

[3] Nagasawa, H. and Kato, K., Wear, 1998, 216, 179–183

[4] Zum Gahr, K., “Microstructure and wear of materials”, Elsaevier, New York, 1987
(pp.80–131)

[5] Khruschov, M. M. , Wear, 1974, 28, 69–88

[6] Jeong, D. H.; Erb, U.; Aust, K. T. and Palumbo, G., Scr. Mater., 2003, 48, 1067–1072

[7] Bayer, R.G., “Mechanical Wear Prediction and Prevention”, Marcel Dekker, Inc., New
York, 1994



Surface Alloying of CP-Ti Using Tungsten Inert Gas Process With

Pre-Placed BN

R. Yazdi, F. Kashani Bozorg, L. Moazzemi and K. Hazeli
The university of Tehran, Tehran

1 Introduction

Titanium and titanium alloys have some excellent properties such as a good corrosion resistance
and high strength to weight ratio. Its light weight and ability to resist extreme temperature make
it suitable for aircraft applications. However a disadvantage of titanium is its high friction and
poor wear resistance. It can be modified by surface modification which results a hard ceramic
surface layer [1–3].
For this purpose, a number of surface modification techniques have been used to improve

surface wear properties and these include conventional nitriding [4] , chemical/physical vapor
phase coating processes [5,6], plasma source ion implantation [7], laser gas nitriding (LGN),
tungsten inert gas and etc [8–10].
Furthermore, formation of Ti/TiN composite layer has been carried out by TIG surface melting

in a pure nitrogen environment [11].
In present investigation, In order to improve surface properties, a non-consumable tungsten

electrode was used to provide surface melting and then alloying with pre-placed BN. Changes in
the surface wear characteristic were assessed using metallographic, microhardness and pin-on-
disk wear techniques.

2 Experimental

TIG processing was done on CP-Ti alloy samples of size 100mm 25mm 7mm. Fine boron
nitride powder of size 10 m and Ti powder of size 150 m were blended to make up a powder
mixture containing 80 wt% Ti and 20 wt% BN.
Organic binder (polyvinyl alcohol) were used to pre-place the powder mixture onto the sub-

strate surface so that the powder do not blow away during glazing action under a flow of inert
gas which helps to product the melt from oxidation. The amount of binder was restricted within
a limit in order to eliminate pore formation.
Finally, It was hand-brushed on the substrate surface to a thickness of about 0.8 mm. Prior to

the coating, the titanium alloy samples were etched in a solution containing HF+HNO3+H2O for
about 5min.
These powder-coated substrates were then dried in an oven to remove water and subsequently

melted under the TIG torch.
Surface melting of the specimens was applied using the TIG torch. A tungsten electrode with

a diameter of 2.4mm was used to create an arc between the tip of the electrode and the specimen
surface. The voltage (V) and current (I) to the electrode were maintained at 17V and 60A,
respectively. The electrode height used was 2mm. The specimens were held stationary under
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the moving TIG torch while a shielding gas of pure argon was supplied with Gas flow rate 10 l
min−1. Tracks were produced along the width of the specimens at varying electrode-traversing
speeds. The welding variables are given in Table 1.

Table 1: Calculated values of the arc energy density at different electrode-traversing speeds

E, (J mm−2) Electrode-traversing, (mm min−1) Voltage, (V) Current, (I)

137 200 17 60
275 100 17 60
388 71 17 60

The alloyed samples were cut transversely to the traverse direction, polished by usual metallo-
graphic procedure and etched in a solution containing 5 ml concentrated HF, 15ml concentrated
HNO3 and 80ml H2O for 10 s. Phases present inside the surface composite layer were analyzed
by X-ray diffraction technique. The microstructures were observed by CAMSCAN scanning
electron microscope. The hardness measurements were carried out with a MICROMET micro-
hardness tester using a 200 g load on metallographically-polished and lightly-etched track sec-
tions.
The pin-on-disk tests were performed using a constant load of 20N and a speed of 0.5m s−1.

The specimens were ultrasonically cleaned before testing whilst immersed inmethanol and blown
dry with the air before placing them in the test machine. The tests performed against quench-
temper steel discs with the hardness of 55 RC. Weight losses were obtained after certain sliding
distances, by weighting the samples to an accuracy of 10−4g using an electronic microbalance.
All the specimens were cleanedwithmethanol before and after eachmeasurement. Worn surfaces
of materials were investigated using a scanning electron microscope.

3 Results and Discussion

3.1 XRD Pattern

The X-ray diffraction spectra taken from the surfaces are shown in Fig.1. Results of XRD anal-
ysis indicate that the main phases of the surface composite layers consist of TiN and TiB and
Ti3B4. This is in broad agreement with the work of J. Senthil Selvan [12] who reported that the
microstructure of Ti-6Al-4V resulted from laser alloying with BN pre-placed was identified by
X-ray diffraction as TiN, TiB and Ti3B4.
The XRD patterns reveal that prominent peaks are present in the surface layer glazed at 388

Jmm−2 arc energy density and weaker intensities are in the surface layers treated with 275
Jmm−2 and 137 Jmm−2. As a result, the arc energy plays a significant role in the alloying
process. Increasing the arc energy decreases the cooling rate and an adequate time will be avail-
able for alloying. So, It is reasonable to say that the lower of the alloying with decreasing of the
arc energy density.

3.2 Microstructures

Fig. 2a shows the microstructure observed at different depth of the surface layer glazed at
137 Jmm−2. The microstructure shows the dendrites and needle phases. The population level
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Figure 1: X-ray diffraction obtained for titanium surfaces alloyed with BN glazed at (a) E = 137 Jmmm−2, (b)
E = 275 Jmm−2, (c) E = 388 Jmm−2

of dendrites and needle phases were found to be large by increasing the power density from 137
to 388 Jmm−2 (Fig. 2). The dendrite and needle phases formed in the surface layers can be
attributed to the hard nitrides and borides, respectively.
At The arc temperature, the surface layers containing BN melt, dissociate into B and N atoms

and then is pushed to the melting pool by the pressure of argon gas. They make a reaction with
molten titanium within the melting pool. Therefore, TiN, TiB and Ti3B4 nuclei are formed in the
melting pool [12].

Figure 2: SEM images of surface composite layers glazed at (a) E = 137 Jmm−2, (b) E = 275 Jmm−2, (c)
E = 388 Jmm−2, showing needle and dendritic phases within the martensitic structure

With regard to high cooling rate, the dendrite microstructure with a high level hardness can
be related to titanium nitride [11]. The titanium borides, especially TiB, are reported [12] grown
in a hexagonal pillar shape; so, the finely dispersed needlelike phase observed in the surface
composite layers can be attributed to the formation of TiB.
On the other hand, the microstructures formed on the alloyed region were homogeneous. the

random growth of dendrites and needle phases in the surface composite layers can be attributed to
the stirring of the melt pool by convection and Marangoni forces. The concentration of gradient
of diffused nitrogen and boron by this stirring action can result in homogeneous microstructure.
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3.3 Hardness

Microhardness was measured from the surface down to substrate in the surface layers (Fig. 3).
Maximum hardness of the layers glazed at 137, 275 and 388 Jmm−2 are 680, 910 and 980 HV
respectively; and they are four and five times higher than the hardness of pure titanium (∼ 200
HV). As expected, the titanium boride and nitride increase the hardness. Thus it means that the
hardness increases with increasing of volume fraction of these hard phases in the microstructures.
The hardness increase benefits from a combined action of (1) extreme hardness of TiN, TiB and

Ti3B4 second phases formed, (2) probable effect of lattice deformation or coherent hardening in
the surface composite layers, and (3) hardness of the dendritic base metal caused by high cooling
rate.
The TiB needle precipitates may also act as a fiber reinforcing force. Therefore, the combi-

nation of high level hardness and fiber reinforcing force created in the alloyed zone might yield
adequate ductility and fracture toughness [12].

Figure 3: Hardness profiles for samples glazed at E = 137, 275 and 388 Jmm−2

3.4 Wear Assessment

Fig. 4 shows the mass loss of the titanium sample and the alloyed samples. Specimens treated
with BN pre-placed have the somewhat mass loss, compared to the unalloyed sample. It means
that the coating improved the wear resistance of titanium by formation of the hard phases in the
microstructure.
Archard [13] predicted that the wear resistance of a material is proportional to the hardness.

Therefore, these results are consistent with the microhardness values, showing that the greater
concentration of hard phases formed in the surface improve the surface wear properties of the
titanium.
It is reported that titanium alloys have sever wear behavior over a wide range of sliding speed

[7]. The results in this study also show that the untreated titanium surface suffers high wear.
Severe wear of pure titanium is attributed to its weak hardness and also to its chemical activity.
In addition, the transferred titanium associated with the adhesion became work-hardend after
multiple contacts in the wear couple, which in turn resulted in severe abrasive wear damage on
the Ti surface. This confirmed by the deep abrasive grooves.
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Likewise, the sample glazed at 388 Jmm−2 had a better wear resistance than the specimen
processed at lower arc energy density (275 Jmm−2) which is attributed to the higher hardness of
coating and to the excellent metallurgical bonding between the hard phases and Ti matrix. When
the wear debris increased, they accumulated among the hard phases, which resulted in a faster
wear rate through the formation of pits.

Figure 4:Weight loss of the CP-Ti alloy and alloyed samples processed at E = 275 and 388 Jmm−2

On the other hand, the wear behavior of the surface composite layers and unalloyed sample
investigated with SEM are shown in Fig. 5. Extensive and deep plastic ploughing and cutting
is seen on the worn surface of pure titanium, compared to the shallower grooves of the treated
samples after 1000m.

Figure 5: SEM images of worn surface of: (a) the untreated CP-Ti alloy, (b) the alloyed layer processed at 275 J

mm−2, (c) the alloyed layer processed at 388 J mm−2 after 1000 m sliding.

Fig. 5b and Fig 5c show a distinct change in surface wear mechanism. When the surface had
been treated with BN, severe adhesive wear was absent, and smooth regions appear to have worn
far less than other surface areas. The wear debris from the coated samples had fine particles,
while for the untreated sample the particles were large (Fig. 5a).
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4 Conclusion

The surface composites were fabricated by different arc energy densities, and their microstruc-
tures, hardness and wear resistance were investigated with following conclusion.

1. Microstructural studies and X-ray diffraction of surface composite layers have shown that
the melt zones consisted of TiN dendrites, TiB and Ti3B4 structures. The X-ray diffraction
patterns also disclosed that the hard phases increased within surface layers with increasing
the arc energy density and decreasing the cooling rate.

2. A large amount of hard phases such as TiB and TiN improved the hardness of the surface
composite layer up to five times greater than that of the substrate. In particular, the surface
composite fabricated with the arc energy density of 388 Jmm−2 had a highest volume fraction
of hard phases homogeneously distributed in the martensitic matrix, and thus showed the best
hardness.

3. The wear resistance property of the surface layers are about 1.5–2 times that of untreated
titanium alloy.
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1 Introduction

Success of micro technology, which is regarded as a key technology for the 21st century strongly
depends on the utilization of a broad range of materials as well as the utilization of cost effective
process technology [1]. Micro injection moulding is considered to be a promising technology
for the large scale production of micro components and has already reached high precision stan-
dards for polymeric micro components [2, 3]. The processing of abrasive ceramic and metallic
feedstocks requires mould inserts with increased wear resistance compared to those used in mi-
cro injection moulding of polymers [4]. Cemented carbides as well as established tool steels are
promising materials for these challenging demands. Machining processes such as micro milling,
electrical discharge machining (EDM) or laser ablation [5–8] are available to fabricate micro
mould inserts from these materials.
The aim of this research work, which is carried out within the scope of the Deutsche

Forschungsgemeinschaft (DFG) Collaborative Research Centre 499 [9], is to characterize the
influence of surface condition and feedstock composition on wear and demoulding behaviour
of mould inserts made from tool steels and ultra fine WC-Co cemented carbide in micro pow-
der injection moulding ( PIM) with ceramic feedstock. Specimens machined by micro milling
and EDM were investigated as well as specimens finished by abrasive micro peening [10] or
ultrasonic wet peening [11] after machining. Experiments were carried out using a laboratory
tribotester simulating powder injection moulding and a specially adapted static friction tester.
Tribological testing was accompanied by analysis of the machined and worn surfaces using scan-
ning electron microscopy.

2 Materials and Experimental Methods

2.1 Materials

Tests were carried out with specimens made from low-alloyed tool steel 30CrMo6 (Toolox 44,
SSAB Oxelösund, Sweden; 0.3% C, 1.35% Cr), high-alloyed PM-steel X175VCrMo9-5
(CPM9V, Crucible, USA; 1.75% C, 9%V, 5% Cr) and ultra fine cemented carbide WC-12Co
(TSF44, Ceratizit, Austria, 12 wt% Co, dWC = 0.2 – 0.5 m). The microstructure of tool steel
30CrMo6, which was hardened and tempered at 590 °C by the manufacturer to a hardness of
454HV30, was characterized by amatrix of temperedmartensite with homogeneously distributed
carbides (Fig. 1a). PM-steel X175VCrMo9-5 was austenitized in vacuum at 1120 °C for 60 min,
oil quenched and tempered at 560 °C (2 × 60 min). This martensitic steel with about 20 vol%
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fine, homogeneously distributed carbides had a hardness of 719 HV30 (Fig. 1b). The highest
hardness of 1825 HV30 was measured for the ultra fine cemented carbide (Fig. 1c).
The machining and structuring of the specimens for the tribological tests was done at the Insti-

tute of Production Science, University of Karlsruhe (TH), by micro milling of the two steels and
electro dischargemachining (EDM) of the PM-steel and cemented carbide. A detailed description
of the experimental technology is given in [6, 7].

Figure 1: SEM micrographs of the microstructures of (a) steel 30CrMo6, (b) PM-steel X175VCrMo9-5 and (c)
cemented carbide WC-12Co.

2.2 Surface Finishing and Surface Characterization

A blasting machine of the type IEPCO Peenmatic 770 equipped with an additional peening de-
vice Micropeen 200 was used for the surface finishing of the machined specimens [12]. A mix-
ture of Al2O3, SiC and glass beads with a diameter between 10 and 20 m is used as blasting
agent. This peening process guarantees that burrs and sharp profile peaks at the surface can
be removed. Further peening parameters were adopted: peening pressure 2 bar, nozzle diameter
1.2 mm, nozzle-workpiece distance 10 mm, nozzle-workpiece angle 90°, nozzle velocity 2 mm/s.
The topographical characterization of the machined micro moulds was carried out with a con-

focal white light microscope of the type “Nanofocus Surf” and the hardness of the surfaces was
measured using a depth sensing ultra micro hardness tester (Fischerscope H100).
The residual stress states in the samples were determined for the parallel and transverse direc-

tions with respect to the axes along which the mechanical surface treatments were performed.
These two directions defined by the azimuthal angles ϕ = 0° and 90° on the instrumental coordi-
nate system, refer to the two principal in-plane residual stresses σ11 and σ22. The sin2ψ method
[13] was used to evaluate the residual stresses from the measured X-ray diffraction strain data.
More experimental details can be found in [14].

2.3 Tribological Testing

Wear tests were done using a laboratory tribometer simulating micro injection moulding [15]. A
piston with two pairs of micro machined specimens was moved up and down with a velocity of
2 mm/s within a cylinder filled with 14 ± 1 cm3 of feedstock (Fig. 2a). Thereby molten feedstock
was pushed through a square slot (1.5 × 1.5 mm2) at an average flow velocity of 245 mm/s.
Depending on the binder system of the tested feedstock, the complete tribometer was heated up
to 150 °C (polyolefine/wax, polyethylene/wax, polyethylene glycol/polymethyl methacrylate) or
170 °C (polyoxymethylene) before starting the tests. After the tests with 1400 or 2800 simulated
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injections gravimetric wear was measured and volumetric wear was calculated from the mass
lossWm according toWV =Wm/�. A detailed description of the test procedure is given in [15].
One POM based feedstock with 58 vol% Al2O3 (d = 0.4 – 0.6 m) was used for the tests as well
as zirconia feedstocks based on the four different binder systems PO/wax, PE/wax, PEG/PMMA
and POM. The volume of zirconia particles (d = 0.3 – 0.4 m) within the feedstocks was varied
between 47 and 53 vol%.
Laboratory demoulding tests were carried out with a specially adapted static friction tester

(Fig. 2b). Green bodiesmade from the PO/wax feedstockwith 50 vol%ZrO2 were pressed against
steel plates with a normal load of 50 N, heated up to 150 °C and held at this temperature for 5 min
to simulate the filling of amould cavity. After cooling down to a demoulding temperature of 60 °C
the plate specimen was pulled in the tangential direction with the loading rate of 1.16 N/s. The
normal load (FN) and tangential force (F T) were measured using a biaxial force sensor. After the
transition from static to kinetic friction, relative sliding generally occurred with the velocity of
8.3 m/s. Tribological testing was accompanied by analysis of the worn surfaces using scanning
electron microscopy.

Figure 2: Schematic description of the tribosystems simulating (a) powder injection moulding and (b) demoulding.

3 Results

3.1 Surface Condition

Fig. 3 shows machined surfaces of steel 30CrMo6 after different manufacturing processes. Feed
marks caused by the tool movement could be observed on the micro milled surface (Fig. 3a).
Due to the abrasive micro peening process feed marks resulting from the previous micro milling
were abolished and a homogeneous surface topography was created (Fig. 3c). The disadvantage
of the abrasive micro peening process was the increase of roughness from Rz = 1.15 m after
micro milling to Rz = 1.59 m after abrasive micro peening. The surface resulting from EDM
was characterized by amolten and resolidified layer (“recast layer”) with typical discharge craters
(Fig. 3b). Microcracks were present within this layer due to the rapid solidification and shrinkage
of the molten material. These conditions decrease the quality of the micro mould and may induce
defects in the demoulded micro parts. For cemented carbide WC-12Co the thermally damaged
recast layer generated by EDM showed a reduced surface hardness of 1400 ± 208 HV100 com-
pared to the bulk material. Abrasive micro peening was able to remove this surface layer and
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resulted in a surface hardness of 1800 ± 210 HV100 similar to the initial value. Another benefit
of the finishing process for WC-12Co was the reduction of the surface roughness from about Rz
= 0.9 m to Rz = 0.62 m.

Figure 3: SEM images of steel 30CrMo6 machined by (a) micro milling, (b) EDM and (c) micro milling with
subsequent abrasive micro peening.

3.2 Residual Stresses

The residual stress depth profiles for the steel 30CrMo6 measured after the machining by micro
milling and EDM using synchrotron X-rays are shown in Fig. 4a. The residual stress profiles
for the micro milling process indicate compressive stresses in the whole depth range covered by
the measurements. The values of σ11 and σ22 at the surface, about -300 MPa and -600 MPa,
respectively, are quite different whereas at a depth of z ˜ 4.5 m almost equal values in the range
of about -700 MPa are observed. Similar to micro milling, a non-equiaxed biaxial stress state
up to a depth of z ˜ 4 m can be seen after EDM. While the value of σ11 is constant at about
300 MPa, σ22 changes from compressive stresses to tensile stresses at z ˜ 2.5 m and then attains
a value of about 300 MPa, creating an equi-biaxial stress state in the sample at z ˜ 4.5 m. The
reason for the absence of rotational symmetry at the surfaces is the movement of the tool over
the workpiece area. Fig. 4b shows that after abrasive micro peening high compressive residual
stresses in the range of -800 to -1000 MPa are induced in the samples. The residual stress states
after abrasive micro peening are equi-biaxial in nature as is evidenced by the similar courses for
ϕ = 0° and 90°. Similar profiles of the residual stress states after abrasive micro peening indicate
that they are not influenced by the previous machining processes.

3.3 Tribological Properties

Volumetric wear of differently machined specimens after 1400 simulated injections with alumina
feedstock (POM binder) is shown in Fig. 5a. The highest wear of about 0.29 mm3 was measured
for low alloyed steel 30CrMo6 in the micro milled condition. Further tests with other surface
conditions revealed that there was no significant influence of the machinig process on the wear
resistance of 30CrMo6. In contrast to this the machining clearly influenced the wear resistance of
PM-steel X15VCrMo9-5 and cemented carbide WC-12Co. For these two materials wear resis-
tance was lowest when tested with the EDM surface condition. With abrasive micro peening the
wear resistance increased by a factor of about 3. The abrasive micro peened cemented carbide
showed a wear of 0.01 mm3 which was the lowest value of all tested specimens. After 1400 sim-
ulated injections with alumina feedstock the recast layer on the surface of the electro discharge
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Figure 4: Residual stress depth profiles (a) after micro milling and EDM, (b) after micro milling and EDM with
subsequent abrasive micro peening (each at two rotational angles ϕ = 0°, black and ϕ = 90°, grey).

machined PM-steel X175VCrMo9-5 was worn off in large parts (Fig. 5b) and the surface was
characterized by the selective washout of the soft steel matrix around the hard carbide particles
similar to that of the micro milled specimen (Fig. 5c).

Figure 5: (a) Influence of surface condition on volumetric wear of steel 30CrMo6, X175VCrMo9-5 and cemented
carbide WC-12Co (Al2O3-POM feedstock, T = 170°C) and (b, c) scanning electron micrographs of originally
(b) electro discharge machined and (c) micro milled surfaces of X175VCrMo9-5 worn by Al2O3-POM feedstock
(1400 simulated injections, T = 170°C).

Fig. 6 illustrates the influence of the amount of zirconia hard particles and the binder system
on wear of 30CrMo6 steel. In tests with a zirconia content of 50 vol% the highest wear was
measured for the POM based feedstock with about 0.175 mm3 after 2800 simulated injections.
Wear was about a factor of 3 higher compared to tests with feedstocks based on PEG/PMMA
and PO/wax binders. The lowest wear of about 0.016 mm3 was detected after the tests with the
PE/wax based feedstock. An increase in the amount of zirconia particles from 47 to 53 vol% the
volumetric wear after 2800 simulated injections in tests with PO/wax based feedstock doubled
from 0.36 mm3 to more than 0.72 mm3.
The experimental results point out that materials of both a high microstructural homogeneity

and a sufficient hardness, e.g. due to a high amount of reinforcing hard particles, are needed for
the utilization of wear resistant PIM mould inserts. This is in particular required due to the ero-
sive action of the fine ceramic particles within the feedstocks during micro injection moulding.
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In the same way one has to keep in mind a proper machining or finishing of the tribologically
loaded surfaces. Electro discharge machined surfaces led to a reduced wear resistance compared
to micro milled or abrasive micro peened surfaces, which was attributed to the process-related
recast layer. A negative influence of such recast layers with reduced hardness and tensile residual
stresses, was also observed in fatigue tests and tribological sliding tests with cemented carbide
[16, 17]. Another possibility for wear reduction arises from the feedstock development. Feed-
stocks based on polymer/wax combinations lead to dramatically reduced wear of steel 30CrMo6
and moreover allowed to reduce injection temperature by 20 °C compared to an established com-
mercially available POM based feedstock. However green bodies made from these low viscosity
feedstocks often show a relatively low mechanical strength and therefore can result in problems
during demoulding or handling of the moulded micro parts.

Figure 6: (a) Influence of binder and amount of zirconia particles on volumetric wear of steel 30CrMo6 after 2800
simulated injections and (b, c) scanning electron micrographs of worn surfaces after 2800 simulated injections with
feedstocks based on (b) PE/wax binder and (c) PEG/PMMA binder (both with 50 vol% ZrO2).

Fig. 7a summarizes results of laboratory demoulding tests with the low alloyed tool steel
30CrMo6 and green bodies from the PO/wax feedstock with 50 vol% zirconia. The tangential
force necessary to overcome the stiction during the experiments increased with increasing surface
roughness from about 30 N for the specimens with micro milled surface to values of about 45 N
for the surfaces, which were electro discharge machined or finished by abrasive micro peening.
Worn surfaces of the specimens were characterized by a transfer of feedstock after the demould-
ing tests, which was more pronounced for the rougher electro discharge machined surface than
for the micro milled surface (Fig. 7b, c).

4 Conclusion

The influence of the surface condition and feedstock composition on wear and demoulding be-
haviour was analyzed using specimens made from tool steels 30CrMo6 and X175VCrMo9-5
as well as from ultra fine cemented carbide WC-12Co. Results showed that a high wear resis-
tance in micro powder injection moulding of highly abrasive ceramic feedstocks could only be
achieved with mould insert materials of high homogeneity and hardness combined with a suitable
machining and finishing process. Recast layers due to EDM,which dramatically reducedwear re-
sistance, were successfully removed by a newly developed abrasive micro peening process. The



635

Figure 7: (a) Effect of surface condition of steel 30CrMo6 on the transition from static to kinetic friction in de-
moulding tests mated with green bodies from ZrO2-PO/wax feedstock and scanning electron micrographs of (b)
micro milled and (c) electro discharge machined steel surface after the demoulding tests.

remarkable potential of wear reduction due to the development of low viscosity feedstocks was
pointed out by laboratory tests with low alloyed steel 30CrMo6 and various zirconia feedstocks.
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1 Introduction

Carburizing is a thermochemical process that diffuses carbon into the surface of ferrous materials
at certain elevated temperatures. The diffusion region brings about an improvement of fatigue
strength when compared to an untreated material. In this region, carbon atoms are dissolved
interstitially in the ferritic lattice, and form the carbide precipitates [1–4]. Carburizing can be
applied in solid, liquid and plasma atmospheres. The plasma carburizing is more economical,
friend with environment and produces faster carbon diffusion, lower gas consumption compared
to other carburizing techniques. It is applied widely with various materials such as carbon steels,
alloy steels, tool steels, stainless steels, cast irons and sintered materials [1, 5–7]. The treatment
media may determine the composition and thickness of a compound layer, as well as the depth of
the diffusion zone due to the difference in the diffusion rates of carbon atoms. Liquid state tech-
niques use a salt bath (e.g. NaCN) and generate good quality compound layers but they are often
toxic. The plasma process offers excellent control of the gas mixture and processing conditions.
Along with reduced processing times, energy consumption and treatment gas consumption, there
is also the advantage of no toxic waste or fumes, and no risk of explosion.
Plasma electrolytic saturation (PES) techniques [8, 9], such as plasma electrolytic carburiz-

ing (PEC), are a relative new group of atmospheric plasma techniques which have been used to
successfully diffusion-treat low-alloy ferrous materials, such as mild steel. Because of the simi-
lar equipment configuration to classical bath electroplating, and the rapidity of treatment, these
processes are potentially very suitable for mass production of complex-shaped components, due
to the uniform plasma envelope created around the workpiece. In this study, this method was
used for applying penetrative coatings on a AISI 4140 steel substrates. Pulsed current was used
in order to achieve nanocrystalline compound layer with better properties [10]. Nanostructure
of carbide nanocrystallites and their friction coefficient were studied. Then statistical method
of “Taguchi” has been effectively applied to optimize these properties of coatings [11, 12]. The
Taguchi method uses a special design of orthogonal arrays to study all the designed factors with a
minimum of experiments at a relatively low cost. Orthogonality means that factors can be evalu-
ated independently of one another; the effect of one factor does not interfere with the estimation
of the influence of another factor [12]. The design of experiments took into account the influ-
encing extent of individual process parameters. This consideration led to the selection of four
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influential factors, i.e. frequency, duty cycles for positive and negative directions and treatment
time with three different levels (1–3). Pin-on-disc wear tests were conducted to determine the
friction coefficient of coated and uncoated samples. The results of the factor response analysis
were used to derive the optimal levels combinations. Confirmation experiments were conducted
to verify the obtained results. The percentage contribution of each factor was determined by an
analysis of variance.

2 Experimental

Cylinder shape samples (20mm (dia) 5mm) of AISI 4140 steel (C 0.41 wt.%, Cr 1.01 wt.%,
Mn 0.85 wt.%, Mo 0.24 wt.%, Ni 0.12 wt.%, Si 0.2 wt.%, P 0.024 wt.%, S 0.031 wt.%) were
used as substrates in this study. All samples were prepared from a bar by usual machining. After
polishing to about Ra 2 m using Al2O3 slurry, the samples were first cleaned with acetone and
then ultrasonically cleaned in ethanol. Electrolytes were prepared from solutions of Gelycerol
in distilled water with an addition of Sodium carbonate (Na2CO3) for changing electrical con-
ductivity of electrolyte. During carburizing, the samples to be coated as cathode of the system
and a stainless steel bath used as an anode were connected to a 20 KW (3 phase) variable power
source (590Volts, 34 Ampers(Max) after DC conversion). The details of the pulser rig setup
used in this study can be found in Ref [13]. Bipolar current was used to achieve better properties
of compound layer with higher peak voltages in cathodic direction than anodic direction. The
“quality characteristics” of concern are the average friction coefficient ( ) and average sizes of
nanocrystalline carbides (ASN). The wear experiments were performed using a pin-on-disc ma-
chine measuring the friction of a loaded test specimen sliding against a hard ball (2.5 N normal
load and 250 m sliding distance with a 10-mm diameter WC-Co ball counter face). The nanos-
tructure morphology and hardness profile of PBNPEC films were examined by XL-30 (PHILIPS)
scanning electron microscope (SEM) and Buhler Micromet1 micro hardness tester. To measure
ASN, 5 SEM nanostructures with same magnification were analyzed trough commercial soft-
ware for figure analysis called a4iDocu for each treated sample. Different measurements were
interpolated to obtain average results. At least 40 measurements were done in each nanostructure
for minimizing systematical errors.

3 Results and Discussion

Figure 1 shows the relation among of different coated samples with their ASN. As it can be
seen, for all treated and examined samples, will decrease with decreasing ASN. Also it was
observed that samples with lower ASN have nanocrystallites with the shapes near to spheres.
Four factors (frequency, duty cycle of cathodic direction, duty cycle of anodic direction and

duration of process) with three levels were selected shown in Table 1. The factors and levels were
used to design an orthogonal array L9 (34) for experimentation. The nine Taguchi experiments
were conducted twice to ensure the reliability of experimental data for a signal-to-noise analysis.
Equations related to Taguchi method were described elsewhere [14] and will not repeat here
again. To minimize the influence of ASN variation on the analysis of experimental data, the
signal-to-noise (S/N) ratio was employed, which converts the trial result data into a value for the
response to evaluate coating quality in the optimum setting analysis.
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Figure 1: Average friction coefficient versus average size of carbide nanocrystallites.

Table 1: Design factors and levels

Level Factor

Frequency (kHz) (A) Duty cycle of cathodic
direction (%) (B)

Duty cycle of anodic
direction (%) (C)

Time (min) (D)

1 5 20 60 10
2 10 30 70 20
3 15 40 80 30

The results of the ASN tests for the different coatings on 4140 steel are given in Table 2. High
frequency, low cathodic duty cycle, high anodic duty cycle and extended treatment as demon-
strated in Experiment 7 produces a high quality coating, which significantly decreases the ASN
as well as average friction coefficient of treated sample.

Table 2: The S/N ratios

Experiment Frequency
(kHz) (A)

Duty
cycle of
cathodic
direction
(%) (B)

Duty
cycle of
anodic
direction
(%) (C)

Time
(min) (D)

ASN (nm) (Ai) S/N ratio

Test1 Test2

1 5 20 60 10 55.0 56.1 34.894
2 5 30 70 20 72.5 75.5 37.386
3 5 40 80 30 91.7 96.7 39.484
4 10 20 70 30 47.5 51.0 33.854
5 10 30 80 10 51.7 54.2 34.48
6 10 40 60 20 75.0 79.5 37.762
7 15 20 80 20 36.7 39.3 31.601
8 15 30 60 30 60.0 64.7 35.903
9 15 40 70 10 62.5 66.2 36.175
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Based on specific equation [14], two sample’s ASN measurements for each experiment were
converted into one S/N ratio. The response of each factor to its individual level was calculated by
averaging the S/N ratios of all experiments at each level for each factor. The determined factor
responses are summarized in Table 3. Figs. 2-5 show the effect of the four selected factors on
the mean S/N ratios, respectively.

Table 3: The factor response

Level Factor

Frequency (kHz) (A) Duty cycle of cathodic
direction (%) (B)

Duty cycle of anodic
direction (%) (C)

Time (min) (D)

1 37.255 33.450 36.186 35.183
2 35.365 35.923 35.805 35.583
3 34.560 37.807 35.188 36.414

Figure 2: Effect of frequency on mean S/N ratio.

The response of the S/N ratio to the selected factors needs to be further investigated. By
selecting the lowest value of mean S/N ratio for each factor, the optimal level can be determined.
On this basis, the optimum combination of levels in terms of minimizing the ASN of the treated
4140 steel is A3B1C3D2; i.e. 15 kHz for frequency, 20% for duty cycle of cathodic direction,
80% for duty cycle of anodic direction and 20 minutes for treatment time.
The contribution of each factor to the ASN of coatings can be determined by performing anal-

ysis of variance. The results of analysis of variance (ANOVA) are summarized in Table 4. The
data given in Table 4 shows that the contribution of the four factors, i.e. frequency, duty cycle of
cathodic direction, duty cycle of anodic direction and treatment time is 26.08%, 65.09%, 3.46%
and 5.37%, respectively. The contribution of duty cycle of cathodic direction (65.09%) is more
than the sum (34.91%) of the contributions of all the other three factors. It is evident that, among
the selected factors, duty cycle of cathodic direction has the major influence on the formation of
carbide nanocrystallites on coatings. It can be seen that the frequency is second important factor
that affects on ASN of the coatings. Furthermore, it can be assumed that duty cycle of anodic
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Figure 3: Effect of duty cycle of cathodic direction on mean S/N ratio.

Figure 4: Effect of duty cycle of anodic direction on mean S/N ratio.

direction and treatment time have almost the same effect on ASN and thus average friction coef-
ficient of coatings because of the minor difference in the contribution percentages among these
two factors. It is evident from Table 4 that ANOVA analysis not only specifies how important
a factor is to the ASN of coatings by numbers but also shows their relative effect. By ranking
their relative contributions, the sequence of the four factors affecting the ASN and thus average
friction coefficient is duty cycle of cathodic direction, frequency, duty cycle of anodic direction
and treatment time. It is also worth mentioning that, in the ANOVA analysis, if the percentage
error (Pe) contribution to the total variance is lower than 15%, no important factor is missing
in the experimental design. In contrast, if the percent contribution of the error exceeds 50%,
certain significant factors have been overlooked and the experiments must be re-designed [12].
As shown in Table 5, the percentage error (Pe) is 0%. This indicates that no significant factors
are missing in the experimental design.
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Figure 5: Effect of treatment time on mean S/N ratio.

Table 4: Results of the ANOVA for ASN

Symbol Factors Degree of
freedom
(D)

Sum of
squares
(SS)

Variance
(V)

Corrected
sum of
squares
(SS´)

Contribution
(P, %)

Rank

A frequency 2 11.4817 5.74085 11.4817 26.08 2
B duty cycle

of cathodic
direction

2 28.6532 14.326 28.6532 65.09 1

C duty cycle
of anodic
direction

2 1.5217 0.76085 1.5217 3.46 4

D Treatment
time

2 2.3645 1.182275 2.3645 5.37 3

Error 9 0 0 0
Total 17 44.0211 100

The confirmation experiment is the final step in verifying the conclusions from the previous
round of experimentation. If the results of the confirmation runs are not consistent with the
expected conclusions, a new Taguchi method design is required. The confirmation experiment
was performed by setting the experimental condition of the four factors as: 15 kHz for frequency,
20% for duty cycle of cathodic direction, 80% for duty cycle of anodic direction and 20 minutes
for treatment time. Table 5 shows the results of the coated sample from the confirmation run. The
ASN of the optimized coating is the lowest value among other coatings obtained in the present
study. Thus the average friction coefficient of the optimized coating is lower than other coatings.
The nanograph and hardness profile of the optimal coated sample can be seen in Fig. 6 and Fig. 7.
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Table 5: Results of ASN for confirmation run

Samples Ai (nm)
Optimized coating 35.2

Figure 6: Nanostructure of optimized coating.

Figure 7: Nanostructure of optimized coating.

4 Conclusions

It has been revealed that average friction coefficient of treated samples has a direct relation with
average size of nanocrystalline carbides. Statistical method for the design of experiment has
been used for optimizing coating process parameters for the production of compound coatingwith
lower average size of nanocrystalline carbides and thus lower average friction coefficient for AISI
4140 steel. The frequency during coating process is found to be the major factor affecting the
ASN of the coating. Also the duty cycle of cathodic direction is found to be the second important
factor affecting the ASN of the coating while duty cycle of anodic direction and treatment time
have a similar and smaller effect on the ASN of the coatings. The percentage contributions of
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the frequency, duty cycle of cathodic direction, duty cycle of anodic direction and treatment time
is 26.08%, 65.09%, 3.46% and 5.37%, respectively. The optimized processing parameters are
15 kHz for frequency, 20% for duty cycle of cathodic direction, 80% for duty cycle of anodic
direction and 20 minutes for treatment time. The ASN of the optimized coating is 35.2 nm.
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Abstract

The present work is concerned with the laser surface melting of AISI 420 stainless steel samples
in order to evaluate the effects of the treatment on the resulting microstructure. The structural
characterization of the treated surface was performed by scanning electron microscopy, X-rays
diffraction and Vickers microhardness test. The abrasive wear resistance was analyzed using
micro-scale abrasive wear tests.

1 Introduction

In the last few decades, metals and alloys laser treatments became a new technique for surface
modification, making possible to harden the surface of these materials with or without melting.
The processing parameters affect the microstructure and, consequently, the properties of treated
material, mainly in the case of stainless steel [1, 2]. In processes of rapid solidification of ferrous
alloys, the primary solidification phase can be austenite or ferrite-δ. In laser surface treatments,
the growth of austenite is kinetically favored by laser beam scanning speed and because of the
thermal gradient in the melted pool is positive [3, 4]. These treatments can be a good alternative
for improvement in mechanical and metallurgical properties and wear or corrosion resistance
[5–8].
The tribological characterization of materials by traditional techniques such as pin-on-disc or

reciprocating sliding wear tests or the dry sand rubber wheel test have been used successfully
[9, 10], but, particularly for thin hard surface, there can be considerable difficulties in perform-
ing tests [11] due to the very small mass changes associated with removal of thin surface layer
[12]. Thus for successful measurements of the surface wear, only small amounts of wear can
be tolerated. Traditional measurement methods such as mass loss become ineffective and even
profilometry techniques often cannot be used for components with normal engineering finishes
as the depth of the wear damage is within the uncertainty of measurement caused by the original
roughness of the surface [11].
Because of these situations, a considerable incentive for develop new methods for abrasion

and erosion tests and much progress have been made in this area over the past two decades [12].
A relatively recent evaluation technique for coatings and surface engineered materials wear re-
sistance is the micro-scale abrasive wear test. This technique allows testing very small samples,
its applicable to plane or cylindrical specimens and can determine the treated surface layers prop-
erties, independently of their thickness and adhesive strength [13, 14].
In the micro-scale abrasion test, a steel sphere is rotated against a sample in the presence

of slurry of fine abrasive particles, which produces wear scar. The geometry of the wear scar
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is assumed to reproduce the spherical geometry of the ball, and the wear volume may then be
calculated by crater diameter. The wear volume may be deduced as a relative sliding distance
function and the wear coefficient K calculated from the Equation 1, where b is the diameter of
the wear crater, R is the radius of the sphere, S is the total distance slid by the sphere relative to
the specimen surface and N is the normal force between sphere and sample [15–19].

K =
πb4

64R
· 1

SN
[m3/Nm] (1)

In this test, which employs free abrasive particles, two distinct wear modes have been iden-
tified. The dominant process is controlled by the nature of the abrasive particle motion in the
contact region between the ball and the specimen. If the particles do not move in relation to
the ball surface, but act as fixed indenters moving across the specimen, a series of fine parallel
grooves is produced on the specimen surface. This leads to so-called grooving wear or two-body
abrasion. If on the other hand, the abrasive particles roll between the two surfaces, multiple in-
dentations with no evident directionality are produced in a process known as rolling abrasion
or three-body abrasion [14]. The dominant wear modes in the micro-scale abrasion test have
been reported to be influenced by applied load, volume fraction of abrasive in the slurry, abra-
sive material, materials of both ball and specimen, and the surface condition of the ball [17–22].
According Zum Gahr [23], a more general model was developed which describes abrasive wear
by distinguishing four types of interactions between abrasive particles and a wearing material
namely microploughing, microcutting, microfatigue and microcracking.
Since wear is a system response and is not a material property, the wear resistance of a material

can vary over a wide range if different wear mechanisms are induced by different test conditions
[24]. For repeatable and reproducible wear resistance measurements in a standard wear test,
the test conditions must be carefully controlled so that the wear mechanism is predictable and
reproducible [14].
The present work concerned with the laser surface melting of AISI 420 stainless steel samples

in order to evaluate the effects of the treatment on the resulting microstructure and the wear
resistance. The abrasive wear rate was evaluated using micro-scale abrasive wear tests and the
results were comparedwith those ofAISI 420 stainless steel quenched and tempered by traditional
heat treatment.
Among the main AISI 420 applications are surgical instruments, high-speed components for

use in marine environments, cutlery, pumps, steam turbine parts and the specific interest in this
work are surgical instruments such as nippers and scissors

2 Experimental Procedure

The steel used in the present study was AISI 420 martensitic stainless steel, whose chemical
composition is shown in Table 1. Surface melting treatment was carried out with a 1 kW CW
CO2 laser using power densitiy of 318W/mm2 and scan rate of 700mm/min. Samples were
subjected to multiple scan passes laser, with the tracks overlapped 50%, in order to produce a
modified surface layer. Surface oxidation was prevented using argon gas.
The microstructure of the material was analysed by scanning electron microscopy (SEM),

Vickers microhardness (80gf) and X-ray diffraction. The proportion of retained austenite was
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Table 1: Chemical composition of the stainless steel used.

Element Weight (%)

C 0,30
Cr 12,34
Ni 0,28
P 0,035
Mn 0,40
S 0,011
Si 0,20
Fe balance

estimated by the relative intensity of the peaks in the X-ray diffractograms, using the method
proposed by Jatczak et al. [25].

Figure 1: Schematic diagram of the micro-scale abrasive ball-cratering wear test machine.

Figure 1 shows a schematic diagram of the micro-scale abrasive ball-cratering wear test ma-
chine used in this work. The ball is driven positively by a shaft. The polished surface of the
sample is mounted vertically on the pivoted L-shaped arm and is loaded against the ball by a
weight hanging from the horizontal lever. The slurry of 6 m silica particles in distilled water
was fed drop by drop into the contact area. The specification of the apparatus and experimental
details are shown in Table 2. Five tests were performed on each sample. Steel sphere was treated
before use to produce fine surface pitting. This modification is necessary because the pits aid in
the entrainment of the abrasive into the contact area [17,18].
The worn surfaces of the laser melted and quenched and tempered samples were observed by

scanning electron microscopy to identify the dominant wear mechanism and the wear coefficient
was calculated using Equation (1).
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Table 2: Specification of the micro-abrasion apparatus.

Load 1N
Ball material AISI 52100
Ball diameter 25mm
Ball speed 100 rpm
Slurry 6µm silica particles in distilled water
Slurry concentration 200 g/l
Sliding distance 180m

3 Results and Discussion

3.1 Microstructural Characterization

Laser melting treatment resulted in the formation of two zones in material, a melted zone (MZ)
and a heat-affected zone (HAZ), beyond a interface (I) between these zones (Figure 2a). Figure
2b shows that heat-affected zone is constituted of refined martensite (M) and carbides (C). Figure
3a shows a refinedmicrostructure in melted zone and the dendritic growing direction change. The
melted microstructure is consisted of austenite dendrites (γ) partially transformed to martensite,
during cooling, and carbides (Figure 3b). Retained austenite is shown in Figure 3c. The mean
primary dendritic arm spacing (λ1) measured was 3µm. No ferrite-δ has been observed after
laser treatment.

Figure 2: Zones obtained after treatment (a) and heat-affected zone (b).

Figure 4 shows the X-ray diffractograms of AISI 420 stainless steel as received and after laser
treatment. The microstructure of steel as received is consisted of martensite and Cr7C3 type
carbide. The microstructure of the melted layer is consisted of martensite, retained austenite and
Cr7C3 and Cr23C6 type carbides. The retained austenite proportion was 37% in laser treatment.
The microhardness profile shows that the hardness increased 112,5% in melted zone and 69,5%
in HAZ (Figure 5).



649

Figure 3: Melted zone of AISI 420 steel: dendritic growing direction change (a), austenite dendrites partially
transformed to martensite and carbides (b) and retained austenite (c).

3.2 Wear Resistance

The non-treated laser samples presented the best abrasive wear resistance in comparison with
laser melted steel. The wear rate resulting of the micro-scale abrasive wear tests of the samples
treated and non-treated by laser were 9,07× 10–13m3/Nm and 8,15× 10–14m3/Nm, respectively.
Scanning electron microscopy analysis of the quenched and tempered steel sample by tradi-

tional heat treatment revealed that the wear craters present a series of fine parallel grooves and
multiply indented with no evidence surface directionality, as shown in Figure 6. This behavior
was termed “mixed-mode” and involved two mechanisms: microcutting and microploughing.
The laser melted samples presented a wear rate higher than those quenched and tempered

samples by traditional heat treatment. The laser melted sample presented the wear surface formed
by grooves parallel to the direction of sliding, characteristic of the microcutting wear mechanism
(Figure 7).
Besides the parallel scratches, it can be observed that the smaller carbides, present in the struc-

ture, were easily removed from the matrix increasing the wear volume (indicated by the arrows
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Figure 4: X-ray diffractograms of steel before and after laser treatment.

Figure 5: Vickers microhardness profile of steel after laser melting.

in the Figure 7). The presence of retained austenite high volume fraction may be decreased the
capacity of the matrix to resist the action of abrasive particles allowing the carbide removing,
which is in agreement with studies of Colaço et al. [8,26], where the abrasive wear resistance of
laser surface melted stainless steel decreases with increasing retained austenite proportion.

4 Conclusions

After laser melting, the resultant phases in material were martensite, retained austenite and
Cr7C3 and Cr23C6 type carbides. Significant increase on hardness has been observed, in spite
of the retained austenite high volume fraction, due to the refined microstructure and precipitated
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Figure 6: SEM image of the quenched and tempered AISI 420 stainless steel worn surface.

Figure 7: SEM image of the laser melted AISI 420 stainless steel worn surface.

carbides promoted by laser treatment. The laser melted samples presented a wear rate higher than
those quenched and tempered samples by traditional heat treatment. The presence of retained
austenite high volume fraction in the laser melted samples may have contributed to increasing of
the wear rate. Is important to optimize the laser parameter in order to reduce the retained austenite
formation.
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Enhanced Wear Resistance of Precipitation Hardening Steels by

Laser Solution Annealing and Subsequent Aging Treatment

Jörg Kaspar, Berndt Brenner, Arnhold Luft, Frank Tietz, Jörg Bretschneider
Fraunhofer Institut für Werkstoff- und Strahltechnik, Dresden

1 Introduction

Precipitation hardening martensitic stainless steels are used for structural components in aircraft,
chemical, naval, nuclear and power generation industries because they offer a good combination
of strength, ductility and toughness, good fabrication characteristics and corrosion resistance.
Unlike quenched and tempered steels which gain their strength by the formation of martensite, in
precipitation hardening martensitic stainless steels small precipitations considerably contribute
to strength. Hence these steels contain precipitation-forming elements like copper, aluminum,
titanium or niobium [1]. The conventional way to achieve the precipitation hardened state con-
sists of a solution annealing treatment to obtain a homogenized austenite, the transformation to
martensite upon cooling to room temperature and an aging treatment to form small precipitates
within the martensite.
For many applications precipitation hardening martensitic stainless steels must guarantee high

ductility and toughness as well as low susceptibility to stress corrosion cracking. For this reason
these steels are normally used in an overaged but not in the peak aged condition. However in an
overaged condition the steels do not exhibit the maximum strength, hardness and wear resistance
which would be desirable for some applications.
To overcome this drawback an effective surface modification technique has been developed

at Fraunhofer IWS Dresden, which allows the selective generation of wear resistant surface re-
gions up to several millimeters in depth without altering the mechanical properties in the bulk of
the material [2]. The present work evaluates the capability of this novel surface hardening tech-
nique, which is based on a laser solution annealing and subsequent aging treatment, improving
the hardness and the resistance to cavitation erosion of the steel X5CrNiCuNb16-4 (16-4 PH).
Furthermore, the microstructure within the laser treated surface region was studied in detail by
metallographic methods and transmission electron microscopy (TEM).

2 Experimental

2.1 Specimens and Laser Treatment

The experiments were carried out on the precipitation hardening martensitic stainless steel
16-4 PH of the following chemical composition (wt%): Cr: 15.65, Ni: 4.30, Cu: 3.05, Mn: 0.45,
Nb: 0.30, Si: 0.27, C: 0.038, P: 0.018, S: 0.001, Fe: balance. This steel is strengthened by the
precipitation of small Cu particles within lath martensite structure [3]. The as delivered condition
of this steel is characterized by the conventional solution annealing and aging treatment specified
in table 1.



655

In order to increase surface hardness and wear resistance the as delivered samples were sub-
jected to an additional heat treatment cycle which is called “Surface age hardening” and con-
sists of a short time solution annealing of the surface by laser treatment followed by rapid self-
quenching and a subsequent aging treatment of the whole sample at temperatures below 560 °C
(table 1).
The laser solution annealing was performed with a 6 kW CO2-laser and a 4 kW diode laser,

respectively. In order to ensure a fast and exact local temperature control a fast pyrometer or a
camera based temperature measuring system E-MAqS [4] and the laser power control unit Lom-
pocPro [5] were integrated in the laser surface annealing process. A beam shape device based on
approved galvanometer scanner technology and developed for the conventional laser hardening
[6] has been applied to generate variable tracks up to 40mm in width. The laser surface an-
nealing was conducted at a constant surface temperature of about 1350 °C and at different dwell
times (0.75 s to 10 s) by varying laser power and transverse speed. The aging of the laser solution
annealed samples was done at temperatures between 480 °C and 550 °C, i.e. below the conven-
tional aging temperature of 560 °C, to modify the precipitation structure within the laser annealed
surface region but leave the structure in the bulk of the material unchanged.

Table 1: Parameters of the conventional heat treatment and the surface age hardening process

Cycle Heat treatment Temperature Dwell time cooling

I: Conventional
heat treatment

Ia: Solution anneal-
ing

1050 °C 0.5 h air

Ib: aging 560 °C 3 h air
II: Surface age
hardening

IIa: Laser surface
annealing

1350 °C 0.75 – 10 s self quenching

IIb: aging 440 – 550 °C 3 - 8 h air

2.2 Characterisation Methods

Metallographic cross sections of the surface age hardened samples were prepared by a sequence
of cutting, grinding, polishing and etching and analyzed by optical microscopy. The hardness of
the samples was measured at the cross sections by means of a Vickers microhardness tester using
a 50 g load.
Furthermore TEM was used to investigate in detail the microstructures of the steel in the as

delivered condition and after the laser solution annealing and subsequent aging treatment. The
specimens were cut at a depth of about 0.1mm underneath the surface and thinned by a se-
quence of grinding, twin-jet electro-polishing and ion beam bombardment. The TEM exam-
inations were done utilizing a JEOL JEM 2010 microscope equipped with a double-tilt stage
operating at 200 kV.
An ultrasonic device was used to carry out the cavitation erosion tests in deionized water at

25 °C (ASTM G32-92). The specimens were set opposite to a vibrating tip of Ti-6Al-4V. Cavi-
tation was induced by longitudinal oscillation of the tip at 20 kHz using an amplitude of 40µm
and a distance between tip and sample of 0.50mm. The samples to be tested had dimensions of
20mm by 15mm. Their surface was carefully ground. The mass loss was determined with an
accuracy of 0.1mg at certain time intervals during a total testing period of 20 h.
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3 The New Surface Age Hardening Technology

Existing and well established surface hardening techniques, e.g. cladding, case hardening or high
temperature nitriding, providing sufficient wear protection are not applicable to the 16-4 PH steel
because they destroy the well balanced precipitation structure in the surface region and hence de-
grade the overall mechanical performance. Generally, only insufficient technical solutions for
wear protection of such steels are available, if the wear type requires thick protection layers (e. g.
cavitation and droplet erosion) and the components are heavily fatigue loaded. However, low
pressure turbine blades made of 16-4 PH have to withstand such severe conditions. In order to
significantly improve the resistance to cavitation and water droplet erosion without essentially
degrading the outstanding overall mechanical and environmental behavior (e.g. toughness, duc-
tility, corrosion, stress corrosion cracking) of 16-4 PH the Surface age hardening technique was
proposed and developed [1]. This approach assumes that the different demands on surface and
bulk properties can be achieved by specifically adapted heat treatment cycles (cp. table 1):
I) Conventional heat treatment: Solution annealing and precipitation hardening of the whole
component at relatively high temperatures (overaging) to obtain the required bulk properties op-
timized for the demands of strength, HFC fatigue and toughness by establishing a relatively coarse
Cu precipitation structure in the lath martensite (size: 10–50 nm).
IIa) Laser solution annealing: Selective short-time surface solution annealing (austenitization) at
unusual high temperatures to completely dissolve the Cu precipitations in the near surface region
and maintain the solid solution upon rapid self-quenching and transformation to lath martensite.
IIb) Surface precipitation hardening: Aging of the whole component at relatively low tempera-
tures to optimal strengthen the solution annealed surface regions by very small Cu rich precipi-
tations (size 1–5 nm).

4 Results

Applying the novel laser based Surface age hardening technique the hardness of the steel 16-4 PH
can be considerably increased. Depending on transverse speed and hence dwell time the depth of
the surface hardened zone can be adjusted from about 1mm to about 4mm (Fig. 1a). Generally,
the hardness of the surface age hardened surface region can be significantly increasedwith respect
to the as delivered state by choosing the appropriate laser and aging treatment (Fig. 1b). The
maximum surface hardness of about 480 HV0.05 is achieved, by an aging treatment at 480 °C
for 8 h. However, even considerably overaging at 550 °C for 3 h led to a maximum hardness of
about 420 HV0.05 in the laser solution annealed surface region, i.e. an increase in hardness of
about 100 HV0.05 if compared to the as delivered state.
It is supposed that the higher hardness in the surface age hardened region can be mainly at-

tributed to the denser arrangement of smaller Cu precipitates, which is present in these samples
compared to the conventional heat treated samples although other micro-structural processes may
be involved, too. In order to prove this assumption, the microstructure of the as delivered state
and a surface age hardened state were comparatively analyzed by TEM.
TEM analysis of the as delivered samples disclosed the following features (Figs. 2a and b):

i) lathmartensite exhibiting high dislocation density; ii) small amounts of reverted austenite along
the boundaries of lath martensite; iii) Cu precipitates varying in size between 10–50 nm; iv) a
random distribution of NbC particles 50–200 nm in size.
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Figure 1: Micro-hardness depth profiles measured on the cross section of surface age hardened samples (laser
surface annealed and subsequently aged = LSA +A)
a) Variation of dwell time during laser solution annealing. b) Comparison of as delivered state and surface age
hardened samples.

Figure 3 reveals that in the surface age hardened region the size of the Cu precipitates is much
smaller, however, the precipitation density is much higher than in samples of the as delivered
condition. Peak-aging at 480 °C for 8 h predominately led to the formation of a very high amount
of Cu-rich particles only about 1–3 nm in size and homogenously formed within the laths of the
martensite. Overaging at 550 °C for 3 h resulted in a precipitation structure that is characterized
by a dense arrangement of fcc ε-phase Cu-rich particles about 20 nm in size. Consequently, in the
surface aged hardened regions the precipitation density is significantly higher whereas the size
of the Cu particles is much smaller than in samples of the as delivered state. This even applies, if
the aging conditions of conventional heat treatment and Surface age hardening are comparable
(550 °C / 3 h versus 560 °C / 3 h).

Figure 2:Microstructure of the steel 16-4 PH in the as delivered state.
a) TEM micrograph (overview): Typical lath martensite morphology.
b) Detail of b): I NbC particles; II fine Cu precipitates of different sizes; III reverted austenite along the boundaries
of the lath martensite.

In Figure 4 it is shown that the novel Surface age hardening technology enables a substantial
improvement of the cavitation erosion resistance. Compared to the as delivered state the resis-
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tance against cavitation erosion of the steel 16-4 PH can be increased approximately by a factor
of three. Because of this encouraging result the novel surface age hardening technique was ad-
justed and successfully applied for the wear protection of low pressure turbine blades made of
the steel 16-4 PH [7].

Figure 3:Microstructure of the steel 16-4 PH in the surface age hardened state using different aging treatments.
a) Aging 480 °C / 8 h: Very small Cu-rich precipitates (1–3 nm)
b) Aging 550 °C / 3 h: Cu-rich precipitates (fcc ε-phase) about 20 nm in size.

Figure 4: Cumulative volume loss during a cavitation erosion test. Comparison of a sample in the as delivered
state and a sample afterlaser solution annealing and subsequent aging treatment (Aging: 480 °C / 8 h).

5 Conclusions

In the present work the innovative Surface age hardening technique which is based on laser
solution annealing and subsequent aging treatment was introduced and successfully applied to
improve the surface hardness and cavitation erosion resistance of the precipitation hardening steel
16-4 PH. In order to evaluate the capability of this technique the hardness, microstructure and
wear resistance of the as delivered state and of surface aged hardened samples were comparatively
investigated. Based on the results the following conclusions are drawn:
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1. By applying the Surface age hardening technique the hardness of the steel 16-4 PH can be
increased by about 50 % and the resistance to cavitation erosion by about 300 %.

2. By altering the parameters of the laser and aging treatments the required hardness and depth
of the surface age hardened zone can be easily adjusted.

3. In the surface age hardened region a more homogenous and finer arrangement of small Cu-
rich precipitates is formed than in the conventionally heat treated samples of the as delivered
state.

6 References

[1] E. Hornbogen in PhysicalMetallurgy Physical Part II: Metallurgy of steels (Ed. R.W. Cahn,
P. Haasen), North Holland Physics Publishing, Amsterdam, 1983, p. 1075.

[2] B. Brenner, F. Tietz, German Patent DE10030433C2, 2002

[3] K. C. Antony, Journal of metals 1963, 15, 922–927

[4] S. Bonß,M. Seifert, J. Hannweber, U. Karsunke, E. Beyer, in Proc. of the ICALEO, Vol. 98,
LIA, 2005, 851–855

[5] S. Bonß, M. Seifert, B. Brenner, E. Beyer, in Proc. of the ICALEO, Vol 90, LIA, 2000,
19–27

[6] S. Bonß, J. Hannweber, U. Karsunke, M. Seifert, B. Brenner, E. Beyer, Proc. of the LAMP,
Japan Laser Processing Society, 2006

[7] Anonymous, Stahl und Eisen 2006, 126, 38–39
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N. Dahl, D. C. Lou, O. M. Akselsen, M. I. Onsøien
SINTEF Materials and Chemistry, 7465 Trondheim, Norway

1 Introduction

Wear and corrosion are major causes of materials wastage and unfavourable friction conditions
are a principal origin of energy dissipation [1, 2] in many industrial processes. To protect equip-
ment, tools, dies and machinery from wear, corrosion and oxidation, different coating techniques
have been established. These include diffusion processes, thermal spraying, hardfacing, laser
cladding and deposition processes (physical vapour deposition, PVD, chemical vapour deposi-
tion, CVD), etc. Boronising is a well known and effective diffusion coating process with respect
to improvement of surface hardness [3]. Conventional boronising is most often carried out by
pack-cementation [4] which can easily be applied to work pieces having different shapes and
size. However, the powder technique requires very high working temperatures and a great deal
of manual work, which prevents boronising becoming a widespread surface modification tech-
nique [5].
In this work, the use of smart boronising pastes as an alternative method for surface modi-

fication of metals will be demonstrated. The pastes are recently developed at SINTEF [6] and
have shown promising results with respect to improvement of metal surface properties. Smart
paste surface modification is based on diffusion of active elements from the paste into a substrate
forming desired surface layers. The pastes are self-protective which mean that they can be used
in any heating furnace, including microwave heating, without protective aid or atmosphere. Fur-
ther, the pastes have low-cost and easy handling characteristics, and are well suited for partial
surface treatment of work pieces and components with complex geometries. In addition, by the
use of different pastes with specific active elements, different kinds of surface modification can
be carried out on different parts of a component in one heating process. This is difficult to execute
by conventional surface technology.

2 Characterizations of the Pastes

2.1 Working Principle of the Pastes

The smart paste agents consist of compounds that release elements giving full protection against
oxidation, species that release the diffusing elements, diffusion aid (if necessary), fill substances
and a binder solution. The pastes can contain sources for single or multiple active elements (such
as B, Si, C, N) dependent on the required properties of the final coating/diffusion layer. For
boronising, one or more boron-compounds are the boron supplying source. Desired amounts of
the different dry powders are mixed together and a sticky solution is added to the powder mixture
in order to make a paste consistency.
The principle of self-protective paste treatment is presented in Figure 1. The surface to be

modified is covered by a 3–5mm thick layer of the smart paste, followed by drying at room tem-
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perature or at a temperature less than 100 °C. Afterwards, the coated specimens are heated to a
specified temperature and held for a certain soaking time, depending on the required thickness of
the boronised/diffusion layer and on the type of substrate material. After the treatment, the dif-
fusion coated material is cooled in air, followed by removal of paste residue. The final coatings
or diffusion layers are typically from 20µm up to 1mm thick, depending on the treatment pa-
rameters. Figure 2 shows a typical temperature versus time cycle for smart paste treatment. The
actual diffusion process is carried out at temperatures from 650 °C to 1100 °C, depending on the
paste composition. Specific low temperature pastes are developed for treatment of temperature
sensitive components, in order to avoid thermal distortions etc. The pastes can also be tailored
to fit into the thermo mechanical treatment cycle of the component in question in order to avoid
adding an extra heat treatment operation.

Figure 1: Principle of self-protective paste treatment. (a) Application of paste, (b) Drying of paste, (c) At specified
temperature and soaking time: formation of protective layer at the paste surface and diffusion of active species into
the substrate, (d) Diffusion layer is formed and paste residue can be removed.

Figure 2: Temperature versus time in a typical paste treatment cycle where boron is the active diffusing element.

2.2 Applied Materials and Geometries

The pastes have been tested for various metal substrates, such as low, medium and high carbon
steels, stainless steels, cast irons, nickel alloys and cobalt. Examples are given in Table 1 where
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the tested substrate materials are presented together with results from hardness testing before and
after paste treatment. As the table shows, a remarkable increase in hardness is observed after
paste treatment.
The easy handling characteristics of the pastes makes them well suited for treatment of com-

plicated shapes with various geometries such as cutters, screws, gears, slits cavities, inside of
pipes and tubes, etc. Examples are given in Figure 3. In addition, by applying different pastes,
on different regions of a component, various kinds of surface modification may be carried out in
one heating process.

Table 1: Examples of substrates selected as testing materials and hardness before and after treatment with two
variants of self-protective pastes.

Testing materials Self-protective paste I Self-protective paste II
Before treatment After treatment After treatment

Nimonic 90 300-400HV 1000-1400HV 2200-2500HV
Inconel 625 300-400HV 1000-1400HV 2200-2500HV
Hard alloy(WC/Co) 1100-1300HV 1700HV
Steel H13 500-550HV 1400-1800HV
Steel QRO90 500-550HV 1400-1800HV
DSS(Duplex stainless
steel)

300-330HV 1600-2000HV

A240-stainless steel 200-250HV 1600-2000HV
316L stainless steel 200-250HV 1600-2000HV
AISI 1040 100-250HV 1400-1800HV
Cast iron 200HV 1400-2000HV

Figure 3: Surface modification of Nimonic 90 with different geometries: (a) U-shaped pipe, (b) Sharp edge/corner
of cubic sample.

3 Diffusion Layer Structures

Typical microstructures of the various diffusion layers are presented as follows: Figure 4 shows
the diffusion layers of hot work tool steels H13 and QRO90. The layers consist of FeB+Fe2B
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(Figure 4a) or Fe2B (Figure 4b), depending on the substrate, paste composition and treatment
parameters. The layers are usually 50–100 m.
In Figure 5, diffusion layers, multiple layers (a) and composite layer (b) of stainless steels as

substrate are shown. Multiple layers on stainless steels form at certain temperatures and with
certain composition of the paste. The formation of composite diffusion layers requires high tem-
perature soaking. Themicrograph in Figure 5b shows that the composite layer consists of (Fe,Cr)2
B and alloy matrix.
Figure 6 shows the diffusion microstructures of nickel alloys (Nimonic 90 and Inconel 625)

which consist of large amount of needles in the layers. The averagemicrohardness of the diffusion
layers is about 2200-2500HV. The needles consist of high amounts of CrB which is believed to
be most governing with respect to the hardness [7].

Figure 4: Boronised diffusion layers of hot work tool steels: (a)-H13 and (b)-QRO90.

Figure 5: Boronised diffusion layers on stainless steels: a) Multilayer coating on 22Cr-5Ni Duplex Stainless Steel
(DSS) treated at 950ºC for 5hrs, b) Composite layer on stainless steel A240 boronised at 1100 °C for 1 h.

4 Wear Resistance and Hardness

Measurements of micro hardness were carried out for the different boronised metal substrates.
The micro hardness was measured by a Vickers pyramid hardness intender at 25g loads (HV0.025).
Typical hardness profiles from the surface, trough the diffusion layer and into the bulk substrate
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Figure 6:Microstructure of boronised diffusion layers of nickel alloys: a) Nimonic 90, b) Inconel 625.

for smart paste boronised H13 steel and Ni-alloy Nimonic 90 are plotted in Figure 7a. In the
figure, corresponding hardness measurements of a standard nitrided tool steel are also presented.
In Figure 7b, hardness as function of treatment time and temperature for the Ni-alloy Nimonic
90 are presented. The results clearly demonstrate the positive effect of the paste surface modifi-
cation, causing a remarkable increase in microhardness from about 400 up to 2500 for the treated
Nimonic 90 alloy, while the tool steel surface hardness was raised from about 500 to almost 1700.
Note also the significant improvement as compared to the nitrided tool steel. The hardness pro-
files show that the hardness is relatively stable from the surface and approximately 30 m into
the diffusion layer. Further into the diffusion layer and closer to the transition between the diffu-
sion layer and the pure substrate, the hardness decreases. An increase in boronising temperature
or time will increase not only the total diffusion layer thickness, but also the distance with extra
high hardness (Figure 7b).

Figure 7: Hardness profiles of boronised metal alloys: (a) Comparison of nitriding and paste treatment of H13
steel and nickel alloys, (b) Hardness profiles of Nimonic 90 alloy at varying paste treatment time and temperature.

Abrasive wear measurements of some smart paste treated substrate metals are carried out on a
Struers microwear tester. Results from testing of boronised and corresponding not boronised hot
work H13 steel, duplex stainless steel (DSS) and cast iron are presented in Figure 8a. The wear
resistance of boron-siliconised Ni-alloy Nimonic 90 was also investigated (Figure 8b). When
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boron-siliconising, the paste is modified and a Si compound is added [7]. The results show that
volume loss of the substrates during wear was reduced by a factor of 3-5 after surface treatment.
I.e. the abrasive wear resistance is significantly improved by the paste treatment.

Figure 8: Results from testing of abrasive wear resistance before and after boronising of (a) steels and cast irons,
and (b) Nimonic 90 alloy (boron-siliconising).

5 Conclusions

• Self-protective smart pastes that can be used for surface modification of metals in any heating
furnace have been developed and demonstrated on several substrates.

• The smart paste self-protective treatment give hardness increase of 100–200% and the abrasive
wear resistance of treated metal substrates increase by a factor of 3–5.

• The pastes required no need for protective or reductive furnace atmosphere and the paste has
low-cost and easy handling characteristics.

• The treatment method is suitable for partial surface treatment of work pieces and components
with various geometries such as screws, gears, slits cavities, inside of pipes and tubes, etc.

• By the use of different pastes, various kinds of surface modification may be carried out on
different surface-parts of a component in one heating process.
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Tribological Properties of 316 LVM Austenitic Stainless Steel

Processed by Mechanical Pulse Treatment and Hydrostatic

Extrusion
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Warsaw University of Technology, Faculty of Materials Science and Engineering, Woloska 141, 02-507 Warsaw

1 Introduction

Austenitic stainless steels are widely used in various fields of engineering and in biomedical
applications. From this point of view, the improvement of their properties is of great importance.
One of the efficient ways to achieve higher mechanical properties is grain size refinement down
to nanometer scale. This refinement may be induced either in a bulk or surface zone. The surface
refinement is, in particular, recommended for elements subjected to wear.
The aim of this work was to determine tribological properties of the nanostructured 316 LVM

austenitic stainless steel. In order to refine the structure in the surface zone, 316 LVM steel
was subjected to mechanical pulse treatment (MPT) which is an emerging method of surface
engineering by high-speed friction [1–2]. Carbonizing environments (mineral oil with addition
of low-polymeric fraction polyethylene) can be employed and the grain size refinement might be
accompanied by modifications of chemical composition. Samples of 316 LVMwere also studied
with nanostructure in the entire volume. These samples were obtained via hydrostatic extrusion
(HE), which is one of the efficient SPD methods of grain refinement [3–5].

2 Experimental

The material used in this study was 316 LVM with the chemical composition given in Table 1.
The supplied material was in the form of rods φ 10 and of a 6mm thick sheet.

Table 1: Chemical composition of 316 LVM (wt %)

316 LVM
C Si Mn P S Cr Ni Mo Cu N

0.025 0.6 1.7 0.025 0.003 17.5 13.5 2.8 0.1 <0.1

The rods subjected to seven passes of HE to the final diameter 4mm. This corresponds to a
cumulated true strain of 1.84. The microstructure of the 316 LVM steel before and after HE are
shown in Fig. 1–2. The microstructure in the as-received state is typical of a low stacking fault
energy material after cold deformation and contains numerous deformation twins. HE brings
about structure refinement and the resulting microstructure consists of nano-twins.
MPT was performed on coupons of 6mm 316 LVM sheet annealed at temperature of 1050 ºC

and furnace cooled. The microstructure of the steel after MPT is shown in Fig. 3 and Fig. 4.
Uniaxal grains with twin-boundaries, typical of annealed austenitic stainless steel appear in the
core, whereas the sample surface is strongly deformed.
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Figure 1: SEM image of the microstructure of 316 LVM steel in as-received state

Figure 2: TEM image of the microstructure of 316 LVM steel after hydrostatic extrusion

The mechanical properties were assessed by microhardness HV0,2 measurements. Wear prop-
erties were investigated using pin-on-disc tribometer. Pin samples of 4 mm diameter were
made of the material in initial states, as well after HE and MPT. During the tests, pins were
pressed against the hardened steel X17CrNi16-2 or ultra-high molecular weight polyethylene
(UHMWPE) disc moving at a speed of 0.01m/s. The applied loads at the interface were 1, 3.5 and
6MPa. The test duration was 60 minutes. All tests were conducted under lubricated conditions
in normal saline solution (0.9%NaCl). The surface roughness before and after the tribological
tests was measured using a WYKO NT9800/9300 Profiler. The weight loss was measured using
an analytical balance. Surface morphologies of the wear scarf were investigated using a scanning
electron microscope.
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Figure 3:Microstructure of 316 LVM steel sheet after MPT. Light microscope

Figure 4:Microstructure of 316 LVM steel sheet after MPT. Light microscope

3 Results and Discussion

The microhardness of 316LVM steel in the as-received state and after HE is given in Table 2. It
can be seen that as a result of HE processing, microhardness increases from 354 to 416 HV0,2.

Table 2:Microhardness parameters for 316LVM steel in the as-received state and after HE

Sample Mean Value HV0,2 Standard deviation Variation coefficient

as-received state 354 15.44 0.04
after HE 416 16.17 0.04

For MPT processed samples, the microhardness profile from surface to the core is presented in
Figure 5. The microhardness at the top MPT sample is about 277 HV0,2 and decreases gradually
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to about 160 HV0,2 in the core. Figure 6 shows the microhardness along strengthened layer. It
indicates that the microhardness is in fairly homogeneous.

Figure 5: Changes of microhardness from surface to substrat

Figure 6: Histogram of microhardness at MPT processed the surface

The results of wear test of 316 LVM pins in the as-received state and after HE during sliding
against X17CrNi16-2 steel are presented in Table 3. The value of load, average steady-state
friction coefficient, weight loss and surface roughness are also given.

Table 3: Results of tribological tests during sliding against steel disc

Sample Load [MPa] Friction coefficient µ Weight loss [g]
Surface roughness Ra [µm]
before test after test

as-received 1 0.53 0.0098 0.12 1.65
3.5 0.38 0.0162 2.91
6 0.47 0.2026 8.20

after HE 1 0.50 0.0098 0.10 1.12
3.5 0.38 0.0083 2.13
6 0.48 0.1916 2.34

No significant difference in friction coefficients and weight loss is found between samples in
the as-received state and after HE at a load of 1MPa. For the normal load of 3.5MPa, the friction
coefficients for samples in both states decreased to the value of 0.38. On the other hand the wear
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weight loss of the HE sample is lower than that of in the as-received state. It can be attributed to
stability of friction coefficient as a function of time. At a test load of 6MPa for the as-received
state and after HE did not significantly differ except the surface roughness. The lower surface
roughness for HE samples were registered for all tribological tests.
The results of tribological tests performed with low-polymeric fraction polyethylene as a coun-

terspecimen are shown in Table 4.

Table 4: Results of tribological tests during sliding against UHMWPE

Sample Load [MPa] Friction coefficient µ
Surface roughness Ra [µm]
before test after test

as-received
1 0.11

0.12
0.49

3.5 0.10 0.57
6 – 0.45

after HE
1 0.13

0.10
0.41

3.5 0.14 0.33
6 0.12 0.51

In the case of UHMWPE counterface, the friction coefficients were lower then for the steel.
In addition, these coefficients are only slightly higher for the samples after HE compared to as-
received ones. The tests resulted in a non measurable weight loss of pins. The surface roughness
after friction test was similar for the samples in the as-received state and after HE. It should
be noted that surface roughness is much smaller in this case than of steel disc in the case of
counterpart.
The results of wear test for sample before and after MPT are presented in Table 5. In such fric-

tion conditions the influence of surface strengthening on the wear resistance was negligible. The
friction coefficient and surface roughness have similar values for as-received and MPT samples.

Table 5: Results of tribological tests during sliding against steel disc under a load of 3.5 MPa

Sample Friction coefficient µ Weight loss [g]
Surface roughness Ra [µ]
before test after test

as-received 0.40 0.0038 0.50 2.30
after MPT 0.42 0.0030 0.40 2.14

The worn surfaces were examined using a scanning electron microscopy. Typical morpholo-
gies are shown in Figure 7–10.
The surface observations of samples in the as-received state, after HE and after MPT slid-

ing against a steel showed the combination of adhesion, plastic deformation and abrasion. No
significant difference were noticed, except of sliding under 3.5 MPa load, where sample in the
as-received state revealed more intensive wear damage (Figure 7,8). The combined wear mech-
anism causes the similar results of weight loss. The surface morphology of pin in the as-received
state and HE after friction with UHMWPE are similar. The surface roughness after friction in-
creased (Table 4 and Figure 9).
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Figure 7: SEM images of the worn 316LVM pin in the as-received state after sliding against steel counterface at a
load of 3.5MPa

Figure 8: SEM image of the worn 316LVM HE pin after sliding against steel counterface at a load of 3.5MPa

4 Conclusions

The results obtained in this work lead to the following conclusions:

• hydrostatic extrusion andmechanical pulse treatment lead significantly increase microhardness
of 316 LVM austenitic stainless steel;

• the higher microhardness of materials after the treatments does not influence on their wear
resistance;

• during wear against X17CrNi16-2 steel a combined mechanism of adhesion, plastic deforma-
tion and abrasion was observed whereas in the case of UHMWPE as a counterpart specimen
no measurable changes/ wear can be observed.
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Figure 9: SEM image of the worn 316LVMHE pin after sliding against UHMWPE counterface at a load of 3.5MPa

Figure 10: SEM pictures of the worn 316LVMMPT pin after sliding against steel counterface at a load of 3.5MPa
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Trybological Properties of the Surface Layers, Rich in Nitrogen,

Produced on Stainless Steel 316LVM

R. Slesinski, K. J. Kurzydlowski
Technical University of Warsaw, Faculty of Materials Science, Warsaw, Poland

1 Introduction

Nowadays one of the popular materials in biomedical applications is 316LVM stainless steel.
This steel has a good corrosion-resistance and advantageousmechanical properties. It is relatively
inexpensive and easy to process. On the other hand, 316LVM shows low hardness and poor wear
resistance. This rationalizes the development of tribological technologies intended to improve
its properties. The paper presents the results of investigations of the tribological properties of
the surface layers produced on 316LVM stainless steel by new technological processes such as
oxidation and plasma nitriding.
The surface layers obtained were characterized in terms of their microhardness, roughness

and wear-resistance in physiological saline. The layers were examined using light/electron mi-
croscopes. The results reveal an appreciable improvement of hardness and wear resistance.

2 Experimental Details

The material used in this study was Sandvik Bioline 316 LVM with the chemical composition
given in Table 1 and themechanical properties listed in Table 2. Figure 1 shows themicrostructure
in the as-received state. The microstructure with numerous deformation twins is typical of this
steel after cold deformation.

Table 1: Chemical composition of Sandvik Bioline 316 LVM steel according to the ISO standard (wt %)

316 LVM C Si Mn S P Cr Mo Ni N Cu

ISO 5832 1 1997 0.018 0.54 1.69 0.001 0.015 17.48 2.75 14.34 0.058 0.069

Table 2:Mechanical properties of 316LVM steel

Tensile strength Rm [Mpa] Yield point Re0.2 [Mpa] Elongation A 5 [%] Hardness [HB]

1167 862 15 320

The material was delivered in the form of cold-worked cylindrical rods, 12 and 16 mm in
diameter. The rods were sliced to cylindrical samples sized at ø16x3 mm and, counter-specimens
sized at ø12x5. All the samples (discs and rings) were divided into 3 groups. The samples of
the first group, which were intended to be the reference samples, were subjected to grinding
with abrasive papers and then electropolished. The samples of the second group were oxidized.
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Figure 1:Microstructure of 316LVM stainless steel in the as-received state; light microscope – polarised light

The samples of the last group [1] after grinding and electropolishing, were subjected to plasma
nitriding processes.
In order to study the behaviour of the surface layers after wear tests, theywere examined using a

scanning electron microscope (Hitachi S 3000N). The values of the surface roughness parameters
Ra and Rz were measured using a Taylor-Hobson Talysurf 10 device. The microhardness was
analyzed in a Neophot 21. The basic tribological properties were investigated by the disc-on-ring
method using a “Trybometer” device (Fig. 2).

Figure 2: Schematic representation of the “Tribometer”: electric engine (l), gear (2), crank mechanism (3), cam
(4), hydraulic pump (5), controller of the pressure (6), hydraulic servo-motor (7) helical lift (8), sample (9), coun-
tersample (10)

This device enables investigating the processes that proceed in a pair in friction, and measuring
trybological properties. The specimen and counter-specimen are set in a rotary motion. They
are mounted in an annular holder, designed, for continuous lubrication. During the test, the
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pressure and the friction couple were recorded in a continuous way, and the recorded values
were used for calculating the friction coefficient. The test was conducted at a load of 8MPa;
lubrication was effected using a 0.9% NaCl water solution at room temperature. The results
obtained (2000 measurements) were plotted in the form of diagrams of the friction force and the
friction coefficient as a function of the applied load.
The mechanical properties of the material in the as-received state and after the surface modifi-

cation were evaluated using the microhardness as the criterion. The measurements were carried
out by the Vickers method under a load of 0.1 kg. The microhardness was examined on a sample
cross-section along its diameter. The sample surface was prepared for the test by grinding with
abrasive papers of increasing grades, and then by polishing with an oxide alumina suspension.
In order to examine more precisely the hardness of the surface layer itself, the nanohardness

was examined using MST CSEMEX hardness-meter. During the test, the load, displacement and
side force on a length of 2mm were measured. Three series of measurements were made for
each of the three kinds of surface finishing. The individual measurement series differed in the
final diameter of the indentation (with the electro-polished and passivated layers, these diameters
were: 50, 100 and 200 nm, whereas with the nitrided layers they were 50, 100, and 360 nm).

3 Results and Discussion

The results of the roughness measurements are shown in Table 3. It can be seen that in the
oxidized and nitrided samples the parameter Ra is only slightly higher (0.075 and 0.076, re-
spectlively) than that obtained in the reference samples (0.066). The parameter Rz, also under-
goes only small changes. It increases fromRz = 0.34 in the sample subjected to electropolishing,
to Rz = 0.47 in the oxidized and to Rz = 0.53 in the nitrided samples. These results have been
confirmed by microscopic observations of the sample surfaces. Images of the surface topography
are shown in Fig. 3. In the topography of the electro-polished samples are can see well-marked
boundaries of grains and twins. Samples subjected to nitriding show a strong heterogeneity of
the surface (Fig. 4) which was results for the new phases being formed in the surface layer during
the nitriding under plasma conditions. The microphotograph of the oxidized samples shows no
observable heterogeneity of the surface.

Table 3: Values of the roughness parameter Ra and Rz measured in the surface modified samples

Samples Ra Rz

electropolished 0.066 0.34
oxidized 0.075 0.47
nitrided 0.076 0.53

Table 4: Surface microhardness (HV0,1)

Samples Mean value Standard deviation

Electropolished 367 18.7
Oxidized 382 21.9
Plasma nitrided 1525 218
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The results of HV0,1 microhardness measurements are shown in Table 4. As can be seen,
the values of HV0.1 obtained for the electro-polished and passivated surfaces, which range from
333 to 446, are markedly smaller than those obtained for the nitrided surfaces and the results
reveal a small scatter. In the nitrided sample, the values of the microhardness are about 3.5 times
higher but their scatter is highly: the microhardness values range from 1050 to 1850HV. It there-
fore appears that the surface modification effected by glow discharge assisted nitriding increases
significantly the microhardness compared to electro-polishing and chemical passivation, but it
results in a significant heterogeneity of the surface layer.
The measured values of the nano-hardness are given in Table 5.

Table 5: Values of the nano-hardness measured in the surface modified samples

Sample surface
Electropolished passivated chemically glow discharge nitrided

Maximum indentation depth [nm] 50 100 200 50 100 200 50 100 360
Mean HV value 97 290 429 229 347 432 513 622 687
Mean E value [GPa] 130 164 204 165 191 200 169 145 165

Figure 3: Topography of the reference sample

As can be seen in Table 5, at an indentation depth of 200 nm, the nano-hardness and the Young
modulus of the electro-polished and passivated samples are comparable. When the indentation
depth was decreased to 50nm, the nanohardness of the passivated surface was doubled and be-
came similar to that measured in the electro-polished one at a depth of 100 nm. The Young
modulus of these samples behaves in a similar manner. In the sample with the glow discharge ni-
trided surface, the nanohardness was considerably higher than that in the other samples, whereas
the Young modulus remained at the same level of about 160GPa. It is worth noting that, in the
nitrided sample, the results are widely spread. This can be explained in terms of the heterogeneity
of the surface layer.
The effect of the surface modifications on the tribological properties of steel was examined by

observing the behaviour of the samples in friction. The friction tests were conducted at various
unit loads including extreme loading conditions.
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Figure 4: Topography of the nitrided samples

The results of the friction tests were used for calculating the friction coefficients ( ) at the
maximum magnitudes of the friction forces, i.e. when the operational conditions are most disad-
vantageous for the pair in friction. Typical variation curves of as a function of time are plotted
in Figs. 5, 6 and 7. Figs. 8, 9, and 10 show the wear traces visible on the sample surfaces after
the friction test.
As can be seen in these figures, the diagrams obtained for the sample surfaces modified by

various methods differ considerably from one another. Nevertheless certain general relation-
ships can be indicated. In the electro-polished samples, the friction coefficient remains almost
unchanged during the entire test: it ranges from 0.5 to 0.7 (Fig. 5). It is a high value at which the
working conditions of the frictional pair are difficult. This was confirmed by observations of the
sample surface after subjecting it to friction (Fig. 8). An analysis of the friction traces suggests
that the wear has the adhesive character.

Figure 5: Variation of the friction coefficient as a function of time measured on the electro-polished surfaces

The oxide layer formed on the steel surface alters the frictional conditions (Fig. 6). The friction
coefficient increases from the valueµ = 0.45 at the beginning of the test toµ = 0.7 at its end. The
value of µ initially lower than that measured on the electro-polished surface may by taken to be
evidence of an advantageous effect of the oxide layer. The increase of µ with increasing friction
time may be attributed to the destruction of the thin oxide layer. The slight irregularities of the
friction coefficient visible in the diagram may be explained in terms of the alternate formation
and destruction of the successive oxide films during the test. The appearance of the surface of
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Figure 6: Variation of the friction coefficient versus time measured on the passivated surfaces

Figure 7: Variation of the friction coefficient measured on the nitrided surfaces

the passivated sample after the friction test suggests a significant of loubrication adhesive wear.
At a large magnifications, are can also see the traces of frictional wear which occurred as a result
of displacements of hard particles of the friction products (Fig. 9).
In the case of the samples subjected to glow discharge assisted nitriding (Fig. 8), the values

of the friction coefficient were low at the beginning of the test and increased only after the test
lasted for 1 hour. This may suggest that the nitrided layer improves the tribological properties of
316LVM steel. One can see from the images of the friction traces (Fig. 10) that the protective
surface layer remains cohesive.
The nitrided samples show decidedly less wear than the electro-polished and passivated sam-

ples. After the friction test, the nitrided surfaces were smoothed, and only few traces of frictional
wear could be seen on them. We can therefore conclude that the glow discharge assisted nitriding
of 316LVM steel improves the friction conditions and increases the frictional wear resistance of
the steel.

4 Summary and Conclusions

Our experiments indicate that the samples subjected to glow discharge assisted nitriding have
good tribological properties. Taking into account the results of the microscopic observations
jointly with the results of the measurements of nano- and micro-hardness, the electro-polished
surface seems to be least resistant to a concentrated load. It is however the smoothest (less de-
veloped) compared to the surfaces modified by the other methods.
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Figure 8:Microphotographs of the friction traces left on the electro-polished sample surface

Figure 9:Microphotographs of the frictional wear visible on the passivated sample surface

Figure 10:Microphotographs of the frictional wear visible on the nitrided sample surface

The surface modification using glow discharge assisted nitriding improves significantly the
tribological properties of the 316LVM steel, by decreasing its friction coefficient and reducing
its wear. It should be noted that in all the layers, the scatter of the properties on the surface was
significant.
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The results obtained in the present study permit believing that it is possible to improve further
the properties of the layers produced on the steel medical engineering applications. In particular
the properties of the glow discharge nitrided layers are of interest which may be used for the
fabrication of short-term implants.
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Tribological Testing on the Steel Hardening with Laser

G. Demian, M. Demian, L. Grecu, V. Grecu
University of Craiova, Craiova

1 Introduction

Using high power laser with continuous emission give the possibility to use some heat treatment
technology and the results is the improvement of the mechanical and anticorrosive properties of
metallic materials. The attitude of the carbon steel at wear and friction is influenced by the struc-
ture and chemical composition. The wear is smaller when the steel has a martensitic structure.
After the experimental researches, the martensitic structure of the hardened steels by quenching
has a high wear resistance [1], [2].

2 Materials and Methods

The samples are a cylinder (figure 1) and a blockwith the dimension 17× 15× 12mm. The cylin-
der sample (2C50 – EURONORM 10083-1) is superficial hardened with high power CO2 laser in
continuouswave. Table 1 shows the chemical composition and the hardness of the cylinder–block
samples and figure 2 illustrates the microstructure of the hardened layer.

Figure 1: Cylinder sample

Superficial heat treatment with laser was made using a displacement of the sample in the field
of the laser radiation.
The results are surface in ring or spiral form with a width approximately equal with diameter

of the laser beam 2,4mm [3], [4].
To obtain a hardened zone in ring form the sample was rotate with 5mm/s linear speed or

10mm/s. to obtain a hardened zone in helical form, the sample must make a roto-translation
movement.
The sample expose to the laser hardening proceedings was analyzed frommicrostructural point

of view in the initial phase and after the heat treatment with laser beam.
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Table 1: Chemical composition and the hardness of the cylinder – block samples

Chemical
composition
%

C S Co Cr Cu Mn Mo Ni P Si Sn hard-
ness
(HV)

cylinder
sample
(2C50 EU-
RONORM
10083-1)

0,49 - 0,12 0,159 0,223 0,67 0,24 0,16 0,013 0,217 0,015 224

block sample 0,584 0,0304 - 0,069 0,223 1.07 0,011 0,074 0,0203 0,320 0,015 244

Figure 2: Hardened layer microstructure

Figure 3: Hardened layer microhardness

In the initial phase the material has a ferrite-pearlite structure and after the heat treatment it
is possible to distinguish three zone from the surface to the interior sample: in zone 1 there is a
martensitic structural transformation; in the zone 2 it is a ferrite-bainite transformation; in zone
3, beyond the laser radiation depth penetration the structure is untreated and is a ferrite-pearlite
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structure. After the laser radiation action, the heating of the superficial layer from the surface
of treated material is quickly. The heat energy in the superficial layer is quickly dissipated by
conduction in the sample after laser heat treatment. The cooling of the heated zone takes as effect
the quenching of material from the treated zone.
The experiment shows that the hardened zone dimension is modified with the speed displace-

ment of the sample in front of the laser beam, power and laser beam diameter.
To determine the microhardness it been used Vickers method on the Leco microhardness and

the measurements was made from 100µm to 100µmwith a 50 g charge and the time penetration
was 10 seconds. Microhardeness of the hardened layer, figure 3, it is relative constant on all his
depth (approximately 800 µHV), the jump to core are made abruptly.

Table 2: Process parameters

Cylinder Sam-
ple (C)

Trace Translation ve-
locity

frequency Diameter laser
beam

power

CA helical 0.57mm/s 4.15 rot/min 2.4mm 800W
CB helical 0.72mm/s 8.3 rot/min 2.4mm 800W
CC ring 8.3 rot/min 2.4mm 800W
CD ring 4.15 rot/min 2.4mm 800W
CE untreated
CF untreated

3 Friction and Wear Tests

The tribological experiments refer to the qualitative interpretation of cylinder sample hardened
with beam laser, samples which were tested for friction and wearing under dry friction [5], [6].
Tribological evaluation was made using as appreciation criteria the friction coefficients and

gravimetric wear of each couple element block-cylinder and the wear for each couple block-
cylinder (Table 3).

Table 3: Used sample

Nr. Crt. Block sample (B) Cylinder sample (C) treatment Observations

1 B1 CE untreated

All the surfaces have
been rectified at
Ra = 0.4µm

2 B2 CF untreated
3 B3 CC Laser hardening
4 B4 CA Laser hardening
5 B5 CB Laser hardening
6 B6 CD Laser hardening

A conventional tribometer (Timken) was used for tribological test under dry condition and it
allows the determination wear and the friction coefficient for the different couples of materials.
The equipment is shown in fig. 5 and it is consists of the following elements: (1) electrical

engine, which transmits the motion to the intermediary shaft (3) through the reducer (2). Through
the elastic clutch with a helical spring (5) that is set in the glass-shaped elements (4) and (6), the
shaft (3) involves the axle (7) on whose inferior end is the roll (8) attached. The shoe (9), fitted
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in a holder (10) witch isn’t described in the diagram leans upon the roll (8). The whole system
may be introduced into a bath with the tested lubricant inside the thermostat receptacle (11). The
charging/loading is done using a level system (12).

Figure 4: Timken tribometer

The functional parameters: speed of rotation: 1450 rot/min (V=1,65 m/s); dry friction.
All the cylinder and block samples had been cleaned in petrol, dried and weighted with analytic

balance with four decimal before the experiments. The tribological tests were accomplished in
two stages.
At the firs stage, each couple cylinder- block was set on the installation, it was run in for 5

minutes, and then it functioned for 15minutes at the loading of 4daN, and the unitary load varying
from 220-25 daN to 5 daN.
The cylinders and the blocks were weighed at the end of the test. Its important to know that

in the case of the couple cylinder- block (hertzian contact) the unitary load is not constant during
the test, the wearing indentation on the block becoming larger and, consequently, the unitary load
getting smaller.
The second stage consisted in the running of each friction couple for still three rounds of 15

minutes, so that the whole working time for each couple cylinder- block was an hour.
After each stage of 15 minute the sample were weighed to determine the gravimetric wear
Both at the first stage and at the second one (three 15 minutes resumptions) the working times

was one minute, followed by a cooling brake of 5–10 minutes, so that the temperature of the
surfaces mustn’t exceed 50 °C; the working speed was ∼ 1.65m/sec (1450 rot/min).
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4 The Experimental Results

The results of the tests are presented in table 4 which shows that the gravimetric wear correspond-
ing to the first stage of the working friction couples and the average friction factors. Figures 5–10
show the diagrams concerning the progressive wears of each friction couple.

Table 4: The gravimetric wears and the average friction factors after 15 minutes

Nr. Crt. Materials couple block wear (g) cylinder wear, (g) Friction factor

1 B1/CE - untreated 0,0086 0,010 0,55
2 B2/CF - untreated 0,0100 0,0181 0,511
3 B3/CC-treated 0,0044 0,0081 0,44
4 B4/CA-treated 0,0139 0,0020 0,685
5 B5/CB - treated 0,0088 0,0071 0,511
6 B6/CD-treated 0,0022 0,0071 0,44

Figure 5: Progressive wear of couple shoe-roll B1/CE

Figure 6: Progressive wear of couple shoe-roll B2/CF
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Figure 7: Progressive wear of couple shoe-roll B3/CC

Figure 8: Progressive wear of couple shoe-roll B4/CA

Figure 9: Progressive wear of couple shoe-roll B5/CB
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Figure 10: Progressive wear of couple shoe-roll B6/CD

From the figure 5 to 10 can be observed that the wear of the cylinder is bigger then block wear
in all the cases.
The wear size increase almost linear but the descents are different for block and cylinder.
Materials for the friction couple used at the heat treatment with laser had a wear smaller with

20%–30% that the untreated materials.

5 Conclusions

The principal goal of laser surface treatments is to create a hard, strong and wear resistant surface.
Corroborating the data concerning the wear of the tested friction couples and those concerning

the friction factors, we can draw up the fallowing conclusions:

• Heat treatment with laser in ring form assure a high wear resistance that the heat treatment in
helical form;

• The couples of materials in which the rolls were thermal treated had a tribologic behaviour
superior to that of the couples in which the rolls were not treated except couple B4/CA (exper-
iment 4) with which the roll wear was very low and the wear of the mating shoe was bigger
than in all the other situations;

• Regarding the couples in which the rolls were treated thermal we noticed close wears of the
couple B6/CD (experiment 6) and of the couple B3/CC (experiment 3) as well as equal and
constant friction factors along the testing time (0,44);

• If we made a qualitative hierarchy from a tribologic point of view we should situate the couple
B6/CD (experiment 6) on the first place, fallowed by the couple B3/CC (experiment 3), then the
couple B5/CB (experiment 5) having a bit higher wears and friction factors.
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1 Introduction

Materials with high resistance against abrasive wear are of strong interest for many tool applica-
tions e.g. in the mining industry. For many purposes the wear resistant material is not necessary
or even useful for the whole tool, but only in the near-surface region. Such a layered structure
necessitates the cladding of the wear resistant material onto a dissimilar substrate.
A high resistance against abrasive wear has been achieved by the development of metal matrix

composites with coarse carbide hard phases [1, 2]. These hard phase reinforced steel composites
so far could only be clad onto a steel substrate by hot isostatic pressing [3]. Compared to hot
isostatic pressing hot extrusion of the mixture of steel powder and hard phase powder onto a
steel substrate appears beneficial with respect to production costs, product size, and versatility.
Therefore a novel manufacturing route via direct hot extrusion of bulk steel bars and pre-sintered
tool steel powders, partly mixed with hard particles, was developed [4, 5].
The extrusion trials were performed at the Extrusion Research & Development Center of TU

Berlin and cylindrical rods consisting of claddings of either steel MMCs with hard phases or tool
steel on lower alloyed steel substrates were produced successfully [2].
The aim of this work is a characterization of the microstructures at the interface between

the steel substrate cores and the wear resistant coatings using optical and scanning electron mi-
croscopy with energy dispersive X-ray analyses and electron backscatter diffraction tools. The
results of the investigations reveal that carbon diffusion against the concentration gradient influ-
ences the microstructure and mechanical properties, such as hardness and fracture toughness, at
the interface region of three different combinations of wear resistant coatings co-extruded with
the same steel substrate.

2 Materials and Experiments

A gas-atomized cold work tool steel powder X220CrVMo13-4 (1.2380) and a gas-atomized hot
work steel powder X40CrMoV5-1 (1.2344) were selected as metal matrices for the coatings be-
cause of their good hardenability and high wear resistance. A hot work steel bar 55NiCrMoV7
(1.2714) with a diameter of 30mm was chosen as the substrate core also due to the good harden-
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ability, strength and toughness. The chemical compositions of the metal matrix of the coatings
and of the substrate are shown in Table 1.

Table 1: Chemical composition of the coating steel powders and substrate core

Designation Composition [wt.-%]
C Cr Mo V Mn Si Cu Ni Fe

1.2380 (C) Coating 2,39 12,56 1,10 3,69 0,37 0,55 - - Bal.
1.2344 (H) 0,40 5,04 1,34 0,97 0,30 0,19 - -
1.2714 Substrate 0,56 1,15 0,46 0,08 0,75 0,29 0,11 1,74

The three materials combinations investigated are:

• C+1.2714 where cold work tool steel powder 1.2380, here denominated C, is hot extruded on
the steel 1.2714 as substrate.

• HW1+1.2714 stands for the hot work steel 1.2344, H as hot, as coating on the same substrate.
W1 means the addition of 10 vol.% of WC/W2C (fused tungsten carbides, FTC) particles to
the coating.

• CW1+1.2714, also extruded with 10 vol. % of WC/W2C (FTC), is analysed.

The extrusion process and the process parameters of the investigated specimens were described
previously [5]. Microstructure examinationwas carried out using optical microscopy (OM), scan-
ning electron microscopy (SEM) and electron backscatter diffraction (EBSD). The samples were
cut parallel to extrusion direction by electro discharge machining (EDM) in order to minimize
the influence of cutting on the microstructure. All specimens were ground and polished down
to 1 m grade. For OM and SEM the specimens were etched with Nital 4%. For EBSD a final
polishing step using colloidal silicon oxide was necessary.
The extruded bar HW1+1.2714 was austenitized at 1050 °C for thirty minutes, quenched in

oil to room temperature and afterwards tempered at 570 °C two times for two hours being cooled
in air between each step. Specimens C+1.2714 and CW1+1.2714 were austenitized at 1070 °C
for thirty minutes, quenched in air to room temperature and afterwards tempered at 520 °C three
times for two hours being cooled in air between each step. In order to investigate the effect of the
heat treatment (HT) on the diffusion mechanisms, a second austenitizing treatment of eight hours
at 1150 °C was carried out on the C+1.2714 specimen in the as-extruded state. Considering the
first two hours of pre-heating before the extrusion process and not considering the annealing time,
the heat treatment in this case has 10 hours in total [5]. After the prolonged high temperature heat
treatment of C+1.2714, it was hardened and tempered in the same way as described above for
the same specimen.
In order to evaluate the bond strength between the substrate and the wear resistant coating, ten-

sile tests with miniaturized specimens were performed at room temperature using a Zwick/Roell
Z100 testing machine and a cross-head speed of 0.5mm/min. For characterizing the mechanical
properties at the interface, micro hardness measurements were performed using the Fischerscope
H100 equipment with a load of 0.1N for 20 s. An area of 260 x 130 m in size, symmetric with
respect to the interface region between substrate and coating of the extrudates, was defined and
micro hardness was measured with a point distance of 10 m. Due to the small load used in
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the measurement, any influence of work hardening was detected with respect to the small point
distance used for the indentations. Additionally, Vickers hardness profiles with a load of 0,3 kg
(ASTM E 384-99) were determined.

3 Results and Discussion

3.1 Microstructure (LOM/SEM + EBSD)

An overview of an extruded bar is depicted in Fig.1a. The coating thickness is approximately
8mm for all extrudates. Full densification of the steel powders of the coating both with and
without hard particles occurred [2, 4]. Microscopy showed that even the FTC hard particles
do not seem to harm the densification and the bonding between 1.2380 coating steel and the
1.2714 substrate, even if a WC/W2C particle is located exactly at the interface region. Further,
the interface region between coating and substrate is free of defects, which is a necessity for
good bonding between MMC cladding and steel substrate. The steel matrix of the coating HW1
is almost carbide free (Fig. 1b). Both the matrices of the cold work steel C (Fig. 1c) and CW1
with FTC (Fig. 1d) consist of tempered martensite with embedded globular chromium carbides
(M7C3) and vanadium carbides (MC). The interface region appears as a band between coating
and substrate with an average width of 15–20 m. Phase boundaries can be recognized and, even
at higher magnifications, a defect free interface region could be found.

Figure 1: a) macro view of a cross section showing substrate, coating (∼ 8mm thickness) and external capsule.
SEM images of the interface region between the substrate steel 1.2714 on the left hand side and the coating steel
powders on the right hand side: b) HW1, c) C and d) CW1. The extrusion direction is parallel to the interface
region.
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In the EBSD image of the combination CW1+1.2714 (Fig. 2) Cr7C3 carbides with an average
size of 2–2.5 m can be detected in the metal matrix of the coating. The shape of these Cr7C3
carbides varies between ellipsoid and globular. Ellipsoidal Cr7C3 appear aligned with respect to
the extrusion direction. Beside the Cr7C3 carbides a small amount of VC with an average size of
0.8–1.2 m is dispersed within the martensitic matrix of the coating.

Figure 2: EBSD scan of CW1+1.2714 showing the α-martensite of the substrate (left hand side) and the matrix of
the coating. The coating contains Cr7C3 carbide particles (grey) and vanadium carbides as the small and dispersed
particles (dark grey). The extrusion direction is parallel to the interface region.

3.2 Mechanical Properties

Yield strength and ultimate tensile strength (UTS) values (Tab. 2) for the three extrudates in the
hardened and tempered condition (hot extruded after 2 h at 1150 °C + annealing afterwards) were
determined as average values of at least five specimens each. A typical stress versus strain curve
of each substrate/coating combination and a sketch of the micro tensile test specimen are shown
in Figure 3.
Analyses of the tensile curves (Fig. 3a) reveal that plastic deformation occurs in the substrates

of the specimens C+1.2714 and CW1+1.2714. In case of the hot work tool steel coating on
HW1+1.2714 the specimens do not show plastic deformation.

Table 2: Results of the tensile tests (values are an average of five micro tensile tests)

Combination Yield Strength [MPa] Ultimate Tensile Strength (UTS) [MPa] Plastic Strain [%]

HW1+1.2714 — 715 ± 100 —
C+1.2714 810 ± 140 1300 ± 150 3.5
CW1+1.2714 245 ± 5 415 ± 30 ˜8

Fracture occurs on the coating side of the specimens close to the interface region in all speci-
mens (Fig. 4). Parts of the coating material remain on the substrate indicating that fracture occurs
within the coating in a distance of about 50 m and not right at the interface. This confirms the
good bonding between coating and substrate that was indicated by microscopy images of the
interface region. The low yield strength and UTS values for CW1+1.2714 cannot be explained
yet.
Micro hardness profiles (Fig. 5a) and micro hardness maps (Fig. 5b, 5c) show a decrease of

hardness of the substrate in the region near the interface. In contrast to the hardness decrease of
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Figure 3: a) Micro tensile test curves and b) sketch of the miniaturized specimens used for the tensile tests.

Figure 4: EM image of fractured surface: a) C+1.2714 and b) CW1+1.2714. The coating is located on the right
hand side.

the substrate a pronounced increase in hardness appears close to the interface region in the coating
in all three different co-extruded material combinations. This peak hardness of the coatings is
located between about 25 m and 50 m distance to the interface region. This distance to the
interface region corresponds to the area where fracture occurred in the tensile tests.
The micro hardness profile and the micro hardness maps further reveal a softening of the

substrate in case of C+1.2714 and HW1+1.2714, but not for CW1+1.2714. A carburization of
the coating and a decarburization of the substrate are expected due to a difference in the carbon
activity for the combination C+1.2714 [5].

4 Summary and Conclusions

• Wear resistant coatings on steel substrates were manufactured by co-extruding massive tool
steel bars and a mixture between tool steel powders and coarse hard particle powders, e.g.
fused tungsten carbides;

• Microstructure investigations reveal a macroscopically defect-free interface between tool steel
substrates and coating indicating a good bonding between them;
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Figure 5: a)Micro hardness profile of the three combinations. Micro hardnessmaps: b)HW1+1.2714, c)C+1.2714
and d) CW1+1.2714. The coating is located on the right hand side.

• While the difference in carbon activity results in softening of the substrate near the interface
region the hardness of the coating metal matrix increases near the substrate / coating interface,
due to carbon diffusion;

• The mechanical properties of the interface region of the specimens were tested using micro
tensile tests. Fracture of the specimens occurred within the hardened region of the coatings.
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1 Introduction

The modern market economy requires materials as innovative products with specific properties
such as long life cycle, environmental compatibility, saving of energy and resources. Wear reduc-
tion becomes more and more important. Through powder metallurgy, it is possible to combine
the different metallic and non-metallic structural materials with lubricating or otherwise wear-
lowering materials in order to obtain a technically effective compound [1].
Addition of solid lubricants is a common measure in various types of materials to improve

the sliding behaviour, e.g. in case of insufficient hydrodynamic lubrication. Through the PM
routes it is easy to manufacture component parts with solid lubricants in the matrix. A large
variety of different components (e.g. graphite, hBN, MoS2, PbS and MnS) can be added to the
starting powder mix if these components themselves are available as powders, and due to the
very low tendency to segregation, quite even distribution of the additives can be attained [2, 3].
The addition of these compounds has been described in the literature; it showed that most of the
sulfides are not stable in a ferrous matrix during sintering, reacting with the matrix, and after
cooling a eutectic structure of iron sulfide at the interparticle boundaries remains [4, 5]. This
agrees well with literature data for the respective ternary systems [6]. The exception is MnS
which remains stable during sintering. Graphite and hBN are chemical compounds with similar
structure but BN is chemically more stable [7], in particular in atmospheres containing nitrogen
[8]. Also CaF2 has high stability and does not react with the matrix during sintering; although it
is not classical solid lubricant.
Further interesting effects of solid lubricants in sintered steels could be observed during ma-

chining of these materials. The additives offered in part considerably improved machinabil-
ity. Usually, pressed and sintered components are more difficult to machine than their cast and
wrought counterparts, but machining is inevitable in many cases. The favourable effect of MnS
has been used in practice for a long time, but a positive effect has been reported for hBN as well
[9, 10]. Machinability tests are usually carried out by drilling.
The effect of various solid lubricants as e.g. fine and coarse hexagonal BN, MnS, MoS2 or

graphite has been studied and published by the authors in the last years [3, 8, and 11]. In this work
the results were compared with addition of CaF2 which also shows a layered lattice structure.
The influence on machinability of PM steels was studied in turning, the quality of the machined
surface being used as the criterion.
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2 Experimental Procedures

Standard water atomized iron powder ASC 100.29 (Höganäs AB, Sweden) and different amounts
(0 – 2 wt%) of fine solid lubricant CaF2 (<1 m) and, in parallel, other additives like MnS and
MoS2 for comparison were dry mixed for 60min in a tumbling mixer. There were no segregation
problems except with very coarse hBN and graphite grades (naturalMFL, 200 m/artificial KS75,
200–700 m/ KS150, >700 m). 0.5 mass% ethylene bisstearoylamide (Microwax C) was added
as pressing lubricant. In part 0.8 wt% natural graphite UF4 (Kropfmühl) was added to study the
influence of carbon on these systems.
Compacting was done in a tool with floating die for standard impact test bars with cavity di-

mension of 55 x 10mm (ISO 5754) at a pressure of uniformly 600MPa. The compacts were
sintered for 60 minutes in an electrically heated pusher furnace with Mo heating elements (De-
gussa type “Baby”) in flowing hydrogen atmosphere. The carbon-free specimens were embedded
in Al2O3 granulate; getter boats with Al2O3-5 % graphite getter were used for the carbon contain-
ing steels to avoid decarburization. All specimens were investigated and tested in the as-sintered
state. The samples were characterized by measurements of green and sintered density. Of course
a mix with 2.0 % BN or CaF2 must be regarded to be unsuitable for industrial use but it is well
suited as a model material for studying the effects of these solid lubricants. Characterization of
the specimens included impact testing, metallographic and fractographic studies. Themicrostruc-
tures were studied on metallographic sections by LOM (light optical microscopy). Dry sliding
tests were performed on a pin-on-disc testbed depicted in Figure 1. The counter material was
bearing steel 100Cr6 (AISI 52100), heat treated to 62–64 HRC, with freshly ground surface (Ra
= 0.2 m). All tests were done in laboratory air. From these results friction and wear coefficients
could be determined. Machining tests were done by finish turning of cylindrical surfaces to 6mm
diameter (feed rate 0.15 mm.rev–1, cut depth 0.1 mm, dry cut, cutting speed about 15 m.min–1).
The very low cutting speed was chosen since it had been found that under these unfavourable
conditions the effect of machining aids on the surface finish stands out more clearly [11]. The
surface roughness – characterized by Rz and Ra values after machining –- was examined by a
roughness depth analyzer, and the surface quality was evaluated and described by LOM.

3 Mechanical Properties and Wear Behaviour

The specimen properties are given in Table 1 for the sintered plain Fe based materials and in
Table 2 for the materials based on Fe-0.8 % C.
In iron the additives tend to cause shrinkage during sintering except hBN (Table 1). The in-

fluence of solid lubricants on impact energy is more significant: the higher the amount the lower
the impact energy especially in the case of hBN.
When 0.8 % C is added to these systems (Fe-CaF2 and Fe-BN) the dimensional changes are

decreased compared to carbon free specimens (Table 2). Coarse graphite particles tend to cause
swelling (Table 2). Generally with higher carbon the impact energy decreases. This sintering
behaviour and the influence on impact energy can be explained by the microstructure. Generally,
materials with CaF2 show higher impact energy than ferrous materials with BN.
Metallographic studies [5] did not showmarked effects of CaF2 andMnS on themicrostructure

of the Fe- and Fe-C-systems, and the dissolution of graphite in the ferrous matrix is not inhibited.
A very homogeneous microstructure was observed after sintering of Fe-CaF2/MnS and Fe-C-
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Figure 1: Pin-on-disc wear test bed used in dry run.

Table 1: Properties of PM plain Fe containing different additives. Compacted 600 MPa, sintered for 60 min

Matrix Additive
Content
[wt%]

T sint [°C] Atmosphere Green
Density
[g · cm−3]

Sintered
density
[g · cm−3]

Dim.
Change
[%lin]

Impact
energy
[J · cm−2]

Fe 0,0 1120 H2 7,12 7,26 -0,24 >31,4
Fe-CaF2 0,5 1120 H2 7,13 7,17 -0,13 25,5

2,0 1120 H2 6,89 6,99 –0,18 11,8

Fe-BN 0,5 1120 H2 7,07 7,04 0,10 9,2
2,0 1120 H2 6,84 6,85 0,06 2,0

Fe-MnS 0,5 1120 H2 7,16 7,21 –0,12 >26,8

2,0 1120 H2 7,07 7,11 –0,17 11,6
Fe-MoS2 2,0 1120 H2 7,03 7,06 –0,11 18,3

CaF2/MnS at 1120°C, consisting of ferrite or pearlite and the solid lubricant particles, which
can be found at the grain boundaries. hBN in contrast inhibits the formation of stable metallic
bridges and also the dissolution of graphite in the ferrous matrix during sintering [8]; MoS2
decomposes during sintering, and a Fe-S eutectic is formed and Mo is dissolved in the matrix.
When coarse graphite (MFL or KS) is used as lubricant in an Fe-C-system sintered at 1070°C, it
is only dissolved at the iron graphite particle interface and here, a huge amount of Fe3C is formed.
The remaining carbon is apparently still contained as graphite – in a pearlitic matrix – that, if

present in the pressing contacts, further lowers the interparticle strength, as also does hBN [11].
Based on the results of the metallographic studies, wear tests have been done on various sin-

tered steel specimens with admixed CaF2 and compared with the results of Fe-BN, -MoS2 and
-Graphite (Figure 2). Since it had been shown that MoS2 decomposes during sintering and thus
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Table 2: Properties of PM Fe-0.8%C containing different additives. Compacted 600 MPa, sintered for 60 min

Matrix Additive
Content
[wt%]

T sint [°C] Atmosphere Green
Density
[g · cm−3]

Sintered
density
[g · cm−3]

Dim.
Change
[%lin]

Impact
energy
[J · cm−2]

Fe-C 0,0 1120 H2 7,05 7,03 –0,10 11,7
Fe-C-CaF2 0,5 1120 H2 7,09 7,10 –0,09 8,5

2,0 1120 H2 6,78 6,85 –0,07 3,8

Fe-C-BN 0,5 1120 H2 6,95 7,01 –0,05 6,1
2,0 1120 H2 6,73 6,70 0,23 1,8

Fe-C-MFL* 0,5 1070 H2 7,15 7,02 0,09 6,2
2,0 1070 H2 6,89 6,77 0,23 4,7

Fe-C-KS150* 0,5 1070 H2 7,04 6,93 0,23 3,1
2,0 1070 H2 6,74 6,42 0,79 1,9

Fe-C-KS75* 0,5 1070 H2 7,10 6,97 0,2 3,9
2,0 1070 H2 6,86 6,69 0,57 1,0

*From graphite, both natural MFL and artificial KS grades were tested. MFL and KS75 are much finer than KS150

cannot be regarded as lubricating additive any more, the wear and friction behaviour is nearly
the same as that of plain iron. Wear tests were thus concentrated on the more stable additives
such as graphite and CaF2. The friction and wear coefficients are given in Figure 2. 2.0 % CaF2
improves wear and friction in plain Fe slightly, but not in the Fe-0.8 % C material. Additives
of MFL and KS have no influence on the wear behaviour of Fe-0.8 % C except KS75, which
decreases Kc and . hBN shows the highest wear and friction coefficient, i.e. the wear behaviour
is deteriorated.
In summary, none of the additives caused significant improvement of the wear behaviour.

Figure 2:Wear and friction coefficients for Fe-x%solid lubricants-(0,8%C), sintered 60 min at 1120 °C (containing
MFL,KS150 and 75 at 1070 °C) in H2, pin-on-disk test against 100Cr6, 60 N, 0.5 m/s
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4 Machinability

The investigated solid lubricants in sintered steels are apparently unfavourable for the wear resis-
tance, but the machinability can be improved strongly. A special case was the addition of MnS
powder into PM steel components that are to be machined after sintering [12]. Here, the machin-
ability tests were done for MnS, graphite and CaF2 (Figure 3 and 4). It can be shown that the
roughnessRa of the machined surfaces was significantly lowered by addition of MnS and also by
CaF2. MnS yields low roughness values and is quite effective. CaF2 also strongly improves the
machinability of sintered steels. Above all the Fe-C-steels showed lower roughness values than
Fe based grades and higher CaF2 content gave an additional improvement of surface quality. The
sintered Fe materials containing 0,5 % CaF2 yield similar results as MnS, as given in Figure 3;
but it cannot be stated definitely if it is caused through the tool lubricating effect (cutting effect)
or chip breaking effect.
Summarising, a very homogeneous microstructure and distribution of the CaF2 lubricant in

the Fe and Fe-C matrix has a strongly positive influence on the machinability.

Figure 3:Machined surfaces of sintered Fe containing admixed solid lubricants, sintered 60 min at 1120 °C in H2.
Finish turning, hardmetal insert P20, vc = 15m/min, 0.15mm/rev

5 Conclusions

Compared to other admixed solid lubricants such as many sulfides, fine CaF2 only marginally
affects the sintering responses, being thermodynamically stable during sintering under standard
conditions. The adverse effect on the mechanical properties is much lower than e.g. with hBN.
Wear and friction coefficients are not very different compared to plain Fe or Fe-C, i.e. CaF2 is
not a true “solid lubricant”. However, it significantly improves the machinability of PM iron and
steels in turning, resulting in significantly better surface finish, even superior to that obtained
with the common machining aid MnS.
The experiments with admixed CaF2 have shown that CaF2 in PM steels is more evenly dis-

tributed in the matrix than the hygroscopic MnS, and already the machined surface is smoother
at lower CaF2 concentrations and therefore the machining behaviour is improved.
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Figure 4: Machined surfaces of sintered Fe-0.8%C-x%solid lubricants, sintered 60 min at 1120 °C (containing
MFL at 1070 °C) in H2. Finish turning, hardmetal insert P20, vc = 15m/min, 0.15mm/rev
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1 Introduction

Diamond segments have widely been used in the construction industry for drilling and sawing in
concrete and reinforced concrete, enabling to do the job fast, accurate and at relative low costs [1].
The standard production technology consists in mixing diamond particles and metallic powders
and to consolidate the cutting elements in a hot-pressing system. The diamond is the cutting
element which destructs and removes the work piece material, its grain size and wear rate has to
be adjusted to the cutting rate of the cutting system. The matrix is the supporting material which
holds the diamonds in place. It consists of various metals and its wear rate has to be adjusted
to the cutting rate of the cutting system. Different combinations of elements in the Fe-Cu-Co
system are been used to adjust the desired wear resistance depending mainly on the tool power,
diamond concentration and concrete base-material [2].
Commercial and environmental reasons have driven the partial substitution of Co by Fe and

other elements. Difficulties arise since Fe-rich matrices exhibit lower wear resistance in this
application [3]. The objective of this research was to establish a wear test configuration that en-
ables a direct comparison with the wear of the diamond segments during drilling. Another main
purpose of this work was to characterize the wear and the physical and structural properties of
a Fe/Cu-based bonding system reinforced with granules of cemented WC-Co. A good correla-
tion of the wear tests and core drilling performance in a C35 strength limestone-quartz mixed
aggregate concrete was observed.

2 Experimental

2.1 Specimens Preparation

Diamond-free samples were prepared from metallic powders and consolidated in a hot-press us-
ing conventional sintering parameters. Standard Fe, Co and Cu powders were used. The rein-
forcement particles were 88WC-12Co produced by H.C. Starck with an average grain size of
45µm ± 15µm. Samples with the base composition around 47Fe-47Cu-6Co and with additions
of 2.5, 5, 10 and 20 vol% of theWC-Co reinforcement particles were prepared. Additionally, pure
Co specimens were consolidated as reference. All samples had dimensions of 30× 15× 4.5mm.

2.2 Wear Tests

A three-body abrasive wheel test apparatus as of Figure 1 was used for determining the wear rate
of samples. As abrasive SiO2 particles from EUROQUARZ GmbH of different grain-size were
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used (5, 29, 41, 47 and 114 microns of average particle size). A water-slurry with 25vol% SiO2
was used for the tests. This abrasive concentration and the particle size were selected according
to measurements of core bits perforating reinforced concrete of class C35 strength. The average
removed particle size of a C35 class concrete was around 10 microns. The wear resistance was
defined and calculated according to [2] using the equation (1). The normal force between sample
and wheel was controlled and kept constant at 50 N. The samples were placed in the apparatus
and tested a fixed amount of time in order to cover a sliding distance of around 2000 m.

Figure 1: Schematic representation of the three-body-abrasive-wheel-test apparatus

2.3 Microstructure Characterization

The microstructure of the sintered segments was investigated by SEM using a Jeol SEM JSM-
6490. Micro-hardness tests were carried out with a load of 50 gr. The matrix-diamond interface
and the worn matrix were investigated by TEM. The sample preparation for TEM analysis was
carried out with Focus Ion Beam (FIB JEM-9320FIB).

3 Results

By using the arrangement described in section 2.2, the specific-wear-resistance in J/mm3 was
determined and used as a comparison index.

3.1 Effect of WC-Co Concentration and Abrasive SiO2 Acting Particles

In Figure 2 the results for the specific wear resistance of samples containing 2.5, 5, 10 and 20vol%
WC-Co to the base 46Fe-46Cu-6Co for the different SiO2 particle diameters are presented. The
wear resistance increases with the WC-Co reinforcement for all SiO2 grain-sizes. A second ob-
servation of Figure 2 is that for increased vol% ofWC-Co particles, the slope of the lines describ-
ing the relation increases. This means that by increasing the WC-Co amount the alloys become
more sensitive to the grain size of the acting SiO2 particles on the system. The implication in
field operations of these results is that core-bits with diamond segments which have highWC-Co
additions would tend to be less-universal as base compositions without reinforcement.
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Figure 2: The specific wear resistance of a 46Fe-46Cu-6Co matrix with different WC-Co additions [3].

3.2 Correlation with Drilling Operations

Drilling tests were performed in C35-strength concrete with a 2.6 kW drilling tool. The core-
bits used were of diameter 202 mm with 16 segments and diamonds with a US mesh 40/50.
The specific tool-life, defined as the drilled metres per mm of segment worn-down is shown in
Figure 3. The specific tool life for the 46Fe-46Cu-6Co composition and the same composition
reinforced with 5vol%WC is summarised. A factor of 2 in specific life-time can be observed
which correlates with a factor of 2 in specific wear-resistance for SiO2 particles of 10 microns
grain-size (see Figure 2).

Figure 3: The specific tool life time of a 47Fe-47Cu-6Co matrix with and without reinforcement. Results are
average for 5 core-bits for each composition.
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3.3 Microstructure Characterization

In Figure 4 an overview of the TEM lamella interface between the diamond and the metallic
matrix is shown. The TEM investigation revealed a good interface bonding between the Fe-
Cu-Co matrix and the diamond particles; free of pores and without the presence of intermediate
layers. Small steps on the diamond part are visible (arrows). The TEM image of the metal matrix
(Figure 5) presents a bad bright-field contrast due to an extremely high density of dislocations.The
diffraction pattern shows a distortion of the diffraction reflections, confirming also a high density
of defects. This may be associated with a strain hardening effect.

Figure 4: Details of TEM sample preparation with FIB method (left) and interface matrix-diamond (right).

Figure 5: TEM image of the Fe-Cu-Co matrix (left) and diffraction pattern (right) showing a high density of
dislocations and hence a high deformation of the matrix.
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4 Conclusions

The index-value of J/mm3 of the three-body abrasive wheel test can be used for indexing different
matrix systems. Different concentrations of the slurry and particle diameters (corresponding to
the drilled concrete) can simulate real world drilling conditions. A good correlation between
wear and application testing has been established.
By using a 46Fe-46Cu-6Co base alloy with additions of WC particles, it is possible to achieve

the same wear resistance as for pure cobalt in this application. The wear resistance of the hard
metal reinforced metal matrix depended strongly on the SiO2 particle size. The higher abrasion
resistance is accompanied by less application universality in terms of SiO2 particle size.
TEM investigations of the matrix-diamond boundary revealed a good interface free of pores

or intermediate layers. The metal matrix is very deformed presenting a high density of defects,
as revealed by the TEM image and the associated diffraction pattern.
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Abstract

Tribocorrosion phenomena involve mechanical and chemical/electrochemical interactions be-
tween surfaces in relative motion in the presence of a corrosive environment. The objective
of this work is to study the tribocorrosion phenomena of stainless steel 316L and titanium alloy
TA6V4when sliding against a polycrystalline alumina ball in two different corrosive electrolytes:
sulphuric acid 0.5 mol ·L–1 and 0.9% sodium chloride aqueous solution. These alloys naturally
form a thin passive film which prevents from the corrosion process. Nevertheless, this film can
be destroyed by the action of a counter-part rubbing on it. Thus, a competition between repas-
sivation kinetics and the sliding speed takes place and control the material removal rate. The
specimens have been studied under cathodic, free and anodic electrochemical applied potentials.
Friction coefficient, wear rate and the current density were measured and the obtained results
were correlated to passivation kinetics.
Keywords: Tribocorrosion; Electrochemistry; Repassivation kinetics; Wear rate; Stainless steel;
Titanium alloy.

1 Introduction

Tribocorrosion is the deterioration of a tribological contact resulting from simultaneous metal
removal by mechanical wear and by the action of chemical or electrochemical oxidation. The
different mechanisms of tribocorrosion are not entirely understood yet, as they involve properties
of contacting material surfaces, mechanics of the contact and corrosion conditions. Tribocorro-
sion causes a greater material loss than the addition the mechanical and the chemical damages
when the two processes act independently. During tribocorrosion tests, on one hand, corrosion is
accelerated by the rubbing, and on the other hand, wear can also be accelerated by the corrosion
effect. This synergistic effect of the two contributions is responsible of the major part of the final
wear, but is still approximately quantified.
Tribocorrosion phenomena can be found in various technological domains where they cause

important damage to systems. On the other hand, tribocorrosion can be put to good use, like in
chemo-mechanical polishing.
In the present work, tribocorrosion phenomena of 316L stainless steel and titanium alloy

TA6V4 sliding against an alumina ball in two different corrosive environments (sulphuric acid
H2SO4 0.5 mol.L-1 or 0.9%wt NaCl aqueous solution) have been investigated by measuring the
coefficients of friction, the electrochemical responses and the total metal losses. The general idea
was first to simulate the tribological behaviour of the twomaterials used in a hip prothesis, held in
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a physiologic liquid such as Ringer’s solution. The concentration of NaCl was chosen as it is used
in Ringer’s solution. The tribocorrosion study was then enlarged to a study of the tribological
behaviour of these materials immersed in sulphuric acid, another conducting solution.
Results have been discussed taking into account the influence of the electrochemical applied

potential and the depassivation/repassivation kinetics of materials.

2 Experimental Procedure

2.1 Materials

Tribocorrosion tests have been carried out using two different alloys:

• Austenitic stainless steel 316L.

• Titanium alloy TA6V4.

Two corrosive solutions have been used:

• Sulfuric acid H2SO4 of 0.5mol.L-1 concentration

• NaCl 0.9%wt aqueous solution, a concentration close to the one in Ringer’s solution.

Samples are disks of 25 mm in diameter and 5 mm thick. They are polished thanks to grinding
paper from grade 120 down to grade 1000, then diamond solution from 15 m down to 1 m. In
order to limit the active surface area face to the reactive solution, an adhesive film is applied to
the sample surface so that only a surface of 0.4 cm is in contact with the corrosive environment.
A polycrystalline alumina ball of 5mmdiameter is loaded on the sample surface under a weight

of 5 N. Thus, maximum Hertz pressures of 1466 Mpa for 316L and 1109 Mpa for TA6V4 are
obtained.
These values of Hertz pressures are well correlated to values found in literature like those

employed by Favero[1], Spriano[2] and Berradja[3].

2.2 Equipment and Procedure

2.2.1 Specific Tribometer

Tribocorrosion experiments have been carried out at room temperature using a specific alternative
ball on disk tribometer coupled to an electrochemical cell presented in [4]. The tank and the ball
holder are made of PTFE so that no electrochemical interference may happen during the tests.
The electrochemical cell is composed of three different electrodes, a work electrode, the sample,
a platinum counter-electrode and a reference electrode, saturated mercury sulphate (MSE, +658
mV vs. SHE) when tests in H2SO4, and saturated calomel (SCE, +241 mV vs. SHE) when tests
in NaCl.
Friction tests have been run with a reciprocating motion at three different frequencies: 1.2 Hz,

0.6 Hz or 0.9 Hz. The effective rubbing duration is 100 minutes. Before and after rubbing, a
phase of 10 minutes without any friction is applied to measure the current evolution. Tangential
force is recorded in order to determine the coefficient of friction. Electrochemical potentials are
controlled thanks to a PGP201 potentiostat and Voltamaster software.



710

2.2.2 Experimentation

In order to identify the different electrochemical domains related to the used alloys, potentiody-
namic polarisations at a rate of 1 mV/sec from –1300 mV to 2000 mV versus the appropriate
reference electrode have been carried out. Three electrochemical potentials, cathodic potential,
free potential and anodic potential have then been applied in order to quantify the influence of a
specific electrochemical potential on the coefficient of friction and the total wear generated.
During the whole duration of the test, the coefficient of friction is recorded. Two kinds of test

are possible. In the cathodic or anodic domain, the specific electrochemical potential is applied,
and the corresponding current density is recorded. The other one is related to the evolution of the
free potential with rubbing. No potential is then applied, only the evolution of the open-circuit
potential is recorded.
The used protocol is described as follows:

• The sample is immersed in the corrosive solution during a few minutes until the stabilization
of the free potential.

• An electrochemical potential is applied and the current density starts to be recorded (10 min).

• Sliding motion is initiated and the coefficient of friction is recorded (100 min).

• Rubbing is stopped, as the current density is still recorded (10 min).

3 Results and Discussion

3.1 Influence of Mechanical Parameters on the Current Evolution

The most significant change in the current density during tribocorrosion tests occurs when an
anodic potential is applied. The main mechanical criterion in tribocorrosion tests is the applied
load. Its influence will then be seen by the destruction of the passive film formed on the sample’s
surface. Several tests, as can be seen on figure 1, under loads from 0 N to 5 N show a difference in
the jump of current as the ball starts running over the sample surface. Table 1 gathers the different
applied loads and the corresponding maximum Hertz pressures related to the used materials. For
the smaller loads, the current density remains quite stable and low during the test, as it is much
higher and continuously increases with time for a higher load (5 N).

Table 1:Maximum Hertz pressure values in MPa for both materials under different applied loads.

0.5 N 1 N 5 N

316L 680 857 1466
TA6V4 515 648 1109

It is understood as the passive film covering the surface is only partly destroyed so the current
is less important in order to rebuild the passive film. Under a 5 N load, the current density
raises with time, which shows that the entire passive film is removed and the wear track surface
increases due to long period of rubbing.
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Figure 1: Current densities of 316L with the applied load in the passive domain, in H2SO4 0.5M solution, with 1.2
Hz frequency of rubbing.

From this result, tribocorrosion tests will be performed under a 5 N load, in order to provide
an entire passive film breakdown.
Another influent mechanical factor is the frequency of rubbing of the alumina ball in contact

with the alloys. In order to investigate the material’s repassivation kinetic during friction, the
three different frequencies of rubbing have been compared. As it can be seen on figure 2, the
current density of the tribocorrosion tests increases with the frequency of rubbing which shows
that for lower frequencies, the alloy surface has the sufficient time to repassivate between two
successive strokes of the ball. We also note that the lower the frequency of rubbing, the lower
the average current on the whole track surface.

3.2 Influence of Friction on the Electrochemical Behaviour

During tribocorrosion tests, the samples were first held for 10 minutes in the cathodic, free or
anodic potential and then submitted to friction. The rubbing duration was 100 minutes followed
by a 10 minute phase, where samples were held again at the same potential.

3.2.1 Cathodic Potential

In H2SO4 solution, the evolution of the current density suffers no change with the starting of
rubbing for both materials. On the contrary, in NaCl media, alloy’s behaviour changes. Thus,
316L and TA6V4 will show a current density drop, which could prove the presence of a film on
the alloy surface, which is destroyed as rubbing starts. Therefore, current density tends to recover
its original value once rubbing stops, as it can be seen on figures 3-a and 3-b.
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Figure 2: Current densities of 316L steel with the frequencies of rubbing in passive domain, in H2SO4 0.5M
solution, 5 N load.

Figure 3: Current densities of a) 316L, b) TA6V4 in cathodic domain at –1300mV/SCE, in NaCl 0.9% wt solution,
with 1.2 Hz frequency of rubbing, 5 N load.

3.2.2 Free Potential

Behaviours of 316L and TA6V4 are really close for both solutions. They show a cathodic drop
due to the film breakdown, as can be seen on figures 4-a and 4-b, which causes the presence of
a galvanic couple as described by Berradja [5], Kok [6] and Benea [7]. It can be explained with
an electrochemical point of view as did Favero [1]. Free potential results from a galvanic current
between depassivated surface and the surface staying at a passive state. Even though the current
value I equals 0, there is an exchange of current between the depassivated surface (oxidation
current, It anode) and the passive surface (reduction current Ip cathode) with It + Ip = I . On
the bare metal surface, several anodic and cathodic reactions take place:
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• An anodic oxidation of steel, iron and chromium, which causes a kind of parallel challenge
between alloy dissolution and passive film restoration.

• A cathodic reduction of dissolved oxygen and reduction of hydrogen, which will be able to
diffuse into the superficial layers of the alloy and then cause a surface embrittlement.

The passive films which form on the alloys’ surfaces, Cr2O3 for 316L stainless steel and TiO2
for TA6V4 are more noble than the bare metal, that is why a cathodic drop occurs when the
sample is submitted to friction. The alloys tend to recover the original value once friction is
stopped, which can be understood as a film reformation.

Figure 4: Free potential evolution of a) 316L, b) TA6V4, in H2SO4 0.5M solution, with 1.2 Hz rubbing frequency,
5 N load.

3.2.3 Anodic Potential

A material’s behaviour said as passive in an anodic range, without friction, naturally forms a
protective film on its surface, thus avoiding any electron transfer. During tribocorrosion tests,
this protective layer is broken by the action of the ball, and then we can observe a sudden raise in
the current density, which causes an increase in the corrosion action on the bare material. At the
end of friction, the current density decreases again to the value recorded before rubbing. We can
deduce an alloy repassivation with the restoration of the passive film inducing a current density
of a few A/cm . Nevertheless, the current density during friction rises slightly with time. This
is linked to a change in the active/passive surface ratio due to wear. Another influence will be the
presence of pits at the metal surface, especially in NaCl media, due to a Cl– ion attack. Then, the
current density will be higher than the one before rubbing, as it can be seen on figure 5 a) with
316L in NaCl. Figure 5 b) shows the tribocorrosion behaviour of 316L in H2SO4 media under an
anodic polarization. The current density at the end of rubbing reaches the value measured before
friction, even though the current density rises during rubbing. It then emphases the damage
caused by Cl– ions on the passive film.
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Figure 5: Current density of 316L in the passive range, in a) NaCl 0.9%wt solution, b) H2SO4 0.5M solution, with
1.2 Hz rubbing frequency, 5 N load.

3.2.4 Repassivation Kinetics

When the current density evolution at the end of rubbing is analysed, time between the end of
friction and the recovery of the current’s original value indicates the kinetic of repassivation of
the material in the corrosive environment. Olsonn [8], through the study of two types of contact,
has established a model which determines the thickness change of the passive film created on the
surface of stainless steel 304L.
Equation (1) describes the passive film growth with time:

ξ =
1

α+nF
RT ·E0

ln

(
1 +
α+nF

RT
·E0 · kfilm · i0growth · eα

+nF
RT U t

)
(1)

where ξ is the film thickness in nm, n is the number of electrons exchanged in the reaction, for
instance when 316L stainless is tested:

2Cr + 3H2O →Cr2O3 + 6 H+ + 6 e–

F is the Faraday constant, R the Boltzmann constant, T the temperature in K.
α+ is the apparent charge transfer coefficient, it is calculated from the coefficient βa identified

thanks to Tafel’s lines.
i0growth is the mean current density needed for the film growth (A/cm ).
E0 is the electric field in the film (V/nm), kfilm is the film growth constant set as:

kfilm =
Vox
n · F (2)

With Vox the specific oxide volume in cm3/mol. For instance, kfilm for an oxide film Cr2O3,
which growths on a stainless steel surface equals 504 nm·cm /A·s.
We then obtain curves characterizing the passive film growth with time for the two alloys when

placed in presence of the two corrosive medias, H2SO4 0.5M and NaCl 0.9% wt, as shown on
figure 6.
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Figure 6: Passive film growth of 316L and TA6V4 in H2SO4 0.5M and NaCl 0.9%wt solutions.

Values of passive film thicknesses calculated with this model are close to those found in lit-
erature, measured by XPS or ellipsometry [9] [10]. The interest of the repassivation kinetic is
to know if, between two successive strokes of the ball, the alloy has enough time to reform a
protective layer. Thus, rubbing frequency plays an important role on the amount of metal loss.
Some XPS and profilometry measurements are currently carried out to validate this model.

3.3 Influence of an Applied Potential on Tribological Properties

3.3.1 Role of the Passive Film

During tribocorrosion tests, friction has an important influence on free potential or current density
evolution. But the application of a specific potential causes an influence on the coefficient of
friction, as this one dependswhether thematerial is covered by a passive film or not. Furthermore,
unless an entire film breakdown, the coefficient of friction will not be the same according to the
electrochemical applied potential.
For a tribocorrosion test in the anodic range, a passive film on the sample surface causes a

coefficient of friction higher than on bare metal. As shown by Landolt [11], every decline of the
current density is linked to a raise in the coefficient of friction, as the passive film on 316L is
composed mainly of chromium oxides, which in contact with an alumina ball, causes a stronger
coefficient of friction. During our tests, the applied load, 5 N, is enough to break the entire
passive film, and the frequency of rubbing, 1.2 Hz, does not enable the alloy to repassivate. The
coefficient of friction remains constant, as the current density rises with time. This is due to an
increase in the wear track surface, as the rubbing goes. Thus, the alumina ball rides continuously
on the bare metal, as shown on figure 7.
We finally obtain different coefficients of friction for the different electrochemical applied

potentials as shown in table 2. Coefficients of friction are similar for every electrochemical
applied potential, as the alumina ball is in contact with the bare material, and no influence of a
film covering the surface can be noticed.
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Figure 7: Current density and coefficient of friction of 316L in the passive range, in H2SO4 0.5M solution, with
1.2 Hz rubbing frequency, 5 N load.

Table 2: Coefficients of friction of 316L and TA6V4 with the applied potentials in H2SO4 and NaCl for tests under
5 N load.

Cathodic domain Free potential Passive domain

316L H2SO4 0.62 0.60 0.63
TA6V4 H2SO4 0.60 0.60 0.63
316L NaCl 0.75 0.4 0.75
TA6V4 NaCl 0.6 0.59 0.61

Tribocorrosion tests under loads of 0.5 N or 1 N, as seen on figure 1, do not cause an entire
passive film breakdown. The friction coefficient measurements shows a higher value, 0.75 com-
pared to 0.63 on bare metal, in the case of 316L stainless steel in H2SO4 0.5M. This difference
in the values of friction coefficients is in accordance with the results presented by Landolt [11].

3.3.2 Wear Rate

Wear volumes are measured using 3D profilometry. The wear rate is expressed with the factor
K from equation (3):

K =
V

F · L (3)

where F is the applied load in N, L is the total sliding distance of the ball in m, and V is the wear
volume in mm3.
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Figure 8 shows the results obtained for the two materials when tested in the two different
solutions under different electrochemical applied potentials.

Figure 8:Wear rates according to the applied potentials inH 2 SO4 andNaClmedias, with 1.2Hz rubbing frequency,
5 N load.

When the materials are held in the cathodic region (cathodic protection), the absence of cor-
rosion leads to a reduction in the material loss due to friction. In the case of TA6V4 in H2SO4
solution, the high value of wear rate obtained may be explained by the formation of a titanium
hydride film which is a very brittle material when sliding, the latter leading to enhanced total
volume of material loss.
Frequency of rubbing also has an important influence on the quantity of wear. Three different

frequencies were applied, 0.6 Hz, 0.9 Hz and 1.2 Hz, all at the same passive potential, in the two
different corrosive solutions, as it can be seen on figure 9. A significant difference between the
wear rates exists, and the evolution in 3 of the 4 cases is linear with the frequency of friction.
These results may be correlated to the repassivation kinetics of the materials. If the time between
two successive strokes of the ball is lower than the time for the material to repassivate, then
the sample is continuously submitted to dissolution and rubbing and consequently, the wear rate
increases.

4 Conclusions

Tribocorrosion behaviour of materials 316L and TA6V4 in corrosive solutions H2SO4 and NaCl
change with the electrochemical applied potential. The consequences are found on the coefficient
of friction, the current density resulting of the alumina ball action, the wear rate (wear volume),
and the kinetic of repassivation at the end of rubbing. We can generally see an increase of the
wear rate with the electrochemical applied potential and the frequency of rubbing. This can be
correlated to the speed of repassivation so that there is a challenge between the speed of the ball
ride and the time for the material to repassivate.
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Figure 9:Wear rates according to the frequency of rubbing in H2SO 4 and NaCl medias, with 5 N load.
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Wear Characteristics of Diamond Grain-Types in
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1 Introduction

An ever-increasing demand for low wear, high performance parts calls for locally adapted ma-
terial properties. This is achieved by joining several materials in one part featuring common
functional surfaces which have to be machined afterwards in one single process. Different mate-
rials cause different material removal mechanisms which influence tool wear, cutting forces and
surface properties [1, 2]. In this paper, the problem of grinding ceramic-steel-compounds, like
they are used in forging dies, is addressed [3].
In initial investigations grinding performance of different abrasive types and bonding systems

was evaluated. Vitrified bonded diamond grinding wheels were found to be most suitable. Gen-
eral tool wear described by the radial wear of the grinding wheel was investigated and the cor-
responding grinding forces were recorded. Radial tool wear of the grinding wheel corresponds
mostly to the wheel loading with chips during steel grinding. Chips sticking to the grinding wheel
surface are likely to provoke increasing adhesions with each grinding wheel revolution, filling the
pores of the grinding wheel. This imposes an increasing pressure onto the ceramic bond bridges
between the grinding grains, which will finally break, leading to a loss of grinding grain clusters.
In comparison, tool wear during grinding of ceramic was considerably smaller. In steel grind-
ing, wear increases with increasing chip thickness and thus decreases with higher cutting speeds.
Although higher cutting speeds will increase cutting temperature in the contact zone, there is no
indication that thermal overloading of the diamond appeared. Thermal wear of the diamond will
provoke a dull wheel, resulting in significantly higher grinding forces. This was not observed [4,
5].
Whenever the material compound is machined perpendicular to its transition, changes in wheel

wear and grinding force will cause a geometry error. This error – measured as a remaining step in
height directly at the material transition – is due to the process imposing mechanical and thermal
loads onto the workpiece during grinding. Process forces will cause elastic deformations of the
machined workpiece and the machine tool while thermal loads cause a shrinking workpiece after
it is machined. Due to the different material properties of the compound, process forces and
workpiece behavior is different for each material, provoking the above named geometry error. In
order to eliminate such an error, adapted process parameters in combination with an in-process
material identification and a model predicting this error can be applied [6, 7].
Process stability, part quality, and reliability of predictive process models used to determine

locally changing, material adapted cutting parameters, are all depending on stable, controlled
grinding wheel behavior. In previous investigations, two types of diamond crystal wheels were
used to grind ceramic-steel compounds. Grinding forces andwear behavior was, though generally
low, crystal type specific [8]. This is due to different fracture toughness and crystal morphology of
the used diamonds [9, 10]. Nevertheless, state of the art methods to evaluate grinding wheel wear
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are unsuited to investigate the causes of a crystal specific wear behavior. Negative profiles like
graphite or sheet imprints give reliable information on radial wheel wear but loose all information
on topography changes. A comparison of material ratios before and after grinding may distort the
impression, since contradicting effects like wheel loading and grain loss, which usually happen
simultaneously at different areas of the observed grinding wheel surface, compensate each other’s
influence on the material ratio.
In order to further investigate the crystal specific wear behavior of the grinding wheel, detailed

surface topographymaps are measured of the newly dressed and used grinding wheels. Three dif-
ferent crystal types of identical grain diameter are used to grind steel and ceramic intermittently.
By comparing the topography maps of identical areas of the grinding wheel surface before and
after grinding, a diamond crystal specific wear behavior is observed and further information on
the geometrical changes of the grinding wheel due to thermal and mechanical loads is gained.

2 Experimental Procedure

2.1 Grinding of Material Compounds

All grinding experiments are performed on a surface grinder using vitrified bonded grinding
wheels with a diameter of ds = 80 mm, width of bs = 15 mm and a grain size of dg = 91 m.
The cutting parameters are kept constant as follows: cutting speed vc = 30 m/s, depth of cut
ae = 25 m, width of cut ap = 10 mm and tangential feed speed vft = 1200 mm/min.
Prior to each experiment, the grinding wheels are dressed. A form dresser with hand-set poly-

crystalline diamond plates is used in a point crushing operation, i. e. no relative speed between
grinding wheel and dressing wheel is applied. Dressing speed is vcd = 30 m/s, dressing feed per
stroke aed = 1 m, overlap rate U d = 3 and speed ratio consequently qd = 1.
With each of the three grinding wheels, specified by the diamond crystal types MBG 600

(sharp, angular with excellent friability), MBG 620 (well formed facets, increased bulk strength)
and RVG (irregular shaped, medium toughness and friability) but otherwise unchanged bonding
specification, grain size, and diamond concentration, two compounds are ground. Both samples
have a length of lc = 100 mm and a width of bc = 10 mm. Although both samples feature a
ceramic steel portion of 50:50 %, the average distance between the transitions is∆sc = 10 mm in
one sample, ∆sc = 50 mm in the other. Thus, the number of transitions and the lengths of each
material are significantly different for both samples.
In each experiment, a specific volume of V ′w = 250mm /mm is removed, resembling 100

grinding strokes. The cutting direction is kept constant, resulting in a down-grinding process.
Mineral oil is used as a coolant, supplied by a tangential nozzle providing an almost laminar
coolant jet at a coolant speed vl = 30 m/s and a specific coolant flow of Q′l = 3.6 l/(min mm).

2.2 Grinding Wheel Topography Evaluation

The grinding wheel surface is measured by a scanning confocal laser microscope with a lateral
resolution of 10 m. An identical area, identified by a marker on the wheel’s face, of 15 mm in
circumferential direction by 17 mm in axial direction is measured before and after grinding. The
same area is found at the center of the photographs shown in Figure 1.
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Figure 1: Grinding wheel surface after dressing and grinding

Conventionally, the 3D-data gained by the confocal laser microscope is used to determine an
Abbott-Firestone curve of the grinding wheel topography. A linewise Gaussian filter according
to ISO 11562 with a cut-off length of lco = 2500 m is used to separate the long- and shortwave
profile. By subtracting the longwave profile from the original data, the grindingwheel’s curvature
is removed and the shortwave profile remains as a local deviation from the mean level. Although
the material ratio is suited to compare surfaces of different roughness, it is not well suited to
describe changing surfaces because different type of wear compensate each other in their effects
on the Abbott-Firestone curve. Thus, no detailed information on the underlying effects can be
gained. For example the loss of grains vs. the retreat of the bond material or loading of pores vs.
flattening of the diamond grains cannot be distinguished.
To overcome these limitations, a novel approach to visualize changes of the grinding wheel

topography is developed. The measured 3D-data of identical wheel surface areas in different
states of wear is directly compared. The aim is to match two data sets in the best possible way
and evaluate the resulting differences. By this procedure, curvature is discarded making any
additional data filtering obsolete. As a benefit, all profile information in axial direction of the
grindingwheel ismaintained. This is not the case if linewise filtering is applied. Both approaches,
the conventional as well as the novel one, are shown in Figure 2.
As described above, the measurements are all taken at nearly the same area of the grinding

wheel. Due to the fixture in the microscope, a small shift in axial position and a rotation in
circumferential position occur, while a skewness along the grinding wheel’s axis is suppressed.
To evaluate these shifts and rotations, image processing procedures are applied.
Because of the experimental procedure, the unused areas of the grinding wheel surface are

located at identical section of the surface for each wheel and run. Profile information from these
areas is used to match the two consecutive profiles. First, the extracted surface data is trans-
formed into binary images. Secondly, the lateral shift of these two images is identified by an
auto correlation. Then, the lateral shift is used to calculate the axial shift and the circumferential
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rotation. Next, one of the 3D-data sets is accordingly manipulated. Finally, the now match-
ing data sets are subtracted from each other. Here, the data of the grinding wheel surface after
grinding is subtracted from the grinding wheel surface after dressing. Thus loading of pores and
adhering chips will appear as a positive deviation while loss or wear of grains will be resembled
by a negative deviation.

Figure 2: Conventional and novel approach to evaluate wear induced surface changes

3 Experimental Results and Conclusion

3.1 Material Ratio of the Grinding Wheel Surface

The material ratio determined by the conventional approach after dressing is crystal type specific.
The RVG diamond, which is much easier to fracture, results in a planer surface after dressing.
Both MBG crystal types, which are much tougher and thus less likely to fracture, account for
more bond breakage leading to a loss of whole grains instead of grain fractures. Nevertheless,
due to the irregular, somewhat longish shape of the RVG crystal, more or larger pores are present.
As the photographs in Figure 1 show, loading is a major problem. Still, a material ratio cal-

culated from the surface data before or after grinding gives almost identical results for the newly
dressed and the worn surface. Thus, crystal specific wheel differences are observed while no
wear effects are identified by comparing the Abbott-Firestone curves before and after grinding.

3.2 Visualization of Changes of the Grinding Wheel Surface

Exemplary results for the MBG 600 grinding wheel gained by the novel approach are shown in
Figure 3 and Figure 4. While Figure 3 visualizes the change of the grinding wheel surface for
grinding a compound with a transition distance of∆sc = 10 mm, Figure 4 displays how grinding
the compound with a transition distance of ∆sc = 50 m changes the grinding wheel.
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Figure 3: Difference of matched grinding wheel surface before and after grinding∆sc = 10 mm

Figure 4: Difference of matched grinding wheel surface before and after grinding∆sc = 50 mm

Grinding the rapidly intermittingmaterial compound does not significantly change the grinding
wheel surface. The small dark patches seen in Figure 3 resemble a negative deviation, indicating
some single grain losses. Nevertheless, no loading, which would be indicated by light areas,
resembling a positive deviation, can be observed.
As indicated by the visual impression, grinding long distances of steel severely increases wheel

loading. In Figure 4 large patches of elevations can be found, which are consistent with the loaded
areas seen on the photograph in Figure 1. Nevertheless, large areas of the grinding wheel surface
suffer from a significant loss of grains or whole grain clusters.
The crystal specific wear behavior of the grinding wheels can be clearly distinguished if a

material ratio is calculated from the data set differences presented above. Only the used area
of the grinding wheel surface is considered and the resulting material ratio curves represent the
areas protruding respectively retreating from the original surface. Thus, not the crystal or pore
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morphology is described but the wear induced changes of the grinding wheel surface. If no
changes had occurred, the material ratio would result in a flat, horizontal line.
In Figure 5 the different material ratio progression for all six experiments is shown. Both,

crystal specific differences as well as the influence of the transition distance∆sc can be seen. As
the visual impression and the grinding forces observed in previous investigations [8] indicate,
the RVG crystal – compared to the MBG crystal types – provokes loading the surface with steel
chips. For both transition distances a plateau like progression for up to 30 % of the material
ratio indicates severely loaded areas. Grain loss is increased with the distance of the material
transitions. Especially the MBG crystals wear much slower if the material transition distance is
reduced.

Figure 5:Material ratio of radial matched grinding wheel surface difference

4 Summary and Outlook

The presented new approach to visualize and characterize wear induced changes of a grinding
wheel topography improves the possibility to evaluate crystal specific wheel performance. The
gained surface differences identify both, the wear progress and its causes on the grain level as
well as the radial profile decrease.
A material ratio taken from the radial matched grinding wheel surface difference will maintain

all information to compare different grinding conditions or tools. By this, the amount of data is
significantly reduced and comparing different grinding wheel specifications becomes possible.
As the results indicate, loading is the major wear mechanismwhen grinding ceramic steel com-

pounds. Here, regular, well formed facets are less likely to cause adhering steel chips. Grinding
of ceramic creates abrasives particles removing the steel adhesions. Thus smaller transition dis-
tances reduce wear progression due to loaded pores and loss of grain clusters.
To understand the process of initial chip adhesion, continuous loading, increasing pressure

bearing onto the bond causing the pull-out of whole grains or grain clusters inmore detail, selected
experiments will be repeated and the wheel surface will be periodically measured to document
the progress.
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Due to the lateral resolution and the significant time consumption for each measurement of the
used scanning confocal laser microscope, it was not possible to distinguish wear induced changes
of single grains. Therefore, the presented methods will be applied on stereo-microscopic SEM
pictures of single grains. To do so, MBG 600, MBG 620, and RVG crystals are brazed onto small
tips. These tools will be used for single grain scratching test on the compound material. Pictures
before and after scratching will be compared to gain detailed information on grain fracture or
thermally induced wear.
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The Correlation of Thermo-Mechanical Stresses on Cutting Tool

Wear
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1 Introduction

Machining processes are limited by tool wear caused by high thermo-mechanical stresses. These
stresses are caused by the resistance between the workpiece material and the movement of the
tool. Because of that the stresses occurring in machining processes are significantly dependent on
the physical properties of the workpiece material. The knowledge of loads in cutting operations
is important for a process design adapted to the machining task. In this research three examples
of the correlation between thermo-mechanical stresses and tool wear will be presented. These
examples are cylindrical turning, short hole drilling with indexable inserts and single-lip deep
hole drilling.
The workpiece materials used were stainless steels. These materials possess specific usage

properties. Especially stainless steels with an austenitic or austenitic-ferritic microstructure have
good properties because of their favorable combination of high chemical resistance and good me-
chanical properties. However, these usage properties cause problems in the machining process,
in particular high tool wear [1, 2]. The steels used differ in their alloying elements and, because
of that, in their microstructure. The steel X2CrNiMo17-12-2 has an austenitic microstructure.
This steel has a very high corrosion resistance with improved mechanical properties and good
formability in comparison to other austenitic stainless steels. The other material used is the steel
X2CrNiMoN22-5-3. It has a very high content of the alloying elements nickel, chromium, molyb-
denum. In addition, nitrogen is added. Because of this chemical composition, this steel exhibits
very good corrosion resistance, strength and durability. These characteristics are due to its mi-
crostructural austentitic and ferritic phases. The main properties of the workpiece materials used
are presented in table 1.

Table 1: Properties of workpieces materials

X2CrNiMoN22-5-3 X2CrNiMO17-12-2

Microstructure: Austenitic-ferritic AusteniticTensile
strength Rm: 790N/mm 621N/mm
Elastic limit Rp0.2: 606N/mm 375N/mm
Elongation at fracture A5: 36.7% 46.5%
Heat conductivity λ: 15W/m ·K 15 W/m ·K
Specific heat capacity cp: 500 J/kg ·K 500 J/kg ·K
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2 Turning of a Stainless Steel Workpiece with Austenitic-Ferritic

Microstructure

The process characteristics of turning make this the ideal this cutting process for experimental
investigations. This process is very suitable for wear analysis because of high flexibility, simple
process kinematics, good chip removal and a long cutting time without interruptions. Here, the
influence of different cooling lubricant concepts on the thermo-mechanical loads and on the tool
wear is presented using the material with the austenitic-ferritic microstructure X2CrNiMoN22-5-
3. To avoid the influence of these factors all the other process parameters were kept constant. To
measure the mechanical loads, a dynamometer was used. For the measurement of thermal loads
holes with a diameter of d = 0.5 mm were produced by Electrical Discharge Machining (EDM)
at a predefined position in the cutting inserts. Thermocouples were mounted in these holes. To
calculate temperatures directly at the rake face surface in the contact zone between chip and tool,
a calibration using chip roots was done. The influence of the cooling lubrication concepts on tool
wear is presented in figure 2.

Figure 1: Influence of the cooling lubrication concept on thermo-mechanical loads in turning

To analyze the influence of cooling lubrication concepts, the following concepts were applied:
A flood lubrication with emulsion, minimum quantity lubrication with esther oil and dry ma-
chining. The cooling lubrication concept shows only minor influences on the mechanical tool
stresses. The resultant force components measured are not significantly different. An influence
of the thermal stresses on tool wear can be seen. The rake face temperatures increase from the
temperature T rft = 1220 °C, occurring in the process using the emulsion, to T rft = 1580 °C in the
process under dry conditions. When using MQL the resulting rake face temperature lies between
the two temperatures mentioned above. The emulsion has a high cooling effect because of the
high specific heat capacity of water. The lowest thermal stresses in this comparison, that is those
occurring when emulsion is used, can be explained by the high cooling effect based on the com-
position of the coolant as well as the high volume flow. In comparison to that, the slightly higher
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rake face temperatures using MQL can be explained by the lack of an effective cooling. Using
MQL with esther oil the cooling effect is achieved only by evaporation of the oil and convection
of the aerosol. Here, the lubricating effect dominates. The combination of a lower cooling effect
compared to these effects when using flood lubrication with emulsion leads to higher rake face
temperatures and because of that, to higher thermal tool stresses. With respect to tool wear, a sig-
nificant effect of thermal loads resulting from the use of different cooling lubrication concepts is
occurred. The defining wear mechanism in machining this workpiece material is adhesive wear.
Workpiece material was detected, in particular, at the rake face. In addition, the coating at the
cutting edge peeled off in experiments when MQL and dry machining were used. The increase
in thermal stresses seen in the comparison of rake face temperatures for the three lubrication
concepts used leads to an increase in adhesive wear.

3 Short Hole Drilling of a Stainless Steel Workpiece with Austenitic

Microstructure

With respect to the continuous cut and single point tool design, short hole drilling is comparable to
turning. The main differences between these two processes are the dependence of the tool radius
on the local cutting speed and the more difficult chip removal out of the bore hole when drilling.
The problems that arise are the high thermo-mechanical loads. Therefore, here the influence of
cutting speed on thermo-mechanical loads and tool wear is analyzed. The factors feed, cutting
material, coating and insert design were kept constant. The cooling lubrication concept applied
was an MQL with inner supply. The experimental set-up used is comparable to the set-up used
in turning experiments. The mechanical loads were measured by a dynamometer and the thermal
stresses with thermocouples embedded in the prepared inserts. Channels for thermocouples were
brought into the inserts by EDM and by micro milling in the tool body. To analyze the influence
of decreasing cutting speed in the direction of the center of the tool, the rake face temperature was
measured near the cutting edge corner and near the tool center. The influence of cutting speed on
thermo-mechanical stresses and the correlated tool wear in short hole drilling of stainless steel
with austenitic microstructure is presented in figure 2.
Drilling of the austenitic steel leads to high thermo-mechanical tool loads. The feed force and

torque decrease slightly with increasing cutting speed. This effect can be explained by referring
to the results of the temperature measurement at the inserts. In the area of the cutting edge
corner the rake face temperature increases linearly with increasing cutting speed. Here, very
high rake face temperatures were detected. At the inner insert in the area of the tool center
another effect of cutting speed and temperature occurred. A low cutting speed leads to very high
temperatures at the tool center. The temperature measured near the tool center is comparable
to the temperature at the cutting edge corner. The high temperature at the tool center can be
explained by the creation of built-up edges. Material adhered at the tool rake face and flank
face because of high compressive stresses this resulted a hardening of this material at low local
cutting speeds. In addition, an increase in the mechanical tool load in this area occurred and this
resulted in high thermal stresses. Besides high thermal stresses, high compressive stresses at the
inner cutting edge when using the lowest cutting speed caused tool breakage. At the outer cutting
edge material adhesion occurred. A significant tool wear at the flank face and the rake face is
not visible. Increasing the cutting speed to vc = 200 m/min caused a uniform wear behavior to
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occur. At both inserts adhesive wear appeared but a significant defect is not noticeable. This
cutting speed leads to a homogeneous distribution of thermo-mechanical loads and, because of
that, to low tool wear. A further increase in cutting speed is reflected in the wear behavior at
the outer cutting edge. The high thermal stresses lead to a plastical deformation of the cutting
edge and massive adhesive wear. Although there are higher thermal stresses at the cutting edge
corner, tool breakage occurred at the inner cutting edge. This breakage is caused by an overload
of mechanical stresses [3].

Figure 2: Influence of cutting data on thermo-mechanical loads and tool wear in short hole drilling

4 Single-lip Deep Hole Drilling of a Stainless Steel Workpiece with

Austenitic-ferritic Microstructure

The conventional deep hole drilling tools are distinguished by their tool design. These tools have
an asymmetrical single point design. The guiding pads reduce the effect of the resultant radial
force in causing the drilling tool to move to the side. Thereby there is a self-guidance of the
tool and high drill hole quality. In deep-hole drilling, not only the main cutting edge, but also
the guiding pads, are confronted with high thermo-mechanical loads caused by friction. Because
of that the rake face temperatures near the cutting edge corner and near the tool center ,as well
as the temperature at the guiding pad, were measured. The set-up used allows the measurement
of the thermo-mechanical loads in a rotating system. The tool preparation is comparable to the
preparation of the tool in short hole drilling. Starting at the cooling channel exits, holes were
made by EDM up to the measuring points at the cutting edge and guiding pad. In these channels
thermocouples were mounted. Because of the loads that occur the rake face temperatures near the
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cutting edge corner and near the tool center, as well as the temperatures at the guiding pad, were
measured. For the wireless signal transmission a telemetrical system was used. The mechanical
loads on the side of the workpiece were measured using a dynamometer [4]. In these experiments
the workpiece material was the same material as that used in turning, the steel X2CrNiMoN22-
5-3. Here, the influence of cutting data in single-lip deep hole drilling was investigated. Their
influence on thermo-mechanical loads and tool wear is presented in figure 3.

Figure 3: Influence of cutting data on thermo-mechanical loads and tool wear in single-lip deep hole drilling

The cutting speed influences the thermal stresses, especially at the rake face. With increasing
cutting speed a higher cutting power is brought into the process. Because of this more heat is
generated. With respect to the thermal stresses in the area of the guiding pad higher temperatures
were measured due to the friction occurring at increased cutting speeds. The mechanical loads
show no dependence on the cutting speed. The observed values for feed force and torque remain
nearly constant when cutting speed is varied. The resultant temperatures are not high enough to
cause a thermal softening of the material. Feed has a significant influence on thermo-mechanical
loads. When the feed is increased, the cross-section of undeformed chips increases as a result.
Here, a higher amount of energy is necessary for material separation and deformation during the
chip formation, which leads to higher thermo-mechanical loads. In the process with the lower
feed and the lowest cutting speed, crater wear occurred after a drilling length of Lf = 2.1 m. This
is caused by a long contact time of chip and rake face of th = 82.5 min. An increase in feed
reduces the contact time. Because of that the crater wear occurred is reduced in the experiment
using increased feed. Here, the contact time is th = 70.4 min. At the guiding pad surface defects
occurred in the experiment using the lower feed because of disruptions in the lubrication supply.
When using the higher feed adhesion is the dominant wear mechanism. An increase in cutting
speed leads to a reduction in crater wear when the contact time is further shortened at the feed



731

f = 0.03 mm. At the guiding pad surface defects occurred. In comparison to the wear at the
guiding pads in experiments with the cutting speed vc = 40 m/min the wear is lower using the
higher cutting speed. An increase of feed at higher cutting speed leads to adhesive wear at the
rake face founded in higher compressive stresses. The guiding pad wear is comparable for both
feeds at the higher cutting speed [5].

5 Conclusion

Tool wear in machining stainless steels is influenced by the resulting thermo-mechanical loads.
These loads can be influenced by the process variables and minimized by an adapted process
design. In turning, the cooling lubrication concept influences the thermal tool loads. In addition,
the adhesive wear increases with increasing rake face temperatures. In short hole drilling, com-
pressive stresses at the tool center are produced by built-up edges and can lead to tool breakage
caused by high thermo-mechanical loads. Here, the cutting speed must be high enough to avoid
high compressive stresses and a hardening of the material. In single-lip deep hole drilling only the
thermal stresses are dependent on the cutting speed. An increase in feed leads to higher thermo-
mechanical loads. At higher cutting speeds and feed, tool breakage occurs. In conclusion, when
machining stainless steels the thermal stresses are the determining factor in tool wear.
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Wear of WC-Co
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1 Introduction

Application of hard coatings in casting, machining, forming operations and for improvement of
tribological performance of sliding parts of mechanical components is a common practice during
last decades. Commercial TiN and CrN coatings may efficiently improve tools performance die
to their high mechanical and tribological characteristics.
Recent progress in improvement of properties and performance of coatings involves fabrica-

tion of advanced multilayer, interlayer and quaternary or ternary coatings like TiAlN, CrTiN and
CrAlN [1, 2].
Tribological performance of CrAlN coatings has been extensively investigated last decades for

different applications. For example, it has been shown that CrAlN coatings demonstrate better
resistance to adhesive wear comparing to binary CrN [3]. Scheerer at al. demonstrated promis-
ing results for application of CrAlN for dry machining operations [4]. Sliding wear resistance of
CrAlN coating have been investigated in [5] and it has been shown that CrAlN coating showed
better resistance against a combination of abrasive and oxidative wear. Besides, quaternary alloy-
ing has been found very promising for improvements of tribological properties of CrAlN coating
tested by laboratory pin-on-disc test facilities and, for example, for machining of stainless steel
[6–8].
In the present article, authors investigated abrasive wear of WC-Co polished edge coated by

CrAlN against SiC abrasive paper under two-body dry abrasion conditions with edge-on-disc test
arrangements. The specimens had an edge angle of 90 degrees and were abraded in a direction
perpendicular to the edge line. Abrasive wear is commonly investigated using flat specimens,
which can not simulate a situation when edge of the sliding component meets abrasive particles
(debris, undesirable dust or particles, etc.). Influence of hard coating is discussed in relation to
observed wear mechanisms and wear rates.

2 Materials and Method

WC-Co hardmetals of different WC grain size PVD coated by CrAlN hard coating were investi-
gated. Following the supplier specification, the coarse grade (4.5 m mean WC grain size) and
the ultrafine grade (0.3–0.5 m WC grain size) were selected as substrates for the coating. The
specimens were ground and polished at two sides forming the 90 degrees edge with 3 m di-
amond finishing paste and then coated. The coatings were deposited by PVD arc evaporation
technique, at 480–500 ºC temperature in the industrial BAI 1200 coating system.
Composition of the coating measured by means of EDS SEM corresponded to

Cr0.24Al0.35N0.41. Thickness of the coating can be estimated of about 3 m mean, as seen
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in an example of the cross-section. The cross-section of the coating and polished and coated
edge illustrations are given in Fig. 1.
The polished specimens were mounted on the vertically movable holder, then loaded with a

static weight of 200 g onto the table coatedwith STRUERS P800 SiC abrasive paper and then slid.
The P800 grit (21.8 m average grain size) SiC abrasive papers were utilized in the experiments.
Specimens always slid over new abrasive surface in a direction perpendicular to the edge line.
The specimens slid without lubrication with a sliding speed of 0.5m/min.
Sliding was interrupted for SEM observations and then further continued until the final sliding

distance achieved. Worn specimens were examined with a GEMINI LEO 1530 scanning electron
microscope (SEM) to measure the widths of the worn surface and observe the worn surfaces
morphology. Since approximately one third of the SiC grain protruded from the resin [8], the
effective size of abrasive particles causing the abrasive damage was estimated to be comparable
to the WC grain size in the investigated coarse WC-Co grades. The results of the measurements
were drawn in a form of a width of the worn surface vs. sliding distance diagram.

3 Results and Discussion

Cross section of the coating is illustrated in Fig. 1 a. It is seen that coating is well adhered to the
substrate and possesses a typical columnar microstructure. Columns are of submicron size range
and re-nucleation sites are quite well distinguishable. Usually, sharp edges are avoided in design
of components for PVD coatings due to residual stresses in the coating that may cause peeling
the coating off. Nevertheless, it is seen that edge has no defects, cracks or peeled off regions.
Some observed porosity and uneven surface morphology close to the very edge is caused by edge
effect on deposition process.

Figure 1: Cross-section of the CrAlN coating (a), and sharpness of the coated edge (b).

Morphologies of worn surfaces of coated and uncoated specimens are illustrated in Fig. 2. It
has previously been shown [9] that uncoated coarse and ultrafine WC-Co grades behave differ-
ently. Fine and ultrafineWC-Co grades demonstrated rather homogeneous tribological behaviour
(ploughing), while heterogeneous microstructure response was observed for coarse grades (frag-
mentation and pullout of WC grains). Such behaviour has been attributed to different response
of microstructure and strain localization in binder phase in the case of coarse grades [10].
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Comparison of surface morphologies of coated and uncoated specimens shows similar re-
sponse of the substrate. In all the cases, ultrafine grade demonstrated homogeneous behaviour,
but coarse grades demonstrated fragmentation and pull out of WC grades.

Figure 2: Surface morphologies after 5mm sliding distance. Ultrafine uncoated (a), ultrafine coated (b), coarse
uncoated (c) and coarse coated (d) grades. Sliding direction if from bottom left to top right corner at all the images.

Remarkable difference is that roughness of worn WC-Co substrate is lower for coated speci-
mens. This may be explained by analysis of the interaction zone, i.e. actual size of SiC asperity
interacting with the edge and hardness of substrate, coating and asperity. Fig. 3 a, illustrates
SEM image of the abrasive paper after contact to the edge. It is seen that, actual size of con-
tact is smaller than the nominal size of SiC grit and is about 20–50% of the nominal grist size
(21.8 m average grain size) protrude from the resin and worn due to abrasive contact with the
tested specimen.
Hardness of interacting phases is decreased in order CrAlN (∼3000–3200HV) – SiC

(2200–2600HV (bulk)) – ultrafine WC-Co (2050HV) – coarse WC-Co (1290HV), and, there-
fore, coating is an efficient protection at the first contact with abrasive particle, providing lower
wear of the substrate, which is softer than the coating and abrasive asperity.
Comparison of widths of worn surfaces also shows differences between coated and uncoated

specimens, Fig. 3 b. It is seen that coating improves edge wear resistance as for coarse and
ultrafine WC-Co substrate. Nevertheless, comparison of measured mean values of worn widths
reveals that coating is more efficient in the case of ultrafine substrate. This also may be related
to hardness of the substrate, but also has to be associated to acting wear mechanisms.
It is seen in Fig. 4 that contact of abrasive particles with the edge leads to rounding of coating

on the forward side of the edge. Then, substrate is in the contact and wear mechanisms depend
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Figure 3: Surface of the abrasive P800 paper after contact (a) and width of worn surface vs. sliding distance (b).

Figure 4: Close view of coated ultrafine (a) and coarse (b) WC-Co edges after 15 mm sliding distance. Arrows
show observed wear mechanisms, (1) rounding of the forward side, (2) chipping (flaking) on the back side, and (3)
micro-scale peeling off and flaking on the back side of the edge.

on WC grain size as it was mentioned for uncoated specimens [9]. In the case of ultrafine grade,
main wear mechanism of substrate is ploughing. Coarse grade demonstrated fragmentation of
WC grains, which deteriorate influence of coating. Fractured fragments of substrate are removed
together with coating that result in peeling off and flaking of the coating on the back side of the
edge. In the case of ultrafine grade, homogeneous character of the substrate wear does not cause
severe flaking of the coating.
As it seen in Fig. 3 b lowest wear rates observed for the coated ultrafine WC-Co cemented

carbides. Discussion above demonstrated that even though hardness of coating is higher than
hardness of abrasive particles, substrate also influence substantially on the observed wear resis-
tance. Observed edge wear mechanisms, which are basically similar to the ones investigated for
the uncoated edges [9], may influence tribological performance of the coated edge and, deterio-
rate wear resistance as it was observed for the coarse WC-Co grades in the present research.
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4 Conclusions

Ultrafine and coarse WC-Co cemented carbides uncoated and coated with CrAlN hard coating
were tested under dry two-body abrasion conditions in order to examine influence of coating on
the edge wear behaviour. Following results may be concluded.

• Coating improves edge wear resistance especially at the very beginning stages. Roughness of
worn surface of coated specimens is remarkably lower comparing with the uncoated ultrafine
and coarse grades.

• Positive influence of coating is more pronounced for ultrafine substrate grade. Such behaviour
attributed to the substrate tribological response. Removal of fragments of WC phase observed
for coarse grades leads to initiation of peeling off and flaking of the coating that deteriorate
influence of coating.

• Rounding of the coating from the forward side of the edge and micro peeling of the coating
from substrate and chipping (flaking) of the coating from the back side of the edge were the
main observed wear mechanisms.
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Abstract

Moulding of nano- and microstructures by injection moulding leads to special requirements for
the tools, e.g. wear resistance and as low as possible release forces of the moulded components.
On the other hand it is not allowed to affect the replication precision. Physical Vapour Deposition
(PVD) is one of the promising technologies for applying coatings with adapted properties like
high hardness, low roughness, low Young’s modulus and less adhesion to the plastic melt. Using
the Arc Ion Plating (AIP) technology, tool steel (1.2083) was coated with different chromium
based coatings. Compared to other coating materials the chromium based coatings offer a
wide range of advantages, like high corrosion resistance and low adhesion affinity to most
commonly used plastics. This paper deals with further development of different tool coatings;
chromium-nitride (CrN), chromium-aluminum-nitride (Cr1–x,AlxN) and chromium-aluminum-
oxynitride (Cr1–x,Alx)ON for plastic processing. After deposition, the coatings were analyzed by
common thin film techniques regarding hardness, Young’s modulus and adhesion. Additionally,
application oriented tests were carried out, to determine the contact angle depending on the used
plastics. Especially (Cr,Al)ON coatings show an increase of the contact angles for polycarbonate
plastics in wetting experiments.

Keywords: CrAlON, AIP-PVD, wear protection, plastics, injection mould

1 Introduction

Nowadays, the plastics industry requires high durability tools with low adhesion of the plastic
melt and easy ejection for small sized structures. The moulding of nano- and microstructures
in a near net-shape process requires the reduction of releasing forces for moulded parts. To
fulfill these requirements important process parameters like injection speed and holding pressure
have to be reduced in order to enable a demoulding without damage. This results in incomplete
replication of the nano- and microstructures and the reduction of surface functionality. The key
for success is to modify tool surfaces by using modern surface engineering. Especially, the thin
film process technology Physical Vapour Deposition (PVD) promises good properties for tool
protection of plastic moulds. Due to the high mechanical loads during the die filling a high wear
resistance of the coating is recommended. For the production of optical products a chemical
inert and wear resistant die surface is needed to reduce the contamination of the produced optical
products. Chromium (Cr) containing coatings offer a high potential as protective coatings. First
chromium-nitride films were deposited in the 1980s [1, 2]. Though hardness of titanium-nitride
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(TiN) could not be reached [3], increased corrosion resistance of many mediums was observed
[4, 5]. Furthermore the addition of aluminum (Al) results in an increase of hardness [6, 7, 8, 9]
and influences the film microstructure [10]. Also a high potential as wear protective coating is
observed [11, 12].

2 Experimental Setup

2.1 Coating Deposition

For deposition Arc Ion Plating (AIP) PVD was used. The deposition unit Metaplas Ionon Mul-
tiArc PVD 20” was equipped with random arc sources. Advantages of this coating technology
are strong film adhesion and high deposition rate. The used samples (1.2083, cold working steel)
were polished with a 6 m diamond suspension to a roughness of 0.02 m Ra. For the depo-
sition of CrN a one cathode setup was used. For the deposition of (Cr,Al)N and (Cr,Al)ON a
two cathode setup was used. The purity of the targets was 99.7% for chromium and 99.5% for
aluminum. As reactive gases N2 and O2 both with a purity of 99.999% were used. For the depo-
sition of (Cr,Al)ON coating a graded oxygen structure was generated by varying the reactive gas
composition. After five minutes coating with pure nitrogen, oxygen was added stepwise until
a maximum oxygen share of 25% of the O2/N2 gas mixture was reached. Prior to deposition,
the substrates were cleaned in alkaline solutions of different concentrations and finally rinsed.
After batching, the samples were etched for 20 minutes in argon glow discharge plasma (GD) at
-1000 V bias. Then the chromium target was switched on maintaining -1000 V bias to bombard
the samples for five minutes by ejected chromium ions (Metal Ion Etching, MIE). The parameters
of these processes are shown in table 1. Afterwards a 60 minutes deposition process was started
with a reduced bias voltage (cp. table 2). The rotating speed of the substrate table was 3 min–1

during all processes.

Table 1: Process parameters of glow discharge and metal ion etching processes

Process Process time [min] Pressure [Pa] Bias [V] Ar gas flow [sccm] Target current [A]

GD 20 2 –1000 60 –
MIE 5 5 · 10–3 –1000 – 50

Table 2: Parameters of the deposition processes

Coating Deposition Pressure Bias O2 gas flow N2 gas flow Cr/Al target
Time [min] [Pa] [V] [sccm] [sccm] current [A]

CrN 60 2 –50 – 75 60/–
(Cr,Al)N 60 1 –50 – 80 45/50
(Cr,Al)ON 60 1 –100 18 70 45/50
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2.2 Analysis of Adhesion and Mechanical Properties of the Coating

The film thickness was determined by using the calo test (DIN EN 1071-2, CemeCon AG
Kalottchen/L). The coating adhesion was analyzed by Rockwell indentation (VDI 3198). The
roughness of the coating was measured before and after deposition with a Hommel-Etamic T2000
profilometer. Nanoindentation (Equipment: MTS Nanoindentation XP) was performed with a
Berkovic indenter. The indenter penetrated the surface perpendicular with a maximum indenta-
tion depth of 200 nm. Calculations of hardness and Young’s modulus are based on Oliver and
Pharr’s equations and Poisson ratio was kept constant at ν = 0.25 [13]. The morphology of the
coatings was examined by Scanning Electron Microscopy (SEM, Zeiss DSM 982 Gemini). Fur-
thermore the atomic Cr:Al concentration was measured by energy dispersive X-ray spectroscopy
(EDS). To obtain the nanolaminate structure of the (Cr,Al)ON coating high resolution transmis-
sion electron microscopy (HRTEM) was carried out using a scanning transmission microscope
(STEM, FEI Tecnai F20). The phases of the deposited thin films were analyzed using grazing
incidence X-Ray Diffraction (XRD) Seifert 3000 HT X-Ray Diffraction System (GE Inspection
Technologies) scanning the range of 20 °–80 ° at an constant angle of incidence at 3° using CuKα
(40 kV, 40 mA) radiation and a step size of 0.05 °. For analysis of the XRD patterns the JCPDS-
cards 11-65 for cubic CrN and 25-1495 for cubic AlN were used.

2.3 Application Oriented Measurements: Contact Angle Measurements

To investigate the adhesion of plastics melt on the coated tool and consequently, the release force,
the contact angles of melted plastic resin on the coatings were measured. For these measurements
a contact angle measuring device (Krüss DSA 10) was used. To melt the plastics granulate a
coated specimen with a single plastics grain on it was placed in a closed device with windows
at the sides and high-performance heaters on bottom and top. The temperature was observed
by two separate thermocouples. For the investigations two different thermoplastics are selected,
the polymethyl methacrylate (PMMA 6N) from the company Röhm, Germany and polycarbon-
ate (Makrolon LQ2647) from the company Bayer Material Science AG, Germany. Before the
measurements were carried out, the plastic grains were dried at least for two hours at 85 °C (cp.
processing details). Afterwards the grains were put on the preheated specimen. Temperature was
increased stepwise until the processing temperature was reached. After two hours an asymptotic
value of the contact angle was reached and 60 measurements were done in order to obtain a mean
value. In order to realize low release forces a high contact angle of the molten plastics grain is
required.

3 Results and Discussion

Table 3 shows the basic properties of these coatings and the uncoated substrate material.
Due to the addition of aluminum to CrN an increase of hardness is achieved. On the one hand

hardness and the Young’s modulus decrease with the formation of ionic bonds by adding oxygen
to (Cr,Al)N [14]. On the other hand this formation for CrxOy is supposed to reduce adhesion of
the plastic melt. Moreover the addition of oxygen leads to a decrease of roughness compared to
CrN and (Cr,Al)N coatings [15]. With the high temperature contact angle method three coatings
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Table 3: Basic characterization of the coatings and the substrate material

Coating Thickness Hardness Young’s Roughness
[ m] [GPa] modulus [GPa] Ra [ m]

uncoated – 5.4 ± 0.5 184.0 ± 12.0 0.02
CrN 3.5 19.8 ± 2.6 329.8 ± 30.8 0.15
(Cr,Al)N 3.4 30.2±2.8 372.2 ± 26.4 0.16
(Cr,Al)ON 3.7 24.8 ± 3.6 278.2 ± 28.9 0.13

as well as the substrate material were studied regarding the contact angle of PMMA 6N and
Makrolon LQ2647 melt. Figure 1 shows the results of these measurements.

Figure 1: Comparison of contact angle from different coating/plastics combinations

The CrN coated samples show increased contact angles for both plastics compared to the un-
coated samples. A further increase of the LQ2647 contact angle can be observed by using the
(Cr,Al)ON coating system. (Cr,Al)N coatings show no further enhancements. In order to an-
alyze the coatings morphology SEM pictures were taken of CrN and (Cr,Al)ON cross sections
(see Figure 2).

Figure 2: Cross section fracture surface morphology of the coatings on cemented carbide specimens; a) CrN; b)
(Cr,Al)N; c) (Cr,Al)ON; d) enlarged section of the (Cr,Al)ON coating with nanolaminate structure

Figure 2a) shows a SEM cross section of the crystalline CrN coating. The second pattern
shows the cross section of (Cr,Al)N. The cross section of (Cr,Al)ON, shown in Figure 2c), ex-
hibits a fine crystalline structure. In Figure 2d) a picture with higher magnification of (Cr,Al)ON
is shown. A nanolaminate structure caused by the substrate rotation can be seen. Further inves-
tigations were done to determine the composition of (Cr,Al)N and (Cr,Al)ON. The atomic Cr:Al
concentrations determined by EDS result in (Cr0.51,Al0.49)N and (Cr0.51,Al0.49)ON, respectively.
These measurements show that adding oxygen to the N2 atmosphere does not result in target
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poisoning. The XRD investigations (cp. figure 3) show, that all deposited coatings forming a
cubic–fcc structure.

Figure 3: XRD patterns of CrN, (Cr,Al)N and (Cr,Al)ON films

The coatings also show a preferred (200) orientation, which increases by adding oxygen to the
CrAl solid solution crystal. For the (Cr,Al)ON coating a peak broadening was observed, resulting
in a decrease of the domain size of the crystallites. For a more precise analyses of the nanolamited
(Cr,Al)ON STEM measurements were done.

Figure 4: a) HAADF STEM of (Cr,Al)ON nanolaminate; b) bright field and diffraction pattern of (Cr,Al)ON
nanolaminate; c) HRTEM of (Cr,Al)ON nanolaminate

Figure 4a) shows the High Angle Annular Dark Field (HAADF) of the nanolaminate struc-
ture. The bright parts of the picture relate to chromium and the dark ones to aluminum. The
thicknesses of the nanolaminate are 11 nm (Cr) and 9 nm (Al), respectively. The bright field
and the diffraction pattern of the HRTEM are shown in Figure 4b). Figure 4c) shows a HRTEM
picture. Here the face-centred solid solution structure can be found. The crystal sizes in this
picture are about 6 nm. The crystal structure is obtained for fcc-Cr1-xAlxN solid solution crystal
with incorporated oxygen near the surface. Possible traces of CrxOy are detected. In fact of the
lower resolution for this formation, this can not be seen in the XRD measurements. The formed
structure can be a possible spinel type Cr1-xAlxOyN. Further investigations need to be done to
understand the correct crystallographic structure.
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4 Conclusions

With the addition of oxygen to the (Cr0.51,Al0.49)N coating a film composition is generated, which
combines the advantages of CrN and (Cr,Al)N to realize low adhesion of the high performance
plastic Makrolon LQ2647 and a high wear protection for injection moulding tools. The implan-
tation of few oxygen atoms enables the generation of ionic bindings, which provide low adhesion
of certain plastics. The oxide containing (Cr0,51,Al0.49)ON coating in this configuration can not
achieve the hardness of (Cr,Al)N neither the all-round qualities against the adhesion for both
plastics of CrN, but it is a good compromise with best adhesion values for Makrolon LQ2647.
The applicability of finishing treatments has to be investigated to reduce the roughness of the
coatings. Further variations have to show how the amount of oxygen affects the adhesion of
plastics melt and how other plastics react with these coatings. A next step is the application of a
(Cr0,51,Al0.49)ON coating on a micro structured injection moulding tool to determine the practical
feasibility.
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Abstract

Inmany dynamic seals such as lip seal and compression packings, it is well known that wear occur
at the surface of heat treated steel shaft as results of the intervened wear particle. It is widely
understood that the dominant wear mechanism related in dynamic sealing surfaces is abrasive
wear. However, little analytical and experimental studies about this problems have been done
until now. In this paper, a contact analysis is carried out using MARC to investigate the wear
mechanism in contact seal applications considering elastomeric seal, a elastic micro-spherical
particle and steel surface. Deformed seal shapes, contact and von-Mises stress distributions for
various particle sizes and interference are showed. The maximum von-Mises stress within steel
shaft was exceeded its yield strength and plastic deformation occurred. Therefore, the sealing
surface can be also worn by sub-surface fatigue due to wear particles together with well known
abrasive wear. The numerical methods and models used in this paper can be applied in design of
dynamic sealing systems, and further intensive studies are required.

1 Introduction

In order to avoid leakage of lubricants or high pressured system fluids, various types of seals such
as gaskets, O-rings, rubber lip seals and rotary mechanical seals are used in machinery. And the
subsequent important function of seal is prevention of foreign particle ingression into the sealing
system [1]. Most of dynamic seals adopted in the clearance between relatively sliding machine
parts are made from elastomers and should always be maintained in compressed state. Because
the sealing surfaces are continuously rubbed with the steel shaft etc. during operation, the seals
are gradually deteriorated and then finally failed. Therefore, the worn or failed seals should be
replaced with new ones to maintain its sealing performances after a certain period.

Figure 1:Wear marks of steel shaft surface sealed with lip seal.
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In practical applications, a large number of very small hard particles are contained in the sealing
fluid. It is generally acknowledged that the wear or foreign particles can play following adverse
effects on sealing [2]. That is, the entrapped particles between sealing surfaces were embedded
within the seals, and then rubbed with sliding metal components during operation. This resulted
in abrasion on the counterpart of seal. Figure 1 shows the worn steel shaft surface which is
sealed with PTFE lip seal for rotary union. However, it is not enough to explain the detailed
wear mechanism at the sealing surface of steel shaft. So, further studies are required about the
complicated contact problem related with relatively soft rubber seal, elastic particle and elastic
steel shaft.
However, in spite of a great number of researches on the contact problems, relatively little

studies were done on the three body contact problem [3]. Sun et al. [4] analyzed the contact
problem between a rigid ball and TiN coated substrate using a finite element package. Conveney
& Menger [5] studied the behavior of a rigid abrasive particle between elastomer and steel sur-
faces. Mirghany and Jin [6] showed the effects of an abrasive particle within the articulation
between a cobalt chromium alloy femoral component and ultra-high molecular weight polyethy-
lene (UHMWPE) cup of artificial joints. They have analyzed successfully the three elastic body
contact problem.
In this paper, a three body contact model is developed to simulate the entrapment of a micro-

spherical elastic wear particle between elastomeric seal and steel surfaces. The contact problems
are analyzed using MARC, and the results are showed to investigate the detail wear mechanism
of sealing surfaces.

2 The Finite Element Model

Figure 2: Seal contact model used in analysis.

In order to prevent fluid leakage, proper amount of interferences are required to make the seal
and shaft were tightly contact with each other. Figure 2 shows a two-dimensional axisymmetric
finite element contact model adopted in this paper to investigate the wear mechanism in a sealed
shaft. Where a micro-spherical wear particle was entrapped between seal and steel shaft. The
material properties of seal, wear particle and shaft used are given in Table 1. Only spherical
shaped relatively harder particle made from tungsten carbide(WC) were considered in this paper.
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The steel shaft and wear particle were modeled as linear elastic-perfect plastic materials, where
the seal was modeled as isotropic elastic-plastic material. The contact conditions between all
surfaces were assumed as frictionless. It was necessary to use a refinement of the mesh in order to
predict accurate stress distribution in highly stressed region near contact area. The size variation
of the elements from contact region to the outer sides on x and y directions was constructed as
shown in Figure 2 to reduce the number of elements and the total amount computation time.
Because of the load symmetry and axisymmetric geometry, only half of the media was con-

sidered. The nodes of the bottom line were fixed, so the displacements at the bottom plane were
assumed to be zero in the vertical and horizontal directions. The seal interferences were simu-
lated by imposing small incremental displacements to the nodes on the upper line of the seal. The
general purpose, non-linear finite element code MARC[7] was used to analyzed the seal contact
model.

Table 1:Mechanical properties of contacting materials

Young’s modulus, GPa Poisson’s ratio Yield strength, GPa

Seal(PTFE) 0.46 0.46 –
Particle(WC) 520 0.24 4.16
Steel shaft 200 0.30 1.619

3 Results and Discussions

Where the results shown in Figure 3–Figure 5, the spherical wear particle diameter is fixed at
10µm.
Figure 3 illustrates the deformed seal shapes and von-Mises stress distributions for different

interferences. As the amount of interference increase, the relatively harder wear particle became
fully embedded within PTFE seal, and the seal was in direct contact with steel shaft [6]. In prac-
tice, the embedded wear particle and sliding motion at the sealing surface can generate repeated
abrasion on the steel shaft. Based on these results, it can be explained that the main reason of seal-
ing surface failure as shown in Figure 1 is abrasive wear due to the embedded wear and/or foreign
hard particles. Moreover, it is also noted that a very small interference result in the von-Mises
stress reaching yield strength and plastic deformations are occurred on steel shaft by presence of
wear particle. These results suggest that the steel shaft can be worn by sub-surface fatigue due
to hard wear particles.
Figure 4 shows the displacements and maximum contact stress distribution along the steel

shaft surface when the interference is 5µm (See Figure 3(a)). At contact regions, very high
compressive stress has reached its yield strength, and then the steel surface can be permanently
deformed.
Figure 5 and Figure 6 show the von-Mises stress distributions in the steel shaft for different

particle sizes and interferences. These results show that the depth where the maximum von-
Mises stress occur are increased with particle size and interference, and easily reached yielded
state. Therefore, as discussed in Figure 3, the fatigue can be initiated at the sub-surface region of
steel shaft.
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Figure 3: Deformed seal shape and von-Mises stress distribution for different interferences. (a) 5µm, (b) 50µm

Figure 7 shows the effect of particle size and interferences on the maximum contact and von-
Mises stresses of the steel shaft surface. These results suggest that very small wear particle
embedded in elastomeric seal can make the sealing surface to yield more easily, and fatigue wear
due to wear and/or foreign particle can be occurred.

Figure 4: Path plot along steel shaft surface. (a) displacement, (b) contact stress

4 Conclusions

In this paper, a simple contact problemwas analyzed and discussed to investigate the wear mecha-
nism of steel shaft which is in contact with elastomeric seal. A simple axisymmetric finite element
contact model was developed to simulate the entrapment of a micro-spherical WC wear particle
between PTFE seal and steel shaft surfaces, and solved using MARC. The deformed seal shapes,
contact stress and von-Mises stress distributions in the steel shaft for various particle sizes and
seal interferences are showed. The small entrapped wear particle between seal and steel shaft
can produce very high contact and von-Mises stresses. The maximum von-Mises stress within
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Figure 5: von-Mises stress distribution in MPa. Particle size is 10µm, interference : (a) 1µm, (b) 2µm

Figure 6: von-Mises stress distribution in MPa. Particle size is 100 [339B?], interference : (a) 1µm, (b) 2µm

Figure 7: Variation of max. stresses with interference. (a) contact stress, (b) von-Mises stress
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steel shaft was exceeded its yield strength and plastic deformation occurred regardless of particle
sizes and interferences. Therefore, the sealing surface of sliding metal shaft can be also worn
by surface fatigue due to wear particles together with previous well known abrasive wear. The
three elastic body contact models and numerical methods adopted in this paper can be applied in
design and performance improvement of various sealing systems, and further intensive studies
are required.
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Research Regarding Hot Wear Resistance of MARAGING Steels

D. F. Tarata, D.D. Cealicu, G. Vaduvoiu
University of Craiova, Romania

1 Introduction

Many mechanical failures are caused by manufacturing defects: material, forging, casting, weld-
ing, heat treatment [1]. In the field of metal deformation, to know the way wear occurs and
develops in moulds is important, as this mostly affects the mould life.Wear is the main reason of
mould damage in plastic deformation, besides spontaneous damage due to fatigue induced frac-
ture, mainly in extrusion with a high extrusion factor, as stress concentration in the interface is
critical. So, there are two main reasons of the mould failure: fatigue and wear.
The main factors influencing failure are: (i) the mould geometry, (ii) the material and (iii)

thermal state. These define three possible ways to increase mould reliability [2,3]. The use of
MARAGING steels both in intensively usedmachine components [4] and inmoulds [5], increases
reliability and wear resistance.
This work aimes to compare the wear behavior of MARAGING 200 steels (0,03%C, 0,1%Mn,

18%Ni, 4,48%Mo, 8,99%Co, 0,69%Ti, 0,03%Al.) in comparison with allied tool steels of type
55VMoCrNi16 (0,6%C, 0,6%Mn, 0,3%Si, 0,8%Cr, 1,7%Ni, 0,1%V, 0,3% Mo).

2 Method

The study of the mould behavior was done in three stages: (i) finite-element analysis for both
materials, usingDEFORMand SolidWorks software packages; (ii)measurements on a real mould
(Figure 1 shows the drawing of the forged component), before use and wear; (iii) measurements
on a real mould after real 400 cycles of real use and wear in industrial conditions, to produce
naval components.

2.1 Finite Element Analysis of the Mould

Forging was done on a friction press (140 kN) – the mould temperature 300 °C, the forged
semiproduct (carbon steel OLC 35 with the chimical composition: 0,35%C, 0,8%Mn, 0,3%Si,
0,04%P, 0,015%S) temperature 1200 °C, forging velocity 250 mm/s. Starting with these pa-
rameters the material flow checking was performed and then the determination of tensions, de-
formations and wear occuring in the mould during the process of upsetting. In the beginning,
the influence of the semiproduct type was checked (form and size) for flow and filling of the
mould. In Figure 2, incomplete filling of the mould nest can be seen. In consequence of such
incomplete filling of marginal sections, a preliminary forging was necessary, to be able to use
a semiproduct with a shape close to the final geometry (Figure 3). The finite element analysis
[6] proceeded in more steps: (i) tridimensional modeling of the component parts and their posi-
tioning; (ii) domains discretization; (iii) defining technological parameters; (iv) program run; (v)
result analysis.
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Figure 1: Drawing of the forged part

Figure 2: Incomplete filling of the mould nest

To insure a reasonable discretization, 45000 elements were generated for each component.
Physical properties of the materials, required as input, were taken from the literature for the
55VMoCrNi16 and MARAGING 200 steels and are shown in Table 1. The temperatures of the
semiproduct (1200 ºC) and moulds (300 ºC) were taken into consideration, as well as the areas
of heat exchange between objects and with environment (20 ºC).
The movement parameters of the punch were defined as a constant velocity of the mould (250

mm/s) and a friction coefficient of 0,3 was specified between the semiproduct and the mould.
The simulation of the hot deformation was performed in 72 steps (each step of 1 mm).
The temperature distribution for the upper mould, corresponding to the final deformation for

the two steels is shown in Figure 4.
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Figure 3: Initial shape of the semiproduct.

Table 1:Material properties for the two moulds

Material 55VMoCrNi16 MARAGING 200

Young modulus E [N/m2] 1.9× 1011 1.95× 1011
Poisson coefficient ν 0.3 0.3
Thermal expansion coefficient [/°C] 1.1× 10–5 1.2× 10–5
Thermal conductibility [W/m °C] 24.5 30
Thermal capacity [N/mm2 °C] 4.5 5.5
Emisivity 0.7 0.7
Density [g/cm3] 7.8 8
Hardness [HRC] 47 46

Figure 4: Comparative distribution of the temperatures in the upper mould for the 55VMoCrNi16 steel (left, upper
scale 506 ºC) and MARAGING 200 (right, upper scale 453 ºC)

As can be seen, the temperature in MARAGING 200 is lower (upper scale 453 ºC) than in
55VMoCrNi16 (upper scale 506 ºC).
The experimental studies on the moulds from 55VMoCrNi16 steel shows that the tempera-

ture increases from the preliminary stage (300°C) up to 500°C. This temperature increase it’s
almost constant until the end of the batch work (400 parts) because of loosing of the heat with
the atmosphere, other metalical parts in contact and lubricant.
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Figure 5: Comparative distribution of tensions in the lower mould in 55VMoCrNi16 (left) and MARAGING 200
(right) steels

It has been also noticed that both the upper and lower moulds reach higher temperatures than
the initial temperatures because of the heat transfer and of the friction with the semiproduct in a
plastic state.The analysis of the tensions (Figure 5) and deformations (Figure 6) within the punch
and mould shows maximal tensions in the separation plane area (practically they are lower due
to the joining rays) and in corner areas (where actually cracks occur during use), as well as in
the cross area between the two spindles (Figure 5). It can be seen that maximal displacement is
lower in MARAGING 200 steel, 25 % less than in 55VMoCrNi16 steel.

Figure 6: Comparative distribution of deformations in the upper mould in 55VMoCrNi16 (left) and MARAGING
200 (right) steels

In our analysis, the Archard wear model was used (abrazive) suitable to cold and hot plastic
deformation [3]:

ZAB =

∫
K
pa vb

Hc
dt (1)
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ZAB = depth of abrazive wear; p = interface pressure; v = slipping velocity; H = tool material
hardness (constant or a function of temperature); dt = time increment; a, b, c,K = experimentally
calibrated coefficients (usually a, b = 1 and c = 2 for steel tools);K = 0.002. The other analysis
parameters are the same (forging velocity 250 mm/s, 72 steps).
The place where wear occurs are especially interesting in this stage, more than its exact value.

Figure 7 shows the total wear distribution at the end of step 72 (final step, when wear is maximal)
for the upper mould.

Figure 7: Comparative distribution of wear in the upper mould for type 55VMoCrNi16 (left) i MARAGING 200
(right) steels

Decreasing of the hot hardness in the mould because of increasing of the temperature up to
500°C is according to Archard’s law. This hot hardness decrease has a negative influence of the
wear, but not very important especially for Maraging steel in comparison with 55VMoCrNi16
steel.
After the execution of 400 parts the maximum wear becomes 1.64 mm for the upper mould

for MARAGING 200 and 1.98 for 55VMoCrNi16 steels, results which are also comparable with
the experimental data.
Comparing wear in allied steel moulds for hot processing and MARAGING 200 moulds the

study shows that wear is 15-20% lower for MARAGING 200, suggesting that the life of these
moulds will be this percentage longer when using this steel. This result, together with lower
tension and displacement when using MARAGING 200 compared with 55VMoCrNi16 steel, in
similar working conditions, advocates the use of MARAGING 200 steel in such applications.

2.2 Experimental Studies

Measurements were done to determine the values of wear for the upper and lower moulds, made
by allied tool steel 55VMoCrNi16, after 400 cycles of use under industrial conditions. To this
purpose, a tridimensional coordonate measuring machine (CAM 2 Gage Plus, FARO, Italy) was
used, which allows online dimension measurement using a mobile arm and Power Gage software
package. Through determining initial and final dimensions, total wear can be assessed.
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Figure 8:Measure diagram-mould dimension

Table 2: Inferior mould dimensions 55VMoCrNi16

Dimensions A[mm] ØB [mm] ØC [mm] ØD [mm]

Before wear 115,45 (+1.8/-1.0) 97,15 (+1.8/-1.0) 59,3 (+1.7/-0.8) 60,72 (+1.7/-0.8)
After real wear 119,11 (±0.0025) 98,71 (±0.0025) 61,19 (±0.0025) 63,74 (±0.0025)
After EF simulated wear 118,9 99,1 62,1 63,3

The instrument is operated by Power Gage software package via a PC and the measurements
are automatically saved to generate final reports. At first the models were measured, then lower
and upper moulds. The measurement diagram is shown in Figure 8. The main measured di-
mensions were the ØB, ØC, ØD diameters, dimension A. The average values of the relevant
dimensions of the mould, figure 8, within the three steps are shown in table 2 (measurement
tolerance was 0.005 mm).

3 Conclusions

TheMaraging steels are recommended for castingmould of Al-alloys, hot deformmoulds, special
railway parts, parts for aeronautic industry according to the target prices of these products.
Themainmodalities of improving reliability and durability of moulds have to take into account

mould geometry, the material used and thermal conditions.
The results of this study confirm a better wear resistance of MARAGING 200 steel in com-

parison with 55VMoCrNi16 type allied tool steel used for hot processing.
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The simulation study for tensions, deformations and wear performed with the DEFORM pack-
age are close to the experimentally determined measurements (±1.5%).
For theMARAGING 200 steel lower distributions of tensions, displacement and wear resulted

after simulation, comparing to the 55VMoCrNi16 type (VonMises equivalent stress are with 8–11
% lower, maximal displacement is 25 % lower, wear is 15–20% lower). This means the mould
life duration is 15–20% higher.
The future experimental results with Maraging steels will give us all the data necessary to

recommend each type of steel related with the production costs.
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micro-machines, modelling and simulation 

of wear   347
micro powder injection moulding, mould 

inserts   629
microstructural architectures in metallic 

systems, tribological properties   59
microstructure, WC-Co   732
microtribology, engineering ceramics   376
MMC, high-speed dry sliding on steel   402
model bench, highly loaded mixed lubrica-

tion contacts   453
modeling
– unlubricated oscillating sliding wear   256
– wear in micro-machines   347
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simulation approach, cutting processes   339
simulative wear testing, tool materials   439
sintered steels, role of admixed solid lubri-

cants   696
sliding
– aqueous media lubricated   191
– steel/ceramic and ceramic/ceramic pairs

362
sliding conditions, lubricated   52
sliding directions, superposed on highly 

loaded mixed lubrication contacts   453

sliding friction, global versus local analy-
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tungsten, tribocorrosion mechanisms   185
tungsten inert gas process, surface alloying 

of CP-Ti   623

U
ultralow friction and wear, reciprocating 

systems   409
unhardened steel moulds, influence of DLC 

layer   234
unlubricated oscillating sliding wear, mod-

eling and simulation   256
unsteady state conditions, Al-Si and Al-Sn 

alloys   597

W
WC-Co, abrasive edge wear   732
WC-Co hardmetals, scratch testing   171
WC-Co particles, for reinforcement of Fe-

based matrices   703
wear particle, between seal and steel surface   

744
wear prediction   314
wear regimes, transition between high and 

low   278
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