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ABSTRACT

The superior piezoelectric and dielectric properties of the relaxor based piezoelectric
single crystals (PMN-PT) render them as prime candidates for Navy sonar detectors as well
as in broad band medical ultrasonic imaging devices. Production of phased array probes
utilizing these types of high performance ceramics requires dicing these crystals to arrays
with pitches of less than the desired wavelength, ranging from tens to hundreds of

micrometers. However, the relaxor based single crystals are very brittle with fracture

toughness of about a third to a half that of typical PZT ceramics (0.4—0.8MPa\/% ).
Excessive chipping and cracking, either during the cutting or poling process, have been
reported as major hurdles in processing, leading to spurious resonance and degradation of the
distance resolution. In addition, residual stress from the cutting process could be major
reliability degradation if it is not well quantified and minimized.

In this work, we experimentally analyzed the machining induced damage in a group of
Lead Magnesium Niobate-Lead Titanate solid solution single crystal  {(1-
X)[Pb(Mg;3Nb,/3)O03]-x[PbTi03] (PMN-PT)} under simulated process parameters for cutting
speeds and down feeds. The machined surfaces are examined by non-contact optical
profilometer for planarity and roughness, scanning electron microscopy for subsurface
damage, and by micro-raman spectroscopic analysis and X-ray diffraction analysis to
uncover machining induced phase transformations. The analysis reveals the preferred

process parameters for minimal machining induced damages.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

The single crystals wafers of lead magnesium niobate-lead titanate solid solution, (1-
X)[Pb(Mg;3Nb,3)O03]-x[PbTiO3] (PMN-PT) are very attractive for sonar and ultrasonic
detectors applications because of their high piezoelectric coefficients and good
electromechanical coupling. Correspondingly, high yield wafer manufacturing to produce
large PMN-PT wafers with controlled surface roughness and small kerf loss is essential. In
this work, the quality of a wire saw cut surface of these crystals are studied experimentally to
show the limits on surface roughness and subsurface damage.

The traditional manufacturing process to produce wafers with controlled surface
roughness utilizes an inner diameter (ID) saw [1-3] in the slicing single crystalline ingot,
followed by various grinding, polishing, and cleaning processes. The principle of ID saw is
shown in Fig.1.1. It is made of a stack of thin annular ring blades. The inner perimeter is
coated with micro-size diamond grits. The outer perimeter of the blade is stretched under
high tension. The ingot is fed through the center, while the blade traverses through the ingot,
and then a slice of wafer is produced. The process of material removal is a “ploughing”
process. An ID saw is a fast slicing process, thought it suffers from large kerf loss (typically
350 um for silicon wafers) and excessive surface roughness and subsurface damage. [1] To
avoid large kerf loss and increase the wafer surface quality, wire saw-based cutting
technology [1, 4-7] was developed and gained widespread utilization in the slicing of silicon
and piezoelectric ceramic wafers. Compared with an ID saw, a wire saw exhibits many
advantages, such as higher throughput, less wafer-surface damage, lower kerfs loss and

almost no restrictions on the size of the ingots. [8]
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Fig. 1.1 Schematic diagram of the principle of the ID Saw technique

In modern wire saw manufacturing processes, a bar steel wire (typically around 175pum
in diameter) is stretched with high tension (typically 20-35 N), runs at cutting speed of V5
=1-10 m/s and is fed to cut the bowel at a feed rate of 7, =1-10 um/s [1,9]. Two types of
cutting systems are used; free abrasive (an abrasive based slurry with bare wire), or fixed
abrasive (brazed abrasive to the wire). In free abrasive machining (FAM) process, the
abrasive particles, such as silicon carbide, or diamond, are constrained to roll and indent the
cutting zone between the wire and the substrate as seen in Fig.1.2. Through the ‘‘rolling-
indenting’’ process the abrasives are squeezed and sheared between the wire and the work
piece. As a result, they penetrate, roll, indent, and scratch the surface to generate web of
cracks and remove material from the work piece [9,10]. Wafer thicknesses are around 250
and 350 pm and above. A thickness of 100 um can be also obtained. The slurry can be water-
based or oil-based. Oil-based slurry causes the wafers to stick to each other, and it is hard to
separate them, while removal of the oil from the wafer surface is another problem. Disposal

of the oil-based slurry after use is also a problem. Hydrogen gas is produced due to
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interaction of water-based slurry and silicon, which may cause an explosion. However, from
an environmental point of view, considering the high amount of slurry disposed during the
process, water-based slurries can be a choice for the future of the wire saw process [8].

For multi-wire saw technology, its principle is depicted in Fig. 1.3. A single wire is
fed from a supply spool through a pulley and tension control unit to the four wire guides that
are grooved with a constant pitch. Multiple strands of a wire net (known as a web) are
formed by winding the wire on the wire guides through parallel grooves. Which may be as
high as 700. A take-up spool collects the used wire. The wire is pulled by the torque exerted
by the main drive and slave as shown. The tension on the wire is maintained by the feedback
control unit at a prescribed value. The single column on the holder is pushed against the
moving wire web and sliced into hundreds of wafers at the same time. The wire either moves
in one direction or oscillates back and forth with a 90-95% overlap, so that each a uniform
kerf can be maintained throughout the cutting process. The wire material is usually stainless
steel. To increase the productivity and to be able to cut harder ceramics, diamond

impregnated wire, which leads to fixed abrasive machining, was developed [11,12].

—_ Wire

substrate
surface

olling-indenting

Fig. 1.2 Schematic diagram of the “rolling-indenting” process in wire saw manufacturing
process under Free Abrasive Machining (FAM). (Fugian and Kao, 2001).
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Fig.1.3 Schematic diagram shows the principle of the multi-wire sawing technique. The
crystal (work piece) is pushed against the wire web with a constant feeding rate which is
equal to the sawing rate. (Moller H. J. 2004)

1.1 Literature Review on Wire Saw & PMN-PT Single Crystals

The basic material removal mechanisms and several models of the wire saw process
are reviewed. The main materials related characteristics are also presented for the studied

PMN-PT single crystals with different composition.

1.1.1 Basic Mechanisms and Material Removal Models of Wire Saw

Free abrasive cutting process is derived by Moller [8], utilizing fracture mechanics
and hydrodynamic behavior of slurry. The interaction between the wire, abrasive grit, and
work pieces are considered in semi-contact or non-contact mode. A semi-contact is
established if the hydrodynamic slurry film thickness between the wire and work piece is
smaller than the average abrasive grit size, and thereby a three body contact is established
between the abrasive grit, the wire and work piece. In the non-contact mode, the grit is

rolling freely between the wire and work piece and can remain in contact with either the wire
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or work piece. The material removal rate (MRR) for semi-contact and non-contact cases is
developed. If the elastic displacement of the wire is significant and slurry viscosity changes
are negligible, this regime is defined as isoviscous-elastic regime (IE). If the slurry film
thickness is much more than the elastic displacement of the wire, it is called isoviscous-rigid
regime (IR). The slurry film thickness and shear stress are defined for both regimes. The
increase of abrasive grit size increases the material removal rate (MRR) while also increasing
surface roughness of the final product.

The abrasive grit shape is also important in wire saw MRR. If the abrasive grit has a
high aspect ratio (elongated grit), it will not rotate in the laminar flow of slurry, which will
decrease MRR, while grits having an aspect ratio close to one will rotate more easily and
increase the MRR. Accordingly, freshly applied slurry will have grits with sharp corners that
will increase the MRR. The increase of viscosity of the slurry due to debris from the work
piece may cause agglomeration and reduce MRR. The wire saw process induces a wavy
topology with mm scale wavelength, and local roughness in the micro and sub-micron range.
The origin of such large-scale defects, grooves and wavy topologies are not yet well
understood.

Bhagavat et al. [10] defined the material removal rate as a function of the imparted
energy to the abrasive by hydrodynamic forces. The hydrodynamic film characteristics are
calculated using the finite element method, which couples Reynolds’ equation of
hydrodynamics with the elasticity equation of wire. Such an analysis provides the pressure
distribution and film thickness profiles of slurry film within the cut trench. Across the ingot
diameter, the pressure starts from zero at the inlet and gradually increases to a maximum

value, where it starts to decrease towards the downstream exit region as seen in Fig. 1.4(a).
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The gradual decrease of pressure near the exit is disturbed by a stage in the pressure
profile that is due to the continuity of slurry flow. The pressure profile is almost constant in
the transverse direction except near the entrance and exits where it decays to zero. The
thickness profile of the slurry film shows that the film thickness is large at the inlet, where it
starts to decrease gradually towards the exit as seen in Fig. 1.4(b). The high slurry film
thickness at the inlet is due to high wire compliance at the inlet, while the low slurry film
thickness at the middle is explained by the low wire compliance in this region. The minimum
slurry film thickness at the exit is explained by the low slurry pressure. The increase of slurry
viscosity and wire speed Vxincreases the slurry film thickness, while the increase of the wire
bow angle decreases the film thickness due to an increase in stiffness of the wire and load on
the film. The obtained minimum film thickness for a 50 mm ingot was approximately 130
um, which is much greater than abrasive grit size. Thus, the mode of cutting is free abrasive
machining in which the grits roll and indent the work piece to induce material removal. This
is also validated by the microscopic images of a wire saw sliced wafer which has equal-sized
pits due to single material removal of floating abrasives as in Fig. 1.5(a). The polished
surface of a wafer shows scratches due to direct contact of abrasive pressed by the tool onto
ingot as presented in Fig. 1.5(b). Due to the decrease of slurry film thickness towards the
exit, the cutting conditions may change for large diameter ingots and poor surface finish
occurs. Oscillating wire saw machining is necessary for uniform and efficient cutting of large
diameter ingots. The wire saw machining is taking place in an isoviscous-elastic regime (IE).
The material removal is proportional to slurry viscosity u, size of abrasive Dg, slurry pressure
P, square of wire speed Vx, and inversely proportional to square of slurry thickness /s as

presented in Eq. 1.1[10, 13].
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Fig.1.4. Free abrasive wire saw process a) The slurry pressure profile b) Slurry film thickness
profile (Bhagavat et al. 2000).
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Fig.1.5. Surfaces of a) Wire saw sliced wafer with free abrasive machining b) Polished wafer
(Bhagavat et al. 2000).

1.1.2 PMN-PT Single Crystals

The single crystals of lead magnesium niobate-lead titanate solid solution, (1-
x)[Pb(Mg13Nb23)03]-x[PbT103] (PMN-PT) are a new generation of piezoelectric materials.
The piezoelectric effect is associated with a lack of charge symmetry about the center of a
unit cell [14]. The separation of the positive and negative charge centers in a unit cell is
directly related to the spontaneous strain and electric displacement. Change in the
equilibrium distance between charge centers is called the linear piezoelectric effect. The new
material of PMN- x PT single crystals was formulated to exhibit very large electromechanical
coupling coefficients, high piezoelectric coefficients, high dielectric constants and low
dielectric losses that results in improving bandwidth, sensitivity and source level. Therefore,
it is widely used as important devices in medicine, telecommunications, as well as in high
technology and military industries. Like the other ceramics, single crystals of PMN-PT are
very brittle.

The PMN-PT solid solutions belong to the family of perovskite structure materials

with the general formula ABOj; can be seen in Fig. 1.6. The sub-lattice A is occupied by Pb**
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ions, while the B site is occupied by randomly distributed Mg*", Nb>*, and Ti*" ions. Recent
x-ray diffraction studies have shown that PMN- x PT single crystals at room temperature
have a rhombohedral phase structure (Region I) when x < 0.3, from which the solid solutions
exhibit a relaxor behavior and structural phase transition is from the cubic (Pm3m) to the
rhombohedral (R3m) symmetry, and a tetragonal phase (Region III) when x > 0.35 to 0.37
[15,16], from which the solid solutions show a typical ferroelectric behavior and undergo
structural phase transition from the cubic (Pm3m) to the tetragonal (P4mm). The region
(Region II) which separates the rhombohedral and tetragonal phase is called the
morphotropic phase boundary (MPB), is most commonly investigated since the crystals from
this region exhibit the so-called giant piezoelectricity. In this region, the typical relaxor
properties vanish and, thus, the solid solutions already tend to exhibit a ferroelectric behavior,
and two structural phase transitions are observed, the first is from the cubic (Pm3m) to the
tetragonal (P4mm), while the second is from the tetragonal (P4mm) to the monoclinic (Pm)
one. However, the problem of symmetry in the MPB region seems to be more complex since
the monoclinic symmetry can coexist with a secondary minority rhombohedral or tetragonal
phase. Moreover, even the presence of a third minority orthorhombic phase cannot be ruled
out. Studies have shown that PMN- x PT specimens near the MPB are in a multiphase state
and have speculated that this may be the cause of increased electromechanical properties [15,
17, 18]. The phase diagram has been shown in Fig.1.7. In PMN- x PT single crystals, the
spontaneous polarization direction can be switched to another energetically equivalent
direction through externally applied loads. In addition of reorienting the polarization, the
application of external fields can also initiate phase transformations in relaxor PMN-PT (0 <

x<0.33).
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Fig. 1.6 ABO; perovskite structure (Noheda, B. et al. 2002)
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Fig. 1.7 Phase diagram of PMN-PT (Noheda, B. et al. 2002)

1.2 Typical Damages Induced By Wire Saw Process

The wire saw process may induce several surface and subsurface defects of the final
PMN- x PT single crystals wafers. These include surface waviness, roughness, chipping and

subsurface cracks as seen in Fig.1.8, 1.9, 1.10, 1.11.
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The long waviness is induced by the wire drifting in the plane that perpendicular to
the cutting down plane, to minimize the total system energy (stored elastic strain energy vs.
the work done to cut the crystal). The oblique cutting forces drifts the wire out of the cutting
down plane to minimize the cutting energy. This is happening at the expense of increased
stored elastic strain energy in the wire. The competition between these two mechanisms
induces the long surface waviness. Surface roughness due to chipping and cracking arises
from the indentation process of the abrasive grits and the residual stresses they impart on the
brittle surface. These contact stresses may also initiate irreversible phase transition with

additional residual stresses.

Fig. 1.8 Optical image shows the surface waviness, roughness, chipping

Oblique Plot

4

l__1_"-"‘_|_|_l'_“_|_'_'-_'_'_l_f{ 0.000
0.000 mm 0

Fig. 1.9 3D surface reconstruction shows wire saw induced roughness as measured by
surface profilometer
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Oblique Plot
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Fig. 1.10 3D surface reconstruction shows wire saw induced waviness as measured by
surface profilometer

Fig. 1.11 SEM image of a cut sample subsurface cracks

1.3 Motivation and Proposed Work

The single crystal wafers of lead magnesium niobate-lead titanate solid solution, (1-
x)[Pb(Mg1/3Nb2/3)O3]-x[PbTiO3](PMN-PT) have large potential applications in transducer
applications for sonar and ultrasonic detectors. Wafers with high quality surface
characteristics can be obtained by using the wire saw process or the inner diameter (ID) saw.

The wire saw process is advantageous over the ID saw because the wire-saw process has a
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higher yield, lower kerf loss, and lower surface damage. The wire saw process can be used to
cut all kinds of brittle materials with low surface damage and higher yield.

In free abrasive based wire saw, rolling and indenting of the abrasive against the work
piece generates material removal. The bow and tension of the wire transfers a hydrodynamic
pressure on the abrasive grits through the slurry. The velocity profile of the slurry trapped
between the wire and sample, occurring due to wire speed, is providing the motion of the
abrasive grits. The combination of hydrodynamic pressure and the motion of the grits results
in rolling-indenting motion of grits, which causes material removal in free-abrasive
machining. The increase of wire bow or tension may cause disruptions in the hydrodynamic
film, which leads to bare wire-sample direct contact. This direct contact creates scratches on
the sample, while causing wire breakage. In order to keep the hydrodynamic film, the wire
velocity in the abrasive-carrying wire-saw process is high.

Diamond-grit coated steel in the wire-saw process was developed due to the
disadvantages of the abrasive-slurry wire-saw process. The diamond-grit coated wire-saw
process leads to fixed abrasive machining. This process has a higher yield and less wire
breakage in comparison to the abrasive-carrying slurry wire-saw process. In this work, the
abrasive-grit coated wire-saw process is investigated.

The wire saw process induces roughness, long waviness and chipping damage on the
cut surface, as well as subsurface cracks and possible phase transformation, further possibly a
residually stressed region arises. These damages decrease the quality of the wafers and have
to be removed by post processes including grinding, lapping, and polishing. However, these

post processes increase wafer manufacturing costs.
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Subsurface damage could be reduced by vibration-assisted cutting, because
intermittent unloading can produce a lateral crack before the median crack fully develops,
and upon reloading, the lateral crack shields against further median crack penetration.
Furthermore, intermittent unloading produces shielding even for oblique indentation events
and intermediate locations of lateral cracks.

The overall goal of this study is to understand the surface roughness and long
waviness damage under the abrasive wire cutting and to establish the role of the process
parameters. Also, vibration-assisted cutting was set to decrease the subsurface damages;

phase transformation was studied and analyzed by Raman Spectra and X-ray diffraction.

1.4 Thesis Organization

The remainder of the dissertation is divided into three chapters. In chapter two, the
whole experimental procedure is introduced, after wire saw cutting process, the wafer
surfaces’ roughness and waviness evolution are studied. In chapter three, investigation of the

phase transition is analyzed. In the last chapter, summary of the study is presented.
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CHAPTER 2. EXPERIMENTAL PROCEDURE

Wire saw experiments are conducted on PMN-PT single crystal piezoelectrical

ceramics. The dynamic cutting forces, wire curvature, wire axial speed, V', and feed rate, V_,

are measured during the wire saw cutting tests. The cutting-induced surface roughness and
waviness are analyzed for each combination of process parameters with ultrasonic vibration
assistance or not. Detailed scanning electron microscope (SEM) analyses are carried out to
understand the variation of the machining-induced surface and sub-surface damage with the
process parameters. Details of the experimental setup and the corresponding measurements

for the range of the investigated process parameters are presented in this chapter.

2.1 Wire Saw Process, Wire Speed, and Feed Speed Measurements

A single spool to spool the wire-saw machine is used in the experiments. The wire is
advanced in one direction and then reversed back to 95% of its length, and this allows a 5%
refresh rate of the wire per each reversal cycle. The process parameters that can be controlled

are the wire-rocking angle, the wire speed, V', down feed speed, V_, wire tension, 7, and the
length of wire used in one reversal of wire, L . The tension is controlled by wire tension

pulleys powered by air pressure while the rocking motion is controlled by wire guide pulleys
as can be seen in Fig. 2.1.

In all experiments, the following parameters have been held constant. A fixed wire
length/cut cycle of 300 ft is utilized. Thus, in every forward advance of the wire, a length of

L, =300/t (91.4 m) is transferred from one spool to the other. A water-based coolant

(Sawzit) at a ratio of 50:1 is used during cutting.
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The wire axial speed is a function of spool diameter as the machine controls the speed
via the angular speed of the spool. The average wire speed is calibrated via the rotational
speed of the guide pulley. The rotational speed is measured by a stroboscope (model Strobex
236)

For every test, twenty stroboscope measurements of the wire guide-pulley rotational
speed are acquired inrev/min . The average of these measurements is multiplied by a
conversion factor to obtain the speed in meters per second (m/s) as presented in Eq. 2.1. The
factor in Eq. 2.1 is obtained using the diameter of the guide pulley.

V. (m/s)=0.0053x (rev/min) (2.1
The down-feed rate V, is calibrated by tracking the position of the machine yoke relative
to a stationary reference on the machine frame. As the yoke goes down, the relative position

changes. The time for the yoke to travel 5 mm is measured during each test.

Ghide

Pulleys
4 \

-

Fig. 2.1 Single wire, spool-to-spool wire saw machine (DWT Inc., Millennium Model) used
in wire saw tests. The wire is marked by the dashed line
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2.2. Wire Bow Angle Measurements

A megapixel digital camera (Kodak Easy Share DX 7630) of 2856 x 2142 pixels is
used to measure the wire bow angle. The images of the wire and sample are collected during
the test and analyzed using the Matlab image-processing toolbox to obtain the wire bow
angle, o, between the wire and the effective cutting direction. A typical image obtained
during a test is presented in Fig. 2.2, for the analysis of a. The slope is at the inlet and exit of
the wire; o, and o, are obtained. For the effective wire bow angle, a is their average. A total
of 10 to 15 images are collected in each test, after attaining a steady state wire bow. The
average of these measurements represents an average value for a for such test conditions.
The wire bow angle o reaches its steady state value after a certain depth of cut and stays
constant for the rest of the cut if all of the cutting parameters, including cut length, are
constant. Fig. 2.3 shows a sketch of the wire inclination angles and their correlations to the

wire curvature.

Fig. 2.2 Optical image shows the wire inclination angle with the cutting direction at the
entrance and exit from the specimen
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s

Fig. 2.3 Wire bow angle and wire curvature

2.3. Diamond Grit-Coated Steel Wires and Abrasive Slurry

Two different diamond-grit-coated steel wires and one bare wire then coated with

aluminum oxide slurry are used in this study. The wire diameter, D, grit size, D g,and grit
spacing, L, , of the diamond-grit-coated steel wires are listed in Table 2.1.

Diamond-grit-coated steel wire DWS3 is a product of Well Diamond Wire Saws Inc.

The DWS3 has an average diameter of D, =304 um . The average abrasive diamond size is
D, =78um . The average spacing of abrasive grits is L, =280um . The DWS3 is

manufactured by mechanically impregnating the diamonds into the wire. The impregnation
process might be successful for some grits, while others just leave an indentation mark on the
wire and could not be affixed

Diamond-grit-coated steel wires DWSS5 is a product of Saint-Gobain Abrasives Inc,
manufactured by nickel electroplating on steel. The grits are affixed into the electroplated

nickel layer while the core remains intact. The DWSS5 has average diameters of D, = 252 um ;
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average grit sizes of D, = 27 um ; and average grit spacing of L, = 69um . The grit spacing of

DWSS is very narrow.

Table 2.1. Diamond impregnated wire properties.

Wire  Diameter STD Grit Size STD Grit Radius L, Grit STD
name  Dy(um) Dy(um) Dyum)  Dy(um) R(um)  Spacing(um) Ly(um)
DWS3 304 3 78 9 39 280 104
DWSS5 252 3 27 5 13.5 69 31

2.4 Vibration Assistance Setup

Subsurface damage could be reduced by vibration-assisted cutting, because
intermittent unloading can produce a lateral crack before the median crack fully develops,
and upon reloading, the lateral crack shields against further median crack penetration, as
shown in Fig. 2.4. When the cutting grit first contacts the work piece, the median crack 1 is
produced, after the grit unloads, the lateral crack 2 initiate, and then reloading the work piece
produces the median crack 3. At this instant, the lateral crack 2 acts as a barrier against
further penetration of the median crack, thus achieving the shielding effect. Furthermore,
intermittent unloading produces shielding even for oblique indentation events and
intermediate locations of lateral cracks. To investigate the beneficial effects of intermittent
unloading, vibration-assisted cutting tests and no vibration-assisted cutting tests were carried
out and compared. For vibration-assisted cutting tests, PMN-PT single crystal sample was
fixed in the work table vertically by a clamping apparatus while the ultrasonic vibration-
assisted device was located in horizontally and parallel to the wire running direction with its

tip contacting with the left side of the clamping apparatus as can be seen in Fig. 2.5.
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Fig. 2.4 Schematic diagram shows the shielding effect

Fig. 2.5 Optical image shows the vibration-assisted cutting process
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2.5. Preliminary Results

The goal of this study is to investigate the role of the wire saw process parameters on
the quality of the produced surfaces, as measured by the resultant surface roughness and
waviness, surface and subsurface crack length, damage; the role of the vibration cutting on

possible phase transformation, as analyzed by XRD and Raman Spectrum.

2.5.1 Roughness Evolution

The surface roughness of the cut surfaces was measured using an optical non-contact
profilometer, Zygo New View 6000, manufactured by Zygo Corporation. A 10x lens was
used for the measurements. The profilometer has a resolution of depth on the order of three
nano- meter; the resolution in the horizontal plane is 1.1 pm, while the field of view used is
0.7x0.53 mm.

In a stitch measurement, the profilometer took continuous measurements each
0.7x0.53 mm and stitched them together into one data set. Three stitch measurements, each
of 0.7x3 mm dimensions, were applied in the direction of cutting for each sample on the left-
middle-right of the cut surface. After the measurements were taken, the data was processed
using the software MetroPro Version 8.1.5 developed by Zygo company. A high pass
filtering was applied to remove the surface waviness. The cutoff length was set at 0.8 mm.
Arithmetic average deviation from the centerline (best fit plane) was obtained. The average
of three measurements was taken as surface roughness of the test.

A Scanning Electron Microscope (SEM), JEOL JSM-606LV, was used to image the
cut-surface topology. The SEM images were taken from the lower half of the sample, on the

center line of the cut surface.
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Ductile material removal and brittle fracture was observed in SEM images. The
condition of point contact between the impregnated diamond and PMN-PT single crystal
sample was presumed during wire saw cutting process, generally as the same as indentation
process.

As discussed by Evans and Marshall [19], removal of plastically deformed material in
the cutting zone reduces residual stress. This reduces the tendency of lateral crack formation
in brittle materials. The median crack depth, ¢, can be compared to measured roughness. Fu
et al. [20] derived the force on a single grit in ductile mode material removal as presented in

Eq. 2.2, where o, is yield stress, R is cutting particle radius, and / is cut depth for a single

particle.

P=F, =2rnc Rh (2.2)

The mass continuity of the cutting process gives us Eq. 2.3.

L
d Volume) =i(g—) =§(i) = Vx(i) (2.3)

V=2
dt A, ' dt’ L xD dt L, L,

Volume is the total amount of material removed, 4, is the projected area of the cut
trench, L, is the cut length of sample, L, is the distance between cutting particles, D is width
of cut trench that can be taken as diameter of wire, S is sliding distance, V_ is the axial speed

of wire, and V, is the feed of wire. Solving the cut depth 4 from Eq. 2.3 yields Eq. 2.4.

h=L,x Z (2.4)

The force on a single grit, F,,, can be obtained in terms of process parameters by

inserting Eq.2.4 into Eq. 2.2 and Eq. 2.5 is obtained.
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VZ
P=F, =2n0 RL, X v (2.5)

The damage resulting from wire saw cutting is correlated with median crack depth.
Lawn et al. [21] derived the median crack length using fracture mechanics principles. The

median crack length is presented in Eq. 2.6.

1 3

C= a(cotl//)i(gjz Ki (2.6)

c

Inserting Eq. 2.5 into Eq. 2.6 gives us Eq. 2.7.

1 3 2

2( EN2 2no RL /48 E

C =| alcot = — = z 2.7
( w)s(H] = [ } (2.7)

c

The median crack depth, which is the damage due to the wire saw process, is
presented in terms of the process parameters in Eq. 2.7. The damage is a function of the half
of the included angle of the grits, y; the modulus of elasticity of ingot, £; the hardness of the
ingot, H; the fracture toughness of the ingot, Kc; wire properties, feed speed, and wire speed.

The damage model states that under the same feed speed, if the wire speed is
increased, the roughness damage will increase, which can be seen in Fig. 2.6, and the 3D
images of surface roughness are shown in Fig. 2.7. The results also show that sample wafers
cut by wire DWSS5 is more roughness, that’s because compared with the wire DWS3, the
average impregnated diamond size, average spacing of abrasive grits, and wire cross-section
diameter of wire DWS5 is much smaller, scratch between the wire DWS5 and the PMN-PT
single crystals is more seriously. When combined with vibration assistance, the intermittent

unloading can produce a lateral crack before the median crack fully develops, and upon
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reloading, the lateral crack shields against further median crack penetration, so the vibration

assisted-cutting can get smoother surface.

5
45 E— A -—-—--Wire DWS3 with vibration
- @ -—wire DWS3 without vibration
AE M ——-—Wire DWS5 without vibration
35 F
- o
3 b
’é‘ 5 A
%‘25 — |
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7 E N !
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Fig. 2.6 The variation of surface roughness Ra and RMS as a function of V;
(V:=6.35 um/sec, T=13N)
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Fig.2.7. 3D surface reconstruction images show wire saw cut surfaces roughness as measured by
Zygo profilometer: a) DWS3 wire with vibration, V,=2 m/s; b)DWS3 wire without vibration,
V=2 m/s; C) DWS3 wire with vibration, V,=3.05 m/s; d) DWS3 wire without vibration, V,=3.05
m/s; e) DWS3 wire with vibration, V,=4.57 m/s; 'D DWS3 wire without vibration, V,=4.57 m/s;

g) DWS3 wire with Vibration, V,=6.1 m/s; h) DWS3 wire without vibration, V,=6.1 m/s; I)
DWSS5 wire without Vibration, V,=6.1 m/s (V, = 6.35 um/sec,T = 13N).

The same results are shown in Fig.2.8, there are more scratches on the wire saw
cutting surface processed by wire DWSS5 than cut by wire DWS3, while all of the other
cutting parameters are the same. If the same type of wire is chosen, with the decrease of wire
cutting speed, the final sample wafers surfaces are more roughness, since more scratches are
presented and the length of medial cracks is much larger. The length of medial cracks under
cutting with vibration assistance is smaller than cutting without vibration assistance, and the

surfaces are also more smoothly.
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Fig.2.8. SEM images of wire saw cut surfaces: a) DWS3 wire with vibration, V,=2 m/s; b)DWS3
wire without vibration, V=2 m/s; C) DWS3 wire with vibration, V,,=3.05 m/s; d) DWS3 wire
without vibration, V,=3.05 m/s; e) DWS3 wire with vibration, V,=4.57 m/s; f) DWS3 wire without
vibration, V,=4.57 m/s; g) DWS3 wire with Vibration, V,,=6.1 m/s; h) DWS3 wire without vibration,
V,=6.1 m/s; 1) DWS5 wire without Vibration, V,=6.1 m/s (V; = 6.35 um/sec, T = 13N).

2.5.2 Waviness Evolution

The surface waviness of the cut surfaces was measured using an optical non-contact
profilometer, Zygo New View 6000, manufactured by Zygo Corporation. A 2.5x lens with 2x
zoom was used for the measurements. The profilometer has a vertical resolution on the order
of 3 nano-meter; the resolution in the horizontal plane is 8.83 pum, while the field of view

used is 1.41x1.06 mm.
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In a stitch measurement, the profilometer took continuous measurements of
1.41x1.06 mm and stitches them together into one data set. A low pass filtering was applied,
and the cutoff length was set at 0.25 mm. Stitch measurements were applied in the direction
of cutting at the center of the cut surface for each sample. After the measurements were
taken, the data was processed using the software Metro Pro Version 8.1.5 developed by Zygo
company. The best fit plane was removed and a low pass filter was applied to get the
waviness profile of the cut surface.

The long waviness is induced by the wire drifting that influenced by the combination
of the oblique cutting force and wire tension, and also the increase of feed speed means the
increase of oblique cutting forces will lead to a high peak-to-valley value waviness in the
surface. The increase of the wire tension will lead to a wavy surface with a lower peak-to-
valley value, while decreasing wire tension will lead to a step-like surface with a high peak-
to-valley value. But as the same as roughness, under the same feed speed and wire tension,
we can see smaller Ra and RMS of waviness with the increase of cutting speed and better
condition when combined with vibration assistance as shown in Fig. 2.9, since Ra and RMS
is only the performance that related to cracks initiation, propagation and if scratch seriously

or not. The 3D images of surface waviness are shown in Fig. 2.10.
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Fig. 2.9 The variation of surface waviness Ra and RMS as a function of V,
(V=6.35 pm/sec, T=13N)
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Fig.2.10. 3D surface reconstruction images show wire saw cut surfaces waviness as measured by
Zygo profilometer: a) DWS3 wire with vibration, V,=2 m/s; b)DWS3 wire without vibration,
V=2 m/s; C) DWS3 wire with vibration, V,=3.05 m/s; d) DWS3 wire without vibration, V,=3.05
nm/s; e) DWS3 wire with vibration, V,=4.57 m/s; f) DWS3 wire without vibration, V,=4.57 m/s; g)

DWS3 wire with Vibration, V,=6.1 m/s; N) DWS3 wire without vibration, V,=6.1 m/s; 1) DWS5
wire without Vibration, V,=6.1 m/s (V, = 6.35 um/sec, T = 13N).
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CHAPTER 3. PHASE TRANSFORMATION ANALYSIS

3.1 Introduction

Recent X-ray diffraction studies have shown that PMN-xPT single crystals at room
temperature and at zero stress and zero electric field are in a rhombohedral phase when x <
0.3 and a tetragonal phase when x> 0.35-0.37 [22,23]. The region which separates the
rhombohedral and tetragonal phase is called the morphotropic phase boundary (MPB).
Studies have also shown that PMN-xPT and specimens near the morphotropic phase
boundary (MPB) have an intricate multiphase state consisting of tetragonal, rhombohedral,
orthorhombic and monoclinic phases M, Mp, M [23-25].

The phase of PMN-xPT is dependent on applied fields such as stress, electric field
and temperature, in addition to the composition. The application of external stress fields can
initiate phase transformations in relaxor PMN-xPT. Many researchers have shown
experimental evidence of rhombohedral to orthorhombic (R—O) [26,27], thombohedral to
monoclinic (R-M) [28], and rhombohedral to tetragonal (R—T) [29] phase transformations in
relaxor single crystals under external fields. In the region of PT percentage is no larger than
0.3(x < 0.3), Viehland and Li [26] measured the unipolar and bipolar strain and electric
displacement during electric field induced R—-O phase transformation in <110> oriented
PMN-0.3PT single-crystal specimens. McLaughlin et al. showed evidence that electric field
[27] and stress fields [29] are both capable of inducing an R—O phase transformation in
PMN-0.32PT single crystals with an engineered domain state, as seen in Fig.3.1. In this
work, the electrical displacement and strain were measured as a function of stress, electric

field and temperature. The results were presented as three-dimensional surface plots showing
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the effects of field induced phase transformations. Phase transformation maps were created
which showed the dependence of these transformations on applied electric field, stress and
temperature. K.G. Webber et al. [30] showed evidence that a stress could drive the phase
transformation from the rhombohedral phase to the depolarized orthorhombic phase in a
single-crystal PMN-0.26PT, as seen in Fig.3.2, it shows the stress induced depolarization of
the single-crystal material in the presence of an electric field well below the coercive field.
During a unipolar stress cycle in the absence of an applied electric field it was shown that
single-crystal PMN-0.26PT was driven to the depolarized orthorhombic phase. A. Slodczyk
et al. [28] demonstrated that PMN-0.28PT underwent a transition from the cubic (Pm3m) to
the rhombohedral(R3m) at 348 K, and the rhombohedral(R3m) to the monoclinic symmetry
(Pm) in at 273K. Zhao et al. [31] confirmed an R—T phase transition in PMN-0.31PT single

crystals with powder X-ray diffraction.

m

;
%

.........’

.........’

R O

Fig. 3.1 Phase transformations between the rhombohedral and orthorhombic phases
induced by stress. [29]
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Fig. 3.2 The stress induced depolarization in the presence of a small bias electric field. [30]

Also, recent studies [32,33] have shown that <0 0 1> oriented single crystals of the
PMN-PT on the rhombohedral side of morphotropic phase boundary compositions exhibit
extraordinarily large electromechanical coupling coefficients (>90%) and piezoelectric
coefficients (d33>2000 pC/N). Though according to the crystallographically, <1 1 1> is the
polar direction, considerable domain reorientation under bias is known to take place for this
orientation and materials tend to depole upon removal of the electric field. In contrast, the <0
0 1> direction is found to have a stable domain configuration, and excellent piezoelectric
properties have been observed.

In this study, the raw <0 0 1> oriented PMN-0.30PT single crystals sample of a
cylinder shape was made by ID saw, then cut by our wire saw machine to get wafers. As

mentioned previously, only possible R-O and R—M phase transitions driven by wire saw
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cutting down force were presumed, and then X-ray powder diffraction and Raman Spectra

were measured for local and partial phase transformation analysis.

3.2 Experimental Methods

Under different cutting speed V,, combined with or no vibration assistance, several
wafer samples of half circle shape were prepared, and the surfaces of these specimens were
cleaned by Acetone. X-ray powder diffraction measurements were performed by using a
high-resolution Siemens D5000 diffractometer with Cu K-alpha radiation confirmed the
formation of phases with no evidence of any impurities. Copper tube was operated at

V' =45kV and I =30 mA. The full diffraction patterns at the selected Bragg angle in the

range of 15°-65° were recorded by using the scanning method with a step ‘A(2t9) =0.02°

and a counting time of 10 seconds. Crystal structure refinements were performed using the
profile Rietveld method.

The Raman spectra were collected using a T64000 Y von-Jobin multi-channel triple
monochromator spectrometer (micro-Raman configuration, backscattering geometry). The
488 nm argon ion laser excitation line was used. Spot size of 20-30 micrometer, focus of 250
micrometer, objective of 20 times, wavenumber of 150-1000 cm™ were set. For better local
phase transition analysis, especially defining the different phases at the peak and valley
locations, points scanning along the lines that are parallel or perpendicular to the surface

waviness direction were delicately chosen and operated.
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3.3 Results and Discussion

3.3.1 X-ray Results

Figure 3.3 presents the comparing of X-ray diffraction pattern of <0 0 1> oriented
PMN-0.30PT single crystals sample cut by wire saw, ID saw and theoretical generated by
GSAS software. The same machine information was input, theoretical modeling X-ray
diffraction patterns of different phase composition were calculated by GSAS software.
Compared with the theoretical X-ray fitting curve of multiply phases or single phase, detailed
analysis of the peak broadening reveals the phases in wafer cut by wire saw under different
cutting down speed and cut by ID saw are different. For example, around the Bragger angle
range of 44-46°, this very clear and special area could be seen in Fig. 3.4, corresponding to
the Rhombohedral and Orthorhombic two phases coexistence, there are three theoretical
peaks very closed to each other, and for only single Orthorhombic phase there are only two
peaks apart with each other, if compared with the experimental X-ray diffraction patterns of
each case, it is very easy to find the peak shifts and broadening different between each case
which means the phases composition different from each other. However, from this
comparing, we still cannot define the ratio of phase composition in each case, and how the
phase transition underwent, evenly in all direction or very inhomogeneous locally. It is very
reasonable to explain the observed shift peak positions and different intensities since the
lower-symmetry phases exist in this and related systems that of orthorhombic O and the ratio

of this phase different in each case
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Fig. 3.3 X-ray diffraction pattern of <0 0 1> oriented PMN-0.30PT single
crystals cut by wire saw, ID saw and theoretical
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Fig. 3.4 Selected regions of the X-ray diffraction pattern of <0 0 1> oriented PMN-
0.30PT single crystals cut by wire saw, ID saw and theoretical

3.3.2 Raman Scattering Results

The Raman spectra presented in Fig.3.5 is at different locations of the wafer surface
that parallel and perpendicular to the waviness direction; consist of a number of broad lines.
The PMN-PT Raman spectra can be divided into three characteristic regions of frequency:
the low frequency region, which is approximately up to 150 cm™; the intermediate frequency
region, which is approximately from 150 to 500 cm™'; and the high frequency region, which
is from 500 to 800 cm™. According to the attempts of mode assignment in the case of
PMN][34] and especially due to lattice dynamics calculations performed by Prosandeev et

al.[35], the low frequency region can be attributed to the Pb-BOg stretching modes. The
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modes from the intermediate frequency region can be classified as mixed B-O-B bending and
O-B-O stretching, while those from the high frequency region as B-O-B stretching.

The Raman spectra shown in Fig. 3.5 seem to be similar to each other; however, the
qualitative analysis reveals noticeable changes in these Raman spectra at different locations.
The most significant difference that can be seen in the frequency range of 500 to 650 cm™, as
seen in Fig.3.6 and Fig. 3.7, at different locations of the wafer surface, some Raman modes
become narrower and even new modes near 500 cm™' appears, the frequencies and the line
widths exhibit the characteristic jumps observed in this region. It is probable that these
jumps can indicate the changes in the local symmetry between the rhombohedral(R3m), the
monoclinic symmetry (Pm), and the orthorhombic symmetry (Pmm2). Moreover, as can be
seen in Fig.3.6, which corresponds to different location cases that perpendicular to the
waviness and apart of waviness width at 250 pm, characteristic jumps between each case can
indicate the phases different along the direction perpendicular to waviness. However, as can
be seen in Fig.3.7, which corresponds to different location cases that parallel to the waviness,
no very obvious frequencies and line widths jumps could be found, which means along the
direction that parallel to the waviness direction no much phase transitions occurred, the little
difference and asymmetry could be possible explained by Lattice distortion or so, even if

there is phase transition, at most very small partial transformations.
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Fig. 3.5 Raman spectra of the <0 0 1> oriented PMN-0.30PT single crystal wafer
at different locations that parallel and perpendicular to the waviness direction

i .

Reduced intensity (arb.units)

300 400 500 600 700 800 900
Wavenumber (m?)

Fig. 3.6 Selected region of Raman spectra of the <0 0 1> oriented PMN-0.30PT single
crystal wafer at different locations that perpendicular to the waviness direction
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Fig. 3.7 Selected region of Raman spectra of the <0 0 1> oriented PMN-0.30PT
single crystal wafer at different locations that parallel to the waviness direction

3.4 Conclusion

Phase transition was defined by comparing the experimental X-ray diffraction pattern
of each case cut by wire saw or ID saw and the theoretical fitting curve under different phase
composition, because the peak broadening and shift different in each case, it is obviously
could be explained that the phase ratio in composition different in each case, especially the
different ratio of lower-symmetry phase Orthorhombic. However, the detailed ratio of phase

transition and how it underwent evenly or not cannot be defined in this analysis, further work

needed to complete it.
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CHAPTER 4 SUMMARY AND DISCUSSION

In this experimental study, the role of wire saw processing parameters on the final
PMN-PT single crystals wafer surface roughness and waviness were investigated. Several
analytical tools were utilized including SEM imaging of the subsurface damages; XRD and
micro-Raman surface analysis to uncover the machining induced phase transformation.
Based on the result of the parametric study, the following conclusion can be drawn.

1. Better surface quality can be generated if the force per cutting grit can be
minimized. Such force is controlled by the ratio of the down feed to wire speed. Accordingly,
any attempt to increase the down feed speed has to be accompanied by increase in the wire
speed. Such attempt would be bounded by the wire stability and vibration.

2. Reduction of the down feed to the wire speed ratio at the same wire tension has
showed improved Ra and RMS of the cut surface.

3. Better surface characteristics could be attained with vibration assistance wire saw
cutting process, because of lateral crack initiated by intermittent unloading could prevent the
vertical crack propagation and protect as a shield.

4. Phase transformation of PMN-PT single crystals can be also minimized by
lowering the down feed to the wire speed ratio. However, exact reduction level needs further

investigations.
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