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PREFACE

Today's shortages of resources make the search for wear and corrosion resistant materials
one of the most important tasks of the next century. Since the surface of a material is the
location where any interaction occurs, it is that there the hardest requirements on the
material are imposed: to be wear resistant for tools and bearings; to be corrosion resistant
for turbine blades and tubes in the petrochemical industry; to be antireflecting for solar
cells; to be decorative for architectural panels and to combine several of these properties
in other applications. Surface engineering is the general term that incorporates all the
techniques by which a surface modification can be accomplished. These techniques include
both coating and modification of the surface by ion implantation and laser beam melting.

In recent years a continuously growing number of these techniques were developed to the
extent that it became more and more difficult to maintain an overlook and to understand
which of these highly differentiated techniques might be applied to resolve a given surface
engineering problem. A similar development is also occuring for surface characterization
techniques.

This volume contains contributions from renowned scientists and engineers to the
Eurocourse the aim of which was to inform about the various techniques and to give a
comprehensive survey of the latest development on this subject.

This book like the course is divided in four parts: Part I is devoted to fundamental aspects
of coating and surface modification: nucleation and film growth, structural zone models,
interfacial structures and adhesion. Part II deals with the techniques of surface
engineering: nitriding, boriding and carburizing, ion implantation and chemical and plasma
enhanced vapor deposition. Special emphasis is given to physical vapor deposition
processes such as evaporation, sputtering, ion plating , arc evaporation and ion beam
deposition. In addition plasma spraying, laser beam processing and hybrid processes are
treated. In Part III techniques are presented to characterize morphology and structure and
in particular mechanical properties such as hardness, elasticity and stress. Special
importance is given to methods for testing the mechanical performance of films and
surfaces. Part IV is devoted to some examples from the industrial practice of surface
engineering: high temperature and corrosion resistant and decorative coatings. Also a
review is given on recent developments of diamond and diamond-like coatings.

The editors wish to thank all the authors for having contributed to this volume and for
their effort in preparing the texts. They are aware of the high personel commitment having
been necessary to elaborate such excellent papers as presented at the Eurocourse and
documented in this volume.

Thanks are also due to Dr. G. Pellegrini and his staff of the Eurocourses Ispra for the
excellent organization of the course and to Kluwer Academic Publishers for printing,
production and distribution of this book.

Ispra, November 1992 The editors

Wolfram Gissler and Hermann A. Jehn
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THE EMERGENCE OF INTERFACIAL ENGINEERING

OPENING REMARKS ON THE OCCASION OF THE EURO-COURSE:
ADVANCED TECHNIQUES FOR SURFACE ENGINEERING

E.D. HONDROS

Director of the Institute for Advanced Materials
Joint Research Centre

Commission of the European Communities

From a conventional background in metallurgical treatments, such as case carburising,
nitriding, galvanising and "shot peening", the technologies associated with the protection
of surfaces, or the modification of the structural and chemical properties of the top
atomic layers of materials surfaces have blossomed into a separate sub-discipline, now
commonly referred to as "Surface Engineering'".

The goal and motivation have not altered over the years - only the name and the truly
astonishing range of highly sophisticated techniques, based largely on ion, laser and
vacuum engineering. These are emerging from their former position as experimental
laboratory techniques and are achieving commercially mature applications in engineering
components. It is a remarkable, silent technological revolution - these often subtle tech-
niques have been successfully scaled up and in many cases they have overcome the gen-
eral conservatism in engineering practice and the reluctance to change from old estab-
lished habits. This speaks well for the promise, efficacy and capability of these techniques.

Indeed, we are witnessing the emergence of a new landmark in the materials sciences
and technologies which we refer to in the generic term, Interfacial Engineering. This
embraces all interfaces in materials, including internal ones, such as grain boundaries and
phase boundaries, the important two-dimensional junctions in polycrystalline matter
where the constituent grains of the body are held together. They play a role during
processing or in operation, where internal interfaces may provide short circuit pathways
for mass migration and shape changes: We apply, by convention, the term Surface Engi-
neering, the subject of this meeting, to the interface between the solid and its vapour. It is
then in this respect a subset of the general subject of Interface Engineering.

Much can be said of the remarkable influence that interfaces - both internal as well as
external surfaces - have on bulk properties, such as fatigue, corrosion, erosion, wear and
other tribological properties. This reflects in practical terms the fundamental importance
of interfaces as the theatre of action for phenomena based on kinetics, cohesion, and
microstructure.

One of the main reasons for the apparent success of Surface Engineering techniques is
that they can effect a demonstrable improvement in the life of many components used in
engineering practice. Although cost is believed to be the main constraint in a more rapid
market penetration of these methods, equipment manufacturers are continuing their

1
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efforts in reducing the costs of the equipment and are seeking the introduction of greater
automation for manufacturing efficiency.

In certain areas of application, remarkable life improvements have been demonstrated
experimentally. This is indicated in the experimental data shown in TABLE 1 which have
been culled from a variety of sources. The improvements cover many components, but in
particular manufacturing tools. The materials scientist has done a good job and has
demonstrated the potential of the technology: it is up to industrial firms, based on their
evaluations on tecnico-commercial grounds to make the critical decision to embark on
the capitalisation costs and to shift into the new technologies.

TABLE 1. Components by surface engineering.

e Factor of Life
Application Method Improvement
Drill PVD 6-7
Milling Cutter PVD 3-4
Abrasive Nozzle PVD 6
Carbide End Mills PVD 8
Punch CVD 2
Form Tool CVD 4-5
Cut Off Tool CVD 6
Extrusion Punch CVD 35
Slitters for Rubber Ion Implantation 12
Injection Moulding Nozzle Ion Implantation 5
High Speed Steel Tool Ton Implantation 4
Die Ton Implantation 3

Surface Engineering has thrown up many challenges in the materials sciences - such as
the mechanisms of ion implantation, ion bombardment, ion beam mixing, of corrosion
and erosion processes. However, the real measure of the emergence of Surface Engi-
neering as a new technology is the potential for industrial exploitation. Here, we indicate
some examples which contain the elements of industrial "pull" and contain opportunities
for continuing R & D:

- in spite of efforts to develop ceramics to operate at very high temperatures, their
intrinsic low ductility is still a fundamental problem. There is an underlying need to
develop metallic materials for use at temperatures above 1250°C, such as the
refractory metals and alloys of vanadium, tantalum, niobium and tungsten, provided
that means are found to overcome their reactivity with the environment. Here some
progress has been achieved for short-term applications in specialised areas such as
space;

- chromium is a bizarre metal - however, it could be an interesting high temperature
structural material if coatings could be developed to prevent its embrittlement by the
ingress of oxygen and nitrogen;
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- High Temperature Composite Materials, being essentially metastable systems, can
degrade through interdiffusion across the interface. This calls for the development of
specific diffusion barriers at interfaces;

- the problem of Adhesion of Coatings is a general one and is related to that of the join-
ing of dissimilar materials, such as metals and ceramics. There is much scope for the
development of adhesion promoting layers at interfaces and to evaluate ion implanta-
tion techniques for this purpose;

- an important aspect of high temperature Corrosion Resistant Coatings is the self-
healing capacity. Ceramic coatings would be the ideal protection layer, if only they
were self-repairing, There are challenging materials science opportunities here;

- the presence of structural defects in deposited coatings could be a determinant of the
useful life of the coating: how are these defects introduced in the course of processing
and can NDE techniques be developed to study such defects?

- for good coating adhesion to a substrate, the residual stress distribution must be con-
trolled through an appropriate combination of the different techniques and deposition
parameters. NDE methods of measuring residual stresses must be developed;

- opportunities for the perfection of coating processes lie in the application of computer
and sensor driven intelligent processing;

- protection with diamond-like coatings is becoming an exciting possibility. The mind
boggles at the idea of a single crystal turbine blade coated with a diamond-like film;

- is it practicable to extend ion implantation techniques to improve the fatigue resis-
tance of new structural ceramics, such as silicon nitride and syalons?

- ion implantation techniques should be explored further as a means of imparting pro-
tection and to change the electrical properties of polymeric materials.

In general, industrial manufacturing technologies are being penetrated by Surface
Engineering procedures on a wide front. They offer solutions to diverse materials applica-
tions and for the improvement in life during operational conditions and, in addition, they
offer innovative opportunities for new products. Applications range widely, for example,
for optical and aesthetic reasons; corrosion resistance; improvements in high temperature
performance. The economic potential of Surface Engineering is believed to be very high,
as reflected in the market forecast in Europe and shown in TABLE 2.

TABLE 2. Market situation and forecast in europe for the period 1985-1995.

Annual

Function 198 5 1 9,95 Growth

Million $ Million $ % | Year
Optical 195 590 11
Tribological 196 292 6
Corrosion 15 240 28
Thermal Barriers 17 115 20
Decorative 2 3 6
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The rather optimistic, if not euphoric scenario represented in TABLE 2 which
describes the functions which are expected to evolve rapidly, is, in turn, supported by the
predicted rapid growth in the market for equipment as illustrated in TABLE 3.

TABLE 3. World-wide equipment market and expected growth rates.

1985 Annual Growth
Million 1985-1995
ECUS % [ Year
PVD 1500 15
CVvD 400 25
Etching 430 28
Plasma CVD 22 40
Ton Implantation 350 28
Plasma Diffusion Processes - 18
Thermal Spraying 65 14

Above I have presented a rather positive picture of Surface Engineering as a rapidly
developing technology with considerable scientific and commercial potential. The subject
of the present meeting concerns the techniques. Clearly, the momentum for the develop-
ment of Surface Engineering as a technology can only be maintained as long as appropri-
ate techniques continue to be developed, which have a focus on specific property
improvements, on specific components and in which the cost of employing is not pro-
hibitive. In addition, such equipment should be aimed not for the highly trained specialist,
but for easy use and maintenance during manufacture.

In conclusion, I believe that it is timely to consider the developments in technical pro-
cedures in this burgeoning field in order to help ensure that Europe, which pioneered
developments in this scene, will be in a position to reap the commercial benefits of Sur-
face Engineering.

www.manaraa.com



NUCLEATION AND GROWTH OF THIN FILMS

H.A. JEHN

Research Institute for Precious Metals
and Metals Chemistry

Katharinenstr. 17

D-7070 Schwabisch Gmiind

Germany

ABSTRACT. Nucleation and film growth determine the coating
structure and the coating properties. In certain film/sub-
strate systems an experimental study of the processes in
the very initial stage of film formation is possible. They
reflect the results of modeling using the kinetic nuclea-
tion theory or the thermodynamic approach. Tor practical
systems, i.e. non~UHV conditions, alloy and compound depos-
ition, the relation are much more complex, but the struc-
tures developed are very similar to those obtained for pure
metal deposits. In the present paper the approaches of ki-
netic nucleation theory and of "thick" film growth modeling
are outlined and the structures developed as a function of
substrate temperature and particle energy are presented. In
principal the theoretical investigations are very helpful
even if they don’t allow to draw quantitative conclusions
for complex coating/substrate systems.

1. Introduction

With respect to thin films and coatings the discrepancy
between the practical experience and the technological pos-
sibilities on one hand and the theoretical knowledge as
well as the modeling of the processes on the other hand is
particularly striking. This holds also for the nucleation
and growth of thin films and coatings. There exist some
models, which in part are proved experimentally. On the
other hand quantitative relations can be taken in certain
film-substrate systems. A number of prerequisites, however,
have to be fulfilled like, e.g., ideal single-phase sub-
strate surface, no alloy or compound formation of the de-
posited atoms with the elements of the substrate material
or the deposition from evaporation sources under ultra high
vacuum conditions. For practical conditions in technical
coating deposition devieces at least the reactions of the
substrate and film material with the gases of the residual
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atmosphere have to be considered. In the case of the depos-
ition of hard coatings, i.e. compound films like TiN, by
CVD or reactive PVD processes, the reactive atmosphere has
additionally to be regarded. Furthermore, the reactive gas
as well as the inert plasma-assisting or sputter gas exhib-
its impurities which can lead to side reactions and contam-
inations. Finally, most of the process parameters affect
the nucleation and film growth and the resulting film mor-
phology. Such factors are the deposition process itself,
the geometrical arrangement of vapour source and substrate,
applied voltages, material and quality of the target and
material and surface conditions of the substrate. The lat-
ter is influenced by mechanical and chemical pretretment
processes. The often applied sputter cleaning also results
in additional surface modifications. The substrate material
normally is no single-phase single-crystalline material but
most often an alloy or, as in the case of tool steels or
hard metals for hard coatings, a complex multiphase materi-
al. As already mentioned, the substrate or (in a later
stage) film surface is hit not only by the atoms to be de-
posited as well as the atoms or molecules of the inert, re-
active or residual gas but also by ions (metal, gas) and
possibly by electrons. With respect to these very complex
conditions it is even more astonishing that the growing
films can be fitted more or less sufficiently to a certain
scheme.

The present paper describes the different effects on
the nucleation and growth of thin films. A very detailed
mathematical description is omitted on the favour of a more
vivid presentation. The reader is referred to some original
and review paper [1-7]. The major part of the fundamental
investigations deals with the deposition of precious metals
on single-crystalline surfaces of salt crystals (NaCl, and
others) under UHV conditions. In these cases, clean sur-
faces are present and no side reactions take place. Detail-
ed experiments are also reported for various metal-metal
combinations. Inspite of almost no results on reactively
deposited films (e.g. hard coatings), the results of the
other films-substrate systemes form a good base also for
the understanding of such systems.

2. Formation and Growth of Nuclei

The structure of all vapour-deposited films is predominant-
ly controlled by the nucleation processes. This is stated
in literature [8]: "Already a mean film thickness of 2 nm
suffices to determine the film properties and the inherent
growth of the films". The film formation, therefore, can
only be understood on the base of the very initial stage of
nucleation and growth.

www.manaraa.com
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The theories of the formation and growth of nuclei are
distinguished by their fundamental point of view: Phenome-
nological description on the base of the thermodynamic
[9,10] and the kinetic nucleation theory with the micro-
scopical atomistic treatment [5,11,12]. Because of the
small number of atoms participating in the formation and
growth of stable nuclei, the kinetic theory seems to de-
scribe the actual relations much better.

2.1. FUNDAMENTAL PROCESSES

The fundamental reactions occuring at the substrate surface
are schematically shown in Fig. 1. From the gas phase atoms
are impinging on the surface with the rate R, where they
are adsorbed or directly reflected. On the surface they can
diffuse a certain distance and desorb again (re-evapora-
tion). The time of adsorption and, hence, the diffusion
distance depend on the activation energies of desorption
and diffusion. For very small impingement rates, an equi-
librium between adsorption and desorption can be establish-
ed, characterized by such a low coverage that no nucleation
or film formation can take place. At high impingement rates
metastable and stable clusters are formed which can grow by
binding of diffusing atoms or by a direct impingement of
atoms. At high supersatuations the critical nuclei are very
small and can be formed by only two or three atoms. The nu-
cleation rate term is defind as the rate of formation of

Arrival Rate Reevaporation
|

|

(Rem?sec) Direct

Impingement

Metastable Clusters, size j

() | / i
00 =00 = 000 === [
A S A A/ AN A A e

Substrate ot temperature T (N0 sites cm )

1
!
I
[

Surface Diffusion

Fig. 1. Processes in the nucleation and growth
of crystals on a substrate [2]
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stable nuclei. The continuous growth of the nuclei finally
results in mutual contact of the nuclei, coalescence and a

continous film. In part, also the migration of complete nu-
clei is observed. For the atomistic theory of nucleation
[5] the activation evergies of diffusion and the binding
energies between film-film and film-substrate atoms are of
essential importance. Three types of binding energies have
to be distinguished for the deposited atom, i.e. adsorption
energy on the substrate (E;), adsorption energy on top a
layer of deposited atoms (Ea’) and the binding energy bet-
ween two adsorbed atoms (Ej). Figure 2 illustrates the dif-
ferent binding energies of adsorbed atoms on a substrate of
triangular symmetry [2]. In this simgplified picture the
following total energles are obtained: (a) isolated adatoms
(E3); (b) adatom in corner site (Ey + 3 Ez)' (c) adatom on
fllm (Eg’ = 3 E3):; (d) adatom in corner site on film (Ey’ +
3 E; = 6 Ey): (e) diffusing atom (E; - Eg):; (f) two—dlmen-
s1ona1 (2D) cluster (4 Ej + 5 Ez), and (g) 3D cluster (3 Eg
+ 6 Ey). Within the frame of this model the following types
of nucleation and growth modi are obtained for the differ-
ent deposition conditions.

”\\”\
AV

NANANINNININININ
g A }‘ YAV
4 .}\:_L >é NS \

o2 ‘7//1/#
NN

Fig. 2. Binding energies of atoms and clusters, on a
nearest neighbour bond model of nucleation and
growth on a triangular lattice [2]

For low substrate temperatures and high 1mp1ngement
rates (R/Ng 2p > 1) the impinging atoms pratically stick at
their s1te of condensation, resulting in a relatively dis-
ordered film structure, Fig. 3a (R = impingement rate, N, =
number of sites on substrate surface, D = surface diffusion
coefficient). In the case of strongly directed bonds bet-
ween the deposited atoms, largely amorphous films are form-
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ed (e.g. C, Si, SiO3, 2r0Oj). In the case of non-directed
bonds very fine-grained polycrystalline films are obtained
(e.g. metals).

For somewhat higher temperatures and 1low deposition
rates (R/NOZD » 1) and a high adsorption energy on the
substrate (E; > Ey’) atomic layers are formed. The desorp-
tion of adatoms 1n the second layer is relatively easy
(Fig. 3b). Furthermore, E5’ decreases with increasing layer
number. This case of strong adatom-substrate bonding is
characterized by the "layer growth" (Frank-van der Merwe
mode) .

'
li l‘ Layer growth

I [
| |
Y ]
— :
O O
Equilibrium  Adsorption

M il e

(c) (f)

Fig. 3. Regimes of nucleation and growth [2]

In the case of a high mutual adatom bonding energy com-
pared to the adsorption energy in higher film layers (E; >
E;’), islands are formed on top of the first layer (Stran-
ski-Krastanow mode). At even higher deposition temperatures
and low deposition rates, an equilibrium concentration of
adsorbed atoms can be formed: Atoms desorb from the upper
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layers at a sufficiently fast rate, thus the deposited film
can only grow up to a certain thickness and no bulk crys-
tals are formed. Such films show no stable microstructure
(Fig. 3c).

If the bonding energy between the adatoms is higher
than the adsorption energy on the substrate (3 E; > E),
three-dimensional nuclei are predominently formed, even if
the nucleus imitially is two-dimensional. For E,; > Eg, the
nucleus 1is three-dimensional from its initial formation.
This film formation is characterized by a complete island
growth (Volmer-Weber mode). This mode is mostly observed
for metallic films on insulating substrate materials. De-
pending on the case whether single atoms desorb from the
film surface or not, the process shows complete or incom-
plete condensation (Fig. 3d and e). The critical size of
the nuclei is predominantly determined by the bonding en-
ergy E;. As higher E; as smaller is the critical size, be-
ing one atom in its limiting case.

If E; and E, are low compared to the thermal energy of
the adatoms, no long-time adsorption and, hence, ho nuclea-
tion takes place on a "perfect" surface. In that case, sur-
face defects having higher adsorption energies act as nu-
cleation centers (Fig. 3f).

In Fig. 4 the different growth modes are schematically
illustrated in relation to the thermodynamic model. The re-
levant energies are surface and interface energy, respec-
tively (0y, 03) and the elastic energy of the film (og7)-.

The effect of different substrate materials on the
growth mode is schematically illustrated in Fig. 5, indi-
cating the influence of the different energy values [13].

2.2 EFFECT OF DEPOSITION PARAMETERS

Nucleation processes can experimentally be studied in par-
ticular with relatively inert metals (e.g. Ag) on insulat-
ing substrate materials (e.g. alkaline halides), because
side reactions are excluded. After an additional carbon de-
position (by evaporation) the films can prepared for TEM
studies by dissolution of the halide substrate crystal and
nuclei in the size of 1 nm can be observed. This technique
allows the relative easy investigation of the effect of va-
rious deposition conditions which can be altered within a
wide range (e.g. evaporation in HV or UHV, sputter depos-
ition). Also in-situ measurement in the TEM were success-
fully performed [16,17].

As an example for such an experimental series, the
growth of Au nuclei on NaCl crystals deposted by evapora-
tion under UHV conditous is shown in Fig. 6. Initially a
random distribution of the nuclei can be observed. But also
the clear decoration of a line-shaped lattice defect can
already be noticed in an early state. By meaus of quantita-
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growth island growth
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Fig. 4. Nucleation and growth in correlation with surface
and interface energies (og = 0; + 05 cos ©)
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Fig. 5. Nucleation and growth of Ag films on
various substrates [13]
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Fig. 6a. Electron micrographs of Au deposits on NaCl
(1013 atoms-em™2/s~1, 250 °c, deposition time
a: 0.5, b: 1.5, c:4, d: 8, e: 10, f: 15,
g: 30, h: 85 s) [17]

tive image analyses the TEM photopraphs can be evaluated
with respect to density, distance and size of the nuclei as
well as to the fraction of the surface covered by nuclei.
During the deposition, first the number of nuclei rises up
to a mximum (saturation density), after which the number
decreases again due to proceding coalescence (Fig. 6b). For
a given system, nucleation rate and growth of the nuclei
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Fig. 6b. Density of nuclei as taken from Fig. 6a [13]

depend on the impingement rate and the substrate tempera-
ture, the latter determining the surface diffusion and re-
evaporation.

The nucleation rate J of the deposition of Au and NaCl
1s proportional to the square of the impingement- rate (J «
R2 ). On the base of the kinetic nucleation theory it fol-
lows that already a two-atomic nucleus is stable. The tem-
perature dependence shows a linear relationship between
log J and 1/T, indicating a thermally activited process.
The nucleation rate decreases with increasing temperature
[61.

The saturation density Ng decreases with increasing im-
plngement rate. Slmultaneously, lower impingement rates
yield a more pronounced size distribution of the nuclei,
and high impingement rates result in a smaller size of the
nuclei, as the investigations of Au on NaF have shown [14].
The saturation density decreases with increasing substrate
temperature (Au on NaF or NaCl). Two ranges of different
temperature dependencies are observed: a smaller slope of
the log Ng - 1/T line at lower temperatures (below about
220 - 270 °C) and a higher slope at higher temperatures
[14]. These dependencies can eas1ly be explained gqualita-
tively because the parameters 1mp1ngement rate and tempera-
ture govern the ratio R/NO D which in turn determines the
diffusion of adatoms towards the nucleus.

As mentioned above, the nucleation rate in precious
metals-alkali halide systems was found to follow the de-
pendency J « R2. In contrast, for strongly disordered sub-
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strate surfaces a defect-induced nucleation with J a R is
observed. This is illustrated in Fig. 7 for the deposition
of Au on Mica. Which exhibited an increased density of
point defects by K pre-evaporation [19]. The relationship
I o R hints to the assumption that already one atom trapped
at the defect site forms a stable nucleus. In contrast to
the nucleation, the growth of the nuclei does not depend on
the defect density. The nuclei grow independently of their
original formation.

1012: /

4 J / 52 ‘
1 em2g! r IR ’/J-R
] ! /7

/ .
7 / /

/
/ / 4
4 / / /L
/ /-
/ / 7
10" ! 4

103 ermi2s!

2 & 6 810 20 40 6080100

Fig. 7. Nucleation rate vs. deposition rate for normal and
defect-induced nucleation (Au on mica, 475 K) [19]

2.3. PROCESSES DURING GROWTH OF NUCLEI

The stable nuclei randomly formed on the substrate surface
grow by the diffusion and trapping of adatoms. This is es-
pecially the case for complete condensation of the imping-
ing atoms. The second possibility is the direct impact of
the atoms on the nuclei or clusters and the immediate
sticking of the new atoms. This is the predomimant process
in the case of incomplete condensation. Another possibility
is a process - comparable to Ostwald ripening - in which
single adatoms diffuse from smaller to larger nuclei. Fi-
nally, the complete migration of stable clusters was expe-
rimentally observed.
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Oout of the three growth modes, the island growth (Vol-
mer-Weber) can best be modeled. [e.g. 5,6]. In this model
also the effect of surface defects [19], the deposition of
binary alloys [20,21] and the initial stage of textured
growth (epitaxy) [22] can unconstrainedly be described. The
layer-by-layer growth (Frank-van der Merwe) can similarly
be treated with respect to the first layer; the size of the
stable nuclei, however, is markably larger. In modeling the
further growth, the nucleation and growth processes have to
be repeated in each layer. Concerning the Stanski-Krastanov
mode, the initial stage corresponds to the layer growth. No
modeling exists for the further growth. The mechanismus
can, however, be studied by a number of experimental tech-
niques, but their use and evaluation need a large effort,
and in part a fundamental understanding is still missing
[23].

Form the size distribution of the nuclei as a function
of time conclusions can be drawn on the predominant growth
mode. Figure 8 represents results for the deposition of Au
on (100) NaCl crystals. The initially strong increase of
the number of small nuclei is followed by a decrease of the
number of nuclei and an increase of their size [24].

, 108 em2 871
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Fig. 8. Size distribution of Au nuclei on (100)NaCl [24]
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Typical size distributions for different processes are
shown in Fig. 9 [25]. The predominant processes may differ
for different temperatures and impingement rates even for
the same film-substrate system. For Au/NaCl, e.g., the
coalescence results from nucleus growth at 150 °C, while at
300 °C it is caused by nucleus mobility. In both cases the
impingement rate was kept constant at 1x1013 atoms-cm~2.s~
[18].

P A
a b
fy f
A i
c d

l‘. rk

Fig. 9. Schematic size distribution when various processes
are dominant. a: diffusion, no coalescence;
b: direct impingement, no coalescence,
c: coalescence by growth, d: coalescence
by cluster mobility [25]

2.4 SPUTTER DEPOSITION AND ION PLATING

The discussion above has already shown the complexity of
the nucleation and growth processes. They become even more
complex if the films are dposited by sputtering or ion
plating. In principal, the same processes occur at the sub-
strate surface, but differences exist due to the presence
of the working gas and the much higher energy of the im-
pinging particles. In the case of sputtering, the sputtered
atoms have energies in the range of 1 - 10 eV compared to
0.2 - 1 eV for evaporated atoms [26]. In the ion plating
process the energy of the ions can easily be increased by
the application of a substrate bias or by a high-energy ion
source. The high-energetic particles can create defects on
the substrate surface which act as trapping sites increas-
ing the adsorption probability and resulting mono-atomic
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stable nuclei. Hence, sputtered films exhibit a higher nu-
cleation rate and, correspondingly, a higher nucleus densi-
ty. The growth is comparable to the deposition from evapo-
ration sources; no inert gas effect is noticed. For Au on
NaCl with He sputter gas, the various dependencies can be
evaluated from the experimental results using the kinetic
nucleation theory [27]. Analogously, the ion plating pro-
cesses cause a strongly increased nucleus density and de-
creased nucleus sizes (e.g. Au on (00l)NaCl [28]).

2.5 REACTIVE DEPOSITION PROCESSES

During the reactive deposition of compounds like oxides,
carbides or nitrides in principal the same processes take
place as in the case of non-reactive deposition. The sur-
face diffusivity of the adatoms, however, is reduced by the
adsorbed gas atoms (N, O, C) as well as other surface con-
taminations of the substrate surface. Thus, formation and
growth of the nuclei should be analogous to the non-reac-
tive processes at lower temperatures. On the other hand,
the heat of reaction deliberated during the compound forma-
tion can increase the effective substrate temperature. In
the case of a plasma-assisted reactive deposition, the im-
pingement and interaction of high-energetic particles (gas-
es, metal-ions) has also to be considered, when a substrate
bias is applied.

2.6 FILM DEPOSITION BY CVD

For chemical vapour deposition (CVD) the relatious are more
complex because different gaseous species are adsorbed on
the substrate surface and react with each other. In princi-
pal, these reactions can also take place in the gas atmos-
phere but with a much lower reaction probability. In detail
the following partical reactions occur [30]:

Gas phase: Ho(g) + 2 AX(g) == 2 A(g) + 2 HX(9)

Al A, 1l 1,
Adsorption: Hy(ad) + 2 AX(ad) == 2 A/Ad + 2 HX(ad)
Nucleus: A(é)

The adsorbed atoms and molecules can desorb (re-evapora-
tion), diffuse and form metastable and stable nuclei which
grow and coalesce, then forming the continuous film. The
partial steps correspond to those of the PVD nucleation and
film formation, but the theoretical treatment is rather
complex because almost nothing is known about the adsorbed
radicals and intermediate products [31]. During the CVD de-
position, a high degree of supersaturation of the species
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Fig. 10. Nucleus density for CVD (schematically) [30]

to be deposited exists. This means that quickly a high nu-
cleus density at small nucleus sizes is reached. Figure 10
shows the nucleus density as a function of the deposition
time. After reaching the maximum density, it remains con-
stant for a certain time (steady growth), i.e. no new nu-
clei are formed, but the newly deposited atoms move to the
existing nuclei and are trapped there. For 1longer depos-
ition periods coalescence processes start and the number of
nuclei decreases [30]. In the case of Al,0; deposition on
hard metal a growth of the nuclei in height and width is
observed. The nuclei reach each other not directly on the
surface but in a certain distance (Fig. 11). The film-sub-
strate area is increased by a higher nucleus density, which
in turn needs a high supersaturation of the relevant mole-
cules in the gas phase [31].
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Fig. 11. Nucleation and growth of CVD-Al,04
on hard metal [31]
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2.7 EXPERIMENTAL INVESTIGATIONS

The experimental investigation of nucleation and growth
processes needs a heavy effort, thoroughful sample prepara-
tion and advanced evaluation of the measured values. Most
information can be obtained from evaporated films because
the experiments can be performed under UHV conditions and
no contaminations by the working or reactive gas occur.
Within the frame of the present paper only the most often
used techniques and their resulting conclussions shall
shortly be mentioned. For experimental details the reader
is referred to the original literature.

Transmission electron microscopy (TEM). TEM conbined with
quantitative image analysis offers the most suitable tech-
nique for the investigation of formation and growth of the
nuclei, expecially because of its high lateral resolution.
The measurements yield information on nucleus density, sa-
turations density, size distribution and degree of cover-
age. The deposition of precious metals on freshly cut alka-
1i halide crystals can very successfully be studied after
carbon deposition and film removal [14]. In-situ measure-
ments are rather difficult because a UHV-TEM and thinned
substrated are needed and the electron bombardment can
cause defects and substrate heating both altering the nu-
cleation process. In-situ observation yields information on
diffusion and migration processes.

Auger electron spectroscopy (AES). AES is suited especially
for the investigation of the growth modes. The intensity of
the film and substrate elements depend characteristically
on the time for all three growth modes [3]. A specific ad-
vantage of AES is its high sensitivity, being able to anal-
yse coverages far below one monolayer.

Other surface analysis techniques. The other methods of
surface analyses all suffer from a more or less pronounced
limitation in their application. The electron spectroscopy
for chemical analysis (ESCA - XPS, UPS) as well as low and
reflected high energy electron diffraction (LEED, RHEED)
need a relatively large surface area and, hence, are not
applicable for investigations in the nm range. ESCA and AES
show calibration problems. In special cases the scanning
electron microscope (SEM) is also used nut shows also
limited resolution and the problem of electron bombardment
of the sample under investigation. Field electron and ion
microscopy (FEM, FIM) are able to detect single atoms and
clusters but need high experimental experience.
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3. Growth of "Thick" Films

In the following, in contrast to the initial states of film
formation treated above, where only single nuclei and few
atomic layers are considered, '"thick" films shall be de-
fined as sufficiently thick to define selection processes
determing the coating structure. Structure zone models were
developed for the coatings formed by vapour deposition,
which correlate the observed structures with the predomi-
nant processes and the deposition parameters.

3.1 FUNDAMENTAL PROCESSES

As in the initial stage of nucleation, the partial steps
condensation, surface diffusion and desorption are of im-
portance also for the further growth of the film. At higher
temperature the bulk diffusion in the crystals of the coat-
ings plays an additional role. The coating structure,
therefore, is determined by the impingement rate and sub-
strate temperature. Figure 12 illustrates the structure de-
velopment of vapour deposited films (evaporation source)
for various conditions [32]. Generally, the growth of
"thick" films starts at discrete nuclei. For a parallel
flow of perpendicular direction and a low substrate temper-
ature with almost no surface diffusion, single free-stand-
ing crystallites are formed. The crystal planes of high
condensation probabilities grow preferentially. The coating
structure is open and shows a rough surface topography
(Fig. 12a). In the case of a slightly varying direction of
the impinging atoms and a complete condensation, the ini-
tially spherical nuclei grow, coalesce and a dense colemmar
caoting structure is developed having a relatively smooth
surface topography. The orientation of the crystallites is
determined by the orientation of the initial nuclei (Fig.
12b). At higher substrate temperatures differences in the
condensation coefficients can easily be balanced; all crys-
tal planes grow with the same rate. Dense structures with a
relative smooth but facetted surface are formed (Fig. 12c).
If repeated nucleation occurs, a structure corresponding to
Fig. 12d is observed.

At low substrate temperatures, i.e. vanishing surface
diffusion, shadowing effects are observed which result in a
porous coating structure composed of single, free-standing
crystallites. The shadowing is caused by an increased con-
densation rate at exposed sites of the substrate (shape of
the nuclei, surface roughness) compared to lower, more hid-
den areas.

This phenomenological description of the structures
developing in evaporation or sputter deposition results in
different structure zone models (see below).
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Fig. 12. Structure development under various
conditions [32]

3.2 MODELING OF FILM GROWTH

As mentioned above, columnar crystallites are formed in
vapour-deposited films. Very offen they also exhibit a pre-
ferential orientation (texture) because of the preferred
growth in certain lattice directions. A detailed discussion
at the principles of the selection criteria is given by
v.d.Drift [33]. The films are textured even if the nuclei
are randomly oriented. It is assumed that the vertical
growth rate is as more pronounced as steeper the orienta-
tion of the crystallite is (Fig. 13). As higher the ver-
tical growth rate, as easier a crystallite with a more fa-
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Fig. 13. Modeling of film growth for randomly oriented
cubic nuclei [33]

Fig. 14. Monte-Carlo modeling of film growth [34]

vourable orientation can grow compared to less favorably
oriented neighbouring crystallites. Real system exhibit a
somewhat more complex situation, but the same principles of
film growth are followed. The structure development is
characterized by the condensation probability of the im-
pinging atoms on the different crystal planes and by the
surface diffusion. The condensation probability can also
depend on the angle of incidence.
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The development of the structure of vapour deposited
films was calculated by a Monte-Carlo modeling, taking into
consideration also the atoms diffusion on the film surface
and the processes resulting in grain bondary migration.
This means that recrystallization processes are also
regarded. Figure 14 shows an example of the structure in
longitudinal and cross section.

3.3 STRUCTURE ZONE MODELS

On the basis of the film structures observed with PVD
films, structure zone models were established and modified.
The phenomenological description correlates the physical
processes (condensation, surface diffusion, bulk diffusion,
recrystallization) with the structure as a function of sub-
strate temperature and other deposition parameters.

First, Movchan and Demchisin [35] defined three struc-
ture zones in evaporated films (0,3 - 2 mm thick) depending
on the homologous temperature (Tg/Tp: Tg = substrate tem-
perature, T, = melting temperature), see Fig. 15. Zone 1 is
characterized by a porous structure of free-standing colum-
nar crystals with rounded tips. The internal structure is
poorly defined and exhibits a high dislocation density. The
diameter of the crystellites increases with rising tempera-
ture. Such a structure is caused by the above-mentioned
shadowing effects when the surface diffusion is negligible.
At higher temperatures, diffusing atoms can fill the voids
and a dense structure consisting of colummar grains is
formed (zone 2). The film surface is rather smooth. The
grain size again increases with rising substrate tempera-
ture. At very high temperatures, recrystallization pro-

[ZONE 1] [ZONE 2] [ZONE 3

Fig. 15. Structure zones after Movchan and Demchisin [35]
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cesses can occur already during the film deposition and a
dense coarse-grained structure is observed (zone 3). The
temperature ranges are found to be Tg/Tp < 0.3 (zone 1),
Tg/Tp = 0.3 - 0.45 (zone 2) and Tg/Ty > 0.45 (zone 3) of
metals are deposited. For oxide films analogous structures
were observed with a somewhat smaller temperature range of
zone 2 (Tg/Ty < 0.26).

A similar structure 2zone classification was given by
Sanders [36]. The zones 1 and 2 are, however, shifted to
lower temperatures, i.e. Tg/Tp < 0.1 and Tg/Tp = 0.1 - 0.3,
respectively.

The Movchan-Demchisin model was modified by Thornton
[37] considering the sputtering atmosphere as additional
parameter (Fig. 16). The structure 2zones are shifted to
higher temperatures with increasing inert gas pressure. In
detail, the 2zones are charaterized as follows: 2zone 1:
porous, tapered crystallites seperated by voides; zone T:
(newly introduced): densely packed fibrous grains; 2zone 2:
columnar grains, and 2zone 3: recrystallized grain struc-
ture. The effect of the inert sputtering atmosphere is not
known in detail. The adsorption of impurities (from the
sputtering atmosphere) seems to reduce strongly the surface
mobility of adatoms. This relation would also reflect the
fact that the inert gas pressure does not affect the struc-
ture at higher temperatures because the gas adsorption does

Fig. 16. Structure zones after Thornton [32]
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not play a role any longer. Intense ion bombarding during
the deposition (bias sputtering, ion plating) the develop-
ment of the open structure of zone 1 is strongly reduced.
It is attributed to the formation of nucleation centers or
the smoothening of the surface roughness [38] as well as a
sputter-induced redistribution of film material [39]. On
the basis of these finding, Thornton’s model was modified
by Messier et al. [15] in order to show the influence of
thée energy of the incident ions. As can be seen from Fig.
17, the transition zone T is widened to lower temperatures
at the expense of zone 1. This is caused by an ion bombard-
ment-induceds mobility of the surface atoms. The revised
structure zone model shows the equivalence of thermal and
ion beam-induced mobility.

Fig. 17. Structure zone modification by ion-assisted vapour
deposition after Messier [15]

All the structure zone models reflect the effect of
substrate temperature, impinging rate, gas pressure and
substrate bias on the film structure. In addition, the po-
sition of the substrate in relation to the source, i.e. the
angle of incidence, affects the structure as well as sub-
strate pretreatment (mechanical, chemical cleaning). Final-
ly, high energy ion bombardment during the deposition re-
sults in lattic defects in the crystallites.
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All models discussed above describe the growth and
structure of elemental coatings like metal films. For eva-
porated or sputtered compound film or reactively formed
coatings, however, a quantitative relation to the existing
structure zone models is difficult because no information
is available on the melting temperature to be used and on
the surface diffusion of the different kinds of atoms.
Principally, the same structure zones are observed for mul-
ticomponent films as for elemental ones. This, e.g. has
been proved in many investigations on the structure of hard
coatings. In the case of (TiAl)N on HSS steel coatings the
experimental results showed a structure correlated with a
higher substrate temperature than actually applied. This
could be caused in part by the heat of reaction. On the
other hand, no information exists on the diffusion behav-
iour of the nitride molecules compared to the case of metal
deposition.

4. Conclusions

The inital stages of formation and growth of nuclei can be
model+ed by the kinetic nucleation theory regarding atomic
bonding and diffusion as well as the phenomenological ther-
modynamic description. Experiments in model systems verify
the theories and yield quantitative data for the system re-
garded. The most important parameters are rate of impinge-
ment and substrate temperature.

The film growth depends on the same parameters. Struct-
ure zone models were established considering the deposition
parameters. Theoretical calculations can explain the expe-
rimental findings.

All models hold only for deposition under UHV condi-
tions. Contamination of the surface is not regarded as is a
multiphase substrate. The structure zone, however, are also
found with compound films and for reactive deposition.

Thus, the theoretical models help to understand the
processes, but only to a limited extend to select quantita-
tively the deposition parameters. In practical the condi-
tions of the deposition process and the surfache properties
of the substrate material are too complex.
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INTERFACES AND ADHESION

S.J. Bull

Surface Science and Technology Department
AEA Industrial Technology
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Oxfordshire, OX11 ORA, U.K.

ABSTRACT. In most applications the minimum criterion for adequate
coating performance is that it remains attached to the substrate over the
lifetime of the component. Control of the factors affecting adhesion is thus
essential and this equates to careful control of the structure and composition
of the interfacial layers if the best performance of the coating is to be achieved.
Practical adhesion is a macroscopic property which depends on chemical and
mechanical bonding at the interface, residual stress and the presence of any
stresses imposed by the application and the mechanism of interfacial failure
which depends on the coating and substrate materials and the working
environment. In this paper the mechanisms of adhesion and how these
relate to interfacial structure are discussed in detail. In addition techniques for
assessing and improving adhesion are also reviewed.

1. Introduction

The use of coatings to modify the surface properties of engineering materials
independent of their bulk properties is now well established. It is extremely
important that such coatings should be adherent without degrading the
performance of the substrate and this has led to the development of a range
of techniques to improve adhesion and monitor these improvements.
However, to fully understand the effects of these treatments and the results of
any adhesion test it is necessary to determine the structure and composition
of the interfacial region and how this affects failure within it. In the following
sections the factors influencing adhesion and the adhesion tests used for a
range of coatings will be discussed in terms of the interfacial structure.
31
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2. Practical versus Basic Adhesion

The fundamental property of adhesion is defined by the American Society for
Testing and Materials (ASTM) [1] as “ the state in which two surfaces are held
together by interfacial forces which may consist of valence forces or
interlocking forces or both.” The nature of these forces may be van der Waals,
electrostatic and/or chemical bonding forces which are active across the
coating/substrate interface. The approximate ranges of binding energies have
been considered by a number of workers [ e.g. 2] and typical values are shown
in Figure 1. In addition to the types of bonding listed in the Figure it is also
possible to achieve adhesion by mechanical interlocking of coating and
subatrate which produces bond strengths comparable to that of electrostatic or
metallic bonding but which cannot strictly be expressed in terms of an energy
per bond. It is clear from Figure 1 that covalent or ionic bonding leads to
much greater levels of adhesion than electrostatic bonding or mechanical
interlocking. The Basic Adhesion (BA) of a coating/substrate system is thus a
maximum possible attainable value and can differ substantially from the
measured Practical Adhesion (PA) which may be referred to as the bond or
adhesion strength [3]. The relationship between BA and PA is given by [4]

PA=f(BA, other factors). )

PA«BA owing to the influence of difficulties with the in-service conditions
or measuring technique and other factors such as interfacial flaws and
residual stress. Pulker et al [4] further define the relationship between
experimentally observed and basic adhesion as

PA=BA-IStMSM, 2

where IS is the internal stress factor and MSM is a method-specific error in
measurement. Both of these factors increase the discrepancy between basic
and measured adhesion and it is soon apparent that most measurement
techniques can never give a true measure of adhesion because of the inherent
measurement errors. This is further complicated by the existence of
interfacial structure, rather than atomically sharp interfaces, and the
mechanisms of failure induced in most adhesion tests. These are discussed in
more detail in later sections.

3. Interfacial Structures

There are a number of possible interfacial structures the most common of
which are shown schematically in Figure 2. The type of interface formed
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during deposition depends on the substrate surface morphology,
contamination, chemical interactions, the energy and flux of arriving
particles and the nucleation behaviour of depositing atoms.

When atoms impinge on a surface they do not immediately become bound
to it but lose energy to the surface and move about until they are captured at a
suitable site. In the early stages of film growth adatoms will condense into
stable nuclei and the spacing and size of these nuclei will determine the
interfacial structure of the coating. A strong substrate/coating atom
interaction will result in low adatom mobility and a high density of nuclei
whereas a weak interaction will result in more widely spaced nuclei. These
nuclei will then grow to form a continuous film, during which the rate at
which lateral spreading of the nuclei occurs will influence the effective
porosity at the interface as well as the nucleation density. The nucleation
density and the size of individual nuclei will determine the effective contact
area between coating and substrate which can be directly related to adhesion.
In general an increase in nucleation density is desirable if the adhesion of a
film is to be improved. This is particularly important in the case of diamond
thin films and hence substrate preparation techniques have been developed
to increase the nucleation density and hence coating density and adhesion
[e.g. 5]. In this case it is difficult to grow continuous films unless steps are
taken to increase the nucleation density by, for instance, abrading a silicon
substrate with diamond grit. The nucleation density can be increased by ion
bombardment (and hence reducing the gas pressure in sputtering systems) [6,
7], substrate defects [5] and special deposition techniques [8]. The presence of
surface impurities [9] and contamination [10] has a tendency to reduce
nucleation densities.

Mechanical keying of the surface can be produced by roughening the surface
of the substrate prior to coating. This technique is often used for thick plasma
sprayed coatings [11]. There is a tendency to increase the effective area of
contact between coating and substrate by such an approach which leads to
improvements in adhesion in a similar manner to the increases in
nucleation density described previously. Significant interlocking of coating
and substrate is rarely produced so such interfaces cannot be regarded as
entirely mechanical and some bonding between coating and substrate is
necessary. This is promoted by the damage caused by the roughening process
since it has been observed that the improvement in adhesion of plasma
sprayed coatings produced by grit blasting is much greater than the change in
interfacial area produced by the treatment [12].

In low temperature deposition processes and in the absence of any ion
bombardment it is possible to achieve a monolayer to monolayer interface
between coating and substrate. In such cases the change from coating to
substrate material occurs over a distance of the order of the separation of
atoms (2-5A). For this to occur there needs to be little or no diffusion or
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chemical reaction between the coating and the substrate. This may be due to a
lack of solubility between the two materials, the availability of little or no
reaction energy or the presence of contaminant layers. In this type of interface
defects and stresses are confined to a very narrow region and adhesion is
often poor.

If reaction between coating and substrate can occur a compound interfacial
layer can be formed which may appear as a discrete layer. Such layers can be
beneficial but if a brittle layer is produced this can be detrimental to adhesion.
Often during the formation of such compound layers there are segregations
of impurities at the phase boundaries and stresses generated due to lattice
mismatch or differences in thermal expansion [13]. As the deposition or
service temperature increases the potential for the formation of interfacial
phases is also increased. It is clear that long term assessments of interfacial
phase formation are necessary if coatings are to be used at high temperatures
successfully. The interactions between coating and substrate may need to be
prevented by the use of a diffusion barrier if any deleterious interfacial
reactions occur.

High temperature deposition or service may not necessarily lead to
compound formation but it is possible to achieve significant interdiffusion
between coating and substrate. In such interfaces there is a gradual change in
composition, residual, and applied stress across the interfacial region and this
usually leads to very good adhesion. If there is a marked difference in the
diffusion rates of coating and substrate atoms Kirkendall porosity may be
formed in the interfacial region [14]. This is often very detrimental to
adhesion.

Under conditions of energetic deposition involving plasmas or ion
bombardment a pseudo-diffusion type of interface may be formed by
materials which are normally insoluble. Ion bombardment may increase the
substrate solubility of coating atoms by direct implantation or by the
introduction of point defects [15] and stress gradients [16] which promote
diffusion.

4. Interfacial bonding, structure and adhesion

A simplistic picture of the adhesion of a coating to a substrate might be gained
by taking the sum of the strengths of the individual chemical bonds across
the interface. The interfacial energy should then be the summation of all the
interfacial bond energies minus any interfacial strain and defect energies. In
such cases the adhesion strength would increase as the bond strength
increases and from the data in Figure 1 it might be expected that the best
adhesion would be obtained for covalent or ionic bonded interfaces. Indeed in
cases where there is little tendency for the coating to react with the substrate
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the adhesion is normally poor reflecting the fact that the bonding is
dominated by Van der Waals forces.

Electrostatic bonding may be regarded as a special case of physisorption and
also leads to relatively poor adhesion [17]. When two materials of very
different electron affinities are brought together an electrical double layer
forms which contributes to the adhesion (as has been suggested is the case for
evaporated metal coatings on polymers [18]). Adhesion can be improved by
increasing the strength of the electrostatic bonding; increasing the number of
charged defects in ceramics would lead to an effective increase in the
adhesion of a metal coating due to the formation of oppositely charged image
charges in the metal [19]. However, such effects will only be important in
cases where there is little or no chemical bonding between coating and
substrate. When the coating is deposited under conditions where ion
bombardment can promote some ionic or covalent chemical bonding at the
interface considerable increases in adhesion have been reported; this is the
basis of some of the adhesion improvements reported in ion beam assisted
deposition [20].

However, in practice the simple model of the coating/substrate system with
coating and substrate separated by a flat planar interface almost never occurs
as described in the previous section. Adhesion is generally much better in
cases where there is a more gradual change from coating to substrate as
produced by interdiffusion or mixing by ion bombardment. In such layers a
complex mixture of chemical bonding can occur and the interfacial layer can
minimise interfacial stress gradients and the mismatch in properties between
coating and substrate. It is often difficult to identify the position of the
interface in such cases; failure is nucleated at some weak point in the
interfacial region which may be associated with contamination which is
different to the highly localised failure initiation events when a well-defined
interface is present. In addition, the type of failure is important; in cases
where covalent and ionic bonds dominate in the interface, brittle fracture can
occur, whereas the failure is often more ductile for metallic bonding. Thus,
despite the higher bond energies of the ionic and covalent bonds, metallic
bonded interfacial layers tend to show higher levels of practical adhesion [21].

Another important factor in interfacial bonding is chemical reaction at the
interface to produce new phases during coating. This is often a very
deposition temperature-dependent process and will also depend on the
substrate and coating materials and any interfacial contamination. For
instance the use of a titanium interlayer has been found to improve the
adhesion between titanium nitride coatings and an M50 tool steel substrate
[22]. Cross sectional transmission electron microscopical analysis shows that
this occurs because the titanium interlayer has transformed to titanium
carbide as a result of carbon diffusing from the substrate during coating.
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Figure 3:  Schematic diagram of the surface cracking which can lead to

coating detachment under compressive or tensile stresses.
5. Mechanisms of Interfacial Failure

Depending on the brittle/ductile properties of the coating and substrate a
number of possible failure modes can occur in any application [23]. The major
failure modes are shown schematically in Figure 3. Although the failure may
start at the interface it can propagate in to the substrate. Alternatively,
through-thickness cracking can lead to failure at the coating/substrate
interface. Both tensile and compressive applied stresses can generate failure
and the location of the failures will depend on the brittleness of the substrate
and coating (see Tables 1 and 2). In the simplest case such applied stresses may
be the internal stresses within the coating which are introduced during
coating, or the thermal expansion mismatch stresses which arise on cooling
to room temperature from the deposition temperature. Such stresses often
limit the maximum thickness to which a coating can be deposited before
spallation occurs spontaneously.

Interfacial failure leading to loss of the coating is mainly dependent on
fracture. For most systems two distinct fracture properties are important,
namely the stress required to initiate fracture and the stress required for
propagation. The initiation stress is a function of the distribution of flaws in
the interfacial region which will depend on surface contamination and
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Table 1: Tensile failure modes for thin films
Film Substrate |Interface |Decohesion mechanism(s)
bonding
Brittle Ductile Good Film cracking - no decohesion
Poor Film cracking - interface
decohesion
Ductile Brittle Good Edge decohesion in substrate
Poor Edge decohesion at interface
Ductile Ductile Good Film/substrate splitting -
substrate decohesion
Poor Edge decohesion at interface
Brittle Brittle Poor Edge decohesion at interface
(higher film toughness)
Film cracking - interface
decohesion
Table 2: Compressive failure modes for thin films
Film Substrate |Interface |Decohesion mechanism(s)
bonding
Brittle Ductile Good Buckle propagation in film
Poor Buckle propagation at interface
Ductile/ Brittle Good Substrate splitting
Brittle Poor Buckle propagation at interface
Ductile Ductile Good No decohesion
Poor Buckle propagation at interface
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coating processing as well as on the choice of substrate and coating. The crack

propagation stress is influenced to a much greater extent by interfacial
structure and composition. In a ductile material the stress at the tip of the
crack is relaxed by plastic deformation of the surrounding material and thus a
larger amount of energy is necessary to propagate the crack than for a brittle
material where this does not occur. For this reason the area of interfacial
cracking is much less for a ductile material than a brittle material under
similar loading conditions and the adhesion of coatings onto substrates
where failure occurs in a ductile fashion is apparently much better than for
brittle substrates [24]. Control over the initiation of failure can often be
achieved by improving the cleanliness of the coating system whereas control
of the crack propagation behaviour requires a much more detailed
understanding of interfacial composition. For this reason it is important to
characterise the failure modes associated with any application and tailor the
interfacial region so that ductile failure occurs in a region of high strength.

6. Factors affecting Adhesion

Clearly, from the previous sections it can be seen that adhesion is a complex
phenomenon and there are a number of factors which can influence it. For
adequate in-service performance of many coating/substrate combinations it is
necessary to control as many of the factors affecting adhesion as possible and
this involves careful selection of coating material and substrate as well as
control of component manufacture and coating processes. The following
factors are important:

1) Coating and substrate material dependent:

1) Interfacial bonding (ionic, covalent, metallic, Van der Waals etc.);
2) Interfacial phases (native oxides, reactions during deposition);

3) Surface Roughness (area of contact, coating uniformity etc.);

4) Substrate preparation (white layers, grinding burn, reaction layers
etc.).

2) Coating process dependent:

1) Choice of deposition technology;
2) Contamination;

3) Deposition temperature;

4) Ion bombardment;

5) Interlayers;

6) Residual stress.
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3) Service dependent:

1) Applied stress;
2) Operating environment (temperature, atmosphere, etc.);
3) Long term coating/substrate reactions.

For most applications the requirements of coating and substrate and the in-
service conditions are well-defined and the coating process has to be adjusted
to maximise the adhesion of the coating to the substrate. A number of
techniques have been developed to achieve this and some of these are
discussed in more detail in the next section.

Gases
/\
Water and hydrocarbons Physisorption
OH OH OH OH Chemisorption
Reaction
Figure 4: Surface contamination layers on a typical metal surface.

7. Techniques for Improving Adhesion

In order to improve the adhesion of a coating to its substrates a number of
techniques have been developed which can be divided into three categories:-
1) Pretreatments - cleaning and degreasing of components prior to loading
coating system,

2) In situ treatments - such as heating, plasma treatment, sputter cleaning,

3) Bonding layers - to form strong interfacial phases, minimise interfacial
stresses and getter (i.e. dissolve) contaminants.
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Most coating processes will use several different treatments prior to
deposition of the coating material and thus cleaning is a multi-stage process
for which there are many possible variations.

The development of techniques for improving coating/substrate adhesion
has been based on a knowledge of the types of surface structures which are
present on substrate materials and how this influences the coating process. A
typical metal surface is shown schematically in Figure 4. Most metal surfaces
are covered by an oxide layer which can be up to a few tens of nanometres
thick depending on the material. Strongly bound chemisorbed layers are
attached to the outer surfaces of this with much weaker physisorbed layers on
top of them. Such layers consist predominantly of water but there will be an
increasing amount of hydrocarbon contamination towards the surface of the
contamination layer. In order to promote adhesion between coating and
substrate it is necessary to remove or at least neutralise the effects of these
contamination layers.

The cleaning and pretreatment techniques which can be used are critically
dependent on the choice of deposition technology. For instance in air plasma
spraying the surface of components is degreased and then grit blasted to
improve adhesion prior to coating, whereas in vacuum plasma spraying
some heating and transferred-arc sputter cleaning may also be used. In
general the cleaning pretreatments are more important as the deposition
temperature is reduced. In the plasma spraying process molten droplets of
coating material impinge on the substrate surface with a reasonable velocity.
It has been shown that this leads to some melting of the substrate and fusion
of substrate and coating material at the interface which promotes good
adhesion [25]. Even so, in air plasma spraying, there are oxides and gases
trapped at the interface as an inherent feature of the deposition process,
which lead to a reduced area of contact between the splat and the substrate. In
vacuum plasma spraying, the molten droplets move at higher velocities and
have a lower probability of atmospheric reactions and gas entrapment. For
this reason the adhesion of vacuum plasma sprayed coatings is often much
better than that of air plasma sprayed materials. Under such conditions the
presence of small amounts of surface contamination has a minor effect on
adhesion. However, in the case of vacuum evaporated metal coatings the
energy of the condensing atoms is very low (~0.1eV) and this means that
there is little chance that such atoms can sputter anything but the most
weakly bound contaminants and there is little energy available to drive
chemical bonding reactions. Thus surfaces need to be very much cleaner than
in the plasma sprayed case if good adhesion is to be achieved. The ability to
sputter etch and the possibility of ion bombardment during deposition (as in
ion plating or ion beam assisted deposition) can improve adhesion by
promoting chemical and metallurgical bonding and sputtering of
contamination.
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Components and test pieces for coating will pick up a wide range of
contaminants which can affect coating/substrate adhesion. For instance metal
components are often shipped in transit oils and can pick up dust and grease
during storage. Similarly corrosion products can form if the component
encounters a damaging environment. For this reason it is necessary to
adequately clean any component prior to coating. The majority of the
contamination can be removed by heating to high temperatures under ultra-
high vacuum conditions and sputter cleaning can help to reduce the
concentration of contamination under these conditions but in most cases
both experimental and commercial coating systems can not even hope to
remove all contamination. For instance at a pressure of ~10-5 mbar, a
monolayer of contamination will be deposited on any surface in the coating
chamber every second. Any cleaning process will need to desorb this
contamination at a faster rate.

To remove gross contamination prior to coating a range of cleaning and
degreasing treatments have been developed, generally based on the use of
solvents [26]. Transit oils and heavy contamination can be removed by
scrubbing the component with a detergent solution and heavy chemical
contamination is generally removed by use of acids etches. The combination
of a solvent and high shear forces is particularly effective at removing more
tenacious contamination. This is the reason for the effectiveness of wipe
cleaning in which a solvent-soaked tissue is wiped across the surface,
dragging the contaminants to the edge. Ultrasonic cleaning followed by
vapour degreasing can improve matters further. A typical cleaning process
for metal components might consist of several stages as follows:-

1) Ultrasonic clean in solvent for greases;

2) Vapour degrease in same solvent;

3) Ultrasonic clean in detergent;

4) Rinse in pure water;

5) Ultrasonic clean in solvent containing water absorber;

6) Vapour degrease in same solvent;

7) Load into coating system taking care not to recontaminate the component.
The cleaning and degreasing media will become contaminated with the
material removed from the components and will need to be continually
filtered and refreshed. It is especially important to avoid particulate
contamination from the coating system and for this reason a clean dust-free
location for the equipment is usual and the operators should avoid allowing
dust and debris to fall on the cleaned components. Finger grease and dust
from the operators (skin, hair) can also be problematic and care is necessary in
order that such contamination is minimised.
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Figure 5: Variation of critical load for coating detachment (a measure

of adhesion) as a function of titanium interlayer thickness for
titanium nitride coatings on stainless steel, (a) no sputter
etch, (b) argon sputter etch, and (c) argon/hydrogen sputter
etch. Sputter etching leads to an increase in adhesion as it
allows the titanium interlayer to dissolve the oxide on the
steel. Hydrogen in the sputter gas removes a greater
proportion of the oxide.
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Most substrate materials can be further cleaned by heating under vacuum.
This removes friable hydrocarbon contaminants and some water. However,
depending on the substrate material and heat treatment there is a limit to the
temperature which can be used. For most metals, heating to 150°C to 250°C is
sufficient as higher temperatures can allow some of the contaminants to react
with the substrate or diffuse into it.

Sputter etching is a very effective method of improving adhesion (Figure 5)
and this is often attributed to the removal of surface contaminants and oxides
by the process. In fact bombardment of the surface of the sample with
energetic ions can lead to some material removal but it is more effective at
breaking up oxides rather than removing them [27]. The process can often be
improved by the introduction of reactive gases into the sputtering discharge
which can lead to increases in etch rate. For instance the introduction of some
hydrogen into an argon discharge can more rapidly remove the oxide layer
on stainless steel than a pure argon discharge (Figure 5).

The temperature at which the coating is deposited can be a very strong
factor in determining coating/substrate adhesion. In general, as the
deposition temperature increases then so does the adhesion (Figure 6). This is
due to the increase in surface mobility, inter-diffusion and the formation of
chemical bonds at higher temperatures. The temperature rise caused by ion or
electron bombardment during deposition can thus be harnessed to improve
adhesion and for the best results it is often sensible to coat the substrate at the
highest temperature it can stand without changes in microstructure or
mechanical properties. However, this can lead to problems with residual
stress.
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Figure 6:  Variation of critical load for coating detachment with

deposition temperature.
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Ion bombardment during the early stages of deposition can also be useful
since it leads to some mixing of the atoms at the coating/substrate interface
[28] and can also promote chemical bonding [29]. For this reason the adhesion
of coatings deposited by ion-beam assisted deposition is very good at much
lower deposition temperatures than need to be used by other coating
processes [30].

Adhesion may also be improved by the deposition of an interlayer between
coating and substrate. Chromium metal is often deposited as a flash layer
prior to the evaporation of gold onto glass in order to improve adhesion [31].
In this case the chromium oxidises easily to form a strong bond with the
glass, and alloys well with gold to form a diffusion layer. In the case of
titanium nitride films on a range of substrates, the use of a thin titanium
interlayer to improve adhesion is commonplace [e.g. 32-36]. The success of
this interlayer has been attributed to two main effects:-

1) Chemical gettering. The interlayer dissolves interfacial contaminants and
surface oxides.

2) Mechanical compliance. The interlayer acts as a soft compliant layer
reducing interfacial stress gradients.
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Figure 7:  Secondary ion mass spectrometry (SIMS) depth profiles for
titanium nitride coatings deposited onto a stainless steel
substrate by sputter ion plating at (a) low deposition
temperature (200°C) and (b) normal deposition temperature
(500°C).
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The fact that there is an optimum interlayer thickness, which varies as a
function of substrate material, deposition temperature, and the nature of the
sputter clean, leads to the conclusion that the chemical effect is dominant in
this case [36]. Figure 7 shows Secondary Ion Mass Spectrometry (SIMS) depth
profiles for titanium nitride coatings on a stainless steel substrate deposited at
low and high temperature. In both cases a 100nm titanium interlayer was
used to promote adhesion. In the case of the low temperature deposited film
there is a narrow region of high oxygen and carbon concentration at the
interface which becomes much broader as the deposition temperature
increases. The interfacial contamination dissolves in the interlayer material
and its effect on adhesion is consequently reduced; this process is thermally
activated and must depend on the diffusion of contaminants in the
interfacial layer. The optimum interlayer thickness occurs when the layer can
just dissolve all the interfacial contaminants at the deposition temperature
used. There is some evidence that nitrogen migrates from the titanium
nitride layer into the titanium layer leading to a graded interface, where the
properties of the coating change smoothly through the interlayer and there is
not such an abrupt change at the substrate [37]. This acts to reduce the residual
stress gradient across the interface but it should be realised that a layer a few
hundred nanometres in thickness does not have any effect on the total stress
levels in coating and substrate. The mechanical compliance effect is much
more important for the thick bond coats used in plasma spraying [38].

Post-deposition heat treatment can also be used to improve adhesion of
coatings onto high temperature substrates but it is often observed that
significant inter-diffusion leads spallation during thermal cycling. This
behaviour may be due to interfacial oxidation or the formation of brittle
interfacial phases [39]. In cases where such a deleterious reaction occurs
between coating and substrate (or with an impurity which can diffuse to and
react at the interface) a bonding layer can be deposited as a diffusion barrier to
improve performance.

8. Measurement of Adhesion
8.1 REQUIREMENTS OF AN IDEAL ADHESION TEST

Though there are a large number of possible adhesion tests available at
present, none can really be considered ideal. For an ideal test the following
criteria need to be met:

1) Non-destructive;

2) Easily adaptable to routine testing of complex shapes;

3) Simple to perform and interpret;

4) Amenable to standardisation and automation;
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5) Reproducible;
6) Quantitative;
7) Directly related to coating reliability in specific applications.

No test currently has all these attributes and nearly all commonly used tests
are destructive in nature. Indeed it is difficult to see how a non-destructive
test can be developed given the current level of theoretical understanding
and it is thus necessary to make the best use of the available tests recognising
their weaknesses.

8.2 ADHESION TEST METHODS

Adhesion test methods fall broadly into three categories namely nucleation
methods, mechanical methods and miscellaneous methods [3]. Table 3 shows
some of the methods developed to measure the adhesion of thin films that
have occurred in the literature.

Table 3: Methods that can be used to determine coating/substrate
adhesion

Qualitative Quantitative

Mechanical Methods

Scotch tape test [40] Direct pull-off method [43-45]
Abrasion Test [41] Laser spallation test [60-62]
Bend and scratch test [42] Indentation test [54-57]

Ultracentrifuge test [3]

Scratch test [64-73, 75-79]

Bend test [50, 51]

Double cantilever beam test [52]

Non-Mechanical Methods

X-ray diffraction [46] Thermal method [47]
Nucleation test [40]
Capacity test [3, 48]
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At the atomic level, the nucleation methods probe adhesion via the
breaking of individual coating-substrate atomic bonds, generating lamellar
defects. The macroscopic experimental adhesion is simply a summation of
the individual atomic forces, which it should in principle be possible to relate
to the energy of adsorption of single adatoms onto the atomically clean
substrate. In concept the nucleation methods are very simple however
evaluation of the adsorption energy on real component surfaces is
impractical.

In mechanical methods, adhesion is determined by applying a force to the
coating substrate system. The force is either applied directly, normal or
parallel to the coating/substrate interface as in, respectively, the pull and
shearing stress tests. Alternatively the force may be introduced indirectly by
some stimulus as in the indentation and laser spallation tests. These
methods of adhesion evaluation are now considered in more detail.

8.2.1 Pull-off methods. The simplest and probably most widely used of the
practical adhesion tests is the tape test. This method requires the minimum
of test equipment. A pressure sensitive tape is applied to the coating surface
and then pulled off to determine the coating detachment stress. The
maximum adhesion that can be tested is less than strength of the tape
bonding material and consequently the test can only be applied to rather
weakly adhering coatings; the upper limit being about 20 MNm-2 [40].
Alternatively rods can be bonded to the coating and substrate using
commercially available adhesives, usually an epoxy resin, and then a force
applied normal to the coating-substrate interface to determine the force for
detachment as shown in Figure 8. This method can be used to estimate
coating adhesion in the range 65 to 90 MNm=2 but like the tape test suffers
from the following difficulties: (i) simple tensile tests frequently involve a
mixture of tensile and shear forces which make interpretation difficult; (ii)
alignment must be perfect to ensure uniform loading across the interface; and
(iii) there is the possibility the the adhesive or solvent may penetrate the
coating and affect the film-substrate interface.

Another form of the pull-off method is the tangential shear or lap shear
technique in which the load for detachment is applied parallel to the coating-
substrate interface, in which case the measured shear stress is the tangential
force per unit area required to break the bond between the film and substrate.
The advantages that the lap shear test have over the tensile test [49] are: (i)
that it avoids severe deformation of the substrate; (ii) the film is gripped over
a relatively large area and thus the stress is less concentrated; and (iii) it
approximates to a nominally pure stress measurement.
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Figure 8:  Pull-off adhesion test.

8.2.2 Tensile and bend testing. The simple pull off test is a special case of a
number of tests which aim to produce coating detachment by tensile testing
or bending. In the simplest test the coating/substrate composite is pulled in a
tensile testing machine until the coating spalls, the whole sample cracks or
the coating cracks perpendicular to the loading direction. The precise mode of
failure depends on the relative properties of coating and substrate and is often
dominated by yield effects in the substrate. However, for brittle coatings on
ductile substrates (including some very thinmetal layers on polymers) the
test can give useful comparative information about adhesion. In this test
cracks initially form perpendicular to the loading direction; once fracture has
occurred slip can occur at the coating substrate interface and the tensile stress
in the coating is reduced either side of the crack. This effectively controls the
minimum crack spacing. Further tensile loading can lead to some spallation
of the coating between the cracks due to the Poisson’s ratio contraction of the
substrate placing the cracked strips in compression. Clearly the load at which
such failures occur depends on both the substrate and coating properties but it
can be used as a method for monitoring adhesion-promoting treatments
(Figure 9).

www.manaraa.com



50

Cracks nucleate

at edge flaws 'Il'l}rﬁugh -
and rapidly grow thic kl}ess -
across section cracking -
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Figure 9:  Schematic of the cracking observed in the tensile testing of
metal samples coated with brittle materials. The interfacial
flaw distribution and yielding in the substrate limits the crack
spacing observed.
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Figure 10:  Schematic of the four point bend tests used for (a) thin
coatings and (b) thick coatings.
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The spacing of tensile cracks in a bend test (Figure 10a) has been used to
estimate the interfacial shear strength by using a computer simulation
approach [50]. In this work the coating fracture strength, Weibull modulus,
and interfacial shear strength are used to predict the crack distribution, and
these parameters are adjusted to give the best fit to experimental data. An
interfacial shear strength of 2GPa was determined for TiN on an M2 tool
steel substrate by this method.

For thicker deposits such as plasma sprayed coatings it is often possible to
induce stable crack growth at the coating/substrate interface by careful control
of the bending process. For instance in the bend test of Clyne and co-workers
[51] (Figure 10b) a four point bending sample is prepared with the coating on
the tensile side. A saw cut through the coating is carefully introduced to allow
the formation of interfacial cracks once bending commences. As the bending
stress is increased the crack starts to propagate and will run until the crack
driving force becomes insufficient. The distance which a crack propagates as a
function of the bending stress can thus be used to determine the critical crack
driving force.

Load

O

1st Beam
Coating
Adhesive

2nd Beam

Figure 11:  Schematic of the DCB test arrangement for the measurement
of the adhesion of plasma sprayed coatings.
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A similar principal is used in the Double Cantilever Beam (DCB) test [52]
which is similar to the test used for fracture toughness testing of bulk
materials (Figure 11). This method requires a sample which consists of a steel
beam which has been coated along one edge which and glued to a second
beam. A pre-crack is introduced (by a saw cut) which extends approximately
20mm past the loading points which reduces the load necessary for crack
extension. The crack can stop once it propagates, before total failure of the
sample occurs, allowing several measurement cycles per sample. The
interfacial critical strain energy release rate Gjc was determined using a linear
elastic fracture mechanics approach [52], where Gjc is given by

2

p ¢ dc
SeZawd )
where P is the critical load for crack propagation, W is the specimen width
and c is the sample compliance at the load points for a crack of length 1. The
determination of crack length during the test by a direct measurement is
difficult; this problem can be solved by obtaining a compliance versus crack
length curve by testing uncoated samples with known crack lengths and
recording the observed sample compliance. For vacuum plasma sprayed
alumina coatings on steel, low strain energy release rates have been
measured by this method - 5.8-11.95 Jm-2 [53] as opposed to values around
21Jm2 for air plasma sprayed material [52]. The difference can be attributed to
the higher residual stress in the vacuum plasma sprayed coatings.

8.2.3 Indentation methods. The indentation adhesion test involves
introducing a mechanically stable crack into the coating/substrate interface, by
the use of conventional indentation procedures, using either Brale or Vickers
indenters [54, 55]. A measure of adhesion is obtained using the resistance to
crack propagation along the coating/substrate interface which may be
characterised by both a fracture resistance parameter and a strength
parameter. The bonding across the interface is uniquely related to the fracture
resistance parameter and is a more fundamental measure of adhesion. The
strength parameter is determined by the combined influences of the fracture
resistance, the strength controlling defects and residual stresses within the
film. The test assumes that the interface within the vicinity of the plastic
zone created during indentation has a lower toughness than either the film
or substrate material and consequently will be a site of preferential lateral
crack formation. If fracture occurs in the film or substrate rather than at the
interface it may be concluded that the interface toughness is at least as large as
that of the weaker component.
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Figure 12:  Indentation adhesion test; after Jindal et al [55].

A schematic representation of the indentation test used by Jindal et al [55] is
shown in Figure 12 and shows the results of a series of indents made at
different loads. The average change in lateral cracking is monitored as a
function of load, and the interfacial fracture toughness Ky is derived from the
linear portion of the indentation load versus lateral crack length plot
according to

1/2
GIi Ec
Ky=| o2 )

where in Figure 12, A is a constant and E¢ and v¢ are the Young’s modulus
and Poisson’s ratio of the coating. An advantage of this technique is that the
indentation adhesion parameters Pc and K]j are relatively insensitive to the
substrate hardness which is a problem of with the scratch adhesion test. To
further illustrate the differences between these two test methods, Figure 13
shows indentation test results for carbide inserts, CVD coated with TiC/Al203

layers, differentiated in terms of the m-phase occurrence at the
coating/substrate interface. On the basis of the slope of the load/lateral crack
diameter function the coatings which are deposited onto a continuous layer
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of the brittle n-phase have poorer adhesion (toughness) compared with

similar coatings which are formed with a discontinuous n-phase layer, but in
both cases the scratch adhesion test indicated essentially identical L¢ values
for adhesion failure at the coating/substrate interface [55].

2L0—
/ _

[
~~
\
\
\

Load P, (kg)
T
T~
\
\

|
~

0 1 | 1 | ! | 1 |
0 400 800 1200 1600
Lateral crack diameter, {um)

Figure 13:  Indentation load vs. lateral crack diameter for multilayer
TiC/ Al,O3-coated samples with thin discontinuous

N-phase (@) and thick continuous n-phase (o).

The approach of Evans and co-workers [54, 56, 57] is based on the
observation that in the absence of buckling, and for planar interfaces, there is
no driving force for growth of a delamination which exists at the coating
substrate interface. This initial delamination may arise due to interfacial
contamination or by void formation and coalescence. Consequently, for such
interfaces, buckling becomes a pre-requisite for fracture propagation and
eventual spalling. The critical stress for buckling of a circular delamination
being given by [58]

%= (12(1 -V ))( ) N
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where t is the coating thickness, a is the delamination radius, and K = 14.7.
Once buckling occurs, a crack driving force (G) develops given by [59]

G = (1-v(l-a)t (6%-6.2)/E, )

where o is the net compressive stress in the coating and a = 0.38. Further
growth of the delamination occurs if G > G either for the interface or for the

coating and the delamination radius for coating spallation, a, is given by [60].

ag/t=~19 (Eo/0)1/2 7)
For indentation-induced spalling [54, 56, 57]

E V
0 =0+ ——— ®)
2n(1-v )t

where oR is the initial residual stress and V the indentation volume. With

V = 024 (P/H)3 coty and a = AP3/4 ©)

where P is the indentation load, y is the indenter half-angle, H is the

hardness, and A is an experimentally determined coefficient. The critical
indentation load for spalling, P, is given by

P3/2 = 372E.\2 o + 0.24 E_ cot y/2x (1-v t H3/ 21 (10)

Figure 14 shows some results obtained from indentation testing of ZrO2-Y203
coatings [56]; the data exhibits the expected trend from equation (9) in that a =

AP3/4 and the fracture toughness G¢ along the delamination path was found

to be approximately 40 Jm-2 comparable to literature values for cubic zirconia.
Similar results to those presented in Figure 14 were obtained for indentation
spalling tests on a series of ZnO/Si samples and excellent agreement was
obtained between theoretical values of Ps (equation (10)) and experimental
measurements, indicating that the methods outlined above have some merit
when it comes to assessing the adhesion of thin films. However, further
work is needed before the indentation method can be recommended as a
technique for determining interfacial adhesion.
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Figure 14:  Plot of trend in delamination radius with indentation load
for ZrO-Y,03 coatings on NiCrAlY superalloy.

8.2.4 Shockwave methods. Mechanical stimuli can be introduced into the
coating-substrate system in order to produce delamination by shockwave
loading methods [60-63]. These techniques involve the absorption of energy
either from the impact of erosive particles [63] or from an impinging laser
beam [60-62]. In the laser method the absorbed energy may induce a stress
wave, and the acoustic waveform from the rear side of the substrate can be
monitored whilst the laser probes the coating surface as shown in Figure 15. If
the incident probe is pulsed it is also possible to image the propagation of
thermal waves within the coating and can be used to detect the presence of
cracks or debonded regions. The technique has the advantage that it simulates
the spall problems which occur during thermal cycling and impact damage in
addition to being relatively non-destructive and applicable to complex
components.

Loh et al [60] have examined the quasi-heating due to laser impingement
onto a coating system. This had the effect of introducing localised
compression which, in conjunction with the existing residual stresses, was
sufficient to cause spallation. By varying the power and duration of laser
pulses, the spall resistance of brittle coatings could be effectively measured.
However, the calculation of critical crack driving force values for the data
cannot be achieved directly and simulation methods are being developed to
allow such analyses [62].
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Transducer outputs for plasma sprayed coatings investigated
using the laser acoustic adhesion test. The upper curve (a) is for
a coating with good adhesion and the lower curve (b) for a
coating with poor adhesion. The main difference between the
two curves is the signal propagation time which is shorter when

adhesion is good.
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8.2.5 The scratch adhesion test method. In the scratch adhesion test a stylus is
drawn over the coating surface and a stepwise or continuously increasing
normal force until the coating detaches [64]. In practice complete removal of
the coating within the channel behind the stylus seldom occurs and therefore
a critical load at which the coating is removed in a regular way along the
whole channel length [65] is defined. Coating detachment can either be
monitored using optical or scanning electron microscopy, acoustic emission
[66] or frictional force measurement [67, 68]. The two latter procedures
(acoustic emission and frictional force measurement) provide traceable
signals which can be used to compare results from different samples and may
avoid some of the subjectivity of measurements made by eye. The sensitivity
of the frictional measurement procedure is particularly enhanced when the
scratch test is applied to hard coatings of less than one micron in thickness.

There are a large number of failure modes associated with the scratch test —
through-thickness cracking, interfacial and cohesive failure among others [24,
69]. The main interfacial failure modes are based on spallation and buckling
which arise as a function of the type of loading induced by the scratch test and
the nature of the interface (i.e. brittle or ductile behaviour [24]). In any
attempt to use the scratch test to measure adhesion it is important to use a
failure mode which is dependent of coating/substrate adhesion. In most cases
these will be spallation or buckling failures; spallation and buckling occur
ahead of the scratch stylus if the origin of the failures is the compressive
stresses induced by stylus/coating friction, whereas spallation behind the
stylus can occur due to the combined effects of through-thickness cracking
and elastic recovery.

Benjamin and Weaver [70] performed the first analysis of the mechanics of
the scratch test using the theories developed for fully plastic indentation,
giving an expression for the critical shearing force for coating removal in
terms of the scratch geometry, the substrate properties and the frictional force
on the stylus.

P
R™-AY)
where A = (w/pH)1/2, w is the critical load, R is the indenter tip radius, F is
the shearing force strength of the coating per unit area, A is the radius of the
circle of contact, H is the indentation hardness of the substrate material and k
is a constant varying between 0.2 and 1.0 [70, 71]. It is inappropriate to assume
fully plastic deformation in many cases and further attempts to modify this
expression have given some account of elastic-plastic indentation behaviour

[71].
More recently, Laugier [72, 73] has suggested that the adhesion behaviour
can be modelled in terms of the strain energy released during removal of the

(11
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coating. Using a Griffith energy balance approach [74], the elastic strain energy
released provides the surface energy for a crack to form at the coating
substrate interface. By balancing the released elastic energy with the surface

energy of the crack, it is possible to relate the local stress ¢ responsible for
coating detachment to the work of adhesion, W, by [72, 73]
0‘2t
W= S5 (12)
C
where t is the coating thickness. Attempts have been made to calculate ¢
expressed as a combination of the applied stresses due to the sliding indenter
and the internal stresses within the coating. For example, in the analysis of
Laugier [72, 73] the applied stresses were calculated from the elastic equations
of Hamilton and Goodman [75]. Clearly this is insufficient to describe the
stresses for materials where some plasticity has occurred. Burnett and
Rickerby [76] have identified three contributions to the stresses responsible for
coating detachment: (i) an elastic-plastic indentation stress; (ii) internal stress;
and (iii) a tangential frictional stress. This analysis has been extended by Bull
et al [77-79] where each of these contributions is expressed in terms of their
effects on the measured coefficient of friction as shown in Figure 16. The
advantage of expressing all the stress contributions in these terms is clear
when experimental measurements of the tangential force can be made during
scratching [67].
The total frictional force is given by [80]

F=Alp+ At (13)

where p is the ploughing flow stress, T the interfacial shear stress (or the shear
stress of the softer material and Ajand A are the cross sectional area of the
track and the contact area respectively (see Figure 16). Since A2»A1 in most
cases the shear stress is small compared to p and this dominates the stress
responsible for coating removal. Assuming that for a moving stylus the load
is supported on the front half of the contact, the critical load, L., can be given

by

nd p
L = 86 (14)

[~

where dc is the track width at L¢. By combining equations (12) and (14) and
setting p=0 an expression for the work of adhesion in terms of L is produced
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2 1/2
nd_ | 2EW
LC =T T (15)

This equation has been used to determine values for the work of adhesion of
titanium nitride coatings on a range of steel substrates which are in the range
1-150Jm-2 [81]. These are somewhat smaller than those determined in fracture
toughness studies on steels (10k]m'2)[82], but are larger than the surface
energies of either substrate or coating material (typically in the range 1-10Jm"
2). This illustrates the importance of some plastic deformation at the crack tip
in the coating removal process.

In addition to the extrinsic factors that influence the scratch test, a number
of intrinsic parameters also have an important bearing of the derived value
of critical load and some of these are listed in Table 4 [83]. The scratch
adhesion test appears to be the only available practical method to study the
adhesion of hard tribological coatings in many situations. However, care is
needed in both the performance of the test and in the interpretation of the
results if reliable conclusions are to be drawn about coating substrate
adhesion owing to the influence of these extrinsic and intrinsic parameters.

(a) Indentation (b) Internal Stress (c) Friction (Adhesion)

Tinternal

(i) Ploughing (ii) Internal Stress (iii) Adhesion (Shear)
Fp = AP Fs = {(Tinternal) Fa= AgT

Figure 16:  The scratch adhesion test represented as the sum of three
contributions; an indentation term, an internal stress term
and a frictional term. These may be represented as three
frictional contributions; a ploughing component, an internal
stress component and an adhesive component.
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Table 4: Factors affecting the critical load for coating detachment in the scratch
test method.

Intrinsic Parameters Extrinsic parameters
Loading rate [67, 81, 83] Substrate properties [83, 88]
Scratching speed [67, 81, 83] - Hardness
Indenter tip radius [67, 81, 87] - Modulus
Indenter wear [83] - Thermal expansion coefficient
Machine factors [77] Coating properties [83, 89]
- Hardness
- Modulus
- Stress and interfacial properties
- Thickness

Friction force and friction
coefficient [67, 76, 83]

- Surface condition and testing
environment.

Commercial scratch testers are basically of two types. In the automatic
scratch test the normal load is continuously increased along the length of the
scratch track by a spring loading mechanism. This test is very quick and
simple to perform but has the disadvantage that catastrophic failure occurs at
the first sufficiently large flaw and thus the critical load may be an
underestimate of the practical adhesion in any application. Also the critical
load has been found to be a sensitive function of the machine loading
geometry and this makes comparison between laboratories with various types
of machine quite difficult [67, 81, 83]. The alternative manual scratch tester
uses dead weight loading and hence requires the performing of many
scratches to assess the critical load, a much more time consuming process.
However, it has the advantage that the interfacial flaw distribution can also
be assessed by counting the number of failures that occur at each load [79].
The number of failures is found to saturate at a certain load (usually just
before it becomes impossible to distinguish individual failures in the track) as
observed by both reflected light microscopy or acoustic emission detection
where each failure generates a small burst of acoustic emission. Thus a
cumulative failure probability P(L) can be defined as

P(L) = N(L)/(Nsat - No) (16)
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Figure 17:  Weibull statistical analysis of the scratch test.

where N(L) is the number of failures at load L, Ng is the numbér of failures
on low loads (usually N = 0) and Ngat is the saturation failure number. P(L)
can be given by the Weibull distribution

P(L) = 1-exp [-(L- Lo)/La]P az)

where Lo is the load at which the probability of failure is zero (generally Lo=
0), La is a constant equal to the load at which there is a 63.2% cumulative
failure probability (which can be used as a critical load criterion related to the
flaw distribution) and b is the Weibull parameter. As b increases the
distribution becomes narrower and the critical load becomes a better measure
of coating adhesion. Details of the analysis are shown in Figure 17. The
advantage of this method is that it offers the possibility of providing a
completely automated way of determining the critical load for coatings which
produce well defined pulses of acoustic emission associated with coating
detachment failure events. The acoustic emission trace at each load can be
recorded and examined by computer, the number of failures counted and
stored and the variation with load determined. From this a value of L, can

be calculated which involves no subjective decisions by the operator and
hence is a much more reliable adhesion criterion. However, much more
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work is needed to determine the viability of such an approach in a wide
range of coating/substrate systems.

The scratch test has also been used to determine both interfacial and
cohesive failure strengths for thick films in a modified form suggested by
Beltzung et al [84, 85]. In this case the material to be tested is in the form of a
polished cross section and the scratches are performed across the coating
starting from the substrate using stepwise increasing loads. A cone of damage
is produced as the scratch diamond exits from the face of the coating, the size
of which can be used to determine the cohesive strength of the coating [86].
However, in a smaller number of cases a crack is also produced at the
coating/substrate interface once a critical load has been reached, and this can
be used to rank coating/substrate adhesion in these situations.

8.3 SELECTION OF ADHESION TESTS

From the previous section it can clearly be seen that there is no ideal
adhesion test and the tests available cannot be used to assess all
coating/substrate systems. For instance, the pull-off test is limited to coatings
with relatively poor adhesion (due to the strengths of available glues),
whereas the indentation spallation technique is only really useful where the
interfacial failure mode is brittle. There are no hard and fast rules about the
selection of the appropriate adhesion test for any coating/substrate
combination, as each test critically depends on the type of failures which
occur within it. The scratch test is perhaps the most widely applicable test for
the routine monitoring of adhesion but it is not really suitable for very soft
substrate materials.

Due to all these problems the best approach for the initial selection of an
adhesion test is to pick the test which most closely approximates the in-
service conditions of the coated component. For tribological applications this
could be the scratch test, whereas the laser spallation test may be more
relevant to thermal barrier applications. However, once a test has been
selected it may be difficult to generate meaningful results for a given
coating/substrate system and the user should assess several tests in such
applications.

9. Conclusions

Practical adhesion is not a simple fundamental property but depends on a
number of factors in the coating/substrate system and the method by which it
is measured. There are no ideal adhesion tests so it is necessary to make use
of a test which gives some information about in-service performance in the
intended application, if useful results are to be determined. Two quantifiable
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measures of adhesion are important in any application, namely the adhesion
strength which is controlled by the interfacial flaw distribution as well as by
interfacial bonding) and the crack driving force (which is much more related
to bonding across the interface). In general, the adhesion is better when the
modes of failure are ductile and the crack driving force is high. The interfacial
structure is thus critically important in determining coating substrate
adhesion. It is also necessary to know what phases and interfacial
contamination are present on the substrate prior to coating and how these are
affected by the coating process if the adhesion of the coating is to be optimised.
Only if all the factors which affect adhesion are controlled can the
performance of the coated component be optimised for its intended
application.
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NITRIDING , BORIDING AND CARBURIZING OF STEELS

PATRICK JACQUOT
INNOVATIQUE SA

25 rue des fréres Lumiére
69680 Chassieu

France

ABSTRACT . This paper describes three surface hardening processes of steels
and mainly the basic principles , technical advantages and limitations, industrial
applications of these diffusion methods of carbon, nitrogen and boron . Thermo-
chemical treatments like : carburizing, boriding and nitriding are described. Speci-
ficities of each treaments are reviewed .

1.INTRODUCTION

Surface engineering or surface hardening are processes which include a wide
variety of techniques used to improve the wear, friction and fatigue resistances
of parts without affecting the more soft, tough, core of the part .This combina-
tion of hard surface, high strengh of the case, and the relative ductility of the
core of components is useful in parts such as gear or cam that must have a
hard surface to resist wear, and a tough interior to resist again impact, strain
produced by shocks, alternating stresses, that occurs during operation .

This paper focuses exclusively on three methods for surface hardening, which
are diffusion methods, such as: carburizing, nitriding and boriding . Diffusion me-
thods modify substantially the chemical composition of the surface with intro-
duction of interstitial elements or hardening species like : carbon, nitrogen or bo-
ron, by diffusion mechanism . Diffusion treatments are divided into two main ca-
tegories : those operating at high temperatures (800-950 °C) with the steel in an
austenitic condition , like : carburizing and boriding , and those operating at lower
temperature with the steel in a ferritic condition (below 600 °C), like nitriding .
Selective or localized hardening methods, such as carburizing and boriding gene-
rally involve transformation hardening (from heating and quenching ), but some
hardening methods ( nitriding) are based only on compositional modification with
chemical interactions of the substrat, without heat treatment cycle.

2. CARBURIZING OF STEELS
2.1 DEFINITION

Carburizing is a case-hardening process in which carbon is diffused in the surfa-
ce layers of a low carbon steel part at a temperature sufficient to transform the
steel austenitic, followed by quenching and tempering to form a hard martensitic
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microstructure.

The gradient in carbon content obtained below the surface of the component
causes a gradient in hardness, creating a strong , wear-resistant surface layer on a
ferrous material, usually low-carbon steel (figures 1 and 2) .

2 .2 PROCESS PRINCIPLE

The most important thermochemical treatment is the carburizing process (also cal-
led case hardening). Low-carbon steel parts exposed to carbon-rich atmosphere
will carburize at temperatures of 800 ° C and above . The carbon source must be
not to rich, if not the solubility limit of carbon in austenite can be reach at the
surface of the steel and some carbides may form at the surface (3).

The carbon gradient produced by maintaining saturated austenite at the surface of
the steel is referred to as the normal carbon gradient (1)(2).

Carbon is diffused into the steel surface from either a solid, liquid or gaseous
carbonaceous media ( CO-CO2, C3HS .. ) at a temperature in the range of 800 to
1000 °C. The steel is then quenched and tempered to produce a hard, tough case
with a depth of up to several millimeters (0,3 to 2 mm).

The maximum rate at which carbon can be added to steel is limited by the rate
of diffusion of carbon in austenite .This diffusion rate increases greatly with in-
creasing temperature . The highest hardness in a hardened steel is obtained when
the carbon content of the steel is high (figure 4).

The most useful carburizing process is gas carburizing.

It consists of a case hardening treatment where a finished part is exposed to a
carburizing atmosphere in a batch or continuous furnace , at a high temperature.

It is important to achieve high surface hardness in a carburized part, and that is
usually accomplished by controlling surface carbon content with process atmo-
sphere control ( in-situ oxygen probe and CO-CO2 infrared analysis ).

Many factors, especially those that control surface carbon concentration, such as
time and temperature during the various stages of a carburizing process, affect
case depth (figure 3). Frequently, the first stage of carburizing inroduces a high
surface carbon content,on the order of 1,1 to 1,2 wt %, depending on the maxi-
mum solubility of carbon in austenite at the temperature of that stage. Such car-
bon contents would produce undesirable quenched microstructures. Therefore to
produce optimum surface carbon concentrations of 0,8 to 0,9 %, the second stage
of carburizing is performed with lower carburizing atmosphere carbon poten-
tials.Carbon already introduced in the first stage then ajusts to the lower surface
potential and also diffuses deeper into the core. This two-stage approach is com-
monly referred to as the boost-diffuse method of carburizing .

If the superficial carbon content in the case depth is too high, austenite that have
not transformed during quenching,is referred to as retained austenite and is pre-
sent because of the high stability of high - carbon austenite. Increasing carbon
content significantly lowers the " Martensite Start " (Ms) and decreases the tempe-
rature range for martensitic transformation to below room temperature . Conse-
quently there are always significant amounts of retained austenite in the cases of
carburized steels quenched to room temperature. Reduction of retained austenite
content can be achieve by reheating cycles below Acm or by cryogenic treat-
ment .

2.3 CARBURIZING PROCEDURE

The main steps to carburize mechanical parts are summarized as follows (figure5).
When machining of the parts is completed, they are placed in a basket or moun-
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ted on some type of fixture (figure 6) . Then, the basket is charged into a furnace,
which normally has a temperature of about 880-950 °C for gas carburizing and
800-850 °C for carbonitriding (diffusion of carbon and nitrogen ) (figure 7 ).
Conveyor-belt furnaces, shaker-hearth furnaces or rotary-retort furnaces are used
for small parts, such as screws .

The furnaces that are used vary widely in size and appearance . For the automo-
tive industry, which uses mass production lines , pusher-type furnaces are very
common .

There is a carburizing gas atmosphere in all furnaces. When the load has reached
the carburizing temperature, the effective transfer of carbon from gas to steel sur-
face begins. Carburizing cycle is proceeded until the desired depth of carbon pe-
netration is reached .The charge is then moved from the furnace chamber to a
cooling chamber, which normally has an oil tank .The load is lowered quickly in-
to the oil tank . After complete cooling, the charge is washed and tempered . The
last step include generally a phase of dimension-adjusting grinding to completely-
finish the parts.

2.4 CARBURIZING ATMOSPHERE

The primary function of the furnace atmosphere is to supply the needed carbon
and provide the right surface carbon content in carburized parts.The atmosphere
must have a composition that corresponds to these needs.To control the surface
carbon content, it must be possible to control the composition of the gas. This is
normally done with a separate enriching gas, a hydrocarbon, usually : propane or
methane. A ferrous base alloy held at a temperature sufficient to provide comple-
te austenitization is brought into contact with a carbonaceous environment that
consists of an endothermic carrier gas enriched with either a hydrocarbon gas or
a vaporized hydrocarbon liquid. The carrier gas is usually composed of nitrogen
(N2), carbon monoxide (CO), and hydrogen (H2). Methane (CH4) or propane
(C3HS) are the principal hydrocarbon enriching gases employed. Frequently, vapo-
rized methanol is used as the hydrocarbon source. At the temperatures typically
employed during gas carburizing (850-950 °C), the gaseous hydrocarbons break
down into CO,CO2,CH4, and H20 (g), and of these gases, CH4 is the primary
source of carbon with CO serving as the transport medium for the carbon. The
N2 and H2 gases only serve to dilute the atmoshere. A sufficient carbon poten-
tiel must be maintened throughout the process to promote absorption of carbon at
the steel - atmosphere interface. The carbon potentiel is controlled by the proper
chemical balances between CO and CO2 and H2 and H2O, by the carburizing
temperature, and by the solubility of carbon in the austenite .As carbon is absor-
bed by the steel, a carbon concentration gradient is established between the surfa-
ce and the interior of the steel and carbon atoms diffuse , by way of an intersti-
tial mechanism, down this composition gradient according to Fick's second law
for diffusion in one dimension. As the carbon atoms diffuse down the established
carbon gradient, a carburized. case is developed. The depth of this case is a func-
tion of temperature, time and steel grade . Carbon absorption at the steel-atmo-
sphere interface is a critical process.A number of factors can exert a significant
influence on the carbon absorption process during gas carburizing.

The main constituents present in the furnace atmosphere are CO,N2,H2,CO2,H20
and CH4 gases. Carbon monoxide gas is the most active of these six atmosphere
constituents, and is directly responsible for the transfer of carbon from the atmo-
sphere to the austenite at the steel-atmosphere interface.The transfer of carbon
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can occur as a direct result of the interaction of CO with iron or as a result of
the interaction of CO and H2 at the interface. These reactions are described by
the following reversible reactions :

200() S C+ CO2 ()
CO (g) + H2 (g) =——> C + H20 (g)

"C" is carbon in solid solution in the austenite .

If these reactions are correctly balanced so that the reactions proceed to the right,
then carburization will occur . However, both CO2 and H20 are strong decarburi-
zers, and excessive amounts of these two phases will cause these reactions to
proceed to the left.

Typical carburizing atmosphere are endothermic gas (blend of : CO,H2,N2 and with
smaller amounts : CO2,H20,CH4) produced in a generator , and endogas formed
from a nitrogen-methanol blend . More recently , vacuum carburizing process used
only a partial pressure of a pure hydrocarbon gas, such as : propan , that is disso-
cied at low pressure (4).

2.5 MECHANICAL APPLICATIONS

The typical carburized component is equivalent to a "composite material”, with a
high hardness in the case on a lower carbon base, that is lower in hardness but
higher in toughness.

The carbon-rich case, useful for its wear resistance, also interacts with the low
carbon core during quenching to generate favorable compressive residual stress
which enhance the load carrying ability of the "composite".

The microstructural gradient and the residual stress profile define the fatigue and
fracture properties of carburized components. Maximum performance in a carburi-
zed part is achieved when the as-quenched microstructure in the case comprises
only martensite and retained austenite, and the microstructure in the core compri-
ses only martensite and/or bainite.

It is know that martensitic structures (and / or bainite in the core ) are required
for optimal performance of gears. To resist gear fatigue failure due to cyclic
bending stresses at the root fillet, the optimum case structure must be a mixture
of high carbon martensite and austenite with enough martensite to assure a hard-
ness of at least 57 Rockwell C.

A major benefit of carburizing is the introduction of compressive residual stresses
into the surfaces of carburized parts. These stresses counteract applied tensile
stresses and therefore improve bending fatigue performance.

Generally, the compressive stresses reach a maximum at some distance from the
surface, and gradually decrease.

Carburizing is used for a wide range of mechanical components : transmission
parts, car engine components, roller and ball bearings , gears , wear parts, fatigue
stressed parts such as shafts .

3.PLASMA NITRIDING OF STEELS
3. 1. HISTORIC

The origins of the plasma thermochemical process lie in the patents filed by the
Swiss engineer Bernard Berghaus in the 1930s . However the development of
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plant for general commercial use was extremely slow .In europe, over the period
1957 to 1967 , the technology is introduce in several companies for industrial ex-
ploitation . Actually , we can count between more than 1300 - 1600 ion nitriding
equipments worldwide .

3.2. DEFINITION

Plasma nitriding is a method of surface hardening using glow discharge technolo-
gy to create firstly atomic nitrogen by direct ionic dissociation of molecular nitro-
gen and secondly to introduce atomic nitrogen, by diffusion mechanism, to the
surface of a heated metal parts (5) .

3.3. PROCESS PRINCIPLE

The components to be nitrided are introduced in a vacuum chamber and these
parts are made the cathode of an electrical circuit and subjected to a glow dis-
charge generated by applying a critical voltage at a pressure of 1 - 10 mbar in an
atmosphere of hydrogen and nitrogen. Some exemples of glow discharges applied
on mechanical parts are shown in figures:11,12.

The applied electric field ionises the gas mixture causing nitrogen ions to bom-
bard the component surfaces so generating heat flux and the active nitrogen diffu-
ses into the steel surface . The temperature of the parts can be controlled by ad-
justments to the applied voltage and gas pressure or by using auxiliary radiant
heating system. While the gas composition can be adjusted by mass flowmeter to
control precisely the nitriding potentiel in order to obtain the desired nitriding
configuration ( compound layer types , diffusion layer ).

3.4 METALLURGICAL ASPECTS

In this process, only nitrogen (plasma nitriding) or both nitrogen and carbon ( plas-
ma nitrocarburising ) are introduced into the surface of steel , by diffusion mecha-
nism , at temperatures in the range 500 - 570 °C from the plasma applied on the
components. High surface hardness are achieved after gas cooling (figure 9) .
The process is carried out at a temperature below the eutectoid temperature ( fer-
ritic domain ) and involves the formation of hard , wear resistant iron-alloy nitrogen
compounds , therefore the steels do not require quenching to achieve full hardness .
The majority of the steels which are nitrided contain combinations of aluminium,
chromium , molybdenum and vanadium .

An exemple of such steel contains:0.4 % C,1.8% Cr, 1% Al, 0.25 % Mo
(Afnor : 40CAD6.12 ). We can obtain with this steel a very high surface hardness
level : about 1100 HV. For another types of steels the hardness is 300-500 HV for
carbon steels ( XC10-XC45 ), 500 - 900 HV for alloy steels (42CD4 - 30NCDS), 300-
600 HV for cast iron , 900-1100 HV for nitrided steels ( 30CD12 - 40CAD6.12) cold
and hot working steels (ZA0OCDV5 - Z160CDV12) , 1000-1100 HV for tool steels,
900-1200 HV for stainless steels ( Z20C13-Z6CN18.9-Z35CD17) .

These nitrided steels must be austenitised, quenched and tempered at a high tem-
perature, usually 900-950 °C, to produce a fully stabilised tempered martensitic
structure , prior to nidriding cycle .

Nitriding involves the formation of alloy nitrides at the surface of the steel. Any
steel with nitride-forming elements like chromium or aluminium can be nitrided
but the response differs according to the composition of the steel .

Generally, the case hardness increases as the alloying element content increases,
though the case depth becomes more shallow and there is an abrupt transition to
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the substrate . For instance, Chromium- rich stainless steels can be most effective-
ly plasma nitrided . But it must be remenbered that nitriding a stainless steel can
greatly impair its corrosion resistance . The case structure of a nitrided steel may
include a nitrogen diffusion zone with or without a compound layer ( Fig. 10 ) de-
pending on the type and concentration of alloying elements , temperature, and ni-
trogen potentiel .The diffusion zone of a nitrided case is composed of the original
core microstructure (martensite ) with some solid solution and fine precipitation
strengthening .Hard metallic nitride precipitates are formed with alloying elements
in the base material ( Cr ,Va, Al, Si, Mo ). The depth of the diffusion zone de-
pends on the nitrogen concentration gradient , time - temperature and steel type.The
compound layer can be composed of one or two iron nitrides : Fe4N ( gamma
prime nitride) or Fe2-3N (epsilon nitride). Because carbon in the material aids epsi-
lon formation , methane is added to the treatment gas when an epsilon layer is
desired . Because the nitriding potentiel can be very precisely controlled by the
regulation of the nitrogen content in the gas mixture , it should be possible to se-
lect a monophase layer of Fe4N or Fe2-3N,or to prevent the white layer forma-
tion in order to favouronly the diffusion layer formation .The epsilon layer is ge-
nerally used for wear, friction and fatigue applications without shock, excessive
load or localized stresses . The diffusion zone holds the nitrided case in compres-
sion and then increases the surface harness and the endurance limit of the part
(figure 9) .

3.5. EQUIPMENT

A plasma nitriding system is shown in Figurel3. The parts to treated are cleaned
by vapor degreasing ,loaded into the vacuum chamber .The pressureis reduced to
a level of 0,01 to0,1 mbar. The load is heated by the glow discharge itself or
by a combination of plasma and auxiliary heating to reach the nitriding tempera-
ture, which is usually in the range 400 to 570 °C . Auxiliary radiant heating can
be used as aconvective heating to increase the heating speed, and is able to heat
large workloads, including different size. Since the load is heated to desired tem-
perature , gas mixture is admitted in the vessel and pressure is regulated in the 1 to
8 mbar range. After these steps, a high negative potentiel is applied on the parts by
using a high-frequency pulsed plasma power supply . The unit is fully computer
controlled for the full floor-to-floor process cycle . After the ionic treatment, the
load is cooled by nitrogen circulation or use of an heat exchanger to extract fas-
ter the heat.

3.6.INDUSTRIAL APPLICATIONS

Plasma nitriding is a technique that has been used for the surface hardening of
both ferrous and non-ferrous components on an industrial mass-production basis
for over twenty years.Used primarily to enhance surface wear- resistance, ion ni-
triding can be used as a direct replacement for conventional gas and salt-bath ni-
triding treatments .

A large variety of production tooling such as stamping and forming dies hot for-
ging dies, aluminium extrusion dies, ejectors for plastic molds , screws for plastic
extrusion, are routinely plasma nitrided to produce wear resistant case layers that
help increase the performance and life time of the tool . An increasing number of
engineered components including : gears, valves, crankshafts, hydraulic parts , cams-
hafts, sintered parts, are also now being plasma nitrided on a large volume pro-
duction level ( see: Figures 12, 13).

In summary, the overall application range of plasma nitriding is very wide and
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concerns all the parts submitted to wear, friction, adhesion, abrasion, to prevent
galling, metal pick-up and to improve wear and fatigue strength .

3.7. ADVANTAGES

Plasma nitriding offers many advantages over other nitriding processes and is a
technique producing uniform surface hardening of a variety of components . The
main advantages are :

- improved control of case thickness

- ability to select the compound layer type or to prevent white layer formation
- no environmental hazard compared to conventional process

- ability to automate the system

- shorter cycle time

- reduced energy consumption

- ability to use mechanical masking

- flexibility and reliability

- posibility to nitride stainless steels, titanium alloys (2), stellite

- possibility to use lower nitriding temperature and to limit distortion .

(finished machined components can be processed without the risk of distortion )

4. BORIDING OF STEELS
4.1. DEFINITION

Boriding , is a thermochemical surface treatment, whereby boron is diffused into,
and combines with , the substrate material forming a single or double phase metal
boride layer at the surface . Unlike many other surface treatments , hard boride
layers can be developed on most alloys and metals by diffusion boron (6).

4.2. PROCESS PRINCIPLE

All boriding treatments are carried out at 700-1000 ° C, usually for several hours,
producing hard layers about 30-180 microns thick .

Unlike carburizing treatment on ferrous materials , where there is a gradual de-
crease in composition from the carbon-rich surface to the substrate, the boriding
of ferrous materials results in the formation of either a single-phase or double-
phase layer of borides with definite composition (figure 8) .

The phase equilibrium diagram of the binary system iron-boron according to
Hansen, shows the existence of two iron borides : Fe2B with 8,83 wt % boron
and FeB with 16,23 wt % boron . The formation of either a single or double
phase depends onthe availability of boron . The formation of a single Fe2B pha-
se, with a sawtooth morphology due to preferred diffusion direction ,is more de-
sirable than a double-phase layer with FeB. The boron-rich FeB phase is conside-
red undesirable , because FeB is more brittle than Fe2B . Therefore , the FeB pha-
se should be avoided or minimized in the boride layer.

The boriding process consists of two types of reaction . The first reaction takes
place between the boronizing agents and the part surface .The nucleation rate of
the particles at the surface is a function of the boriding time and temperature .This
produces a thin, compact boride layer .The second reaction is diffusion controlled.
The total thickness of the boride layer growth at a given temperature can be cal-
culated by the formula : d= k square root of t, where d is the boride layer thick-
ness in cm, k is a constant, depending on the temperature,and ¢ is the time in
sec at a given temperature .
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Industrial boriding can be carried out on most ferrous materials such as case-har-
dened, tempered, tool and stainless steels , cast steels, gray and ductile cast irons,
sintered steel . As the alloying element and /or carbon content of the substrate
steel is increased, the formation of a sawtooth configuration in the interface is
suppressed , and for high-alloy steels a smooth interface is formed . The sawtooth
configuration of the boride is dominant with unalloyed low-carbon steels, and
low-alloy steels . Alloying elements retard the boride layer growth caused by for-
mation of a diffusion barrier . During boriding , carbon is diffused away from the
boride layer to the matrix and can form boro-cementite .Like carbon, silicon and
aluminium are not soluble in the boride layer and are unfavourable for boriding .
Chromium steels improve the formation of boron-rich layer , decrease the boride
depth and give a smooth coating / interface .

Borided parts can be quench hardened in air, surpressed gas, oil and salt bath.
Heating to the hardening temperature should be carried out in an oxygen-free
protective atmosphere .

4.4 BORIDING TECHNIQUES

There are different boriding techniques : solid phase boriding like pack boriding
and paste boriding , liquid phase boriding , gaseous phase boriding , plasma phase
boriding .

4.4.1. Pack boriding .The technique involves packing the parts in a boriding
powder mixture contained in a heat-resistant steel box . Powders contain boron
carbide (B4C) , the main source of boron, together with SiC or A1203 which act
as inert diluents, and an activator compound such as KBF4 .

4.4.2 .Paste boriding .This process is used when pack boriding is difficult or more
expensive . A paste of 45% B4C and 55% cryolite or conventionnal boronizing
powder mixture in a binding agent is brushed or sprayed over the parts to form
a coating of 1to 2 mm thick . Subsequently , the steel parts are heated at 900 °C
to 1000 °C inductively, resistively orin a conventional furnace in a protective at-
mosphere (N2, NH3, Ar). This process is very useful in the case of large parts or
for those requiring localized boriding .

4.4.3 . Liquid boriding . Liquid boriding is grouped into electroless and electroly-
tic salt bath processes . Electroless method is carried out in a borax-based melt at
900-950 °C to which about 30 % B4C is added. Another salt bath composition
can be used.In electrolytic salt bath boriding, the metallic part acting as the ca-
thode and a graphite anode are immersed in the electrolytic molten borax at
950°C. The fused salt bath decomposes into boric acid (B203), and sodium ions
react with boric acid to liberate boron . These processes have several disadvan-
tages: difficulties to remove the excess salt, quality of the salt, environment .

4.4.4 . Plasma boriding. Mixtures of B2H6-H2 or BCI3-H2-Ar may be used in
plasma boriding. The control of composition and depth of the borided layer is
possible , but the use of a very toxic gas and the difficulties to obtain good
layer uniformity limit the diffusion of this technology .

4.5 . INDUSTRIAL APPLICATIONS

Borided parts have been used in a wide variety of industrial applications . The
high hardness of borided materials makes them suited to resisting wear, particu-
larly to that caused by abrasive particles. The wear resistance performances are
obtained when contact stresses are minimized. The hardness of boride layers on
iron materials is about 1800 to 2100 HV and higher for alloyed alloys .
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Parts used in sliding wear situations have had their service life increased .
Industrial applications include: extrusion screws , cylinders , textile nozzles, pun-
ching dies , stamping dies, molds for plastic and ceramic, die-casting molds, pres-
sing rollers, mandrels, hot forming dies . . . Borided steel parts have been used for
molten nonferrous metals (Al, Zn,Sn) . Boriding can increase the resistance of low-
alloy steel to acids . Borided austenitic steels are resistant to HCl acid. Large sca-
le boriding was applied , on small drive gears for oil pump in a Volkswagen
diesel engine, to increase resistance to adhesive wear.

5. CONCLUSION

Surface hardening processes such as carburizing , nitriding and boriding are used
in a wide variety of industrial applications to mainly improve the wear resistance
of steel parts.In most cases, the three different thermochemical methods descri-
bed in this paper, can resolve et satisfy the mechanical engineering demands . De-
pending of the application type of the mechanical part and its environmental fac-
tors, adequate materials and surface treatments should be selected. The wide range
of available surface hardening methods and their performances can provide me-
chanical, tribological and environment-compatible surfaces for a given application.
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Figure 6. View of a gear load
on its fixture before introduc-
tion in the gas carburizing
furnace .

Figure 7. View of a gas carburi-
zing batch furnace and helicoidal
gears load .

Figure 8. Boride layer on
ahigh carbon steel develo-
ped after pack boriding :
exterior layer FeB, interior
layer Fe2B .
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Figure 12. View of cutting tools and screw for plastic injection machine during
plasma nitriding cycle .

Figure 13 . Views of a pulsed plasma nitriding unit with auxillary heating sys-
tem and double load-fixturing (on the left ), load of gears plasma nitrided (on the
right ).
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ION IMPLANTATION FOR SURFACE ENGINEERING
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ABSTRACT. Low energy accelerators are used widely for the modification of materials
and in research on material properties. The ion implantation of semiconductors becomes
an industrial application of major importance. The ion implantation technique has steadely
been extended to the intire range of materials including metals, ceramics, glasses and
polymers.. This paper considers a number of areas in which ion beams are now applied,
such as microelectronics, metallurgy, corrosion science,optics.

1. Introduction

The ion implantation provides one method of introducing chosen atomic species into a
material by direct ion bombardment. The incident ions come to stop in the bombarded
material as a result of losing energy during collision with substrate atoms. The rsulting
depth-concentration profile of implanted atoms can be calculated for most projectile-target
combinations from well-established theoretical models.
During the slowing-down process, the incident ions transfer a significant amount of
energy to the substrate resulting in the displacement of target atoms. As a consequence,
there is a probability of atom ejection (sputtering) from the target surface and an
equilibrium condition may be reached, where as many atoms are removed by sputtering as
are replenished by implantation. In such conditions, the depth distribution of implanted
atoms presents a maximum at the surface and falls off over a distance comparable to the
initial range.
The important feature of ion implantation technique is that it allows the controlled
introduction of almost any additive, albeit to a limited depth, without the necessity of
elevated temperatures. The injection proceeds irrespective of the normal constraints of
solid solubility or diffusivities.

An important attribute of ion implantation is that it is a violent process in which a
considerable lattice disorder is introduced and the atoms of the bombarded material may
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be displaced many times over. The implanted atoms will often associate with or segregate
to the produced defects and these complexes influence the material properties.
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Figure 1. The projected range (R) and the range straggling (AR) as a function of
implantation energy for nitrogen in iron.

Ton implantation has now been extended to the entire range of solid materials, for the
modification and study of such different chemico-physical characteristics as corrosion,
wear, catalytic properties, magnetic behaviour and optical properties.

Another approach has received much attention over recent years, and is generally
described as ion beam mixing. If a thin (about 100 nm) coating is bombarded with
energetic ions wich pass through into the substrate it is possible to bring about a
progressive intermixing in which the atoms are transported either by rapid collisional
effects or by various mechanisms of radiation enhanced diffusion. The end result is a
non-equilibrium state wich resembles in many ways that produced by direct ion
implantation. In many experimental situation ion-mixing technique ovrpass the
concentration limits, observed in ion implantation process. At the initial stage of mixing
process it is observed that there can be a considerable increase in thin coating adhesion
and the particular physico-chemical effects that account for this are the subject of some
interesting research.

Higher ion energies are used in material research in order to induce a controlled
amount of near-surface radioactivity, in a process referred to as Thin Layer Activation
(TLA). The purpose of this is so that subsequent erosion of surface, either by wear,
sputtering or corrosion-erosion can be followed by monitoring the loss of radioactivity (or
alternatively its appearance as debris elsewhere).

The present paper will attemp to give an overall perspective of these development
in such different fields as microelectronics, metallurgical applications, medicine, corrosion
science, catalysis, optics.....
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Necessary the review is superficial and for more details the reader is referred to the
proceedings of several series of international conferences [1-4].
The advantages of ion implantation in comparison to other surface treatments, such as
coatings, are :
a) controllable addition of impurity ions,
b) ion energy control of the ion range,
¢) multi-energy implants offer a depth tailored profile,
d) small lateral spread of the implanted ions,
e) solid solubility limit can be exceeded,
f) no modifications are induced on bulk properties,
g) no significant dimensional changes are produced,
h) low temperature process,
i) no adhesion problems, since there is no a sharp interface,
1) clean vacuum process,
m) highly controllable and reproducible process
n) alloy preparation independent of diffusion coefficients,
0) allows fast screening of the changes in alloy composition, also if radiation effects may
introduce modification in the alloy behaviour,
p) self alignement of the implant with surface masks and/or contacts,
q) implantation through existing layers or surface barrier oxide.

Limitations of the ion implantation technique are related to the application to
samples having complicated reentrant surfaces, to the shallow implanted ion penetration,
also if there are several situations involving both physical and chemical properties in
which the effect of the implanted ions persists to depths far greater than the initial
implantation range, and the relatively expensive equipment and processing cost.
Implanting ions into metals or semiconductors does not have the problems of substrate
charging which occurs in insulating materials, i.e. wide band-gap materials. In the case
of metals and semiconductors attaching ground to a substrate provides a route through
which a charge to compensate the charge introduced by ion implantation can move into
the implanted material. In presence of materials with wide band-gap and consequently
resistivities > 1018 Q-cm at room temperature, charging phenonemon frequently results in
electrostatic discharges within the material. Another consequence is the growth of an
electric field which repels subsequent charges. These effects may be reduced or eliminated
if there are ions in the material with sufficient mobility to redistribute in the electric field
produced by the added charges. If the material is in contact with an electron source, if the
potential to injection is small and if the mobility of the injected charge is not too small then
the charge added by irradiation may be compensated. It is possible to implant insulating
materials, as glasses, mounting the samples on grounded metals supports. Thus the
support provides a source of electrons to compensate the positive implanted charge.
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2. Metallurgy

Ton implantation is a process by which nearly all elements can be incorporated in the near
surface regions of materials without any metallurgical constraints. The concentration and
the depth distribution can be well controlled, leading to a high degree of reproducibility in
altering chemical and physical properties of the materials. Due to these unique capabilities
for the modification of surface sensitive properties, the field of ion implantation into
metals has expanded rapidly in the last decade. Numerous systematic studies have proved
that mechanical, chemical, electrical and optical properties can be optimized for special
applications. The improvement of mechanical properties such as friction, wear, hardness,
adhesion and fatigue seems to have the greatest potential for commercial application.
Thus, on the one hand systematic studies may provide a product which is of technological
use, on the other hand, however, these studies provide insight in the relationship between
materials properties and their microscopic structure.

Channelled Rutherford Backscattering provides information about the lattice location of
implanted impurities heavier than the host. It was thus observed that normally insoluble
additives would, as implanted into metal crystals, often occupy substitutional lattice sites.
Thus molybdenum in copper can form a substitutional solid solution at concentrations of a
few atomic per cent. One view is that the presence of bombardment-induced vacancies
stabilizes the substitutional location of oversized impurities by accommodating additional
lattice mismatch. This model relies upon the fact that interstitials are much more mobile
than vacancies so that each ion trajectory will result in the production of a collision
cascade with a vacancy-rich core. The constraint on differences in electronegativity,
normally up to 15 per cent according to the Hume-Rothery rule, also proves to be relaxed
under ion implantation conditions. Vacancies, though unchanged in a metal, effectively
allow an excess of valence electrons to balance the influence of additives of low
electronegativity, such as rare earth species. The detailed consideration must take into
account the modified Fermi surface of the irradiated metal.

Beyond a critical composition the combination of lattice disorder and physico-chemical
mismatch inevitably produces a breakdown in order and the metal becomes amorphous
(by all available experimental criteria). This is a useful method of exploring 'glassy'
metals, which otherwise need to be produced by a rapid quenching from the melt, for
example as a ribbon 'splatcooled' on a rotating water-cooled cylinder. By analogy it has
been argued that the energy deposited by ion implantation creates effective local
temperatures well in excess of the melt temperature, but these "quench" in a time of less
than 10-1! seconds, so that one has ultra-rapid cooling of each thermal "spike".

Once a non-equilibrium condition has been brought about by implantation, it is useful to
observe how it relaxes, during for example a subsequent thermal annealing. For example,
molybdenum in copper migrates, during annealing experiments, towards the surface. At
the same time precipitation occurs and eventually small crystallities of molybdenum are
visible (in the SEM) on the metal surface. It is obvious that, as the vacancies anneal out
the oversized impurities will tend to segregate as a second phase, but it was evident that
the impurities stabilize the presence of vacancies and the process required temperatures of
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700-800C, not far below the melting temperature. It is well established that there is a
positive binding energy between oversized impurities and vacancies, and such complexes
can migrate as an entity. The segregation process will thus take place to available sinks
(for vacancies) such as the crystal surface. Once the vacancy is lost the impurity atom
becomes immobilized, but it is easy to picture the action of precipitates as favourable sinks
for further segregation.

Similar processes are observed during the irradiation of thin films of metals on a

surface which they do not wet, and with which there is no chemical interaction. Thus tin
and lead, deposited on aluminium and irradiated below the melting temperature undergo a
remarkable degree of lateral transport to form islands and beads as a result of segregation.
Segregation of the constituents of homogeneous alloys under ion bombardment is an
important area of research which is connected with the use of ion beams to simulate fast
neutron irradiation effects in materials for nuclear reactor construction. Redistribution
occurs througha variety of mechanisms as a result of the generation of point defects
(vacancies and interstitials) within the alloy. Some constituents may bond preferentially to
one of these defects and the complex so formed may diffuse at the temperature of
exposure (generally this is above room temperature). Alternatively there may be a
migration into the bombarded zone by a mechanism which is the inverse of the Kirkendall
effect. If an impurity atom can exchange with a neighbouring vacancy more rapidly than
the other nearby host atoms do so, then there will be a tendency for these impurities to
drift into the region with the maximum vacancy concentration. Both types of mechanism
have been observed in nickel alloys irradiated with nickel ions at S00C: manganese
migrates towards the damaged zone by the inverse Kirkendall procss while silicon
migrates away from this zone, probably in the form of a complex with nickel interstitials.
These segregation phenomena are connected with the process referred to as ion beam
mixing. Relocation of atoms by single or multiple collisions bring about a progressive
intermixing by a rapid non-thermal mechanism. At higher temperatures, when point
defects are mobile, the various forms of enhanced diffusion can occur and this can
augment the degree of mixing. These effects may be useful as an alternative to direct ion
implantation, because mixing of a deposited coating can be induced by easily generated
beams of gaseous species and this avoids the necessity for intense beams of metallic ions.
Thus, ion beam mixed tin has proved to be just as effective as implanted tin in iron and
steel for the improvement of wear resistance.
The accelerator requirements in the metallurgical field are significantly different from those
in semiconductor device fabrication. Firstly, the variety of ion species is much wider and
in general the ion currents are moderately large despite the fact that areas to be treated are
relatively small. The simulation of radiation damage may call for very long exposures,
particularly if dynamic properties such as creep are to be investigated.

3 Tribology

Tribology is the study of the processes of friction and wear of materials and its
applications are aimed primarily at the reduction of wear in metals.
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The first investigations of the effect of ion implantation on friction and wear were
commenced at Harwell about 1970. Success was quickly achieved following ion
implantation of steel with nitrogen or carbon, chosen on the basis of the effectiveness of
the diffusive treatments, nitriding or carburising. If some 10 to 30 atomic per cent of these
additives are introduced, the wear resistance, as measured by pin-on-disc tests, is
frequently reduced by factors of 100, dependent upon the pre-treatment of the steel.
Microhardness measurements also show substantial increases as a result of the
implantation treatment.

In Figure 2 we show the weight loss after a dry sliding wear test . The measurements
were performed by Mettler balance with a sensitivity of 10-5 g.
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Figure 2. Weight loss of type 38NCD4 steel as a function of the dry sliding wear time, for
high dose 30-keV nitrogen implantation and for unimplanted samples.

This process is believed to act by a combination of solid solution strengthening, in which
implanted interstitial species pin dislocations, and dispersion hardening, in which a fine
dispersion of hard nitrides (such as CrN in alloy steel) serve to harden the matrix. This
corresponds well with the classical understanding of alloy hardening, but what is still
debatable are the causes of the persistence of the effect, long after the initial layer of
nitrogen-implanted metal has been worn away. One view is that interstitial atoms can
migrate, in association with stress induced dislocations, and so be driven forward as wear
proceeds. Others challenge the evidence on which this is based and consider that the
implanted nitrogen may modify the initial mechanism of wear so that a mild, oxidative
wear regime is initiated, which can persist.

Other species besides the light interstitial atoms also convey benefits in wear resistance:
titanium, tin, yttrium and tantalum have been shown to improve the wear properties of
steel. Implanted titanium reacts with carbon in the steel to produce a fine dispersion of
TiC, while yttrium improves the retention of a protective oxide film. Tin may act by
forming a hard oxide or by the production of iron-tin intermetallic particles.

The practical applications of ion implantation for wear resistance have been mainly in tools
such as moulds, dies, punches, mill rolls and press tools. The advantages are that there is
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only a moderate temperature rise during treatment, and so no distortion.are not introduced
The process brings about no dimensional changes and retains the full polish. Probably the
most successful area of application has been to precision tools subjected to abrasive wear
in the moulding of filled plastics. Often these are extended in life by a factor of ten.
Nitrogen implantation has not been successful for cutting tools which operate at high
temperatures (> 500 C) such as drills or cutting tool inserts. This may be because the
nitrogen diffuses away, or the implanted layer is consumed by the growth of oxide.
Implanted yttrium is, however, effective at 1000C .

Cobalt-cemented tungsten carbide is an important composite material used for long-life
tools, and here again nitrogen implantation has sometimes given useful increases in life.
The benefits are less reproducible than in steel, however, and it has been shown that a
high temperature (300-400 C) during implantation leads to a greater hardness and wear
resistance. This implies that the implanted atoms must be capable of migrating to associate
with defects of some kind. Depending upon the grade of carbide there may be different
degrees of improvement, and tentatively it appears that the greatest benefit occurs in the
softer carbides. Successful practical applications have been made in punches, wire-
drawing dies, knives and drills for printed circuit board manufacture.

Titanium alloys are light, have good tensile strength and are extremely resistant to
corrosion. They are therefore favoured for a variety of advanced components, such as
surgical prostheses (artificial joints). However, the wear resistance of titanium alloys is
relatively poor by comparison with that of cast Co-Cr-Mo alloy. Ion implantation of
nitrogen has proved to be a highly successful means of improving the wear resistance of
titanium and its alloys, and the mechanism is almost certainly due to the production of a
fine dispersion of hard titanium nitride within the metal. The surface retains its excellent
corrosion resistance and yet, in tests against high molecular weight polyethylene, the wear
rate is reduced by over 400 times.

The wear mechanism in this case is believed to be abrasive, as a result of particles of hard
oxide debris which become embedded in the plastic. The useful life of artifical joints
should be increased significantly because a known mode of degradation is the irritation
and bacteriological infection which comes about as a consequence of wear debris in the
joint.

This area of medical implants is advancing more quickly than some of the other
applications, such as tooling. This is because ion implantation appears to be the only
surface modification technique which can succssfully harden this alloy's surface without
comprimising surface finish, dimensionality or cosmetic appearance. In addition there is
not the concern of delamination that there would be for conventional coatings and the
implanted nitrogen is accepted as being benign within the human body.

Ion accelerators are useful nowadays in quantifying wear rates by the technique of
thin layer activation, which was applied to the prosthetic materials in the example above.
The technique consists of bombarding the material with energetic charged particles chosen
to induce a nuclear reaction in one of the alloy constituents. Preferably the nuclei produced
by this activation give rise to a penetrating form of decay radiation, such as gamma rays:
absorption within the test equipment is thereby minimised. Wear is determined either by
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the loss of radioactivity in the component or by the accumulation of active debris on a
filter or within the lubricant. The thin layer activation method is being used on a growing
scale for the evaluation of lubricants, or for the testing of surface treatments. It is not
confined to metals since almost any material can be activated by a suitably chosen beam.
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Figure 3. Wear diagrams of UHMWPE annuli sliding against 175 keV-nitrogen implanted
Ti6Al4V discs. (+) dose 61017 ions/cmZ2, 500C; (*) 61017 jons/cm2, 200C.; ([])
12:1017 jons/em2, 500C; (A) 12-1017 jons/cm?2, 200C

Diamond is, of course, the hardest known substance and its wear rate is very
small. There is controversy about whether the mechanism of wear resembles that in metals
or softer ceramics, involving the generation and entanglement of dislocations, or whether
the erosion process is often more chemical in nature, involving the stripping of atoms
from the surface. Undoubtedly, in contact with ferrous materials there is a physico-
chemical interaction which destroys diamond rapidly. Ion implantation has been used
successfully to improve the wear resistance of diamond tools of various kinds.Relatively
light doses of nitrogen (< 1015 ions/cm?2) will extend the life of cutting tools used for
machining acrylic resin, and of wire-drawing dies, used for copper wire manufacture.
Diamond microtome knives, used extensively for the preparation of microscope
specimens, are improved in life very significantly by the same treatment. It is not clearly
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known how the implanted nitrogen acts, or indeed whether it could be said to harden the
diamond. Instead, it could amount to some form of toughening. Nitrogen is believed to
associate with carbon vacancies in diamond, and may interact with dislocations.

Other ceramics such as alumina have successfully been hardened by the ion
implantation of additives such as chromium or zirconium which are known to be effective
when added by other means. Even greater benefits are achieved at a comparable additive
concentration if implantation is used, possibly because of the more uniform dispersion of
the minor constituent. High fluence implantation into sapphire results in a decrease of
hardness, correlated with the amorphization of the sample. At lower fluence, below the
amorphization threshold, the substrate remains crystalline but the implantation damage
induces high residual compressive stresses which improve resistance to crack
propagation. Whatever the fluence, many parameters play a role in these modifications of
mechanical properties in particular the temperature during the irradiation, the orientation of
the lattice, the kind of incident ions. Titanium implants in silicon nitride increase the wear
resistance of some order of magnitude.

4) Corrosion technology

In terms of cost to national budgets corrosion ranks with wear in representing a huge
annual waste of materials and energy. It is a particularly dangerous form of degradation
because it is less readily predictable and accounted than for the wear. It is also probably
even more complex, being compounded with mechanical factors such as stress, wear and
fatigue in practical situations.

The science of corrosion is divided according to whether the attack takes place in a
gaseous environment or in a liquid (such as water) which allows an electrochemical circuit
between different parts of the exposed surface (galvanic corrosion). During oxidation at
high temperatures there is appreciable migration of cations and anions within the corrosion
film, while loss of material from the surface occurs primarily in spalling or decohesion as
a result of thermal mis-match. During aqueous corrosion there is likely to be a continual
dissolution of the surface and stress effects occur in crevices or confined spaces.

Ion implantation provides a controllable and versatile means of altering surface
composition and thereby examining the influence of different additives on corrosion.
Since the material is introduced in a well-defined and shallow layer it is possible by
subsequent analysis (often itself carried out using ion beams) to follow the movement or
loss of additive. Unlike conventional alloying, implantation does not bring about
variations in the grain size, but it is always necessary to recognise that it introduces a
considerable amount of lattice damage. In metals this generally takes the form of a
dislocation entanglement similar to that induced by cold working.

A systematic exploration of the effects of ion implantation on aqueous corrosion and
electrochemical behaviour is reported.in literature . In general the results match closely
those obtained with alloys containing an equivalent concentration of additive, e.g.
chromium in iron, and the conclusions are that the ion bombardment itself has relatively
minor consequences. Implanted molybdenum conveys the same resistance to pitting
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corrosion in stainless steel as it does when alloyed, and it was possible to show that this
property of molybdenum also manifests itself following implantation into aluminium.
However, one must recognize that ion implanted layers are extrelmely thin and may be
bridged by even small second-phase inclusions in an alloy surface. During corrosion these
may form pits and provide a source of galvanic attack. Where there is a catalytic effect of
additives (such as platinum) the implanted material may be more active than its alloyed
equivalent, perhaps as a consequence of the nonequilibrium state of the surface.

The practical application of ion implantation as a means of protection against aqueous
corrosion is limited by the high cost of treating significant areas. It is being used,
however, in cases of atmospheric corrosion. Ball bearings for naval aircraft often soffer
from pitting corrosion in a marine atmosphere, and ion implantation of chromium has
been shown to eliminate the problem. Other specialized applications in costly systems will
probably be found.

The situation is more favourable in high temperature corrosion. There is no dissolution,
nor galvanic processes, and the mechanisms of redistribution as the corrosion film grows
can transport implanted material to greater depths. At first, exploratory surveys were
carried out using many different ion species to compare their effects under given oxidation
conditions. It was thus possible to show that titanium and zirconium, though
metallurgically similar, have oxides which are sufficiently different that there is no
correlation between additive effects. The protectiveness of ZrO3 is governed primarily by
stress, while oxygen transport dominates the oxidation of titanium. The trend has been to
study the effect of a limited number of ion implanted additives in much greater detail,
using sophisticated microscopic and analytical techniques. A good example has been the
work on Ni-20%Cr. Implanted yttrium or cerium have dramatic effects on oxidation rate
and oxide adherence in this, and other chromia-forming alloys. The implanted atoms are
rapidly consumed in a Cr203 film where they form minute second-phase oxide
precipitates, uniformly distributed. They do not, as was earlier inferred, segregate at oxide
grain boundaries and so hamper chromium out-diffusion. The oxide grain size is about
four times smaller than in unimplanted alloy, and so the number of grain boundaries is
increased. There is evidence that oxygen migration inwards dominates, and there are no
voids at the metal-oxide interface. It is possible that the structure of the oxide grain
boundaries has been modified. So far the value of ion implantation has been to allow tests
which lead to a rejection of most explanations of the "rare earth effect".

5. Microelectronics

The success of ion implantation as a method of fabricating microelectronic devices has
produced a very powerful driving-force in the development of sophisticated accelerators,
wafer handling systems etc. The advantages of ion implantation over the previously used
diffusion methods lie in its precision and reproducibility, combined with the versatility of
an ion implanter, which can be applied to different processing steps required for device
manufacture. It has for some years been possible to achieve an uniformity of implantation
over 10 cm diameter wafers of approximately 1 per cent, and a reproducibility over many
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months which approaches this precision. As the chip size increases (though device size
decreases) the requirements for high yield grow more demanding and the prospects for
wafer scale integration involving very large chips make it essential to avoid non-
uniformities arising from the beam sweeping (mechanical or electrical) system used.
Research has been devoted to way of improving the mechanical manipulation of larger
and larger wafers (20 cm diameter silicon is being produced in Japan) and to the problems
of electrostatic sweeping of high intensity beams, in which space charge neutralisation
between ions and electrons must be maintained. Ion source development is being spurred
by the need for large currents of boron, the most widely used acceptor species.

High doses of oxygen (or in some cases nitrogen) ions are implanted into silicon wafers
in order to produce a buried layer of silicon oxide (or nitride) dielectric for the isolation of
devices. As CMOS circuits progressively shrink in size there is the risk of coupling
between them and the so-called latch-up problem. Dielectric isolation is the most effective
means of eliminating this, besides simplifying some CMOS processing steps. Bearing in
mind that CMOS circuits are the key devices in major development initiatives it is clear
that considerable effort is being directed at new fabrication methods. For economic
reasons the ion beam intensities for oxygen implantation to doses of 2x1018 jons/cm?
must be about 100 mA, at energies around 200 keV. The dissipation of this 20 kW of
power is a difficult problem and ingenious methods of wafer cooling are explored. There
is a very pressing commercial demand for accelerators which can meet the specification
because it is conceivable that most future silicon CMOS circuits could be manufactured on
implanted starting material.

Application of relatively high energy ions, at 2-5 MeV, is also now in progress in order to
bury dopant ions much more deeply in certain silicon circuits, and this greater penetration
is useful also in gallium arsenide and other compound semiconductors. By diffusion, of
course, it is impossible to produce a buried concentration.

Because the implantation process is a violent one, heavily implanted silicon becomes
amorphous. In the high dose implantation of oxygen (or nitrogen) the implantation is
carried out at temperatures of abeut 500 C so that a continuous annealing takes place, and
the silicon lying above the buried SiO7 layer remains crystalline. Its crystallinity can best
be verified by channelled RBS measurements, which are also used to demonstrate that the
full oxide stoichiometry is achieved throughout an adequate thickness.

In most other cases of implantation into silicon the annealing to restore crystallinity and
carrier mobility is carried out afterwards. Conventionally this has been done by furnace
annealing at about 900°C, but increasingly rapid thermal annealing (RTA) is preferred
because it can lead to less diffusive redistribution of implanted dopants. As the scale of
devices shrinks this degree of control becomes more important. Laser annealing was for
long time explored, but much simpler methods of heating by incoherent light (quartz
halogen or xeron lamps).or by using high implantation currents (self-annealing) appear
more convenient.

Modern microelectronic circuits are vulnerable to minute defects during the process of
masking in photolithography. For this reason great pains are taken to minimise particulate
contamination on the surface of the wafer during processing. This is especially important
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during ion implantation because even sub-micron particles can stop most incident ions.
Much attention is therefore being given to the design of ion implanters so as to minimise
moving parts or sliding surfaces at which debris can be generated. The breakage of wafers
inside the accelerator must also be avoided.

The production of compound semiconductor devices presents more difficulties than in the
case of silicon. High temperatures required to induce diffusion lead to dissociation of
compounds such as GaAs, and for this reason ion implantation is preferred. However, the
accompanying radiation damage must be annealed away, and this process demands high
temperatures. Encapsulation by inert layers (such as silicon nitride) combined with rapid
annealing of the material have proved to be the most successful methods.

6. Magnetic bubbles memory devices.

Certain ferromagnetic oxide materials based upon the yttrium-iron garnets are used
increasingly as a basis for memory storage. Under applied magnetic fields ferromagnetic
domains form and one class of domain can be caused to shrink to small circular regions a
few microns in diameter. The material is transparent but the domains can be rendered
visible by the Faraday effect in polarized light, and under such viewing conditions they
resemble bubbles.

In the earlier devices these bubbles were caused to move along a superimposed pattern of
magnetic elements produced, as a rule, by deposits of permalloy. In this manner a bubble
could represent a bit of stored information, which could be manipulated magnetically and
read by suitable output sensors.

It was found, however, that certain immobile or 'hard' bubbles would often exist and
because these could not easily be collapsed would interfere with the action of the device.
Ion bombardment could be used as a simple method of eliminating hard bubbles and he
compressive stress induced in the crystal surface by bombardment would, in conjunction
with the magnetostrictive properties of the material, create a shallow region of transverse
magnetization at the surface of the film which effectively caps the bubble with a preferred
distribution of magnetization.

More recently ion implantation through a masking film, for example of photoresist, has
been used to induce a pattern of regions with an in-place magnetization (as.in permalloy
overlay films), and the bubbles are attracted to the discontinuity at the edge. The magnetic
garnet is grown as an epitaxial film which may be only 1 micron thick, on a suitable
latticematched substrate such as gadolinium gallium garnet (GGG).

The ions used for this application are generally light speeies, such as neon, oxygen etc. at
doses of about 2.1014 ¢m-2 and energies of around 100 keV. The application has,
however, stimulated continuing work on the physical mechanisms responsible for the
magnetic behaviour, and it has been suspected for several years that the simple
explanation above in terms of stress nduced anisotropy was insufficient. Thus, while the
induced stress increases linearly with ion dose the intrinsic anisotropies are suppressed by
a given dose irrespective of their initial value. Careful measurements have shown that the
disorder of the crystal structure plays a part as well as the stress generation. The
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displacement of iron and oxygen atoms in the lattice is thus held to alter the intrinsic
magnetic properties of the crystal. It is therefore possible that some anomalies observed
when a range of different reactive and non-reactive ions are used to bombard garnet films
can be due to the chemical interaction between constituent atoms, and the association
between implanted atoms and point defects.

7. Image storage in PLZT ceramics.

The transparent ceramic lead lanthanum zirconate-titanate (PLZT) has a ferroelectric phase
which can be used to store optical images by switching the material through a ferroelectric
hysteresis loop while exposed to a UV image. The stored images, while non-volatile, can
be erased or controlled electrically to provide contrast enhancement. The resolution is
good (40 lines/mm).

The photosensitivity of this material is normally very poor by comparison with the
photographic plate, but the photosensitivity has been improved by a factor up to 104 by
the implantation of rare gas ions such as Ne or Ar The effect is believed to be due to a
decrease in the dark conductivity in the near-surface region so that, under an applied
elecric field, most of the potential is dropped across this region. Photogenerated carriers
therefore have a high probability of being swept into the underlying ceramic to reorient
ferroelectric domains (now in a reduced field).

Normally, PLZT is relatively insensitive to visible light, but an enhanced performance is
reached by the ion implantation of chemically reactive species such as Al or Cr, and the
best overall characteristics were achieved by 8x 1014 Al ions/cm? at 500 keV together with
1015 Ne ions/cm2, also at 500 keV energy.

8. Glasses

The éffects of ion implantation in glasses have been extensively investigated, in
particular for mechanical, optical and ageous corrosion properties modifications [5-13]
The interaction of implanted ions with insulators results in the deposition of energy into
electronic processes (ionization and excitation) and into atomic collisional events
(Coulomb and hard-sphere interactions). The partitioning of energy into these two
categories depends on the velocity of the ion relative to that of the target electrons.
Although these interactions are common to all material classes, the utilization of electronic-
energy deposition in physical property modification has been found to be significant only
in insulators. This sensitivity is well known in the case of organic polymers.

A large number of microscopic processes are induced by ion implantation in glasses:
preferential sputtering, radiation enhanced diffusion, internal electric field formation,
electric field assisted diffusion and radiation induced segregation-

Chemical and physical transformations involved in ion implantation processes can be
classified on the basis of two aspects: a) modifications only related to energy deposition
and independent of the nature of the incident ion; b) modifications strongly dependent on
the ions, because of the formation of chemical bonds between them and target atoms. In
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the former case modifications are due to radiation induced compositional changes
occurring in the collisional cascade (radiation chemistry), while in the latter case processes
equivalent to the so-called “hot atom” chemistry induced by recoil atoms produced in
nuclear reactions or radioactive decay are involved.

The relative importance of each mechanism depends on the characteristic parameters of the
implantation processes (ion, energy, target, temperature, current density) and glass
composition and structure. Thus we expect different changes in mechanical and
tribological properties, network dilatation, induced optical absorption and luminescence,
compositional changes and modifications in chemical behaviour.

Heavy-ion implantation in alkali-silcate glasses first removes alkali ions, present in

the glass composition, from the region of the implanted-ion distribution and for higher
fluence levels removes alkali from the entire near-surface region to a depth well beyond
the ion projected range, including the straggling contribution .
The alkali depletion has been analyzed in terms of a preferential removal of alkali ions
during the implantation process, associated with a change in the alkali self-diffusion
coefficient in the damaged region [5-6]. The evaluated alkali diffusion coefficient values
are some order of magnitude higher than the thermal ones, indicating that the migration
process is related to the damage produced by implantation .

8.1 Variation of etch rate

Chemicalstability changes of silica are technologically important, considering that SiO; is
used as a passivating layer in semiconductor devices and these modifications can be used
to etch patterns onto a surface. Ion implantation technique may also be of use in the
designing inner regions with different etching properties.

Vitreous silica is the most extensively studied material. Its etch rate with dilute HF is
increased by a factor of about 5 under B and C, N, O, implantation at doses of 1012-1016
ions/cm?2. The etch rate of the implanted layer has been found to be constant along the
range of the ions and correlated to the electronic stopping power. Variation of chemical
etch rate in HF are related to radiation damage and formation of compound. A systematic
study of the etch rate changes in silica due to Ar, N, Si plus N implants has been
performed. A general feature of the etch process is characterized by an initial high etch rate
through the implant region and a subsequent decrease in the unimplanted one.[9]

For Ar implants the etch rate (0.25 nm/s) is of a factor 5 higher than the measured one in
unimplanted silica (0.05 nm/s). Such an effect is due to radiation damage, which
introduces new sites of different chemical reactivity.

In figure 4 the residual thickness as a function of etch time for 500 nm thick SiO, film/Si
samples after 100keV-Ar implants, at different doses.

The etched thickness increases linearly with etching time till a depth at which the etching
rate assumes the value observed for unimplanted samples.
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Figure 4 Etch curves in 0.5% HF solution for 100 keV Ar implanted silica glass at
different doses.

If it is assumed that the depth at which the etching rate changes corresponds to the
thickness of "damaged" region. Such a thickness is about a factor of 2 higher than the
projected ranges, Ry, and range stragglings, ARy, of the implanted ions, calculated by
using the TRIM code. These results on extention of damaged region for high implantation
fluences, by etching rate measurements, can be compared to those obtained from leaching
and alkali depletion experiments.

Implants of nitrogen in silica determines the formation of SiOxN, compounds. The
stoichiometry of SiOyNy compounds is limited by the redistribution of N during
implantation, as shown in Figure 5.

Figure 5 reports the SIMS profiles of 50 keV-nitrogen implanted in silica at different
doses. At doses higher than 5x1016 cm2 the top of nitrogen profile begins to be flat.
Further increasing the dose the nitrogen profile exhibits a long plateau which extends from
the surface up to depths much greater than the range plus straggling. The total dose
retained in the sample is reported in the inset as a function of nominal dose.

An increase of the N concentration is obtained for N implantation in Si-preimplanted
silica. The presence of silicon oxynitride compounds is expected to lower the etch rate.
Indeed in N or Si plus N implanted samples the etch rate is lower (0.15 nm/s) than the
measured one for Ar implants. Moreover the etch rate value is still higher than for
unimplanted samples due to the contribution of radiation damage,

After a annealing process (700C, 5 hours) Si plus N implanted samples present a very
low etch rate value(0.03 nm/s ), as a consequence of radiation damage annealing and the
presence of a stable SiOxNy compound
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The compound formation and the evolution as function of a subsequent implant or
annealing process has been studied by using X-Ray Electron Spectroscopy [3]
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Figure 5. SIMS depth profiles of 50-keV nitrogen implanted in silica at different doses.
The inset shows the retained nitrogen dose as a function of nominal dose.

8.2. Variation of hydration rate

The research activity in the field of ion bombardment effects on glass hydration has been
determined from technological applications such as the durability of nuclear glasses and
the potential of incorporated hydrogen as a means to decorate ion-induced defects. Ion-
induced hydration of silica has been investigated with a wide variety of ions [12].

Figure.6 shows the hydrogen profiles in vitreous silica implanted with two doses
of 207 keV Pb ions and leached in 100C water for increasing times. For the highest dose
(1015/cm?2) and long leach times the flat H profiles extend to a depth of about 1500 A
which has to be compared to the Pb projected range of 600 A. The occurrence of a critical
fluence which is one order of magnitude higher than that measured for matrix destruction
is evident. This peculiarity was then reported for more complex silicate glasses .
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Figure 6. Hydrogen profiles, measured by using nuclear techniques, in vitreous silica
after 207 keV-Pb implant at two doses and leaching in 100C water for increasing times.

Some hypotheses have been proposed for explaining this aspect: (i) the defects,
produced locally, are mobile and propagate long distance; (ii) ion implantation induces a
stress field penetrating further into the glass. The first mechanism has also been assumed
to explain the Na-depletion in implanted soda-lime glasses. The thickness of the depleted
layer is greater than the range of the implanted ions and is a function of the deposited
energy. A redistribution of implanted gaseous elements, for high fluences, is also
observed at depths greater than the projected range plus straggling values. At lower
fluences the depth profiles follow the calculated distribution (using TRIM code).(see
Figure 5).

The hydration process was interpreted as follows: hydrogen, in an unspecified
form H+, H30%, H,O, penetrates the material at an enhanced diffusion rate because of the
heavily damaged structure and reacts with a chemically reactive defect, possibly a non-
bridging oxygen, thus decorating the defect distribution. Such a model is supported by
the results of post-leaching thermal annealing experiments.

8.3 Mechanical property modifications

Ion implantation induces volumetric changes, as a consequence of defect production, and
concomitant surface stress, hardness and refractive index modifications [11].

For most simple silicate glasses, implantation results in compaction within the implanted
region. This might be expected a priori on the basis of the large specific volume and open

www.manaraa.com



100

structure of the glassy state relative to that of its crystalline counterpart. On the contrary,
crystalline materials generally expand due to lattice displacements.

The dilatation of the implanted surface also results in a lateral stress which can be tensile,
due to compaction, or compressive, due to expansion in the implanted layer.

The compaction in simple silicate glasses is justifiable in terms of SiOy tetrahedra rotation
into the adjacent voids, when bonds are broken.

When H-impregnated silica is irradiated, the hydrogen reacts with the broken bonds to
form Si-OH and Si-H. The presence of H does not allow densification; instead, the
network relaxes after bond-breaking and a net expansion results.

The addition of network modifiers, such as NapO, produces similar results.

8.4 Optical properties of glasses and insulator crystals.

Many effects determine a change in refractive index of ion irradiated insulators: phase
change (e.g. quartz), microporosity (e.g. SiC, B4C, Al»03), introduction of colour
centers (e.g. SiC, MgQO), compaction (e.g. vitreous silica) or changes in composition
(e.g. alkali silicate or heavy metal fluoride glasses) [7,8,10].
A systematic investigation of the optical behaviour of 40-100 keV Ar implanted soda-lime
glasses has been performed.
Antireflective (AR) effects were obtained with low current irradiation densities (up to 2
HA/cm?2), whereas medium current densities and high implantation energies produced
light diffusing surfaces.
For 50 keV Ar implantation, at doses lower than 1016 ions/cm? no significant changes
were observed in the reflectance curves. For doses between 1016 and 5x1016 jons/cm?2
the specular reflectance curves showed an AR effect, which increased with the dose as
shown in Fig7. The reflectance curves show an interferential minimum, which becomes
deeper and shifts towards higher wavelengths as the dose increases. The thickness and
average refractive index of the modified surface layers have been calculated from the
position and height of the interferential minima in the reflectance curves.
The significant antireflectivity of the implanted glass has been associated with surface
alkali (Na) depletion. The correlation between the Na depletion in the bombarded region,
and the formation of an antireflective surface layer, was displayed by comparing the
thicknesses of the Na-depleted layer, calculated from the Na profiles at 50% of the bulk
value concentration and of the optically modified layer .
Fig.7 shows the specular reflectance curve for glass implanted with 50 keV Ar at a dose
of 5x1016 jons/cm?2. The individual data points represent the calculated reflectance values.
In the inset of the figure, the sodium profiles before and after the implantation obtained
from 23Na(p,01)2ONe nuclear reaction are shown.
For higher implantation energies, an increasing antireflective effect was observed while
the interferential minima shifted toward higher wavelengths.

A number of crystalline insulators have proven to be useful as substrates for the
formation of ion-implanted waveguides. Among these are crystalline quartz and the
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ferroelectrics LINbO3 and KNbO3 these decrease in index for quartz is substantial (1.54-
1.48) with collisional deposited energy.
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Figure 7. Experimental curve and calculated reflectance values (points) for soda-lime
silicate glass implanted with 50keV-Ar. The corresponding sodium profile is reported in
the inset.

For index-change saturation the material appears amorphous and the index is nearly the
same as implanted compacted fused silica. Annealing removes point defects which causes
light scattering without regrowth of the damaged region and the losses are reported to be
<1dB/cm. MeV He implantations are used to form waveguides in quartz; this allows
guided waves in the high region between the surface and the lowered -index region at the
end of ion track. This barrier can allow leakage of higher-order modes but the barrier can
be widened by multiple-energy implantations. By using this technique frequency-doubling
in He-implanted guide has been achieved. The conversion was from 783 nm to 392 nm.
This is an example of an optical nonlinearity and arise from the x(z) susceptibily term in
the polarization induced by an external electric field, produced by laser light pumping.

LiNbO3 has been the subject of many investigations into the production of waveguides
because of its good electro-optical characteristica. Guides can be formed by proton
exchange and by indiffusion of Ti and this latter method is that most often used. However
this does not readily allow formation of guided regions in selected areas and the high-
temperatures required precludes the prior application of electrodes. These drawback can

www.manaraa.com



102

be avoided by implantation. KNbO3 is also interesting substrate for waveguide formation
and electro-optical applications. It has so far not been possible to form guides by
diffusion or ion exchange techniques. However a series of recent papers have
demonstrated that 1-2 MeV He implantations at fluence as low as 5x1013/cm2 can
produce waveguides with tolerable losses.

The really exciting advance that has been made in the application of ion implantation to
electro-optic technology is the fabrication of waveguide lasers. This has been achieved by
forming waveguides by he implantation in Nd:MgO:LiNbO3, Nd:YAG and Nd:GGG
substrates. Following implants of Er in LINbO3 substrates(undoped) excitation of Er
fluorescence spectra, which are almost identical to that from bulk Er:MgO:LiNbO3
crystals has been obtained. Similar successes have been reported for Er implants in silica
and phosphosilicate films as well as into Si3N4 films. These developments make it seem
very probable that implantation doping of rare earth elements can be used to form lasers
and amplifiers in selected portions of integrated electro-optical circuits.

One of the greatest challenges for optics in the development of a computer based on an all-
optical photonic switch which would replace the switching done by electronic transistors.
The optical switch would be competitive if ti could exhibit switching times less than 100
ps and have consumption less than 1 pJ. It has been suggested that the optical non-
linearity of glass could be utilized for switching of this type. An all optical switch is one
where switching can be accomplished through the changes in refractive index that are
proportional to the ligh intensity. The third order susceptibility, X(3), 1S the non-linearity
which provides this feature.

For glasses the non-linearity is generally quite small, however when light is confined to a
waveguide region, the effect can be adequate for switching. The non-linear response can
be enhanced by the introduction of microcrystallites of semiconductors (e.g. CdSx Se1-x)
For the efficient design of optical circuits it would be desiderable to use a method in which
the non-linearity could be confined to specific patterned regions. Ion implanted metals
(Au, Ag, Pb) can form small radii collodal particles by suitable processing techniques.
These particles exhibit an electron plasmon resonance which depends on optical constants
of the metal and refractive index of the glass host. The absorption can be handled in the
Mie formalism and the radii of the particles can be determined from the measurement of
the resonance wavelenght.

Figure 8 shows the absorption as a function of the wavelenght for silica implanted with
silver and silver plus nitrogen. The Ag cluster sizes are of the order of 2-3 nm.

Modifications of the clusters configuration may be obtained, as observed for
copper clusters, by subsequent implants. The control of size characteristics of metal
colloids appears possible trough ion implantation technique.

Measurements of the non-linear optical properties of such colloids were performed
and the optical Kerr susceptibility, x(3) , was found to be 2-3 orders of magnitude larger
than that of Au and Ag. These results open the ways for advances in all-optical switching
devices.
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Figure § Optical absorption peak as a function of wavelenght for the Ag and Ag+N
implanted silica glasses. Continous lines are experimental spectra; symbols correspond to
results of calculations by using Mie teory.
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ABSTRACT. The basic principles of Plasma-Enhanced Chemical Vapor Deposition
processes are examined along with reactor architectures. Emphasis is given to
the chemistry of the discharge and to active species and deposition precursors
with the aim of correlating film compositions with discharge internal
parameters. The processes for the deposition of films of fluoropolymers, metal
containing polymers, SiOj-likes and silicone-likes are examined as case studies.

1. Introduction

It has been known for many decades that the introduction of a monomer into
a glow discharge, independently of the presence of an inert gas carrier, produces
various fragments which rearrange through many gas-phase and surface
processes leading to the formation of a variety of addition compounds and of
thin films on the inner surfaces of the reactor. For many years plasma thin films
were considered an accidental occurrence in hydrocarbon discharges and
undesirable by-products to be eliminated. Only after the 60's some researchers
showed an interest in their advantageous characteristics [1]. If such films are
obtained under controlled conditions, that is at the desired substrate
temperature, gas pressure and electrical discharge parameters, they have
unique characteristics allowing their classification as an entirely new class of
materials with only small or negligible correlations with their counterparts
obtained by conventional techniques.

Good quality plasma thin films have thickness ranging from few hundreds A's
to a few [U's, are pin-hole free, homogeneous, and show good adhesion to various
substrates. The principal structural differences from conventional counterparts
are variable stoichiometry (depending on the experimental conditions), higher
cross-linking degree and variable chemical-physical properties, such as
wettability, chemical inertness, dielectric parameters, barrier properties,
hardness, etc.. A typical example is given by Plasma Polymerized Fluorinated
Monomers (PPFM) which can be tailored either as teflon-like with an overall
(CFq1.9)n stoichiometry (non wettable and inert films), either as partially
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fluorinated carbon films, e.g. (CFg.2)p, (high cross-linking and wettability) [1,2],
or as a diamond-like film, a-C:H,F [3] (hard, most carbon sp3 hybridized)

In the remainder of this note some characteristics of deposition processes are
given (sect. 2). Reactor geometries will be discussed in section 3. Then, as
practical examples, in sections 4 through 6 fluoropolymer, metal-containing, and
silicon-carbon containing films are examined.

2. Glow Discharge Deposition Processes

The reaction kinetics involved in glow discharge polymerization are extremely
complex and the attempt of abstracting a general picture describing all possible
situations would be sterile and misleading. The usual generalization used for
conventional polymers can not be used with the same meaning, a particular
example being the word "monomer" which indicates the unit molecule repeated
in conventional polymeric chains; for instance, polytetrafluoroecthylene denotes a
polymer in which tetrafluoro-ethylene represents the monomer unit repeated n
times in each chain. In glow discharge polymerization, in most cases, the
structure of the feed gas is not retained because different radicals, ions, atoms,
etc., can be formed in the discharge medium. Nevertheless, the word "monomer"
is sometimes utilized in Glow Discharge Polymerization or Deposition simply to
denote the feed gas.

Two general considerations on competing processes can, however, be made to
describe discharge polymerization, i.e. etching-deposition competition and gas
phase-surface competition.

2.1. ETCHING-DEPOSITION COMPETITION

It is well known that etching-deposition competition is a rather general
phenomenon, some feeds can in fact be utilized in glow discharges both for
deposition and etching processes [4]. A well known example is given by SiF4-
and SiCly-containing feeds, utilized for the deposition of amorphous silicon, a-
Si:H,X (X=F or Cl), or for etching of many materials (e.g. Si, SiO,, Al, GaAs, etc.).
Usually atoms, particularly F- and O-atoms, are regarded as the active species
for etching, while radicals are considered "building blocks" for the construction
of organic and inorganic films. A glow discharge fed with reactive organic gases
produces both types of species. The behavior of freon discharges can fairly well
illustrate such competition: the discharge medium contains both classes of active
species (F atoms and CFj radicals), so their concentration ratio [FI/[CF4] in the
plasma phase will characterize their ability as etchant or polymerizing
discharges. However, if a gas is added to a freon feed able to reduce [F] in
plasma phase, the radical concentration prevails and the plasma is switched into
a polymerizing mode. In fact, if hydrogen is added, it reacts with F-atoms
leading to unreactive HF. Similar conditions can be obtained either by adding to
the freon feed an unsaturated, as for instance C,Hj, CoHy4, CyFy, etc., or by loading
the reactor with large silicon surfaces (which react with F, leading to the etch
products SiF, and SiF4). On the other hand, if oxygen is now added to freon, it
acts both as a polymer etchant and as a polymerization inhibitor: it reacts
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directly with polymer units leading to volatile compounds or it selectively reacts
with CFy radicals and subtract them from gas phase, inhibiting polymerization
process. Figure 1 [4] illustrates the behavior of freon feeds in the presence of
different additives.
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Figure 1. Effect of foreign gas additions to a freon on the etching/polymerizing
capability of a glow discharge.

2.2. GAS PHASE-SURFACE COMPETITION

A quite general scheme representing the fate of a "monomer molecule”, A,
entering a glow discharge is sketched as it follows:
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where R represents various radicals. In this scheme A is transformed by plasma
activation into various fragments, including atoms, radicals, ions and other
molecules.

Radicals (sometime also atoms) have a two-fold fate: they can, in fact, form
addition compounds (branch a) through several reactions paths. These
compounds can react in the gas phase with other radicals and unsaturates and
form heavier radicals and/or intermediate polymeric chains. Radicals, on the
other hand, can also contribute to the film growth directly by reacting with
'active' surface sites of the film (branch b).

The formation of heavier and heavier addition compounds in reaction 1 can be
enhanced by increasing the production of radicals and decreasing their diffusion
to the substrate, in other words at high powers and/or pressures. In this case,
polymer formation can also occurs directly in the gas phase through the
formation of polymer nuclea. If the radical production is decreased and also
their diffusion is increased, route b is triggered and radicals can "stick" on
polymer surface directly from gas-phase. Generally, the competition between
gas-phase formation of intermediate compounds or gas-phase nuclea and
surface reaction is frequently met and depends on discharge parameters and
feed gases [2, 5-7].

3. Reactors

The most widely used reactor configurations for Plasma-Enhanced Chemical
Vapor Deposition (PECVD) can be broadly divided into three classes:
a) electrodeless microwave (MW) or high frequency (HF) reactors,
b) external electrodes "tubular reactors”,
c) internal electrodes "parallel plate reactors”.

The choice of the experimental arrangement can greatly affect the deposition
rate and deposit properties; consequently, it is important to use the
experimental system which is appropriate to the specific applications.

3.1. ELECTRODELESS REACTORS

Microwave powered systems are characterized by the use of tubular quartz or
pyrex reactors and a resonant cavity coupled with a power supply in the GHz
(typically 2.45) region, as schematized in Figure 2. The plasma is generated in
the cavity and the deposit is generally collected outside the glow [8-10].

Claude et al.[11-13] and Wertheimer et al.[14] have studied the difference
between these discharges and RF ones. These authors have used systems
connected to an electromagnetic Surface Wave (SW) generator in order to
investigate the effect of frequency changes on the deposition processes (e.g.
fluorocarbon deposition) keeping constant all other parameters. The ratio of
deposition rate R to input power P vs the frequency is shown in Figure 3. It can
be seen that R/P increases with frequency, reaching a plateu. The key
parameter, however, is the v/w ratio, where v is the effective average electron-
neutral collision frequency for momentum transfer, and ® the wave angular
frequency (w=2nf). These experimental data are in agreement with the
theoretical model of Ferreira and Louriero [15].
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Figure 2. Schematic of a microwave powered tubular discharge: A) resonant
cavity; B) generator; C) and D) usual sample position.
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Figure 3. Log log plot of (R/P) vs excitation frequency. P is absorbed power
and R deposition rate. Upper curve pertains to PP isobutylene, lower one to PP

perfluorocyclobutane.

The differences between RF and MW discharges can be summarized as follows:
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1) the Electron Energy Distribution Function (EEDF) of the glows tends to become
increasingly Maxwellian for MW discharges; at the same time the high-energy
tail population increases with decreasing v/® (MW regime). This leads to a
plasma composition with an enrichment of excited species having high excitation
threshold energy;

2) the average electron energy slightly decreases with decreasing v/®;

3) MW plasmas are usually characterized by higher density of active species,
electrons and ions for the same absorbed power.

Surfaces exposed to MW discharges are subjected to a non intense
bombardment of either negative (mainly electrons) and positive (ions) particles,
since the sheath potential drop (floating substrate) is quite small and the
charged particles can not be accelerated during the applied cycle, which is too
short.

Large differences are therefore expected between MW and RF generated thin
films due to the different active species production and to the different role
played by ions and electrons. Unfortunately, to these authors knowledge, a
comprehensive study on this subject has never been performed. An attempt to
study these phenomena is reported by Kammermaier et al. [8], but the different
sample position with respect to the glow region in MW and RF discharges, makes
the comparison of results rather difficult.

3.2. REACTORS WITH EXTERNAL ELECTRODES

External electrode reactors can be either capacitively or inductively coupled
(Fig. 4a); insulating (glass, quartz, or alumina) tubular reactors are usually
utilized. The power is transmitted from a power supply to the gas by a capacitor
and a coil, respectively. Inductively coupled tubular reactors, when operating at
low pressure (P<<1 Torr), are not uniformly coupled to the supply because
coupling quality gradually increases with increasing working pressure [16].
These systems are generally used for experiments in which charged particles
bombardment is not one of the major concerns.

When the discharge glows, after a short transient time, the gas reaches an
average plasma potential Vp and any insulated surface, in contact with the
plasma, reaches a floating potential Vf (always negative compared to Vp).
Positive ions are accelerated and gain energy, electrons and negative ions are
decelerated by (Vp-Vf) when they cross the sheath over a floating surface.

The evaluation of the positive-ions accelerating potential is not simple,
because it depends on the experimental working conditions. However, by
keeping constant the other parameters, the accelerating potential can be more
easily varied in internal electrode configuration rather then in tubular reactors.
As a consequence, charged particles bombardment is less effective in external
electrode systems.

Many different experimental arrangements have been reported in the
literature, which differ basically in power supplies, reactor geometry, and
sample position. The working frequency of the most commonly used power
generators ranges from 13.56 to 35 MHz, while tube geometry changes from
author to author (see e.g. ref. 17-19) and sample position can vary, as it is
schematically shown in Figure 4b [17, 18], in order to obtain films with different
compositions and properties.
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I..ductive coupling

Capacitive coupling

c

Figure 4. a) Schematics of capacitive or inductive external electrode reactors.
b) Usual sample position. ¢) Internal electrode reactors.

3.3. REACTORS WITH INTERNAL ELECTRODES

Different type of reactors have been developed during the last years, as flat
bed, parallel plate, planar, diode, etc. reactors; their main distinctive features
are: power supply, coupling system, vacuum chamber, RF driven electrode,
grounded electrode and eventually one or more substrate holders (Figure 4c).
With these systems, attention must be paid to the appropriate working
conditions and apparatus geometries, since they can deeply influence the extent
of icn bombardment on the substrate (besides, of course, electron energy
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distribution function and active species production). It is, in fact, reported by
several authors [16, 20-22] that the At/Ad ratio, where Ad is the area of the
driven electrode and At that of all other surfaces in contact with the plasma, as
well as the coupling system, can affect both Vp-Vf and Vp-Vp, where Vp is the
cathode dc self-bias potential (Figure 5A). As a consequence, Aty/Ad affects the
energy of ions bombarding floating, grounded, and target surfaces. Increasing
At/Ad ratio results in increasing the potential drop over the target and in
decreasing the potential drop over a floating substrate [22]. An estimation of the
average plasma potential Vp can be obtained by Vp=(Vpp/2 + Vp)/2 (see Figure
5A), where Vpp is the peak-to-peak voltage of the applied RF field [22].
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Figure 5A. I) Discharge potentials (p = plasma, f = floating, b = d.c. self bias)
evolution. Dashed and continuous curve refer to instantaneous excitation and
plasma potential values. II) Schematics of diode configuration maximizing d.c.
self bias on target electrode.

Power supplies coupled to reactors with internal electrodes generally work in
the KHz or MHz regions. The RF period influences the Ion Transit Frequency
(ITF), defined as the frequency above which ions do not cross the sheath in less
than half RF cycles. For frequencies below ITF, crossing ions are controlled by
the instantaneous plasma potential, while for frequencies above ITF, ions cross
the sheath slowly compared to plasma potential fluctuations, and this leads to an
average plasma potential influencing the charged particles arrival to a surface
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[23]. As a consequence, sharp distributions with a quite low maximum ion
energy are expected at excitation frequencies over ITF.

Vacuum chambers can be made either of glass or conductive material, for a
better shielding from external sources. In general, there are not particular
design problems with the grounded electrode besides its area. On the contrary,
the design and arrangement of the cathode require special care; a metallic shield
surrounding the electrode highly improves the glow confinement inside the
interelectrodic space, and the electrode material and area greatly affect the
extent of sputtering on the target.

Asymmetric low-pressure systems (At/Ad>>1), coupled with high input power,
can release large amounts of material by sputtering of the powered electrode. In
order to avoid gas-phase and polymer contamination by non volatile material, it
could be advisable to work with reactive targets that do not release
contaminants. For fluorocarbon deposition, graphite, SiO2 or teflon targets can be
utilized [24, 25]; graphite produces fluorocarbon species and etch products:

C +xF — CF, 121

and acts as a fluorine atom scavenger leading to plasma conditions with low F/C
ratio [25], a condition which is highly desirable in plasma polymerization. SiO,
can produce SiF4 and CO, according to:

Si0, + CRp, — CO;, + Sify “ /31

These species, however, do not appreciably change the C/F ratio, but they can
change gas phase characteristics and can lead to some film contamination (Si, O).
Teflon targets do not affect C/F ratio, but may require suitable arrangements
due to their particular electrical properties.

Substrates are generally positioned on the ground electrode or on a third one
(substrate electrode) which can be inserted into the glow. The three electrodes
arrangement, called 'triode’, is very useful for studying the effects of positive-
ion bombardment on the deposition rate and on film properties. The substrate
electrode can be negatively biased with RF voltage by means of a second RF
generator [25], or by a capacitive power distribution between the driving and
the substrate electrode [26, 27], as it is shown in Figure 5B. Since the substrate
electrode can be made relatively small in comparison with the main RF-
electrode, the arrangement allows to change significantly the substrate bias
voltage with no appreciable change of total power input in the discharge [28, 29]
and, consequently, its chemical composition. In any case a correct approach to
the issue of controlling the effect of bias on the deposition is to verify, by means
of some diagnostic techniques, the eventual changes induced by bias
superposition in the plasma density and potential. Suitable techniques are, for
example, Actinometric Optical Emission Spectroscopy (AOES) [30-33] and
electrical probe analysis.
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Figure 5B. Schematics of triode reactors utilized for thin film depositions. I)
Target (2) and biased deposition electrode (4) are driven by separate RF
generators (1,1a), 3 is the grounded surface. II) As for I, but driven by one RF
generator with a capacitive power distribution device.

3.4 MAGNETRON REACTORS

Magnetron reactors constitute an important development in devices for
plasma-assisted processing of materials. This kind of reactor includes all
systems where an additional magnetic field is superimposed to the main
electromagnetic field sustaining the discharge. In these systems the electrons,
under the influence of the magnetic field, follow a spiral path which leads to a
decrease of the effective mean free path and to an increase of electron and
active species concentration; charged particles escape from the glow region is
markedly decreased and a more intense and confined plasma is obtained. Usual
problems met with magnetically-aided plasmas (also ECR systems fall in this
category) are a higher inhomogeneity of both the growth rate and the chemical
composition of the deposited material. The main advantages are a reduced
working pressure (about one order of magnitude lower) and a reduced radiation
damage of substrates. In fact, there are larger number densities of positive ions
hitting the surfaces, but at lower accelerating potentials.

4. Fluoropolymers

The study of freon-fed discharges has been the object of intensive research in
the last decade [4, 6, 7, 34-36], because of their relevance as: a) suitable plasmas
to promote etching of a variety of substrates utilized in microelectronic
technologies and, b) plasmas allowing the deposition of Plasma Polymerized
Fluorinated Monomers (PPFM) films, also said Teflon-like films.

The reasons for the wide utilization of Teflon-like coatings are the good
adhesion to many organic and inorganic substrates, the presence of low
intermolecular forces, which give rse to relative inert surfaces with extremely
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low free energy [7], the biocompatibility, the low friction coefficient [37,38], and
the chemical composition and cross-linking degree, which can be changed in a
broad range producing custom-tailored films for protection of a variety of
plastics, fibers and metals [1,2,7].
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Figure 6. Polymerization and etching regimes as a function of feed F/C and of
substrate bias.

The versatility of fluorocarbon plasmas essentially witnesses the ability to
produce two kinds of long-lived active species in the discharge, i.e. F atoms and
CFx radicals. F atoms trigger the etching of many substrates and allow the
fluorination of many organic surfaces, while the radicals form various deposits
of Teflon-like films.

Coburn and Winters, and Kay er al. [36] have shown that, for discharges fed
with fluorine-bearing gases, the fluorine-to-carbon ratio, F/C, of the feed
monomer can be used as a simple parameter enabling to keep in perspective the
polymerizing and etching nature of the glows. In fact, in figure 6 it is shown that
a discharge can be operated in a polymerizing or etching mode depending on the
monomer fluorine-to-carbon ratio, at a fixed bias voltage of the substrate.

The boundary region can be crossed by changing the monomer F/C ratio. This
sort of "thumb rule” has been shown to be qualitatively valid because there is a
direct quantitative correlation (even though non linear) between the monomer
F/C and the plasma-phase concentration ratio [F]/[CFx], where F atoms and CF,
radicals are the active species for etching and polymerization, respectively [4].
The correlation between C/F and [CFy]/[F] can be appreciated from figure 7 [4],
where the relative densities of CF, CF,, and CF5 radicals, of F atoms, and of fast
electrons (> 11 eV) are reported for discharges fed with C,F,,,2 (n=1-3) and
CF3Cl. Data for the tetrafluoroethylene are also included for comparison.

It can be seen from figure 7 that the density of radicals increases with
increasing feed C/F, while the density of atoms decreases. The density of
radicals, however, is not linear with C/F. The opposite trends shown by CFx
radicals and F atoms in fluorinated feeds is a direct consequence of the fast
recombination process that these species undergo in the plasma, i.e. it is
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impossible to obtain both species in large concentration in the same medium.
From the trends of Figure 7, one can classify the various fluorinated feeds on the
basis of the expected polymerizing ability with the following order:

CyoF4 > C3Fg > CoFg > CFy

obviously the opposite order has to be expected for the etching ability.
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Figure 7. Histogram of the relative densities of radicals, F atoms and electrons
(dashed curve), obtained by AOES (see text), for various fluorinated feeds.
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For the aforesaid reasons, the detection and monitoring of active species, as
well as the definition of discharge geometries, are important for justifying the
deposition of teflon-like films, and allow a non-trivial classification of film
properties, as it will be shown later.

Optical Emission Spectroscopy (OES), is generally the most utilized technique
for low pressure discharges. In particular, however, Actinometric Optical
Emission Spectroscopy (AOES) has been found to be one of the most powerful,
non intrusive, diagnostic technique for monitoring CFyx radicals, F atoms and the
trends of electrons at various energies. Since a discussion of AOES is out of the
scope of this chapter, readers can make reference to Coburn er al. [39] and
d'Agostino et al. [32,33,39-43]. Most of data shown in the remainder of this
section have been obtained by means of AOES.
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4.1. DEPOSITION MECHANISM OF TEFLON-LIKE FILMS

It has been shown [2,4,30-33,44] that a high [CFx]/[F] ratio in the discharge is
not the only sufficient condition to obtain high polymerization rates; two
additional conditions are required:

a) plasma media with relatively high density either of fast electrons (> 11 eV)
for substrates under floating conditions, or of positive ions, for biased
substrates. This can ensure, due to the bombardment of the surfaces by charged
particles, a growth process which occurs through reactions of radicals with
activated polymer sites;

b) rather low substrate temperatures. The adsorption-desorption equilibrium of
CFx radicals, which is exothermic, in fact regulates the overall kinetics of
polymerization, leading to an apparent activation energy which becomes
increasingly negative at higher substrate temperatures.

This behavior has been interpreted as a consequence of a film growth
mechanism occurring through the reaction of radicals with polymer sites
"activated" by charged particle bombardment. A simplified Activated Growth
Model (AGM) has been suggested to give account of the experimental results.
AGM implies that branch b of reaction /1/ in section 2.2 can be represented as:

(POL)}, 14
CR —* (POL) n+1

where CFy radicals can stick efficiently only on activated polymer surface-sites,
(POL)p*, leading to an increase of one unit, (POL)p4+1. Obviously, -activation by
fast electrons and positive ions, and termination by neutrals M also occurs:

(I" e7) + (POL),— (POL)}, /5/

(POL), + M —— (POL), /6/

It can be shown [33], by the use of simple mathematics, that the kinetics
equations /4/-/6/ lead to a polymerization rate, Rp, which can be expressed by:

R,= K [CF f(ne) p

where f(ne) is a function of charged particles, either electrons or positive ions.
Equation /7/ has been found to fit experimental data once trends of CFx radicals
and of electrons are obtained by AOES, whatever are feed composition, substrate
position and discharge pressure (< 3 tor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>