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Abstract

As humankind continues to push the boundaries of science and technology to explore and
develop a deeper understanding of our universe, materials that can perform reliably, under harsh
conditions are a necessity. Single crystal sapphire (a — Al2O3) and 8-mol % yttria stabilized
zirconia (8YSZ) are two such materials that are frequently used in a variety of applications
ranging from protective optical windows and electronic substrates to biomedical implants and
solid oxide fuel cells. Although properties such as high hardness, chemical resistance and superior
mechanical strength make these materials favorable in the applications mentioned, fabricating
these ceramics into intricate shapes is challenging as these properties along with pronounced
brittleness hinder material removal. Commonly, ceramics have been processed through loose
abrasive processes such as grinding and polishing which take advantage of the ductile-brittle
transition observed at small length scales (on the order a few microns or smaller). However,
a major limitation of these abrasive processes is that complex shapes cannot be fabricated
due to limitations in tool geometries that can be used. One promising technique that has
been developed to address this issue is Ultra-precision Machining (UPM), which provides the
flexibility in terms of tooling as well as precise control of multiple machine axes which can be
used to cut complex geometries in ceramics in a ductile manner. In spite of overcoming some of
the challenges mentioned, two new challenges, namely material anisotropy and residual stresses
need to be addressed to improve the material removal rate and process single crystal ceramics
more efficiently.

Through preliminary research conducted at the Manufacturing Innovation Network (MIN)
lab, the effect of crystal anisotropy on material deformation during machining of sapphire was
quantified in terms of the critical depth of cut (depth of cut at which ductile-brittle transition
occurs) and this result was extended to the case of 2-step machining (machining over an area that
has been previously machined). In these studies, a decrease in the Critical Depth of Cut (CDC)
was observed during the second machining operation which hinted at the presence of residual
stresses or subsurface damage that promoted crack initiation at a lower stress compared to
machining of a pristine ceramic surface and forms the motivation for this work. Furthermore, a

literature survey on this topic revealed that detailed studies correlating the residual stress and
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subsurface damage to activation of different deformation mechanisms in single crystals had not
been conducted.

Based on the preliminary experimental results, it was hypothesized that the residual stresses
and subsurface damage would be anisotropic in nature depending on the cutting direction and
depth of cut, due to activation of distinct deformation mechanisms in different cutting direc-
tions. To test this hypothesis, machining was performed on 4 different crystallographic planes
of sapphire (A-, C-, M-, and R-) and two planes on 8YSZ ((001) and (011)). Subsequently, in
the first phase of the study, residual stress magnitude was quantified for 7 cutting directions
on each plane of sapphire and 8YSZ. Particularly, these measurements were made at different
depths of cut, focusing on the ductile, Ductile to Brittle Transition (DBT), and brittle regions
of the cut.

In the case of sapphire, the residual stresses were tensile in nature for most of the cases and
the ductile regions had a higher residual stress magnitude than the brittle region. The magnitude
of residual stress varied from -65 MPa (compressive) in a couple of cases to 148 MPa (tensile).
There was a clear anisotropy in the residual stress magnitude in terms of the cutting direction
and depth of cut. In crystallographic planes like the C-plane, the residual stress magnitude was
almost negligible but in some other planes like the M- and R-planes, much larger magnitudes of
residual stress was observed.

To further understand the reason for this anisotropy, the most likely modes of plastic de-
formation on the C- and R-planes were calculated and compared. It was found that, based
on the alignment of the dominant slip/twinning system with respect to the machined surface,
more plastically deformed material was likely to remain in the workpiece post machining, such
as certain directions on the R-plane that exhibited higher magnitudes of residual stress. On
the contrary, most of the plastically deformed material on the C-plane and few R-plane direc-
tions would be removed by chip formation, thus confirming the hypothesis initially presented.
These efforts were then extended to understand the residual stress tensor post machining. Next,
residual stress measurements were carried out on the 2 planes of 8YSZ through analysis of nano-
indentation data. For the analysis, two different approaches were followed - fracture toughness
based calculation and energy partition based calculation. The residual stresses were generally

tensile in nature. However, in the brittle regions of the cut, very large fluctuations in the residual
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stress measurements were observed. The residual stresses in the ductile region varied between
-35 and 240 MPa.

The second phase of this study involved understanding subsurface damage through Raman
spectroscopy, Transmission Electron Microscopy (TEM), and Molecular Dynamics (MD) simu-
lations. This portion of the study was limited to sapphire. To begin with the subsurface damage
across different cutting directions was evaluated by investigating the relative peak broadening
of the 417 ecm™! peak. These evaluations were done both in the depth wise direction (selected
directions on the R-plane) and along the machined surface (A-, C-, M-, R-planes). It was ob-
served that the crack morphology played an important role in influencing the subsurface damage
and generally the directions with lateral and sculptured cracks which extended deeper into the
subsurface by way of the alignment of the cleavage plane with respect to the machined surface
led to higher amounts of peak broadening and subsurface damage whereas cutting directions
with shallower spalling or fan shaped cracks that were restricted closer to the surface showed
smaller amounts of peak broadening.

In the next section, MD simulations results from selected cutting directions were analyzed
and the trends in the damage depth were compared with the results from the Raman evaluation
of subsurface damage. It was observed that most of the cutting directions followed the same
trends as the Raman results except for the 2 cases on the C-plane of sapphire. The likely cause
for this discrepancy could be due to the differences in the time and length scales of the MD
simulations which were performed at much higher strain rates than the experiments.

In the last section of this phase of the study, TEM evaluation was carried out for different
cases. In the first set of cases, the subsurface damage was compared between the C- and R-plane
of sapphire. It was observed that in the case of the C-plane, the damage was limited very close to
the surface and the basal twinning acted like a blocking mechanism to prevent any deformation
from extending deeper into the subsurface. On the contrary, larger amount of subsurface damage
in the form of cracks, plastic deformation, amorphization, and stacking faults was observed on
the R-plane of sapphire. These results supported the Raman spectroscopy results and the
hypothesis presented at the beginning of this study. In the second set of experiments, two
samples were made on the C-plane of sapphire parallel to the cutting direction along 180° and

270°. In both these samples, deformation parallel to the basal plane and just below the machined



surface were observed. In the case of the 180° cutting direction, additional subsurface cracks
and large amounts of plastic deformation in the subsurface were observed. However, in the 270°,
the deformation was limited to few bands of basal twinning and no other forms of deformation
were observed. These trends were similar to the subsurface damage predicted from the Raman
peak broadening.

The third part of this research involved investigating the effect of different process parameters
such as machining pitch and depth of first cut on surface cracking and residual stress formation
during 2-step machining operations. Based on the results in the previous section, it was evident
that the crystal anisotropy played a major role in influencing the residual stress state, as well as
the surface and subsurface damage mechanisms. The main objective behind this section was to
investigate whether the deformation anisotropy could be exploited to develop machining strate-
gies that improve the material removal rate while minimizing surface and subsurface damage.
The first two experiments involved studying the effect of machining pitch and depth of first
cut on the CDC of the subsequent machining operation on the A-plane of sapphire. These ex-
periments provided insight into how to account for different crack morphologies, residual stress
state, and material deformation mechanisms while choosing a machining strategy. The next
stage of this research involved demonstrating a machining strategy on the R-plane of sapphire
to improve the machining throughput to obtain a ductile machined surface while minimizing
the residual stresses. The process parameters for this strategy were selected by choosing cutting
conditions that leave behind shallow cracks and low residual stress during rough machining and
performing finish machining under conditions with higher CDC to get rid of the surface defects.

Through the knowledge gained in this study, our understanding of material deformation
during UPM of ceramics and residual stress/subsurface damage formation is improved, guiding
us towards increasing the efficiency of the machining process of hard and brittle materials by

exploiting the anisotropic deformation characteristics observed.
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Chapter 1

Introduction

The quest for scientific advancement and exploration in a wide range of fields calls for
materials that can perform reliably under harsh conditions. Drawing from a wide range of
disciplines, some examples include optical switches for high energy lasers used to realize inertial
confinement fusion [1], scientific instruments on spacecraft and space based telescopes [2,3], and
biomedical implants such as artificial knee or hip joints [4]. A common class of materials used
for these applications are single crystal ceramics, due to favorable properties such as superior
optical and mechanical properties, chemical inertness, and wear resistance [5-7]. In spite of
the favorable properties, manufacturing ceramics is challenging due to the high hardness which
rapidly wears out tools. Further, due to the brittle nature, crack initiation can occur easily,
hindering the functionality of many components, especially optics. Additionally, the anisotropic
crystal structure and properties make it difficult to design tool paths and machining strategies
[8,9].

Conventionally, ceramics have been manufactured using loose abrasive processes such as
polishing and grinding that remove material at small cutting depths, below the ductile-brittle
transition (also known as the Critical Depth of Cut (CDC)) [10-12]. However, these manufac-
turing processes have some drawbacks: i) available tool profiles and geometries limit the part
geometries and forms that can be produced, ii) producing miniature parts and features on the
order of a few hundred microns can be a challenge as it is difficult to control the movement of
abrasive particles at those scales, and iii) many applications like optics and electronics require
nanometer level surface roughness [13] which can be achieved only by multiple operations on
different machines which would make the process capital intensive.

With advancements in manufacturing technology, control systems, sensors, and CAD/CAM
software, many companies have produced ultra-precision Computer Numerical Control (CNC)

machines capable of multi-axis movements with a command resolution of a single angstrom that



have addressed the short comings previously mentioned [14,15]. With these machines, it is
possible to cut hard and brittle ceramics at depths lower than the CDC while maintaining sub-
micron form accuracy and surface roughness for complex part geometries, all on a single machine.
While machining at these small scales, the tool-workpiece interactions are very different from that
observed in conventional machining. For a start, as the cutting depth is reduced to the same order
of magnitude as the grain size of most engineering materials, the grain orientation and crystal
anisotropy start to influence the material removal behavior [16]. Additionally, as the tool edge
radius is of the same order of magnitude as the cutting depth, the material deformation and chip
formation are significantly affected by this tool-geometry parameter [17,18]. Hence, conventional
machining principles cannot be applied directly to the case of Ultra-precision Machining (UPM)
[16,19]. Due to these complexities, the mechanism of material removal during UPM is not fully

understood and further study is necessary.

1.1 Motivation

To better understand material deformation during UPM of ceramics and develop useful
machining strategies, multiple experiments were carried out at the MIN Lab. In terms of the
preliminary work, single, isolated cuts were made to understand the effect of crystallography
on material deformation. However, in practical scenarios, multiple machining passes are needed
to go from the raw material to the required finished geometry in majority of cases. To study
material deformation from this perspective, few studies were conducted. In particular, three
experiments relevant to overlapping machining are pertinent to the current research and are
described in the following subsections. A detailed account of the work can be found in my

Master’s thesis [20].
1.1.1 Overlapping Cutting on A-plane of Sapphire

The objective of the first experiment was to examine the material response during repeated
machining at depths of cut up to the CDC - the depth at which ductile-brittle transition occurs.
The experiment was performed on the A-plane of sapphire in a cutting direction with a CDC
of 220 nm. The tool path had a slope of 1/500 in the entry and exit portions with a region of

constant depth of cut in between. The depth of cut increments for the 3 trials performed were



chosen to be 120 nm, 180 nm, and 220 nm and up to 4 overlapping cuts were performed for each

depth increment. A schematic of the experiment is shown in Figure 1.1.
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Figure 1.1: Schematic of overlapping cutting on A-plane of sapphire [21].
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Figure 1.2: Optical images of successive overlapping cuts with depth of cut increments of (a)
120 nm, (b) 180 nm, and (c, d) 220 nm on A-plane of sapphire [21].

Optical images of the resulting machined surfaces are shown in Figure 1.2. It was observed

that when the depth increment was 120 nm, ductile machined surface was observed up to the



third cut. However, on the fourth cut, small cracks were observed on the machined surface even
though the depth of cut was smaller than the CDC. Similarly, when the depth increment was
180 nm, cracks were observed from the second overlap. In case of the 220 nm depth increment,
cracks were visible from the first cut itself as this depth corresponds to the CDC for the given
cutting direction. Further, as the number of overlaps were increased for this depth increment,

the size and concentration of cracks observed also increased.
1.1.2 2-Step Cutting on C-plane of Sapphire

The experiments on the C-plane of sapphire mainly aimed to study the effect of varying
cutting direction on the material response. Since the direction of the subsequent cuts did not
align with the first cut, a cracked surface area was first created over which the subsequent
plunge cuts were performed. The plunge cuts had an entry and exit slope of 1/500. Two sets
of experiments were performed; (i) varying direction of subsequent cutting (primary cutting in
[1120] direction — denoted as 0°) and (ii) varying the direction of primary cutting (subsequent
cutting in [1120] direction - denoted as 0°). In the first set of experiments, subsequent plunge
cuts were performed in the 0° — [1120], 30° — [1010], 60° — [2110] and 90° — [1100] directions. In
the second set of experiments, the primary cuts were performed in the 0° — [1120], 30° — [1010],
60° — [2110], and 90° — [1100] directions. The schematic of the experiments are shown in Figure
1.3. The machined surfaces were observed using Scanning Electron Microscopy (SEM) and an
optical microscope. Subsequently, the CDC was measured and compared to those machined

surfaces generated only by a single cut [22].
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Figure 1.3: Schematic of subsequent machining experiments on C-plane of sapphire; (a) varying
direction of subsequent cutting, (b) varying the direction of primary cutting [20].



In certain combination of cutting directions, an interesting phenomenon was observed where
a large portion of the visible cracks generated by the primary cut was removed by the subsequent
plunge cut. This is illustrated in Figure 1.4 (a). This observation is thought to be caused by
the change in cutting direction, which suppresses the initiation of new cracks, and the material
volume with cracks from the first cut was so small that it was removed during subsequent
machining. To investigate the effect of the subsequent cutting direction and variation in the
critical depth, machining was conducted both on cracked surface areas and on a clean surface
as presented in Figure 1.4 (b). In the graph, O-CDC represents the critical depth for the case
without any primary cutting and S-CDC represents the critical depth of the subsequent cut.
From the figure, it is clear that the CDC decreased for machining on cracked surfaces in all the
cutting directions. This observation was likely due to the existing damage from the first cuts that
produces many surface and subsurface flaws initiating new cracks at lower levels of stress during
subsequent machining. The 30° subsequent cutting direction showed a much smaller critical
depth after subsequent cutting compared to the other directions. This observation may be
caused because the flaws generated during the primary cutting were aligned in the 30° direction
through the pile-up glide mechanism [23]. This is illustrated in the inset images in Figure 1.4
(b). During the subsequent cutting in the 30° direction, the aligned flaws are thought to initiate

cracks more easily than in any other directions.

Direction of
primary cutting: [1120] <« 100
—@— s-DC B 4
[2110] |
> - |
um)  90° M
0.4 - .
_ 60° 035 )
[1010] o n C
025
30° H o2 " .
_{ w [ (m 6
o é
Prismatic slip >/ b !
30°
[1120] < 0 m

(b)

Figure 1.4: Effects of subsequent cutting; (a) optical image of subsequent cutting on C-plane of
sapphire, (b) variation in critical depth based on direction of subsequent cutting [22].

It was also found that the primary cuts in the 90° direction generate lamellar cracks perpen-

dicular to the cutting direction (See Figure 1.5 (a)). However, when the subsequent machining



was performed in the 90° direction on cracked surface areas pre-machined in the 0° direction,
the type of crack changed from lamellar to concave, similar to that observed in the 30° machin-
ing as shown in Figure 1.5 (b). This phenomenon is thought to have occurred as the thrust
force was not large enough to suppress crack opening in the [1010] direction. This example
clearly illustrates that surface and subsurface damages accumulated through primary machining
strongly affects the material response during subsequent machining operations. In the second
set of experiments where the direction of primary cutting was changed, the crack morphology
showed some variations on the different cracked surface areas, which can be attributed to the
anisotropy of the sapphire crystal. This, in turn, can cause varying amounts of surface and
subsurface damage. The variation in the critical depth is also presented in Figure 1.5 (c), which
clearly shows that the CDC in the 0° direction for the subsequent cutting substantially reduced
from the value in the the primary cut whereas the CDC for the subsequent cutting in the other
directions is very similar to the critical depth for the primary cuts. It was conjectured that these
observations may be caused by the activation of the rhombohedral twinning systems, which is
known to promote plastic deformation [23]. In the 0° direction, the flaws generated by the pri-
mary cutting aligned with the subsequent cut, thus easily generating new cracks and reducing

the critical depth.
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Figure 1.5: Comparison of surface morphology; (a) without primary cutting, (b) with primary
cutting, and (c) variation in critical depth based on direction of primary cutting [22].

In the quest to machine ceramic materials more efficiently, it is imperative to fully under-

stand material deformation during the machining process. However, as demonstrated by the



preliminary experiments, material removal is a complex and dynamic process depending on a
lot of factors including the cutting direction, depth of cut, and other process parameters. It
was also interesting to observe the influence prior machining operations can have on material
deformation in terms of premature crack initiation, change in crack morphology and effect on
the CDC. These observations indicate that factors such as residual stress and subsurface dam-
age, not observed through SEM or optical microscope evaluations need to be accounted for in
order to develop a complete understanding of material deformation during UPM. In this pursuit,
the present research will focus on understanding the mechanisms leading to residual stress and

subsurface damage formation, and develop procedures to quantify these phenomenon.

1.2 Hypothesis

Based on the knowledge gained from previous work, a couple of hypotheses were proposed at
the start of the current research. Firstly, since it is known that plastic deformation is one of the
main contributors to residual stresses and that plastic deformation is anisotropic during machin-
ing of single crystal ceramics, it was hypothesized that the residual stresses and subsurface
damage left behind after UPM of ceramics are anisotropic in terms of depth and
direction of machining. Another important aspect to consider during the machining process
is chip formation and crack initiation beyond the CDC which contributes to the removal of some
of the plastically deformed material from the workpiece surface. Combining this knowledge with
the anisotropic material deformation caused by activation of specific slip/twinning mechanisms,
it was hypothesized that the residual stress magnitude is proportional to the amount
of plastically deformed material remaining in the workpiece post machining.

Based on the second hypothesis, for those cutting directions in which the plastically deformed
region extends deeper into the subsurface, the magnitude of residual stress would be higher. One
way to determine this would be to look at the activation of slip/twinning systems for a given
cutting direction. As illustrated in Figure 1.6, for those cutting directions that dominantly
activate slip/twinning systems that form a shallow angle with respect to the workpiece surface,
the region of plastically deformed material is generally close to the surface and is removed by
chip formation at low depths of cut or by fracture beyond the CDC. This scenario is hypothesized

to have a low magnitude of residual stress. On the contrary, for those cutting directions which
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Figure 1.6: Schematic showing the initiation and evolution of two different slip systems during
UPM of a single crystal ceramic [24].

activate plastic deformation mechanisms which form steep angles with the workpiece surface, the
plastically deformed region would extend deeper into the subsurface and a significant portion
of it would not be removed by chip formation or fracture, leading to a higher magnitude of
residual stress. In some cutting directions where multiple slip/twinning systems have a similar
or low probability of activation, there is a chance of dislocation entanglement causing plastic
deformation to be concentrated close to the workpiece surface leading to lower magnitude of

residual stress [25].

1.3 Objectives

The overarching goal of this work is to test the hypothesis presented in section 1.2 and under-
stand if, and how residual stresses and subsurface damage influence the outcome of machining
process of single crystal ceramics. In particular, this study aims to look at residual stress and
subsurface damage formation from the lens of crystal plasticity and single crystal deformation,
in order to better understand the relationship between crystalline structure and subsurface de-
formation during UPM. Based on the knowledge gained through this process, this study also
aims to understand if machining strategies can be devised to minimize or control residual stress

and subsurface damage magnitude by controlling the material deformation.
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1.4 Thesis Organization

This section details the organization of the dissertation. The main contents of this work are
organized into four chapters and a brief summary of the chapters are provided in the following
paragraphs.

Chapter 2 introduces the reader to the materials and methods used throughout this work.
This chapter is divided into 4 sections. In the first section, the two candidate ceramics used in
this study - sapphire and 8-mol % yttria stabilized zirconia (8YSZ) are described in terms of
their crystal structure, applications, followed by the different deformation mechanisms present
in these materials. The second section contains the methodology used to predict the activation
of different deformation mechanisms in a single crystal subject to a stress using concepts from
crystal plasticity. In the third section, details about the ultra-precision machining setup are
provided along with the rationale behind many choices in terms of tool, machining process
parameters, and overall setup. In the final section, details about the Molecular Dynamics (MD)
simulations carried out in collaboration with colleagues at the University of Cincinnati are
described. The results and analysis of the MD simulations are presented in chapter 4.

Chapter 3 delves into the details of residual stress measurements in sapphire and 8YSZ.
This chapter is broadly divided into three sections. The first section is a literature survey on
residual stress measurements across various relevant domains such as single crystals, ceramics,
and machined components, as well as the pros and cons of different measurement techniques
available. The second section focuses on residual stress measurements and analysis in sapphire.
In the first part of this section, details about Raman spectroscopy are provided, along with
the measurement parameter selection methodology. Following this, results of the residual stress
magnitude for different cutting directions and depths of cut are discussed. These results are
then explained from a perspective of material deformation and crystal plasticity. Towards the
end of this section, an approach to calculate the residual stress tensor using Raman spectroscopy
data is discussed for selected cases. The third section focuses on residual stress measurements
in 8YSZ. As Raman spectroscopy was not suitable for residual stress measurements in 8YSZ,
the nano-indentation technique was used. In this section, the different analysis approaches in

residual stress measurement through nano-indentation are discussed and the analysis for two
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approaches - fracture toughness based and energy based are presented.

Chapter 4 details the investigation of subsurface damage in the case of sapphire. This chapter
is divided into 4 sections. The first section is a literature review on subsurface damage evaluation
in machined ceramics and the different techniques used to measure subsurface damage. The
second section describes the use of Raman spectroscopy to understand subsurface deformation
in sapphire and the effect of crystallography in this regard. The results in this section examine
the effect of cutting direction, depth of cut, and crack morphology on the extent of subsurface
damage. In the following section, the results and analysis of MD simulations are presented and
compared with the results from previous sections and chapter 3. The final section of the chapter
delves into Transmission Electron Microscopy (TEM) evaluation of subsurface damage. The first
part of this section contains a detailed description of TEM sample preparation as it was one
of the challenges overcome during this work. A detailed description of the process parameters
used during Focused Ion Beam (FIB) milling for TEM sample preparation is documented in the
appendix (section A.3). Subsequently, the TEM results are discussed for different scenarios and
evaluated from the perspective of material deformation introduced in chapters 2 and 3.

Chapter 5 examines the effect of different machining process parameters on residual stresses,
surface, and subsurface damage. The motivation behind the contents of this chapter was to
think of the practical aspects of machining single crystal ceramics and evaluate a few of the
scenarios that could be encountered while machining a functional part. In this section, the
effect of horizontal and vertical overlapping cutting on the surface morphology is presented.
Additionally, a machining strategy to minimize residual stress magnitude while improving the

machining throughput is discussed.
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Chapter 2

Materials and Methods

Having developed an understanding of the problem statement and motivation for this study
in Chapter 1, Chapter 2 introduces the reader to the materials and methods used in this study
and provides the rationale behind different choices made over the course of this work, in terms
of choosing specific process parameters, tool geometries, tool paths, etc.

To begin with, details about the materials chosen - sapphire and 8YSZ are presented, high-
lighting the crystal structure, physical properties, applications, and deformation mechanisms.
Subsequently, deformation in single crystals is discussed from the perspective of plastic defor-
mation and fracture, and methods to predict which deformation system is likely to get activated
on application of a stress to the single crystal material. Next, the experimental setup used to
test the hypothesis detailed in section 1.2 is described in detail. Unless specified otherwise, all
the experiments in subsequent chapters were conducted following the procedure detailed in this
chapter, including tool geometry, process parameters, cutting environment, and tool path. Fi-
nally, details about the MD simulations performed by colleagues at the University of Cincinnati
as part of a collaborative project are presented. The results from the MD simulations were
especially beneficial in understanding the activation of different deformation mechanisms in the

tool-workpiece interface and evolution of subsurface damage.

2.1 Crystal Structure and Material Properties

In the case of conventional machining, many theories have been proposed to understand
material deformation based on the shearing occurring at different regions in the tool-workpiece
interface. However, when the scale of machining is reduced from the conventional to micrometer
level and further down to the nanometer scale, additional effects such as tool edge rounding,
grain boundaries, material phases, crystal structure, and lattice defects need to be taken into
account [26,27]. These factors are especially true with single crystalline materials where low

crystal symmetry can result in pronounced crystal anisotropy [28]. Furthermore, the crystalline
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arrangement of atoms influences the bond strength between atoms which in turn influences the
activation of different slip and fracture mechanisms on application of a load. In this section,
two candidate materials - sapphire and 8YSZ are described from the perspective of their crystal

structure, material properties, applications, and deformation mechanisms.

2.1.1 Sapphire
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Figure 2.1: (a) Unit cell of sapphire showing the 4 commonly used functional crystallographic
planes; (b) Schematic showing the angular relationships between different crystallographic planes
[29, 30].

Sapphire (a-Aly03) is the single crystal form of aluminum oxide in which it is renowned for its
high hardness, high melting point, wear and chemical resistance, and bio-compatibility [31-33].
Additionally, a high Young’s modulus and resistance to thermal shock resistance prompt its
use in structural applications under harsh environments [29,34]. The impressive properties of
sapphire can be attributed to the unique crystal structure of sapphire belonging to the ditrigonal-

scalenohedral crystal class of trigonal symmetry (ng — R3C). The structure with this spatial
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symmetry group can be considered as a slightly distorted hexagonal closed packing comprising of
AI3* and O?~ ions with coordination numbers of 6 and 4 respectively. In the unit cell of sapphire,
the oxygen ions occupy the lattice points of the hexagonal unit cell, whereas the aluminum ions
occupy two-thirds of the interstitial octahedral hollows between the close-packed oxygen ions [29].
As per various mechanical and optical properties in the different crystallographic orientations,
4 functional crystallographic planes are commonly used in industry and are labeled A-, C-, M-,
and R-. In common terminology, the C-plane is also referred to as the basal plane, A- and M-
planes are known as prismatic planes, and the R-plane is also called the rhombohedral plane.
The basal plane is perpendicular to the prismatic planes and forms an angle of 57.6° with the
rhombohedral plane. The hexagonal unit cell and 4 functional crystallographic planes, and the
angular relationships between the crystallographic planes are shown in Figure 2.1.

Based on the various properties of sapphire, it is used in a variety of applications ranging
from optics and semiconductors to biomedical implants and space craft structures. Specifically,
owing to the scratch resistance and high optical transparency in the 200-5000 nm wavelength
range, sapphire is used as a protective window in different devices such as fingerprint sensors,
cameras, watches, and some electronic devices [35,36]. Given the low coefficient of friction and
high wear resistance, sapphire is used as a friction pair in bearings in micro-mechanisms such
as those found in mechanical watches [37]. As a bio-compatible and chemically inert material,
sapphire is gaining popularity in the field of biomedical implants as recent studies have shown
promising results of new and rapid tissue growth on sapphire substrates [38]. Given the high
operating temperature of sapphire, it is used for structural components in specialized scientific
equipment like the Faraday cup on NASA’s Parker Solar Probe [39] being used to study solar
wind and coronal plasma. Further, the high dielectric strength and ability to produce wafers with
sub-nanometer surface roughness make sapphire the ideal candidate for many semiconductor
applications such as substrates for blue LEDs and laser diodes [40].

Looking at applications based on the crystallographic orientations of sapphire, the A-plane of
sapphire has been found to be a good substrate to grow carbon nano-tubes and in microelectronic
applications where an uniform dielectric constant is required [41]. The C-plane of sapphire
is the most widely used orientation and is commonly found across applications, from optical

windows to LED substrates and infrared detectors [42]. The M-plane of sapphire has been
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found to be suitable for use as a high temperature superconducting filter and for growing non-
polar/semi-polar plane epitaxial layers [43]. The R-plane of sapphire is commonly used for
hetro-epitaxial deposition of silicon in microelectronic IC devices [44]. The R-plane is also used

in high impedance resistors and superconducting components [45].

Table 2.1: Slip/Twinning systems in single crystal sapphire [46].

Slip/Twinning System Miller-Bravais Indices Critical Resolved Shear
Stress (CRSS) [MPa]
Basal Twinning (C-plane) {0001}(1010) 2.2255
Basal Slip (C-plane) {0001}(1120) 2.2255
Pyramidal Slip (P-Plane) {0111}(1011) 4.4817
Prismatic Slip (A-plane) {1120}(1010) 1.6487
Rhombohedral Twinning {1102}(1101) 0.4066
(R-plane)
Table 2.2: Cleavage systems in single crystal sapphire [46,47].
Cleavage System Miller-Bravais Critical Stress Fracture Energy
Indices Intensity Factor [J/m?]
(CSIF) [MPa.m"?]
Basal Cleavage (0001) 4.54 >40
(C-plane)
Prismatic Cleavage 1 {1120} 2.43 -
(A-plane)
Prismatic Cleavage 2 {1010} 3.14 7.3
(M-plane)
Rhombohedral {1012} 2.38 6

Cleavage (R-plane)

In order to produce the required geometries in sapphire or other single crystal ceramics for
the various applications listed, subtractive manufacturing processes involving material removal
from a larger workpiece are most commonly used. In order to improve the throughput of
these manufacturing processes, it is imperative to understand how the materials deform during
application of stresses and load in these processes. Generally, material removal and deformation

occurs either through plastic deformation or fracture and depending on the ceramic, are governed
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by certain threshold values of stress which need to be met for deformation to occur. Further, in
single crystals, plastic deformation and fracture can occur only along specific crystallographic
orientations. Details about the different plastic deformation mechanisms in sapphire and the
Critical Resolved Shear Stress (CRSS) required to activate a given mechanism is listed in Table
2.1. Similarly, the different cleavage fracture systems present in sapphire and the corresponding
Critical Stress Intensity Factor (CSIF) or fracture energy needed to initiate a crack along the
different cleavage planes is listed in Table 2.2. The correlation between these values and the

prediction of deformation activation is detailed in Section 2.2.
2.1.2 Yttria-stabilized zirconia

As a second candidate material for this study, 8-mol % yttria stabilized zirconia (8YSZ)
was selected. The main reason for choosing 8YSZ was due to the substantially different crystal
structure compared to sapphire. Further, 8YSZ is also gaining popularity in many key industries
such as clean energy and electrolysis which peaked our attention. In summary, we wanted to
test whether the hypothesis presented in Section 1.2 is applicable to single crystals with different
crystallography and composition.

Zirconia or zirconium oxide (ZrOg) on its own is a very interesting material as it undergoes
phase transitions depending on the temperature and stresses, and each of these phases have
unique properties and applications. The most common temperature dependent polymorphs are
- monooclinic (P2 /¢ space group) at temperatures below 950 °C, tetragonal (P4y/nmc space
group) between 1200-2370 °C which is a metastable phase, and cubic (F'm — 3m space group
above 2370 °C [48]. As this polymorphism can cause large volumetric changes and property
variations during processing, oxide materials such as yttrium oxide (Y20O3), calcium oxide (CaO),
and magnesium oxide (MgO) are added in small quantities to stabilize the cubic or tetragonal
phases at room temperature depending on the concentration [49]. It is noted that stabilizing the
tetragonal or cubic phases through alloying is responsible for a low, temperature independent
thermal conductivity, which greatly increases the ionic conductivity, and improves the fracture
toughness by many fold [50].

From the variety of options in terms of dopant composition, fractions, and stabilized crys-

talline structure, the cubic structure formed by doping zirconia with 8-mol % of yttria (8YSZ)
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was chosen for this study as this composition is one of the most commonly used forms of YSZ
across industries. 8YSZ has a fluorite crystal structure where the zirconium ions occupy the
face-centered cubic positions and the oxygen ions occupy the tetrahedral interstitial sites. Upon
addition of yttria, 8% of the zirconium ions (Zr**) are replaced by yttrium ions (YT) and in
this process, oxygen vacancies are created to maintain charge neutrality. These oxygen vacancies
make 8YSZ a good ionic conductor [51].The crystalline structure and unit cell of 8YSZ is shown

in Figure 2.2
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Figure 2.2: Unit cell of 8YSZ [52].

Owing to the high fracture toughness, 8YSZ is commonly used in dental and orthopedic
implants. Further, in the polycrystalline form, 8YSZ has a natural color that can be matched to
the enamel [53]. Further, owing to the high melting point of >2600 °C, 8YSZ is commonly used
in many thermal barrier coatings in jet engines and gas turbines [54]. Further, 8YSZ is gaining a
lot of popularity as a seed crystal for synthetic diamond growth and as a diamond substitute in
the jewelry industry because of its high refractive index and crystallographic isometry [55]. Due
to the high ionic conductivity, 8YSZ is used as the solid electrolyte in a Solid Oxide Fuel Cell
(SOFC) where chemical energy of a fuel (hydrogen) is directly transformed into electricity by
reacting with the oxygen ions to release electrons and form water vapor [56]. Further, the ion-
conducting properties of 8YSZ lead to it’s use in oxygen sensing applications such as exhaust gas
monitors and for pH measurement in high-temperature water [57]. In spite of the pronounced
fracture toughness and hardness, it should be noted that some research points to material

degradation due to aging and exposure to moisture over long periods of time which is accentuated
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at higher temperature, but further study is required to fully understand the wear/degradation
mechanisms involved, and the effect of different dopants and their concentration on the long
term degradation behavior [50].

Similar to sapphire, the deformation in 8YSZ needs to be investigated from the point of
view of the available slip and fracture systems. Details about the different plastic deformation
mechanisms in 8Y'SZ and the critical resolved shear stress required to activate a given mechanism
is listed in Table 2.3. Similarly, the different cleavage fracture systems present in 8YSZ and the
corresponding critical stress intensity factor needed to initiate a crack along the different cleavage

planes is listed in Table 2.4.

Table 2.3: Slip systems in 8YSZ [58].

Slip System Miller-Bravais Indices Critical Resolved Shear
Stress (CRSS) [MPa]
Primary {001}(110) 3.0
Secondary {110}(110) 4.6
Secondary {111}(110) Active at higher
temperatures

Table 2.4: Cleavage systems in 8YSZ [59,60].

Cleavage System Critical Stress Intensity Factor (CSIF)
[MPa.m"]
(001) 1.90
{110} 1.10
{111} 1.5

2.2 Predicting Deformation Behavior in Single Crystal Ceram-
ics During Machining

Deformation in crystalline materials are primarily driven by the presence of preexisting
defects like dislocations, micro-cracks, or stacking faults and are a function of the density of these
defects, strain rate, and temperature [61]. Given the orderly arrangement of atoms in a single

crystal, deformation is energetically favorable only along specific crystallographic directions. In
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this section, the deformation of single crystal ceramics is introduced from the perspective of
crystal plasticity, particularly looking from the perspective of activation of different slip and

fracture mechanisms.
2.2.1 Plastic Deformation

In single crystals, when a load is applied, plastic deformation in the form of slip or twinning
occurs on well defined slip/twinning planes and in specific crystallographic directions. The ten-
dency of activation of different slip/twinning mechanisms is governed by the Schmid Law which
says that the dominant deformation mechanism will be the system on which the resolved stress
exceeds the Critical Resolved Shear Stress (CRSS) (See tables 2.1 and 2.3). Mathematically,

Schmid’s law is represented by the following equations:

Ts = 0om (2.1)
m = cos ¢ cos A\ (2.2)

Where 75 is the resolved shear stress, o is the applied stress, m is the Schmid factor, ¢ is
the angle between the slip plane normal and the direction of applied stress, and A is the angle
between the direction of applied stress and the slip direction. Schematically, the Schmid law is

represented in Figure 2.3 [62].
o, E.
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v Resolved shear stress (gcos@cosA)

Figure 2.3: Slip/twinning activation in single crystals based on the Schmid Law [63].
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Multiple researchers have used this approach to understand the plastic deformation during
UPM. Mizumoto et al. followed an approach of using a weighted Schmid factor and CRSS
values to calculate the slip/twinning system with highest probability of activation [23]. In this
approach, the resolved shear stress is calculated using the resultant force during machining which
is obtained from the cutting and thrust forces measured using a dynamometer. However, one of
the drawbacks of this approach was that it did not consider the small variations in the direction
of the resultant force over time during the machining operation. This was addressed in the work
by Kwon et al. [63], where the variation in resultant force direction was accounted for by the

following equation:

O force = arctan Fy / F, (2.3)

where F, is the cutting force, F; is the thrust force, and 0yy.c. is the angle between the
resultant force and the cutting force. In this approach, commonly, the probability of activation
of any slip/twinning system is represented over time. Subsequently, the likelihood of activation

of different slip and twinning systems can be calculated using Eq. 2.4,

!/
pl=— " (2.4)

U7 et Iinrerit

where P/ is defined as the plastic deformation parameter which represents the probability of
activation of the it" slip or twinning system, m); is the modified Schmid factor which considers
the projection made by the resultant machining force with a given slip/twinning system and Tf”t
is the critical resolved shear stress of the i*" slip or twinning system. Based on the calculation,
the slip/twinning system with the highest probability is most likely to get activated for the given
cutting direction and at the specific depth of cut. This is the approach used throughout the

dissertation.
2.2.2 Fracture

The second mode of deformation, commonly observed during machining of hard and brittle
ceramics is fracture. In the original theory of fracture proposed by Griffith in 1921, it was

theorized that a fracture can be characterized by the conversion of elastic strain energy to
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surface energy and crack opening occurs only if the decrease in elastic strain energy exceeds
the increase in surface energy for an incremental increase in the crack length [64]. However,
subsequent research has shown that this theory is applicable mostly to amorphous materials
as the plasticity at the crack tip resulting from high stress concentration is not accounted
for [65]. One of the factors used to address this issue in the case of crystalline materials is
the stress intensity factor which represents the severity of stress at the crack tip. Akin to
the critical resolved shear stress in plastic deformation, stress above a threshold Critical Stress
Intensity Factor (CSIF) is necessary for crack initiation (see Tables 2.2 and 2.4) and like the
slip/twinning systems, cleavage fracture occurs only along well defined crystallographic planes
where the bonding between the atoms is weak. The CSIF value depends on the mode of crack
opening and can be calculated using the following equation for mode I cracks (purely tensile

loading):

K; = onv/Tacos? 3 (2.5)

where K is the stress intensity factor for mode I crack opening, oy is the applied tensile
stress, a is the half-length of initial flaw already existing in the material, and 3 is the angle
between the direction of applied stress and the normal direction to the flaw. This is schematically

represented in Figure 2.4.

o, FE
Cleavage plane "

normal ") Oy
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\_/ Resolved tensile stress (ocos?y )

Figure 2.4: Fracture activation in single crystals for an applied stress oy [63].
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In terms of predicting the most likely cleavage fracture system to get activated during ma-
chining, a similar approach to the one followed for plastic deformation (section 2.2.1) is taken.
Analogous to the Schmid factor, a term called the cleavage factor was defined by Mizumoto et

al. [23]. The cleavage fracture is calculated using the following equation:

¢ = cos? 1) (2.6)

where c is the cleavage factor and v is the angle between the direction of applied stress and
the normal to the cleavage plane. In a similar fashion, Mizumoto et al. developed an equation to
calculate the likelihood of activation of different fracture systems and used the fracture energy for
different cleavage fracture systems as the threshold parameter. However, due to non-availability
of experimental data for all different cleavage systems in sapphire, Yoon et al. switched to using
the critical stress intensity factor [30]. However, these two approaches still did not consider the
variation in the resultant force direction as discussed in section 2.2.1. This was addressed in the
work by Kwon et al. [63] and is the method followed in this work. The probability of activation

of any cleavage system is calculated using the following equation:

c

F = J 2.7
J chj/mmijcj ( )

where Fj’ is defined as the cleavage fracture parameter which represents the probability of
activation of the j** fracture system, c;. is the modified cleavage factor which considers the
projection made by the resultant machining force with a given fracture system and Kj¢; is the
critical stress intensity factor of the j** cleavage fracture system. Based on the calculation, the

cleavage fracture system with the highest probability is most likely to get activated for the given

cutting direction and at the specific depth of cut.

2.3 Experimental Setup

As described in Chapter 1, ceramics exhibit the ductile-brittle transition phenomenon at very
small deformation scales, generally in the order of a few hundred nanometers. Subsequently,
to machine ceramics in the ductile regime, a highly precise machine tool with a command

resolution at least an order of magnitude below the ductile-brittle transition depth is necessary.
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Throughout this study, one such ultra-precision machine tool, the FANUC ROBONANO «-0iB
(FANUC Corporation, Japan) was used for all the cutting experiments. This machine tool
is a 5-axis CNC machine with a command resolution of 1 nm in the three linear axes and 1
microdegree command resolution in the 2 rotary axes which provide adequate control over the
ductile-brittle transition depth during machining. While machining at these small scales, there
are many environmental factors that can affect the outcome of the machining process, such as
vibrations, temperature differences, and friction or backlash among machine components. In the
ROBONANO, each of these potential causes of variations are addressed through thoughtful and
innovative design features. To minimize the effect of vibrations, the machine tool is located in
a room where the floor is isolated from the rest of the building. Additionally, the machine has
active dampers that cancel out any vibrations from the immediate vicinity of the machine. To
account for variations in temperature, the machine is located inside a thermal enclosure where
the temperature is maintained at 23 £ 1 °C. To address the issue of friction and backlash in
the machine drives, the machine tool utilizes linear motors and drives mounted on air bearings
which prevent physical contact between the drive components and eliminate the need for ball

screws where backlash errors are prominent. The machine installation is shown in Figure 2.5.

Thermal enclosure

FANUC
ROBONANO 0-0iB

Control panel

Experimental setup

Vibration isolated
floor

Figure 2.5: FANUC ROBONANO a-0iB machine installation and overview of experimental
setup.
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In the experiment setup used throughout this dissertation, 10 mm x 10 mm x 0.5 mm single
crystal ceramic substrates (M.T.I Corp., U.S.A) produced by Czochralski technique and cut
into different crystallographic orientations were used. Both sides of the substrate were polished
using CMP process by the vendor. In the case of sapphire, the orientations used were A-plane
{1120}, C-plane (0001), M-plane {1010}, and R-plane {1012}. For 8YSZ, the crystallographic
orientations used were {001} and {110}. These crystallographic orientations were chosen based
on the commonly used orientations across different applications of sapphire and 8YSZ described
in Section 2.1.

To successfully machine hard and brittle ceramics such as sapphire and 8YSZ, it is impera-
tive to use a cutting tool that is much harder than the workpiece. With a Mohs hardness of 9
(maximum possible is 10), not many options are available in terms of tool materials other than
diamond. Among diamond tools, multiple options are available such as Single Crystalline Dia-
mond (SCD), Polycrystalline Diamond (PCD), nano-twinned diamond, etc. [66,67]. Generally,
single crystalline diamond tools have the best dimensional stability and can be ground and honed
to have extremely fine cutting edges, thus resulting in excellent surface finish post machining.
However, due to the single crystal nature of the tool, catastrophic failure of the tool due to
large stresses is a common occurrence, especially while machining hard and brittle ceramics. On
the other hand, conventional polycrystalline diamond tools that are produced by sintering dia-
mond grains (1-20 gm) held together by a cobalt binder are widely used in industry. Although,
fracture in this case is localized due to the relatively ductile cobalt binder and intergranular
fracture failure mode, it is much harder to grind a sharp cutting edge that holds its form due
to the larger diamond grain size. Further, the PCD tools possess a lower hardness and thermal
shock resistance compared to the single crystalline diamond tool [66]. With recent advances in
material science, the above mentioned problems have been solved by reducing the grain size of
the diamond to the nanometer scale and developing a method to sinter the nanosized grains
without a binder. It has been shown that these binderless nano-PCD tools have a hardness
comparable to the single crystalline diamond tools and a higher fracture resistance compared
to both single crystalline and conventional poly crystalline diamond tools. The cutting tools
used throughout this study were binderless nano-PCD tools with a 0.5 mm nose radius, 0° rake

angle, 7° clearance angle, and a 10 mm x 10 mm carbide shank (A.L.M.T. Corp., Japan). The
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edge radius of this tool is in the range of 400 - 600 nm. An image of the tool is shown in Figure

2.6.

Angle 70°

Figure 2.6: Optical microscope image of rake face of binderless nano-PCD tool used in the
cutting experiments. [68].

In the cutting experiments, the tool was mounted in a purpose-built scribing tool holder
attached to the C-axis of the FANUC ROBONANO machine tool. The ceramic substrates were
attached to an aluminum plate using machining wax (SHIFTWAX series, Nikka Seiko Co. Ltd.,
Japan). The aluminum plate was mounted on a piezoelectric dynamometer (Type 911AA1,
Kistler Instrument Corp., Switzerland) which was in turn connected to a charge amplifier with
low pass filter (Type 5080A, Kistler Instrument Corp., Switzerland). The dynamometer played
a crucial role in measuring the cutting forces that was used to understand and model the ma-
terial deformation during machining as described in section 2.2. Since the machining process
was carried at depths of hundreds of nanometers, it was essential to ensure flatness across the
workpiece surface to ensure consistent machining depths. To achieve this, the dynamometer
was mounted on a tilt stage with manual pitch and roll control (AIS-1016B, OptoSigma Corpo-
ration, USA). This assembly was attached to a fixture mounted on the B-axis of the machine
tool. To ensure flatness of the workpiece, the variation in surface height was measured using a
digital surface probe with 0.1 gm resolution (Brown & Sharpe 599-988 indicator probe used with
Tesatronic TT10 display, TESA Technology, Switzerland). Once the flatness was established,
tool-workpiece contact was established using an optical microscope (SH140CCD-2R, Shodensha
Inc., Japan). Additionally, during the experiments, the dynamometer also aided in establishing

accurate tool-workpiece contact and controlling the depth of cut during machining by monitor-
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ing the force signal in real time and correlating the temporal variation of cutting force with the
programmed tool path. The cutting direction was varied by rotating the B-axis of the machine

tool. The experimental setup used is shown in Figure 2.7.

Microscope

Tilt Stage

Figure 2.7: (a) Experimental setup used for ultra-precision machining of ceramic substrates; (b)
schematic of cutting in different crystallographic directions [20,69].

The tool path used for most of the experiments was a plunge cut, as shown in Figure 2.8. The
cutting involved gradually increasing the depth of cut up to a value of 500 nm and retracting
the tool back to the surface gradually. The slope on these cuts was selected to be 1/500 to

limit the increase in stress on the tool cutting edge and subsequently minimizing the chance
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of edge chipping or gross fracture. In some cases, the tool path was modified to study specific
phenomenon and the variations are described in the respective sections of this dissertation. For
the experiments relevant to this work, a cutting speed of 5 mm/min was used. Additionally,
cutting was performed under the condition of flood coolant to maximize chip evacuation from the
cutting region. For this purpose, a mineral oil based cutting fluid was used (Metal Work HS, JX
Nippon Oil & Energy, Japan). The machined surfaces were observed using an optical microscope
(VHX 5000, Keyence Corp., Japan) and a scanning electron microscope (LEO 1530, Carl Zeiss
GmbH, Germany). The key experimental parameters used in this study are summarized in Table
2.5. It must be noted that Suk Bum Kwon assisted in taking some of the SEM images used in
this study. Some of the SEM images or a version of them have been used in a couple of previously
published studies [63,70]. In the published works, the SEM images were used to validate the
correlation between the forces/stresses during UPM of sapphire and different cleavage systems
activated. In this work, the SEM images are used to better understand how crack morphology
affects the subsurface damage and are compared with measurements from Raman spectroscopy

and TEM evaluations.

. Ductile | DBT ‘

Brittle
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Figure 2.8: Tool path used for plunge cutting [24].

2.4 Molecular Dynamics (MD) Simulations

MD Simulations were designed, setup, and run by Prof. Woo Kyun Kim, Dalei Xi, and
Yiyang Du at the University of Cincinnati as part of the collaborative NSF project under the
grants CMMI-1844821 and CMMI-2008563 to study the effect of crystal anisotropy on sub-
surface damage and residual stress through experiments and MD simulations. The individual

contribution relevant to this work are the analysis of subsurface damage depth for different
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Table 2.5: Summary of machining process parameters and conditions.

Parameter Value

Machine Tool FANUC ROBONANO «-0iB
Cutting Tool Material Binderless Nano-PCD

Tool Nose Radius 500 pum

Tool Rake Angle 0°

Tool Clearance Angle 9°

Cutting Environment Flood coolant with mineral oil
Cutting Speed 5 mm/min

Cutting Slope 1/500

Maximum Depth of Cut 500 nm

cutting directions and identification of activated deformation mechanisms in the different MD
simulations. In this work, the MD simulations were limited to sapphire.

MD simulations of cutting were carried out on the C-, A-, and R-planes of sapphire using the
Large-scale Atomistic/Molecular Massively Parallel Simulator (LAMMPS) software [71]. The
simulation model consisted of the sapphire workpiece with approximate dimensions of 1500 A
x 30 A x 1000 A in the x, y, and z directions respectively comprising of around 4.5 million
atoms. Interactions between the oxygen and aluminum atoms of sapphire were modeled using
the Vashishta potential consisting two- and three-body terms. The Vashishta potential was
selected due to it’s capability to accurately describe different properties of sapphire such as elastic
constants, bulk modulus, melting temperature, and cohesive energy [72]. Periodic Boundary
Condition (PBC) was applied in the y direction to mimic the process of orthogonal cutting
where no material flow is permitted around the sides of the tool. The outer most layers of atoms
on one of the shorter edges and bottom of the substrate were fixed to prevent rigid body motion
and a few layers of atoms adjacent to the fixed layer were assigned as a Langevin thermostat to
absorb any excess heat produced by deformation.

The cutting tool comprised of about 68,500 carbon atoms arranged in the diamond cubic
crystal structure. The tool was modeled as a rigid body to simplify the simulations. Subse-

quently, only the atoms at the edges of the tool were defined. The edge radius of the tool was 60
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A and the rake angle was defined to be -10°. The reason for selecting a negative rake angle on the
tool in spite of the experimental tool having a 0° rake angle was to account for the effect of the
cutting edge radius. As the experimental tool has a sizable edge radius compared to the depth
of cut, the effective rake angle during cutting would inevitably be negative. Hence, it made
logical sense to use a negative rake angle tool in the MD simulations. The atomic interactions
between the tool and the workpiece (i.e. C-O and C-Al) were modeled using the Lennard-Jones
potential [73]. An image of the MD simulation setup is shown in Figure 2.9.

The MD simulations of cutting were performed along different cutting directions on the C-,
A-, and R-planes of sapphire at different depths of cut (100A, 200 A, 300 A, and 400 A) and
cutting speeds (10 m/s and 100 m/s). However, the results analyzed in this work are limited
to a cutting depth of 400 A and a cutting speed of 100 m/s. The list of cutting simulations

pertinent to this work are summarized in Table 2.6.

Width=30 A <« 100 m/s

! Diamond
Fixed region ! tool
Thermostat region .
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Figure 2.9: Schematic of MD simulation setup.
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Table 2.6: Summary of different MD simulations analyzed in this work.

Cutting Plane Cutting Direction Equivalent Experimental
Representation
C-plane #1 - [2110] C180
(0001) #2 - [0110] €270
A-plane #1 - [3301] A60
{1120} #2 - [1101] A120
R-plane #1 - [1100] R90
{0112} #2 - [1120] R180
]

R270
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Chapter 3

Residual Stress Measurements

As highlighted in section 1.1 in Chapter 1, the residual stresses and subsurface damage play
an important role in influencing the material removal behavior during UPM of single crystal
ceramics like sapphire. Further, it was also found that the crystal anisotropy has a role to play
in influencing these parameters. The objective of this chapter is to quantify the residual stress
magnitude for sapphire and 8YSZ under various cutting conditions and try to understand the
effect material anisotropy and crystallography play in influencing the residual stress formation.
This chapter is divided into three sections - the first section is a literature review on residual
stress formation during machining of ceramic materials. This section mainly addresses the
causes for residual stress formation, modeling of subsurface damage formation, and the different
methods used to quantify residual stress.

The second section deals with residual stress measurement and modeling for the case of
machined sapphire. This section is further divided into 4 subsections. In the first subsection, the
method used to quantify residual stress - Raman spectroscopy is introduced and details about the
setup used are provided. In the next subsection, the results of residual stress measurements for
different cutting directions on the 4 crystallographic planes of sapphire are discussed. Following
this, the correlation between the material deformation and residual stress magnitude is presented.
In the last subsection, an approach to measure the residual stress tensor post machining of
sapphire is introduced.

In the third section of this chapter, residual stress measurements in 8YSZ are presented. In
the case of 8YSZ, nanoindentation was used to measure residual stresses. The data analysis of
was however carried out using two approaches. The first approach used the fracture toughness
values for different cleavage systems in 8YSZ and the second approach relied on the variation in
elastic and plastic energy during the indentation process. In this section, the measurements and

analysis was carried out for different cutting directions on the (001) and (011) planes of 8YSZ.
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3.1 Literature Review

Residual stresses are those stresses that remain in a material after all the applied loads are
removed. The most common sources of residual stresses in machined components include plastic
deformation, temperature gradients and phase transformations [74]. These changes can act as
initial flaws for crack initiation and lead to failure of the component at premature loads or during
subsequent processing [75,76]. Since residual stresses can be detrimental to ceramic properties
through facilitation of crack initiation processes, it is of critical importance to remove residual
stresses after machining. Residual stresses in machined ceramics have been quantified through
a variety of techniques such as X-ray diffraction, Raman spectroscopy, acoustic birefringence,
hole-drilling strain-gauge method etc. [77,78]. Considering the samples in the current research,
nondestructive techniques such as Raman spectroscopy, nano-indentation, and X-ray diffraction
are preferred due to the small regions in which the residual stresses need to be investigated and
anisotropic nature of the ceramic sample.

The presence of residual stresses after scratch tests on sapphire was reported by Zhang et
al. using Raman spectroscopy [79]. The authors observed that the residual stresses gradually
changed from compressive to tensile as the scratching depth was increased. A further study with
scratch tests showed that tensile residual stresses were responsible for lateral crack nucleation
during the unloading phase [80]. This result is pertinent to UPM as this condition is experienced
when the tool disengages from the workpiece. In the research by Lin et al., finite element
simulations were used to determine the residual stresses during UPM of a NiP alloy. The
authors reported that the magnitude of compressive residual stress increased with increase in
cutting velocity [81].

Studies by Langan et al. on laser-assisted scratch tests on sapphire reported an anisotropy
in the residual stress magnitude in terms of the cutting depth. During the tests without laser,
tensile and compressive residual stresses were observed at different depths whereas only compres-
sive residual stresses of different magnitudes were observed with laser. It was also observed that
the residual stress changed from tensile to compressive as the scratch depth was increased [82].
In terms of the influence of crystal anisotropy on residual stress, Wermelinger et al. observed

regions of compressive residual stress around a nano-indent on the C-plane of sapphire corre-
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sponding to the alignment of R-planes. These regions of compressive stress were surrounded by
a region of tensile stress in the out-of-plane direction [83].

In the area of conventional machining, many authors have developed models to predict resid-
ual stresses during various machining operations [84,85]. However, no relevant literature could
be found for ultra-precision machining of single crystal ceramics considering plastic deformation
mechanisms activation or a crystal plasticity approach. Addressing this gap in literature could
help improve our understanding of residual stress formation during machining.

From the preliminary experimental results presented in section 1.1 and literature review, it
is clear that factors such as residual stresses and subsurface damage can initiate cracks at pre-
mature loads during UPM of single crystal ceramics. Further, from many studies on predicting
deformation behavior of single crystal ceramics during UPM, the importance of understanding
the activation of different deformation mechanisms and the related anisotropic characteristics

was established [30, 52, 63].

3.2 Residual Stress Measurements in Sapphire

Based on the literature reviewed, Raman spectroscopy was chosen as the measurement tech-

nique due to the following factors:

e Residual stresses in sapphire have been studied by many researchers using this technique
and literature to correlate the peak shift to residual stress magnitude is available [82, 83,

86,87).

e As mentioned previously, high spatial resolution is necessary to take measurements from
precise locations. In the confocal Raman microscope available at the university, measure-

ments can be made using a laser spot size <4 pym

e As the plastically deformed layer is believed to extend down only a few microns from the
machined surface, a technique where the material volume being probed does not extend
beyond this plastically deformed region is necessary and Raman spectroscopy meets these

requirements.

¢ A non-destructive technique where the sample is not exposed to radiation or heating for a

long period of time is ideal in order not to change the residual stress state post machining.
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By selecting the suitable measurement parameters, Raman spectroscopy can fulfill these

requirements.

3.2.1 Raman Spectroscopy

The Residual stress magnitude in the machined sapphire samples were measured using confo-
cal micro-Raman spectroscopy (LabRAM HR Evolution, Horiba Ltd., Japan). A typical Raman
spectrum for sapphire is shown in Figure 3.1. In this figure, 4 different peaks at 378 cm™!, 417
cm ™', 432 em™!, and 573 cm ! Raman wavenumbers are visible. These peaks are a result of dis-
tinct Eg and A1 phonon vibrations in sapphire. It must be noted that by increasing the spectral
window beyond 580 cm ™!, additional peaks will be visible but they have not been considered
for this study. From these spectra, two important parameters are calculated by peak fitting -
the peak position and the peak width. Variations in the peak position are used to calculate
the magnitude of residual stress and the changes in the peak width are used to qualitatively

estimate the trends in the subsurface damage.
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Figure 3.1: Raman spectrum of sapphire.

As will be discussed later, the peak position is very sensitive to the magnitude of stress in the



35

sample. Subsequently it was necessary to make the Raman measurements at the highest spectral
resolution possible to ensure accurate estimation of the residual stress magnitude. The spectral
resolution in Raman spectroscopy depends on a number of factors such as the laser wavelength,
grating density, focal length, and confocal hole size. Among the laser options available - 405
nm, 532 nm, 633 nm, and 785 nm, the 633 nm laser was selected. As the laser wavelength
is increases, the spectral resolution becomes higher but the spectral coverage decreases. The
spectral coverage influences the time required for the measurement as larger spectral windows
would require multiple exposures and data stitching. Keeping these factors in mind, the 633
nm laser was selected. Next, among the gratings available - 300 mm™!, 600 mm~', and 1800
mm~!, the 1800 mm™" grating was selected as an increase in the grating density increases the
spectral resolution. In terms of the optics and magnification, a 100x objective (0.9 NA) was
selected from the available options (10x, 50x, 100x, and 50x far field) as it offered the best field
of view in terms of the feature sizes on the machined sapphire samples. Lastly, to maximize the
spectral resolution, a confocal hole size of 100um was used. This parameter can be varied across
a wide range and the spectral resolution gets better as the hole size is reduced. However, on

reducing the hole size, the intensity of the signal diminishes and a longer exposure time would

be required. This parameter was optimized to get a reasonable signal with a 10 - 15 s scan time.

Region used for residual g —
stress measurements Cutting direction

Cutting bounda;y :

Figure 3.2: An example of Raman measurements taken from the brittle region of a cut.

Figure 3.2 shows an example of the Raman spectroscopy measurements carried out in this
study. The image shows a mapping measurement in the brittle region of a cut where each colored
box represents the actual peak position for the 417 cm™! A1z phonon peak. For each cutting
direction, the peak position was determined by taking the average value from 24 points in the

center of the cut. 2 measurements (10 s each) were made at each point to eliminate cosmic ray
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spikes. The duration of 10 s for each measurement was selected to minimize annealing of the
sample due to laser heating. The 24 points for measurement were arranged in a 6 x 4 grid, ~12
pm wide and 9 pm high as shown in Figure 3.2.

The nature and magnitude of residual stress was determined by comparing the peak position
in the machined regions with the peak position from a region of the sample free of machining. A
peak shift to lower wavenumbers indicates tensile residual stress whereas a peak shift to higher
wavenumbers indicates compressive residual stress. The magnitude of residual stress, presented
as an equivalent magnitude was determined through data extrapolated from a diamond anvil
test resulting in a correlation of 2.2 cm™!/GPa of peak shift [86]. At this stage of the analysis,
only the position of the 417 cm™! A;g phonon peak was considered as it has the highest signal
intensity. These measurements were repeated for the ductile, ductile-brittle transition, and
brittle regions (see Figure 2.8 for each of the seven cutting directions on the 4 crystallographic

planes of sapphire investigated in this study. The measurement parameters are summarized in

Table 3.1
Table 3.1: Summary of parameters used in Raman spectroscopic measurements.
Parameter Value
Instrument Horiba LabRAM HR Evolution

Laser Wavelength
Microscope Objective
Confocal Hole Size
Grating Density
Spectral Window

Laser Polarization
Acquisition Time

No. of Acquisitions per Spot
Binning

Neutral Density Filter

Stage Movement Step Size

633 nm

100x (0.9 NA)
100 pm

1800 mm™!

260 cm™! - 577 cm ™! (centered about 417
em ™)

None

10 s per spot
2

1

100 %

4 pm in the horizontal direction and 2 ym in
the lateral direction (see Figure 3.2)
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3.2.2 Results and Discussion - Residual Stress Magnitude

This work has been published in the Annals of the CIRP and was presented at the CIRP

General Assembly in 2022 [24].
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Figure 3.3: Variation in residual stress magnitude with cutting direction and depth of cut on
A-plane of sapphire.

Figure 3.3 shows the magnitude of equivalent residual stress in the ductile, ductile-brittle
transition and brittle regions for various cutting directions on the A-plane of sapphire. The
residual stresses observed were tensile for all the cutting directions and ranged from 7 MPa in the
brittle region of the 180° cutting direction to 117 MPa in the ductile and ductile brittle transition
regions of the 60° cutting direction. In all the cases, it was observed that the magnitude
of residual stress in the brittle region was smaller than that of the ductile or ductile-brittle
transition regions. This could likely be due to stress relief provided by crack initiation.

The magnitude of residual stress for different cutting directions on the C-plane of sapphire
is shown in Figure 3.4. Unlike the A-plane, the residual stress magnitude across all the cutting
directions and depths of cut remained relatively low (<10 MPa) and almost negligible on the
C-plane of sapphire. A likely reason for this interesting observation is investigated further in
section 3.2.3.

The residual stress magnitude for different cutting directions and at different depths of cut
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Figure 3.4: Variation in residual stress magnitude with cutting direction and depth of cut on
C-plane of sapphire [24].
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Figure 3.5: Variation in residual stress magnitude with cutting direction and depth of cut on
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on the M-plane of sapphire is shown in Figure 3.5. The residual stresses were tensile for most of
the cutting directions investigated except for the 180° case where compressive residual stresses
were observed in the ductile brittle transition and brittle regions. The magnitude of residual
stress ranged from 7 MPa in the case of the brittle region of the 0° cutting direction to 95 MPa
in the case of the ductile and ductile-brittle transition regions of the 150° cutting direction.
The maximum compressive residual stress measured was -65 MPa in the brittle region of the
180° cutting direction. At this moment the reason for formation of compressive residual stress
is not known and needs to be studied further. In all the other cutting directions, like the case
of A-plane, the magnitude of residual stress in the brittle and ductile-brittle transition regions

were lower than that of the ductile region.
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Figure 3.6: Variation in residual stress magnitude with cutting direction and depth of cut on
R-plane of sapphire [24].

Figure 3.6 shows the magnitude of residual stress for different cutting directions on the R-
plane of sapphire. Like the M-plane, the residual stresses were tensile in most of the cases except
for the brittle region of the 90° cutting direction which exhibited an average residual stress of
-65 MPa. The magnitude of residual stress varied from 0 to 148 MPa in those directions that
exhibited tensile residual stress magnitudes. In most of the cutting directions, the residual

stress magnitude decreased in the ducitle-brittle transition and brittle regions due to stress
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relief provided by crack initiation except for the case of the 180° cutting direction. A likely
reason for this could be due to the sparse nature of cracks in this cutting direction and high
CDC value (see Figure 3.7). As a result of this type of crack morphology, it is likely that the
residual stresses accumulate with plastic deformation as the depth of cut is increased and the
cracks relieve the stresses only at few localized regions beyond the CDC.

From the analysis of the residual stress magnitude for different cutting directions and depths
of cut on the A-, C-, M-, and R- planes of sapphire, it was observed that the residual stresses
were tensile in nature for most cutting directions and the magnitude varied from -65 MPa to 150
MPa. The uncertainty in the residual stress measurements ranged from ~ 20 MPa in the ductile
and ductile-brittle transition regions to ~ 30 MPa in the brittle region. Further, it was also
observed that the crack morphology could potentially influence the residual stress magnitude
and needs to be accounted for. Based on these results, the first hypothesis was verified that
the residual stresses resulting from UPM of ceramics is anisotropic in nature, depending on the

cutting direction and depth of cut.

3.2.3 Results and Discussion - Analysis of Plastic Deformation Mode and

Correlation to Residual Stress

This section deals with verifying the second hypothesis by investigating whether a correla-
tion between plastic deformation mechanisms and residual stress magnitude exists. Using the
approach detailed in section 1.2, the likelihood of activation of different plastic deformation
mechanisms on the R- and C-planes of sapphire were calculated corresponding to the depth of
cut at which the Raman measurements were made.

The variation in plastic deformation parameter with cutting direction for the three depths
of cut corresponding to the Raman measurements on R-plane are shown in Figure 3.7(a). The
angle made by the dominant plastic deformation mechanisms with the machined surface is shown
in Figure 3.7 (b). In the ductile and DBT regions for the 150°, 180° and, 210° cutting directions,
rhombohedral twinning on an adjacent R-plane (R2 TW) was the dominant mechanism. Since
this mechanism makes an angle of &~ 42° with the machined surface, the plastic deformation is
thought to extend deeper into the subsurface which explains the large value of residual stress

magnitude.
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Figure 3.7: (a) Likelihood of activation of different plastic deformation mechanisms with vary-
ing cutting direction and depth of cut; (b) Angle made by the dominant plastic deformation
mechanism with the substrate surface; (c¢) Crack morphology for different cutting directions on
R-plane of sapphire [24].

In the case of 210° cutting direction the most dominant mechanism was R2 TW and the
second most dominant mechanism was rhombohedral twinning on the same R-plane as the
cutting (R1 TW) which might lead to dislocation entanglement, thus reducing the amount of
plastic deformation deeper into the workpiece and consequently the residual stress. In case of
the 240° and 270° cutting directions, rhombohedral twinning on the same plane as the cutting
was dominant which results in deformation parallel to the surface and at a shallow depth which
is removed by chip formation leading to lower magnitude of residual stress.

In the 90° cutting direction, although the dominant mechanism was basal twinning, the
CDC for this cutting direction is the smallest (=~ 90 nm). Hence, not much residual stress is

thought to accumulate in the ductile region. In the 120° cutting direction, the dominant plastic
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deformation was basal slip which forms an angle of ~ 47° with the machined surface resulting
in plastic deformation that extends deeper into the subsurface and higher magnitude of residual
stress.

Looking at the brittle regions of the different cutting directions (Figure 3.7 (¢)), the fractures
in the case of 180° and 150° cutting directions were sparse with large regions of ductile machining
in between cracks. As a result, the decrease in residual stress magnitude from DBT to brittle
region was not observed in 180° case and a small amount was observed for 150° cutting direction.
In the case of 120°, 210°, and 240° cutting directions, prismatic and rhombohedral fractures
covered the brittle region and were deep [63]. This explains the sharp reduction in residual
stress magnitude in these directions due to stress relief provided by crack initiation.

In case of the 270° cutting direction, shallow prismatic fractures were observed. As the
residual stress magnitude in this direction was already small, not much change was observed. In
the 90° cutting direction, basal and prismatic fractures were observed in a banded fashion, likely
caused by alternative pile up of material through plastic deformation and fractures relieving the
stresses partially [30]. The pile-up could be a likely reason for compressive residual stresses in
this direction.

The variation in plastic deformation parameter with cutting direction for the three depths
of cut corresponding to the Raman measurements on C-plane of sapphire are shown in Figure
3.8 (a). Unlike the R-plane, there wasn’t much anisotropy in the dominant plastic deformation
mechanisms. In the 120°, 150°, 240°, and 270° cutting directions, the dominant mechanism
across depths of cut was basal slip or basal twinning which causes deformation parallel to the
workpiece surface (0° in Figure 3.7 (b)) and forms a shallow layer of plastic deformation that is
easily removed by chip formation or fracture at larger depths of cut.

Considering the 180° cutting direction, basal slip was the dominant mechanism at low depths
of cut but changed to rhombohedral twinning as the depth of cut was increased. However, the
probabilities of activation of all the mechanisms remain low and there could be dislocation en-
tanglement leading to lower depth of plastic deformation. The case of 90° and 210° cutting
directions was similar to that of the 180° cutting direction with a slight difference being rhom-
bohedral twinning was the dominant mechanism even at low depths. However, low values of

residual stress magnitude are likely due to dislocation entanglement resulting in a shallow plas-
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Figure 3.8: (a) Likelihood of activation of different plastic deformation mechanisms with vary-
ing cutting direction and depth of cut; (b) Angle made by the dominant plastic deformation
mechanism with the substrate surface; (c¢) Crack morphology for different cutting directions on
C-plane of sapphire [24].

tic deformation region. Considering the fracture mechanisms on the C-plane (Figure 3.8 (c)),
prismatic fractures dominate across different cutting directions [88]. Unlike the R-plane, cracks
were not highly concentrated, as seen in certain directions (270° of the R-plane). These shallow
and spaced-out fractures thus relieve the small magnitude of residual stresses and do not cause

much of a change to the residual stress state.
3.2.4 Using Raman Spectroscopy to Measure the Residual Stress Tensor

For many decades, researchers have understood the importance of the stress field at the tool-
workpiece interface and proposed many theories to predict the outcome of the machining process

[89,90]. Extending this to the case of UPM, additional factors such as the tool edge radius,
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material grain size, and crystal structure need to be taken into account [16]. In this regard,
due to the additional factors influencing the deformation behavior as well as the difficulties in
measuring stress-fields at micro- and nanometer scales, not much progress has been made in this
regard which have led to incomplete model development in the field of deformation prediction
during UPM.

In the previous section, Raman spectroscopy can be used to determine the average magnitude
of stress in sapphire. However, given the unique crystallographic properties of sapphire, it has
been shown that the residual stress tensor can be obtained from Raman measurements. This
section follows the methodology introduced by Zhu and Pezzotti and is used to calculate the
plane strain residual stress tensor. This work was limited to the measurement of only the plane
strain tensor as a large enough spectral window was not selected during the initial data collection
and the peak positions of only 4 phonon peaks were captured. The full stress tensor analysis
requires information from 6 peaks and is proposed for future work. The detailed equations and
explanation for full residual stress tensor calculation can be found in [87].

Further, in the case of sapphire, it has been observed that the intensity of different peaks
observed in the Raman spectrum is dependent on the crystallographic orientation of the sample
in the confocal Raman microscope [91]. As a result, in certain directions, one or more of the
weaker peaks would not be visible to obtain peak position information. Under this constraint, it
was observed that this effect of crystallography was least observed in the case of the R-plane and
peak information from at least 3 peaks were observed for all the cutting directions and depths
of cut and subsequently, the analysis was performed only on the R-plane of sapphire. The stress
tensor calculation methodology is explained in the following paragraphs.

The analysis starts based on the fundamental relationship between Raman peak shift (Av)

and the stress tensor (o;;),

My, Iho I3 (0zz Ozy Oz
Av =1lj0ij = lly; oo Ilos||oys oy Oye (3.1)
I3y II32 II33| |02 02y 0z
where II;; are the piezospectroscopic coefficients of the material. Due to the symmetry of the

sapphire crystal, the piezospectroscopic tensor becomes diagonalized [87]. The piezospectroscoic
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coefficients of sapphire are listed in Table 3.2.

Table 3.2: Piezospectroscopic coefficients of sapphire [87].

Peak Position I, (cm™/GPa) I, (cm™/GPa) II. (cm™/GPa)
378 em! (Ey) -0.486 + 0.03 -0.286 £ 0.02 -0.352 £ 0.04
417 cm™t (A1g) -0.221 £ 0.03 -0.414 £ 0.02 -1.606 £ 0.04
432 cm! (Eg) -0.684 £ 0.05 -0.565 + 0.02 -0.949 + 0.03

Accounting for the orientation of the crystal in the lab frame,

H((zn) 0 0 Ozz Ozy Ozz
Av = Hijaij =10 ngn) 0 (Inyz Oyr Oyy Oyz (i)xyz (3 2)
0 0 HE") Ozx Ozy Ozz

where ®,,. is the rotation matrix and Cil'xyz is the transpose of the rotation matrix defined

in terms of the Euler angles (0, ¢, 1) and is given by:

cosfcospcosyy —singsiny  cosfsingcosy + cospsiny  —sinf cos
P@ry. = |—sin¢gcosy — cosfcospsiny cos@costh — cosfsinpsiny  sinfsinp (3.3)

sin 6 cos ¢ sin @sin ¢ 0

with 0 <0 <7, 0< ¢ <27, and 0 < ¢ < 27. Expanding equations 3.2 and 3.3 and
simplifying for the assumption of plane strain condition as the deformation is concentrated very

close to the surface and the residual stress must equilibrate over any section,

-1
Ora A A Agg Avy

Opy| = |A21 Az Asz| |Avs (3.4)
Tyy A1 Azp Aszz|  |Avs

where A;; are coefficients containing terms from II;; and ®;; and can be expanded as follows:
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Ap = H((l”) (cos @ cos ¢ cos ) — sin v sin ¢)? + Hl()n) (sin ¢ cos b + sin 1) cos O cos ¢)?+

(3.5)
110" (sin? 6 cos® ¢)
Apo = H((l") (—sin2¢ sin? ¢ + cos? 0 sin 2¢ cos? ¥ + cos 0 cos 2¢ sin 2¢)+
HI(]”) (—sin2¢ cos? 1) + cos® 0'sin 2¢ sin® ¥ — cos 6 cos 2¢ sin )+ (3.6)
110" (cos? 6 sin 2¢)
Ay = H((I”) (cos @ sin ¢ cos v + sin 1) cos ¢)? + Hl(,n) (sin ¢ cos b + sin 1) cos O cos ¢)>+ 57
3.7

11 (sin? 0 sin? ¢)

Using the equations 3.5 - 3.7 and solving equation 3.4, the plane strain residual stress tensor
components were calculated for different cutting directions and depths of cut on the R-plane of
sapphire.

Figure 3.9 shows the variation in residual stress o,, with respect to the different cutting
directions and depths of cut. It was observed that the residual stress magnitude varied between
-190 MPa and 312 MPa. The residual stresses in the x direction (along the direction of cutting)
were compressive for the 90°, 120°, and 270° cutting directions and tensile in the other directions.
150° cutting direction showed the maximum magnitude of tensile residual stress, similar to the
average residual stress magnitude presented earlier (Figure 3.6). Further, it was observed that
the stress magnitude was lower in the brittle and ductile-brittle transition regions as compared
to the ductile region of the cut.

Figure 3.10 shows the variation in residual shear stress 7., with respect to the different
cutting directions and depths of cut. Compared to the normal stress, the magnitude of shear
residual stress was almost an order of magnitude smaller. The magnitude of 7., varied between
-21 and 13 MPa. In this case, the ductile and ductile-brittle transition regions for 90° cutting
direction, 120°, and 240° orientations exhibited compressive residual stress whereas the other
cutting directions and depths were shown to have a tensile residual stress. The 120° cutting
direction showed the maximum magnitude of compressive residual stress and the 90° cutting

direction showed the maximum magnitude of tensile residual stress.
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The values of normal residual stress in the y direction (perpendicular to the cutting direction)
are shown in Figure 3.11. It was observed that the magnitude of residual stress varied between
-90 and 79 MPa which is slightly lower than the stresses observed in the x direction. It was
further observed that the residual stresses were compressive in the 90°(brittle region), 150°,
180°, and 270° cutting directions and tensile in all other cases. Once again the 150° cutting
direction showed the maximum magnitude of residual stress, but compressive in nature whereas

the 120° cutting direction showed the maximum magnitude of tensile residual stress.
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Figure 3.11: Variation in residual stress oy, with cutting direction and depth of cut on R-plane

of sapphire.

Upon completion of the analysis of residual stress components for different cutting direc-
tions on the R-plane of sapphire, the first principal stress was calculated to get an idea of the
maximum normal residual stress in the material as shown in Figure 3.12. It was observed that
the principal stress varied between -39 and 312 MPa. The trends observed were very similar
to the measurements obtained previously using only the variation in the 417 cm™! peak data
(Figure 3.6). It was observed that the 150° cutting direction exhibited the maximum magnitude
of tensile stress followed by the 180° and 120° cutting directions. Like the previous results,
the residual stress magnitude in the 90°, 210°, 240°, and 270° cutting directions were small or
negligible. Like the previous results, compressive residual stress was observed in the case of the

brittle region for the 90° cutting direction.
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on R-plane of sapphire.

From these results, it was shown that Raman spectroscopy can be a powerful tool in analyzing
the residual stresses in machined ceramics like sapphire and with proper data collection, it is
possible to calculate the stress tensor in the areas of interest. Further, a strong correlation
between the deformation mechanisms and magnitude of residual stress was shown which helps

us look towards improving the machining throughput during UPM of single crystal ceramics.

3.3 Residual Stress Measurements in 8YSZ

Initially, it was planned to use Raman spectroscopy to measure the residual stresses in
8YSZ following many authors in literature [92,93]. However, the Raman and photoluminescence
spectrum of the material was too weak (considering scan times of < 15 s) to be able to determine
the residual stresses accurately. Consequently, it was decided to use nanoindentation instead,
as it provides excellent control over selecting the measurement region and by selecting the
correct loading/unloading parameters, the region close to the surface can be probed. One of the
main challenges with nanoindentation is that the theory used in analysis is still in the nascent
stages and careful thought needs to be given while choosing a model to estimate residual stress
magnitude.

Some of the common models proposed to determine residual stresses in brittle materials
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using a sharp indenter include the Suresh and Lee models [94]. The Suresh model and Lee
model I consider differences in hardness between a stressed and unstressed sample to determine
the residual stress [95,96]. However, the drawback of these models is that it is applicable only
to an equi-biaxial stress state which is unlikely in the case of machined ceramics. Subsequently,
the Lee model was developed further to account for biaxial stresses but a special apparatus was
required to apply different amounts of load in orthogonal directions to determine the calibration
constants used in the model [97]. Hence this approach was not pursued further. Another
noteworthy approach was the method followed by Zhang et al. to determine residual stresses
in zirconia-porcelin dental crowns where the authors used the differences in hardness between
a stressed and unstressed region of the sample to determine the residual stress magnitude [98].
Although simple to implement, it was not used since this model assumes isotropic material
properties such as the Young’s modulus.

Particularly for brittle materials such as ceramics, an interesting approach to determine resid-
ual stress involves changes in the radial crack length and fracture toughness. In this method,
it is assumed that the residual stress can affect the fracture toughness of the material - in-
creases if the residual stress is compressive and decreases if the residual stress is negative [99].
Consequently, the length of radial crack would shorten or lengthen respectively. Following this
approach, Dahmani et al. determined the residual stresses around a laser induced crack in fused
quartz [100]. The authors started with an assumption that the at the early stages of crack initi-
ation, the final depth of indentation and radial crack length are of the same order of magnitude
and can be equated. Further, accounting for the residual stress field using contact mechanics
theory, an expression for the fracture toughness and residual stress was derived. The present

research uses this model to determine the residual stresses in machined 8YSZ.
3.3.1 Nanoindentation and Analysis

Nanoindentation was performed along the center of the machined cuts using a triboindenter
(Hysitron TT 950, Bruker Corporation, USA) with a diamond Berkovich indenter. The indents
were performed from the start of the cut to 500 nm depth of cut in increments of 10 pym lateral
spacing. Indentation was performed in the load-control mode with a peak load of 50 mN and

loading/unloading rate of 1.25 mN/s with a 2 s hold time between the loading and unloading
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segments. A schematic of the indentation is shown in Figure 3.13.
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Figure 3.13: (a) Schematic of nanoindentation experiments; (b) Optical image of nano-indents
on machined cut.

The indentation was performed on 2 cuts for each machining direction for the purpose of
repeatability. As a strain-free reference, 16 indents were performed in the polished region of the
samples prior to indentation on the machined cuts for each direction. These reference indents
were at least 2 mm away from the machined cuts to prevent any influence from the plastic
deformation in the machined regions. Analysis of hardness and Young’s modulus was carried

out based on the Oliver-Pharr method [101] as follows:
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Figure 3.14: An example load-displacement curve obtained from nanoindentation [100,101].
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where h, is the contact depth, A4, is the maximum indentation depth, e = 0.75 is a constant
which depends on the geometry of the indenter [102], P4, is the maximum indentation load,

and S is the slope of the elastic portion of the unloading curve.
Apmi = f(he) = 24.56(he)? + C1(he)' + Ca(he) V% + Cy(he)/* + ... (3.9)

where A, is the projected contact area at Pp,q, and C1, Cs, Cs, etc. are polynomial fitting
constants obtained from calibration experiments on a fused quartz sample. The hardness, H

and reduced modulus, E, are then determined using the following equations

Pma:p

H =
Apml

(3.10)

g5 [7
2B\ Apmi

(3.11)

where B = 0.97 is a geometric factor which depends on the indenter geometry [102,103].
The Young’s modulus of the sample can then be calculated using

1 1—v2 1-—y?
- = 3.12
E, E + E; (3.12)

where FE is the Young’s modulus of the sample, v = 0.25 is the Poisson’s ratio of the sample
[104], E; = 1140 GPa is the Young’s modulus of the indenter, and v; = 0.07 is the Poisson’s
ratio of the indenter.

Based on the literature discussed in section 3.3, the model proposed by Dahmani et al. was

used to determine the residual stress magnitude at each indent using the following equation [100]:

K. B, Ho\ Y2 [ 1gs\ /2
e TR —
(mhy~) Eo Hy hops

where K. is the fracture toughness of the material (1.90 MPa.m'/2 for radial cracks propa-

gating along (100) and 1.50 MPa.m'/? for radial cracks propagating along (011) [60]), E., H.,
and hy+ are the Young’s modulus, hardness, and final indenter displacement of the machined
region respectively, and Ey, Hp, and hg; are the Young’s modulus, hardness, and final indenter

displacement from the strain-free reference region of the sample, respectively.
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3.3.2 Results and Discussion - Residual Stress Magnitude
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Figure 3.15: (a) Variation in hardness with cutting direction and depth of cut for (001) 8YSZ;
(b) Variation in Young’s modulus with cutting direction and depth of cut for (001) 8YSZ.

Figure 3.15 shows the variation in Hardness, CDC and Young’s modulus for different cutting
directions on the (001) plane of 8YSZ. It was observed that the hardness in the brittle region
was lower than that of the ductile or polished regions. On average, the hardness was 22.05 +0.5
GPa in the polished region, 21.76 +2.1 GPa in the ductile region, and 15.66 +6.5 GPa in the
brittle region which indicates a reduction in compliance in the brittle regions. The variation in
the Young’s modulus showed a similar trend for most of the cutting directions. The average
value of Young’s modulus in the polished region was 314.85 +4.6 GPa, 311.07 £17.9 GPa in the
ductile machined region, and 295.45 +73.3 GPa in the brittle region.

The average value of residual stress for each cutting direction with increasing depth of cut
in 20 nm increments on the (001) plane of 8YSZ is plotted in Figure 3.16. The common trend
observed was that in the ductile region, the residual stress magnitude was fairly consistent for
a given cutting direction and there were large variations in the brittle region, starting around
the CDC. The residual stresses ranged from -200 MPa (compressive) to 400 MPa (tensile) in
the ductile region. For the 0°, 15°, and 75° cutting directions predominantly exhibited tensile
residual stress in the ductile region whereas the 30° and 90° cutting directions mostly displayed

a compressive residual stress magnitude. In the brittle region, the residual stress values ranged
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Figure 3.16: Variation in residual stress magnitude with cutting direction and depth of cut for

(001) 8YSZ.

more widely from = -2 GPa to &~ 850 MPa. The large variation in the residual stress magnitude

in the brittle regions might be a shortcoming of the approach followed and is discussed further

in section 3.3.3.
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Figure 3.17: Variation in average value of residual stress with cutting direction in the ductile
region on (001) 8YSZ.

Figure 3.17 shows the average magnitude of residual stress in the ductile regions for different
cutting directions on the (001) plane of 8YSZ. Only the ductile regions were selected due to
the fairly constant residual stress magnitude. Due to the very large fluctuations in the brittle
regions, a average residual stress value might not make much sense. From the Figure, it was
evident that 4 out of the 7 cutting directions ( 0°, 15°, 45°, and 75°) investigated exhibited a
tensile residual stress of about 50 - 60 MPa whereas the residual stress magnitude in the other
3 cutting directions (30°, 60°, and 90°), were negligible.

Figure 3.18 shows the variation in Hardness, CDC and Young’s modulus for different cutting
directions on the (011) plane of 8YSZ. It was observed that the reduction in hardness in the
brittle region was lower than that compared to the results from the (001) plane. This could
likely be due to the sparse cracks observed in some of the cutting directions which produce a
machined surface similar to the one observed in the R-plane of sapphire in the 180° cutting
direction (Figure 3.7). On average, the hardness was 20.36 £0.5 GPa in the polished region,
20.46 +1.9 GPa in the ductile region, and 19.44 +4.11 GPa in the brittle region. A reduction in
hardness was observed in the 75° and 90° cutting directions as these cutting directions display
a large density of cracks in the brittle region. Similarly, the Young’s modulus values showed

smaller variations across the different regions where measurements were made. The average
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values of Young’s modulus were 288.79 +4.5 GPa in the polished region, 284.40 +20.4 GPa in

the ductile machined region, and 285.44 £51.5 GPa in the brittle region.

~ 30 500 4=
(a) S 25 S
O 400 S — .
=~ 20 % E mPolished
S 15 A= uctile
-g 10 200 ,§ 6 m Brittle
= 5 100 = -—CDC
0 0o “
0 15 30 45 60 75 90
Cutting Direction (°)
b g 40
E
S A300 m Polished
© 0O ® Ductile
bov
g 100 = Brittle
S
> 0
0 15 30 45 60 75 90

Cutting Direction (°)

Figure 3.18: (a) Variation in hardness with cutting direction and depth of cut for (011) 8YSZ;
(b) Variation in Young’s modulus with cutting direction and depth of cut for (011) 8YSZ.

The average value of residual stress for each cutting direction with increasing depth of cut
in 20 nm increments on the (011) plane of8YSZ is plotted in Figure 3.19. Since the crack
morphology was different on the (011) plane for most cutting directions, compared to the (001)
plane, the residual stress values were fairly consistent for those cutting directions with sparse
cracks (0°, 15°, 30°, and 45°) where as the residual stress magnitude varied in the brittle
region of those cutting directions where a lot of dense cracks were present (60°, 75°, and 90°).
The 15°, 45°, and 60° cutting directions exhibited predominantly tensile residual stresses in
the ductile region whereas the 0° cutting direction exhibited compressive residual stress in the
ductile region of the cut. The residual stress magnitude ranged from -172 MPa (compressive) to
455 MPa (tensile) in the ductile region. In the brittle region, the residual stress values ranged

more widely from ~ -2 GPa to &~ 550 MPa.
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Figure 3.20 shows the average magnitude of residual stress in the ductile regions for different
cutting directions on the (011) plane of 8YSZ. It was observed that compared to the (001) plane,
the magnitude of residual stress in the (011) plane was much larger. The residual stress mag-
nitude varied between -35 MPa to 238 MPa. The 15° cutting direction exhibited the maximum
tensile residual stress among the different cutting directions investigated. From the Figure, it
was evident that 5 out of the 7 cutting directions ( 15°, 45°, 60°, 75°, and 90°) investigated
exhibited a tensile residual stress. The residual stress magnitude in the 60° cutting direction

was compressive and that in the 30° cutting direction was negligible.

3.3.3 Understanding Residual Stress in 8YSZ from the Perspective of Elastic

and Plastic Energy of Indentation

In the previous section, the residual stress calculation for 8YSZ from nanoindentation data
was carried out using the model proposed by Dahmani et al. [100]. This equation used in this
method is developed by considering the how the stress field around a crack tip would affect
the hardness of the material surrounding the crack. However, when this model was applied to
the brittle regions of machined 8YSZ, large variations in the residual stress magnitude were
observed. This is likely due to the sudden increase in stress in the immediate vicinity of a crack.
Also, it is possible that some of the indents in the brittle area were performed within the crack
itself and thus affecting the measurement. To overcome this drawback, an alternate method is
presented in this section to study the residual stress distribution in machined 8YSZ by looking
at the energy partition during indentation.

Figure 3.21 shows the proportion of elastic and plastic energy in indentation between 100
nm and 440 nm depth of cut for the 30° cutting direction on the (001) plane of 8YSZ. The
elastic energy was calculated by measuring the area under the unloading portion of the load-
displacement curve and the plastic energy was calculated by subtracting the elastic energy from
the area under the loading portion of the load-displacement curve (total energy) (See Figure
3.14). It was observed that the energy partition for the polished reference surface was at 47%
elastic and 53% plastic and this was used as a reference value. In the ductile portion of the cut,
small variations in the energy contributions were observed but beyond the CDC, the fraction of

plastic energy increased significantly.
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Figure 3.21: Variation in indentation energy composition with depth of cut for (001) 8YSZ in
the 30° cutting direction.

One possible analysis method is the approach by Alao and Yin [105], where the resistance
to machining-induced cracking was calculated. This term is akin to the fracture energy which
represents the amount of energy necessary to open a unit area of a crack. In the cited literature,
this term is derived with the assumption that during crack initiation, all the potential strain

energy is converted to surface energy.

Up—Ur =R Y A (3.14)
=1

where Uy is the total indentation energy (area under the loading curve), U, is the plastic
energy during indentation, R, is the fracture energy,and A; is the area of the i" damage or

crack. From Irwin’s model,

2
KIC’

R, = Io0

(3.15)

where K¢ is the fracture toughness and E’ is the plane strain modulus. Substituting Eq.

3.15 in Eq. 3.14,

v, = e 34, (3.16)
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where D = U, /Uy is defined as the degree of damage. The term resistance to machining-
induced cracking (M) can be defined as the inverse degree of damage per unit applied work
which is expressed as,
Uy R, Z?:l A K % C

M=o 4 =U=D)S", 4 _ F(-D) (3.17)

Based on this equation, if the deformation is purely elastic, D = 0 and M will reduce to the
fracture energy. On the other hand, if the deformation is completely plastic, D = 1 and M will
tend to infinity. To summarize, as the amount of plastic deformation increases, the value of M
also increases. At this stage, an assumption is made that as the tensile residual stress increases
in a material, it becomes easier to plastically deform it leading to an increase in the value of
resistance to machining-induced cracking and if the compressive residual stress increases in the
material, larger amount of stress would be necessary to plastically deform the material and the
value of resistance to machining-induced cracking would decrease.

Using this approach, the resistance to machining-induced cracking was calculated for the 7
different cutting directions on the (001) and (011) planes of 8YSZ as shown in Figures 3.22 and
3.23, respectively.

From Figure 3.22, it can be observed that the in the ductile region of the cut, the resistance
to machining-induced cracking is about 23 J/m? for most of the cutting directions on the (001)
plane of 8Y'SZ which is of similar value to the polished reference. As the depth of cut is increased,
the value of resistance to machining induced cracking generally increases up to 60 .J/m? in some
cases. The large variation in the brittle region could potentially be attributed to the dense
crack morphology observed for most of the cutting directions on the (001) plane of 8YSZ The
higher value of resistance to machining induced cracking potentially implies there is more plastic
deformation activity in the brittle regions around the cracks. Although crack initiation would
relieve the built up stresses, it is likely that there would still be plastic deformation activity
around the cracks and needs to be investigated further.

Figure 3.23 shows the resistance to machining induced cracking in the case of the (011) plane
of 8YSZ. Compared to the (001) plane, the values of resistance to machining induced cracking

in the ductile region in the (011) plane were closer to 30 J/m? and the values in the brittle
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region went up to 55 .J/m?. This higher value of resistance to machining induced cracking could
potentially explain the larger magnitude of residual stress compared to the (001) plane. Further,
unlike the (001) plane, it was observed that the cracking was not as severe in some of the cases
such as 0°, 15°, 30°, and 45° cutting directions and as a result showed smaller variations. In
the ductile region of these cutting directions, it was observed that the resistance to machining
induced cracking was about 2-4 J/m? lower than the value of the polished reference.

To summarize, this chapter aimed to measure the anisotropy in residual stresses in machined
sapphire and 8YSZ. Two different measurement techniques - Raman spectroscopy and nano-
indentation were used to measure the residual stress magnitude in the case of sapphire and
8YSZ respectively. It was observed that the cutting direction and depth of cut had an impact
on the magnitude of residual stress and this was explained from the perspective of activation of
different plastic deformation mechanisms and the amount of plastically deformed material left
behind in the workpiece. From these results, it is clear that residual stress formation, especially
in the DBT and brittle regions is a complex interplay between plastic deformation and stress
relief by crack initiation. These topics will be explored in more detail in the next chapter on

subsurface damage.
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Chapter 4

Subsurface Damage

During the machining process of hard and brittle materials like ceramics, subsurface dam-
age has been known to influence the outcome of the machining process. Broadly, this chapter
deals with the measurement of subsurface damage and understanding the correlation between
activation of different deformation mechanisms and the magnitude of subsurface damage. This
chapter is divided into four sections - the first section is a literature review on subsurface dam-
age during machining of ceramic materials. This section mainly addresses the different types of
subsurface damage, causes, modeling of subsurface damage formation, and the different meth-
ods used to quantify subsurface damage. The next section deals with the application of Raman
spectroscopy to quantify subsurface damage in sapphire and also examines the effect of crack
morphology on influencing the damage magnitude. The third section covers results from the
MD simulation studies performed to better understand the evolution of damage mechanisms in
the subsurface and provides a qualitative estimate of subsurface damage for different cutting
orientations in sapphire. The final section of this chapter goes into the details of using TEM to
study subsurface damage in machined ceramics. Additionally, this section covers TEM sample
preparation in detail, explaining the common challenges and methods to overcome them. Fi-
nally, the TEM observations are compared with the predictions from the P- and F- parameter

deformation model presented in Chapter 2.

4.1 Literature Review

In addition to the residual stress, it is also important to investigate different types of sub-
surface damages and defects as some types of defects like micro-cracks and voids can cause the
initiation of larger cracks whereas other types of defects like dislocations and twin boundaries
can affect plastic deformation or initiate micro-voids under some conditions [106-108]. Subsur-
face defects have been studied using a variety of techniques such as angle polishing, transmission

electron microscopy (TEM), dimpling, chemical etching, etc. The method selected mainly de-
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pends on the size and type of defects being investigated and the material being studied. In the
case of UPM of ceramics, methods such as TEM and bonded interface technique are useful as
the region that needs to be investigated is generally small and defects such as dislocations and
microcracks can be visualized using these techniques [109]. Yuta et al. investigated the effect of
crystal anisotropy on subsurface damage during ultra-precision turning of calcium fluoride using
TEM and showed that the amount of subsurface damage varied depending on crystal orientation
and tool geometry [110]. Zhou et al. reported an increase in subsurface damage with increase
in machining depth during the diamond grinding of silicon [111]. In ultra-precision turning
studies on silicon and germanium conducted by Blake et al., dislocation layers extending up to
a few tens of micrometers below the surface were observed [112]. Yan et al. investigated the
influence of cutting direction on extent of subsurface damage in machined silicon using micro-
Raman spectroscopy and correlated the subsurface damage magnitude to the slip factor [113].
Through TEM evaluation of nano-scratching tests on sapphire, Lin et al. observed dislocations
on various slip systems and micro-crack extending to the depth of about 2.5 pm depending on
the scratching direction [114]. Through these studies it is evident that subsurface damage is
dependent on factors such as the cutting direction and machining process parameters. Also,
the presence of multiple types of defects such as dislocations and microcracks in the same TEM
image could indicate a potential for interactions between these defects which would have an
effect on subsequent deformation in the material. The evolution of different types of defects and
their interactions during UPM of single crystal ceramics is not fully understood and need to be

addressed to develop machining strategies that minimize surface and subsurface damage.

4.2 Using Raman Spectroscopy for Subsurface Damage Mea-

surements

Based on the studies by Yan et al., Raman spectroscopy can be used to investigate subsur-
face damage in machined ceramics. Typically, the less defects in a single-crystalline material,
the narrower will be the Raman peak width and as the number of defects or amorphization
increases, the Raman peak will tend to broaden. In certain materials like silicon, the appear-

ance of new peaks and broadening of specific peaks can be correlated to phase transformation
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and amorphization, respectively [115,116]. However, even though this type of granular analysis
might not be possible for other materials, Raman spectroscopy still provides valuable infor-
mation about the extent of subsurface damage for a qualitative comparison between different
processing conditions. This approach was followed by Onuki et al. for their investigations on
subsurface damage in polished sapphire samples [117]. In this section, results from 2 sets of
experiments are presented. The first set of experiments investigated the variation in peak width
with respect to the depth below the machined surface for a few cutting directions. The second
set of experiments mainly investigated the peak width variations in the vicinity of the machined
surface and compared the variations in the peak width with the crack morphology for different

cutting directions on the A-, C-, M-, and R- planes of sapphire.
4.2.1 Variation in Subsurface Damage with Depth

To investigate the variation in peak width with respect to the depth beneath the machined
surface, 4 different cutting directions were chosen from the R-plane of sapphire (R180, R210,
R240, and R270). The reason for selecting these directions was mainly due to the large dif-
ferences in surface crack morphology and residual stress magnitude (see Figure 3.6). Raman
measurements were carried out using the parameters detailed in section 3.2.1 except that, in-
stead of mapping the Raman spectrum over an area on the machined surface, a depth-wise map
was created up to a depth of 4 ym in increments of 0.8 pum in the brittle regions of the cutting
directions mentioned. Following the data collection, the Full Width at Half Maximum (FWHM)
was calculated for the 417 cm~! Raman peak. Akin to previous Raman measurements (section
3.2.2), the 417 ecm~! peak was selected due to it’s large intensity compared to other Raman
peaks at the short exposure times used for the measurements. Although it is not possible to
point out the kind of defects or the exact depth of subsurface damage through this method, a
qualitative comparison between different cutting directions allows for a better understanding of
how crack morphology might influence subsurface damage depth.

As per the results shown in Figure 4.1, the amount of peak width variation differed based on
the cutting direction with bluer shades representing narrower peak widths - highly crystalline
regions with minimal defects and redder shades representing regions with higher peak width

due to the presence of defects. The maximum damage depth was observed in the 180° cutting
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Figure 4.1: Variation in 417 cm~! Raman peak width and crack morphology with cutting
direction on R-plane of sapphire.

direction which showed significant peak broadening at depths grater than 4 um. Although, it
must be noted that this peak broadening was observed only below the region with a crack. The
210° cutting direction on the other hand showed significant peak broadening up to a depth of
2.4 pm, but at lower depths the magnitude of peak broadening was higher than that of the
180° cutting direction. In the case of the 240° cutting direction, the peak broadening was
limited to a depth of about 1.6 um and in the case of the 270° cutting direction, the peak
broadening was even closer to the surface. It was also observed that in the case of the the 180°
cutting direction, the cracks were isolated and there were large regions of ductile machining
around them, whereas in the other cutting directions, the cracks were more evenly distributed
across the machined surface. Following the results by Kwon et al., the crack morphology is
dominated by activation of rhombohedral and prismatic cleavages in the case of the 180° cutting
direction which could potentially lead to deeper cracks and greater subsurface damage but, in
the other cutting directions, only prismatic cleavages are dominant which potentially leads to the
formation of shallower cracks [63]. Something to be noted here is that the cracks in the surface
and subsurface have a three-dimensional structure and it might not be able to always capture
the entire region in a single spot/line scan with the Raman confocal laser and the results could
be biased by the measurement region selected. However, due to time and resource constraints,

full three-dimensional mapping of peak width variations was not carried out in this study.
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4.2.2 Variation in Subsurface Damage on Different Crystallographic Planes

In this section, the effect of cutting orientation, cutting depth, and crack morphology on
Raman peak broadening and subsequently subsurface damage is investigated in more detail.
Raman measurements were carried out using the parameters detailed in section 3.2.1 along the
7 cutting orientations previously selected on the A-, C-, M-, and R-planes of sapphire and in the
ductile, ductile-brittle transition, and brittle regions. The 2D mapping measurements were car-
ried out over the machined area, with the laser focus being on the plane of the machined surface.
The measurements were then compared to the polished region of the sample to determine the
difference in peak width between the machined and polished regions of the sample. Once again,
the 417 cm~! peak was selected due to it’s large intensity compared to other Raman peaks at
the short exposure times used for the measurements. While analyzing this larger sample of data,
it was observed that the intensity of the peaks peaks changed depending on the crystal orienta-
tion mainly due to the anisotropic nature of the laser-phonon interactions [92]. To account for
this, the subsequent analysis presents a normalized peak width value which is the FWHM value
normalized over the average peak intensity for the given cutting direction and depth of cut.
Additionally, in this section, the variation in peak width is compared to SEM images showing
the crack morphology for the different cutting directions. The SEM images were acquired in
collaboration with Suk Bum Kwon at the MIN lab and some of the images or a version of the
images have been published in [63] and [118] which explain the activation of specific types of
cleavage fracture systems during cutting. In this study, the crack morphologies are used from
the perspective of understanding their effect on the subsurface damage magnitude.

Figure 4.2 shows the variation in normalized Raman peak width for different cutting di-
rections and depths of cut on the A-plane of sapphire. In general, the peak width variations
followed a similar tendency to the that of the residual stress magnitude shown in Figure 1.2.
In general, the variation in peak width in the ductile-brittle transition and brittle regions was
larger than that in the ductile regions of the cut. This observation further makes the link
between the crack morphology and subsurface damage amount. Like the case of the residual
stress measurements, the 30° and 60° cutting directions showed the maximum amount of peak

width variations whereas the 150° and 180° cutting directions showed the minimum peak width
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Figure 4.3: Variation in crack morphology with cutting direction on A-plane of sapphire [63,118].

Figure 4.3 shows the crack morphology observed on different cutting directions on the A-
plane of sapphire. Most of the cracks on the A-plane of sapphire were lamellar or fan-shaped.
Although, depending on the cutting direction, the severity of the cracking, size and density of
the cracks on the machined surface varied greatly. In cutting directions such as 0°, 30°, and
60°, the cracks appear to be in a higher density and deeper than the other cutting orientations

whereas cutting directions like 90° and 150° show much more sparse and shallow cracks. On
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the A-plane, most of the cracks were governed by the activation of prismatic and rhombohedral
cleavages in varying amounts, depending on the cutting direction which influenced the depth

and density of the cracks formed and subsequently the subsurface damage [118].
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Figure 4.4: Variation in Raman peak width with cutting direction and depth of cut on C-plane
of sapphire.

The variation in normalized Raman peak width for different cutting directions and depths of
cut on the C-plane of sapphire is shown in Figure 4.4. In general, the peak width variations on
the C-plane were among the lowest compared to the other crystallographic orientations studied.
Unlike the uniformly low residual stress magnitude shown in Figure 3.4, some of the cutting
directions on the C-plane (90° and 210°) showed higher peak width magnitudes compared to
other cutting directions. Like the case of the A-plane, variation in peak width in the brittle
regions was larger than that in the ductile-brittle transition and ductile regions of the cut.
Among the other cutting directions, 90°, 150°, and 270° cutting directions showed the minimum
peak width variation.

Figure 4.5 shows the crack morphology observed on different cutting directions on the C-
plane of sapphire. In the case of the C-plane, most of the appeared to be shallow in nature
compared to all the other cutting directions and cutting planes. The crack morphology on the
C-plane predominantly consisted of layered and spalling cracks triggered by the activation of

the basal cleavage system. In the 90° and 210° cutting directions, lamellar sculptured cracks
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Figure 4.5: Variation in crack morphology with cutting direction on C-plane of sapphire [63,118].

were also observed caused mostly by the activation of prismatic cleavages resulting in cracks
that extend further into the subsurface. As a result, the peak width variation observed was also
larger in these cutting directions. Overall, due to the smaller number of cracks over a given area
and shallow nature of cracks in most cutting directions on the C-plane, the subsurface damage

is lower [118].
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Figure 4.6: Variation in Raman peak width with cutting direction and depth of cut on M-plane
of sapphire.

Figure 4.6 shows the variation in normalized Raman peak width for different cutting di-
rections and depths of cut on the M-plane of sapphire. The peak width variations followed

a similar trend to the that of the residual stress magnitude shown in Figure 3.5. In the case
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of the M-plane, the variation in the peak width magnitudes were large for the 60°, 120°, and
180° cutting directions whereas it was minimal in the case of the 0°, and 90° cutting directions.
Overall, compared to the other crystallographic planes, the variation in magnitude of the peak
width was similar to the C-plane, i.e. lower than the values observed in the A- and R-planes of

sapphire. Once again, the magnitude of peak width variation was larger in the ductile-brittle

transition and brittle regions compared to the ductile depths of cut.
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Figure 4.7: Variation in crack morphology with cutting direction on M-plane of sapphire [63,118].

Figure 4.7 shows the crack morphology observed on different cutting directions on the M-
plane of sapphire. On the M-plane, the crack morphology was predominantly fan-shaped lateral
cracks in the case of the 0°, 30°, 60°, and 90° cutting directions and hybrid cracks comprising of
spalling and sculptured cracks in the case of the 120°, 150°, and 180° cutting directions. All the
crack morphologies observed in the M-plane were caused by varying activation of rhombohedral
and prismatic (A-plane cleavages). The fan shaped cracks were shallower in nature and had a
higher activation probability of rhombohedral cleavage but in the case of the cutting directions
with hybrid cracks, the tendency of activation of prismatic cleavages had increased consider-
ably [118]. Also, as the prismatic plane is perpendicular to the M-plane, the cracks tended to
be deeper and subsequently showed higher amount of peak width broadening in the Raman
measurements.

Variations in the normalized Raman peak width for different cutting directions and depths of

cut on the R-plane of sapphire are shown in Figure 4.8. The R-plane showed a clear anisotropy
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of sapphire.

when it came to variations in the peak width. The 150° cutting direction had the maximum
peak width variation compared to all the directions evaluated followed by 90° and 120° cutting
directions which showed a sizable peak width variation and the 240° and 270° cutting directions
showed very small variations in the peak width. This type of trend was similar to that observed
with the residual stress magnitude for the case of the R-plane (Figure 3.6). Like the other

cutting directions and cutting planes, the magnitude of peak width variation was larger in the

ductile-brittle transition and brittle regions compared to the ductile regions.
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Figure 4.9: Variation in crack morphology with cutting direction on R-plane of sapphire [63,118].
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Figure 4.9 shows the crack morphology observed on different cutting directions on the R-
plane of sapphire. Compared to all the crystallographic planes evaluated, the R-plane had
the most diverse crack morphology. The 90° cutting direction showed lamellar and sculptured
cracks, the 120° cutting direction showed sculptured cracks, sculptured and spalling cracks were
observed in the 150° cutting direction, and spalling cracks were observed for the remaining
cutting directions. In the case of the 90° and 120° cutting directions, the crack initiation was
dominated by basal cleavage which resulted in mostly linear features on the brittle machined
surfaces. As the cutting direction changed towards 150° and 180°, prismatic cleavages started
to become more dominant. Further, in the 210°, 240°, and 270° cutting directions, there was an
influence of rhombohedral cleavages which resulted in the bottom surfaces of the spalling cracks
which limited the depth of crack propagation resulting in smaller amount of Raman peak width
variation [118].

Although Raman spectroscopy can be an useful tool in understanding subsurface damage in
machined ceramics, some limitations exist while investigating sapphire. Firstly, as the Raman
signal from sapphire is not as strong as that of silicon, longer scan times are necessary. This
could lead to annealing due to laser heating. Next, as the method relies on peak width data, it is
difficult to identify the specific deformation mechanisms contributing to the subsurface damage.
And lastly, as Raman is a volumetric analysis technique, it is difficult to identify the exact depth
of subsurface damage which could be useful while determining machining parameters such as
the depth of cut. To overcome these drawbacks, TEM evaluations were also conducted to better
understand the phenomenon of subsurface damage generation and validate some of the Raman
spectroscopy results. These results are presented in section 4.4. Prior to that, results from the
analysis of MD simulations are presented first to better understand how defects evolve in the

subsurface with respect to the cutting direction.

4.3 MD Simulations

It is evident from the investigations thus far that, the subsurface damage and residual stresses
in machined single crystal ceramics are strongly influenced by the activation of specific plastic
deformation and cleavage mechanisms and it is important to develop a deeper understanding on

material deformation to better predict residual stresses and subsurface damage. Additionally,
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due to the small scale of the machining and deformation process, observing the experiments
temporally is challenging and MD simulations help in this regard. As part of a collaborative
study with colleagues at the University of Cincinnati, MD simulations were used to understand
the activation of different deformation mechanisms and their contribution to residual stresses
and subsurface damage, the details of which are described in section 2.4. The substrate de-
formation was quantified by the mean-square-difference between the actual displacement and
the ideal displacement due to the affine transformation denoted by D? [119] which was then
plotted to visualize the activation of different slip/twinning and fracture mechanisms using the
OVITO software [120]. Although it is difficult to conduct MD simulations at the same processing
conditions as the experiments, a one to one comparison might not be possible. However, MD
simulations provide a general trend of how deformation mechanisms might change with cutting
direction and temporally. Especially, the evolution of different defects over time.

From these simulations, the maximum depth of deformation was measured after 250 ps of
cutting and plotted for the different cutting directions (Figure 4.10 (a)). In some of the cutting
directions (A-plane - 60°, C-plane - 270°, and R-plane - 90°), a crack initiation was observed
underneath the tool and these cutting directions are highlighted in red [121]. Comparing the
trends in the subsurface damage depth with the values of critical depth of cut measured by
Yoon et al. [30], the cases of A60 and C270 which show higher values of damage depth than the
other cutting direction on the same plane exhibited a lower CDC in the experiments. Also, the
R90 and R270 cutting directions had a low but similar value of CDC and show similar values of
maximum damage depth in the MD simulations.

Figure 4.10 (b) shows the material deformation as per MD simulations for those cutting
directions where a crack was not observed beneath the tool. In the case of the A120 cutting
direction, a crack was observed in front of the tool and it is likely that this region would be
removed during chip formation. As a result, these cutting directions are expected to show a
more ductile surface. In the case of A120 cutting direction, the deformations were mostly driven
by rhombohedral twinning and slips on the lesser known n-plane of sapphire {2243}(1010).
In the case of the C180 cutting direction, the deformation was mostly driven by basal and
rhombohedral twinning, with the basal twinning being the more dominant mechanism. In the

R270 cutting direction, the deformation was predominantly on the n-plane of sapphire. In the
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MD simulations, the deformations along the n-plane of sapphire were identified based on the
angle formed by the regions of higher deformation compared to the workpiece surface and cutting
direction and these observed slips did not match any of the other well known slip directions listed
in Table 2.1. Based on this observation, the crystallography of sapphire was revisited and the
other lesser known slip systems were identified [29]. It is likely that this and few other slip
systems could get activated in sapphire at much higher temperatures or under high strain rates
as in the case of the MD simulations. Additionally, as the CRSS values for this system were not
found in literature, it was not included in the analysis predicting deformation behavior.

Figure 4.10 (c) shows the MD simulations of those cutting directions where a crack was
observed beneath the tool. In these cases, it is unlikely that the crack would be removed by
chip formation and these cutting directions are expected to have higher amounts of subsurface
damage. In the case of the A60 cutting direction, the deformation was dominated by deformation
on the n-plane but rhombohedral twinning was observed as well. In this cutting direction, the
fracture observed was initiated along the rhombohedral cleavage plane. In the case of the C270
cutting direction, the deformation was mostly driven by basal and rhombohedral twinning, with
the rhombohedral twinning being the more dominant mechanism. As a result, the deformation
extended deeper in to the subsurface region. The fracture observed in the cutting direction was
along the basal cleavage plane. In the case of the R90 cutting direction, basal, prismatic, and
rhombohedral deformations were observed. As a result of the activation of multiple systems with
very different directions of activation, the slips/twinning likely interacted and caused a crack
to initiate resulting in a low value of CDC. In this cutting direction, the cleavage was initiated
along the prismatic M-plane.

Comparing the MD simulation results with the prediction of subsurface damage through
Raman spectroscopy (section 4.2), the trends observed in the MD simulations mostly matched
the experiments. Except for the case of the C180 and C270 cutting directions where the trend
was reversed which needs to be investigated further.

Figure 4.11 shows the temporal evolution of deformation during the MD simulation on C- and
R-plane of sapphire in the 180° cutting direction. In the case of the C180 simulation, activation
of basal deformation mechanisms can be clearly seen in front of the tool. The interesting

aspect of the basal activations is that it extends well ahead of the tool, almost to the end of
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Figure 4.10: (a) Maximum damage depth for different cutting directions in sapphire from MD
simulations; (b) MD simulation for cutting directions where no crack was observed beneath the
tool; (¢) MD simulation for cutting directions where a crack was observed beneath the tool.
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Figure 4.11: MD simulation of machining in the 180° cutting direction on the (a) C-plane and
(b) R-plane of sapphire showing the temporal evolution of deformation.

the simulation boundary. In addition to this, a few rhombohedral mechanisms were observed
but were seen to extend to a limited depth into the subsurface. In the case of the R-plane,
deformations on different rhombohedral planes were observed which extended deeper into the
subsurface compared to the C-plane.

Overall, the MD simulation results validated the hypothesis about the anisotropic nature
of subsurface damage as well as the activation of different slip and fracture systems leading to
varying amounts of deformed material remaining in the workpiece, contributing to the subsurface
damage. In the next section, TEM evaluation is presented to better understand the deformations
observed in the subsurface post machining and to explain the discrepancy observed in the case

of subsurface damage prediction on the C-plane of sapphire.

4.4 Transmission Electron Microscopy (TEM) Observations

This section deals with the different TEM observations of subsurface damage carried out in
this work. As this was one of the more challenging tasks carried out in this research, the first part
of this section is dedicated to sample preparation, which took a long time to figure out. As most
of the work was concerned with observing subsurface damage at the nanometer scale, FIB milling
had to be used to prepare TEM samples from selected regions on the workpiece. Although other
techniques such as cleaving or grinding and polishing can be used for TEM sample preparation,

the micrometer sized areas of interest on the machined sapphire workpieces limited the choice
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to FIB milling. The sample preparation process involved cutting out thin lamella from the
selected regions using a FIB, separating the lamella from the sapphire substrate, attaching it to
a TEM grid, and finally thinning the lamella until it became electron transparent. The different
challenges encountered during sample preparation are first described, followed by the techniques
used to resolve these problems. Once the sample preparation was figured out, a number of
samples were created from the C- and R-planes of sapphire which were analyzed using the
TEM and are then discussed in the subsequent subsections. Following this, the section contains
comparisons between TEM observations and MD simulation results and a comparison between
the TEM observations and prediction of material deformation using the P- and F-parameters

introduced in section 2.2.
4.4.1 Sample Preparation

All the TEM samples used in this study were fabricated using an SEM with dual beam
capabilities (Zeiss Auriga, Carl Zeiss Microscopy GmbH, Germany) which uses a gallium ion
source to remove or deposit material. TEM sample preparation using FIB is a topic in itself
which involves many steps of rotating and translating the workpiece while manipulating the
ion beam and other peripheral equipment and are not be covered here. Rather, the different
challenges faced during TEM sample preparation from an uneven, machined surface of a single
crystal are introduced. These issues are illustrated using the images in Figure 4.12.

As seen in Figure 4.12(a), the machined surface of sapphire, especially in the brittle regions
can have a significant amount of roughness. As a result of this, when the protective platinum and
carbon caps are deposited, they follow the topography of the surface and are deposited unevenly
across the surface. This affects the subsequent FIB milling process and is explained later. As
sapphire is harder to ion mill compared to other ceramics like silicon, higher milling currents
or longer milling times need to be used (especially in the earlier stages where lot of material
needs to be removed). The disadvantage of using higher milling currents is the reduction in
control over the milling area due to beam spreading and introduction of subsurface damage due
to ion implantation. On the contrary, higher milling times while using lower beam currents have
monetary implications and can also cause subsurface damage due to prolonged exposure to the

ion beam. Although a compromise is often found, the milling still takes about 8-15 minutes
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compared to 3-5 minutes often encountered while milling silicon. As a result of this added time,
another issue that props up is material re-deposition caused by vaporized ions re-depositing
on to the sample surface around the beam skirt. This is illustrated in Figure 4.12(b). This
re-deposited material makes it difficult to judge the TEM lamella thickness and decipher when
the lamella is separated from the substrate during the lift-out procedure.

The next challenge faced was during the step of attaching the lamella to TEM grid. For this
purpose, copper PELCO® FIB lift-out grid with 2 posts (Ted Pella Inc., U.S.A.) were used.
The main challenge during this step was ensuring a secure attachment to the TEM grid while
also ensuring relative straightness of the lamella. As the lamella is held to the lift-out probe
by a small deposition of platinum at this stage, it is extremely fragile and can get dislodged
very easily, even with a small bump. The fragile attachment of the lamella on the TEM grid in
flag style is shown in 4.12(c). Once the lamella was attached, the next challenge that had to be
solved was with respect to the FIB-electron beam alignment. Due this is style of FIB instrument
using apertures to control the milling/imaging currents, small amounts of misalignment during
aperture switching is inevitable due to the mechanical linkages used in the aperture switching
mechanism. This problem is a major concern during the final thinning steps where care must be
taken to select the milling regions correctly. An example of the misalignment is shown in Figure
4.12(d). If the alignment was perfect, the SEM image would not be showing the thickness of
the lamella.

Finally, Figures 4.12(e) and (f) compare the effect of surface roughness on the final thinning
process as introduced previously. Like the deposition, having a rough or machined surface to
begin with can cause uneven milling across the length of the lamella and can cause parts of the
machined region to be milled away while trying to make the lamella electron transparent.

All of these challenges were overcome by trial and error and carefully varying and record-
ing different FIB milling parameters such as milling current, number of layers, angle of slope,
adjustments to the sample tilt, etc. Subsequently, the steps followed for a successful sample
preparation are discussed in the following paragraphs. This process is divided into 2 steps - the
first set deals with processes followed until lift-out and the second set deals with steps followed
after lift-out. The first set of steps is shown in Figure 4.13.

The first step in preparing a successful TEM lamella from a machined sapphire workpiece
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involves selecting the region from which it needs to be milled Figure 4.13(a) and depositing
about 3-4 um of platinum and carbon as protective caps. Generally, the smoother the surface,
better is the quality of the lamella, but through careful experimentation, suitable FIB milling
process parameters were determined and the surface roughness is no longer a major issue. Next,
for the large material removal step, a current of 8 nA was used to make a trench around the
sample (Figure 4.13(b)). Under these conditions, the beam spread is limited and the milling
can be completed in a reasonable amount of time. Under these conditions however, significant
amount of re-deposition occurs, and as a result, the lamella thickness varies with the depth.
At this stage, it is advised to move the milling box away from the sample by about 1-2 um.
Once this was completed, a rectangular box was milled at 8 nA current to ensure that the walls
of the lamella are more even (Figure 4.13(c). Next, a lower currents of 4 nA and 2 nA were
chosen to clean up the re-deposition and a rectangular box was milled (Figures 4.13(d) and (e),
respectively). At these lower currents, the milling box size was reduced to minimize the milling
time and also thin the sample slightly. It should also be noted that prior to milling, the alignment
of the ion beam needs to be verified by milling slots in an inconsequential region of the sample
and checking the deviation from the specified rectangular box. Further, at lower currents, the
amount of re-deposition is significantly reduced. Having cleaned up the walls of the lamella, it is
also easier to spot the J-cut performed to separate the lamella from the substrate. But prior to
that, the Omni-probe lift out needle was inserted and attached to the lamella (Figure 4.13(f))
and the lift-out was completed.

Once the TEM lamella was lifted out, the TEM grid had to be prepared for the sample
attachment. Generally, different types of attachment such as side mount (flag), or top mount
are possible. It was found that top mounting at the bottom of the ”M” shaped structure on the
TEM grid post was most suitable. The reason for this selection is that the side mount has a much
smaller attachment area and being on the side of the post, can get knocked off inadvertently.
To ensure an even attachment to the grid, small slots were milled in the grid to accommodate
the lamella (Figure 4.14(a)). It must be noted that in this configuration, Energy-Dispersive
X-ray Spectroscopy (EDS) analysis can be hard to perform as the detector may not be able to
see the sample clearly. Upon successful attachment of the lamella to the TEM grid, the milling

current was further reduced to 300 pA and the lamella was thinned (Figure 4.14(b)) followed by
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Figure 4.14: Steps involved in attaching the lamella to a TEM grid and thinning it.
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a further reduction to 50 pA (Figure 4.14(c)). Upon completion of the milling on one side and
lamella thickness about 600 nm, the process was repeated on the other side of the lamella. For
the final thinning, 50 pA milling current was used but at a lower voltage of 2 kV. This process
was important to prevent introducing any defects or amorphization to the lamella. The milling
process was stopped as soon as the lamella started become electron transparent (Figure 4.14(d)
and (e)) and had a thickness on the order of about 100 - 160 nm (Figure 4.14(f)). Next, the
TEM grid was carefully removed and placed in an air-tight container lined with lint-free delicate
task wipes for storage. Any subsequent handling of the TEM grid was carried out using vacuum
tweezers. In the next subsections, analysis of different TEM samples is discussed. The TEM
observations are divided into the two sets. The first set compares the subsurface damage on
the C- and R-planes of sapphire with the samples being fabricated perpendicular to the cutting
direction. The second set of results compares two different cutting directions on the C-plane
of sapphire where the samples were fabricated parallel to the cutting direction. While the first
set of experiments provides insight into the different cutting planes of sapphire and information
about how the defects spread laterally during machining, the second set of experiments provides
information about deformation in front of the tool and how the deformation evolves as the tool

removes material in the workpiece.

4.4.2 Comparison of Subsurface Damage Between Crystallographic Planes

Through TEM

The results presented in this section have been published in the proceedings of the 20"
International Conference on Precision Engineering (ICPE 2024), 23-27 October, 2024 and is
being prepared for journal publication [69].

In the first set of experiments, one cutting direction from the C- and R-planes of sapphire
were chosen for TEM observation and analysis. In order to observe atomic scale defects, High
Resolution Transmission Electron Microscopy (HRTEM) images are necessary. However, to
capture these images, the sample needs to be oriented along a zone axis - a condition where the
incident electron beam is parallel to a crystallographic direction contained by at least 2 unique
crystallographic planes. Due to the low symmetricity of sapphire, there are a limited number

of zone axis available for HRTEM imaging and analysis. As a result, the samples in this study
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were prepared to be viewed from the [1120] zone axis.

Further, from the residual stress analysis presented in section 3.2.2, the C- and R-planes
showed a large differences in the residual stress magnitude most probably resulting from the
varying amounts of plastic deformation remaining in the subsurface after machining. Subse-
quently the samples were made from the 180° cutting directions on both the C- and R-plane of
sapphire - [1120]. The regions from which the TEM samples were created is shown in Figure
4.15. The sample regions were selected in such a way to overlap a few cracks to understand the
extent of subsurface damage, as well as some of the ductile regions around the crack to study
the surrounding plastic deformation. Subsequently, all the TEM images were captured using a

FEI Tecnai TF-30 300 kV TEM (FEI Technologies Inc, USA).

R

[1120]

-

180°

(b)

Figure 4.15: (a) SEM image of brittle region on C-plane of sapphire showing the TEM sample
region; (b) SEM image of brittle region on R-plane of sapphire showing the TEM sample region
[69].

Figure 4.16 shows the set of TEM images captured from a cross section of the machined
sample on C-plane of sapphire. In this sample, 3 regions were selected for analysis. The first

region of interest was a reference image from the bulk sample, several micrometers below the
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Figure 4.16: (a) Bright field image of the TEM sample from 180° cutting direction on the
C-plane; (b) HRTEM and FFT of the bulk sample (region b); (c¢) Region showing basal and
rhombohedral cleavage (region ¢); (d) HRTEM image from a portion of (¢); (¢) HRTEM and FFT
of a basal twin; (f) HRTEM image of intersection between basal and rhombohedral cleavage;
(g) TEM image showing pulled out crack formed by intersection of multiple cleavage systems

(region g); (h) HRTEM image of region in (g) showing stacking faults [69].
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machined surface (region b), the second region exhibited distinct cleavage fractures on the
machined surface (region c), and the third region, which showed a more complex fractured
surface (region g). In Figure 4.16(b), HRTEM image of the bulk sample, no significant damage to
the crystal lattice was observed and by taking a Fast Fourier Transform (FFT) of the image and
analyzing the resulting diffraction pattern, it was confirmed that the zone axis for observation
was [1120].

Looking at region c, it was observed that two different cleavage facets had formed — parallel to
the basal plane and rhombohedral planes (Figure 4.16(c)). The orientation of the cleavage faces
was confirmed by measuring the angle with respect to the workpiece surface and comparing it to
the crystal structure of sapphire (Figure 4.16(d)). Looking closely at the image, basal twinning
was observed in the region adjacent to the cleaved region. This was confirmed through HRTEM
images and taking FFT from the regions above and below the twin boundary and looking for a
mirror symmetry in the diffraction pattern (Figure 4.16(e)).

Looking at the intersection of the basal and rhombohedral cleavages (Figure 4.16(f)), it was
observed that the basal cleavage produced nearly atomically flat surfaces whereas on the rhom-
bohedral cleaved surface, there were small regions of crystalline material that had not cleanly
separated from the surface indicating a mix of rhombohedral cleavage and plastic deformation
(region marked by the black dashed line in Figure 4.16(f)).

In literature, it has been shown that twin boundaries can act as sites for crack initiation and
it is possible that the basal twin was formed first and as the stress in the region increased, it was
relieved by crack initiation. The basal twinning was about 50 nm below the machined surface
and acted as a barrier to prevent further plastic deformation or fracture from extending into the
subsurface. Looking at region g (Figure 4.16(g)), multiple different cleavage faces were observed
(mostly basal and rhombohedral cleavages). The subsurface in this region did not have many
distinct features other than a few stacking faults at a depth of about 150 nm from the machined
surface.

Figure 4.17 shows the TEM images captured from the R-plane sample. Unlike the C-plane
sample, clear plastic deformation and large cracks were observed in the R-plane sample. In
this sample, 4 different regions were selected for further investigation. The first region was for

reference several micrometers below the machined surface (region b), the second region was from
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(d)

Edge
dislocations

Figure 4.17: (a) Bright field image of the TEM sample from the 180° cutting direction on the
R-plane; (b) HRTEM image and FFT of the bulk sample (region b); (c) Bright field image of
the region adjacent to the crack (region c); (d) Bright field image of the cracked region (region
d); () HRTEM and FFT of the cracked region close to the surface; (f) Subsurface HRTEM and
FFET of the region below the crack; (g) Bright field image of region where the crack reaches the
machined surface (region g); (h) HRTEM of deformation bands observed in (g); (i) FFT of (h)
and selection of diffractions spots for masking and subsequent FFT from highlighted region in
(h) [69].
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the ductile portion of the sample (region c), the third region was from the cracked portion of
the sample (region d), and the final region was from the location where a crack intersected with
the sample surface (region g). Similar to the C-plane sample, the zone axis was confirmed to be
[1120] by analyzing the FFT from region b (Figure 4.17(b)).

Looking at the region from the ductile portion of the machined surface (Figure 4.17(c)), the
bright field TEM images provide higher contrast between regions with dislocations and those
without. The image showed that large dislocation networks extending to about 700 nm below
the machined surface were present. Due to the presence of a large number of likely entangled
dislocations, it is difficult to determine exactly which slip system the dislocations belong to, and
it is possible that dislocations from different slip systems might have been activated.

Focusing on the region with the crack (Figure 4.17(d)), it was observed that two cracks were
formed in the subsurface. The first crack extended to about 500 nm below the machined surface
and the second crack extended deeper to about 1 pm below the machined surface. Unlike the
cleavage type fractures on the C-plane surface, the subsurface cracks in the R-plane sample
did not have any particular crystallographic directionality and likely originated from regions of
stress build up due to dislocation entanglement and plastic deformation and followed the path
of least resistance. Examining this region further, it was observed that an amorphous layer of
about 5-10 nm had formed just below the machined surface (Figure 4.17(e)). This is likely the
case across the entire machined surface of the sample as reported in other machining studies in
sapphire [122].

However, a discernible amorphous layer was not observed in the C-plane sample. Below the
amorphous layer, the material was observed to have undergone considerable amount of plastic
deformation as indicated by the fuzzy diffraction spots in the FFT image. Moving to the region
below the second crack, the crystal structure seemed to be unaffected by the plastic deformation
(Figure 4.17(f)) as indicated by the FFT. Like the basal twinning in the case of the C-plane,
the second crack seemed to prevent any deformation from extending deeper into the subsurface.
Looking at the region where the first crack meets the surface (Figure 4.17(g)), severe plastic
deformation was observed around the initiation point. In this region, distinct deformation bands
were observed adjacent to the crack.

To determine the composition of the deformation bands, HRTEM images were captured
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(Figure 4.17(h)). As the crystal structure did not show any mirror symmetries, twinning could
be ruled out. However, slips and dislocations are much harder to detect in images with large
fields of view. To overcome this challenge, FFT was applied to the image and only one family of
diffracted planes was selected to apply a masking filter (Figure 4.17(i)) and an FFT operation
was applied on the original image. Based on the analysis, the FFT image shows edge dislocations
to be present in the same region as the deformation bands whereas the regions surrounding the
bands seemed to have a regular, defect free crystal structure. Identifying the exact type of
dislocations would require further analysis and is reserved for future work.

In summary, the trends observed in the TEM observations were similar to that seen in the
MD simulations (section 4.3) where the R-plane of sapphire showed deeper subsurface damage
depth compared to the C-plane for the 180° cutting direction. In the next part of the analysis
in this study, the analytical model presented in section 2.2 was used to predict the most likely
slip/twinning and fracture mechanisms that would get activated using the resultant force values

as an input to the model. The results of the calculations are shown in Figures 4.18 and 4.19.
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Figure 4.18: (a) Calculation of the plastic deformation parameter and (b) Fracture cleavage
parameter on the 180° cutting direction of C-plane [69].

Starting with the plastic deformation on the C-plane (Figure 4.18(a)), it was observed that

at low depths of cut, basal slip and basal twinning (C TW3) was predicted to be the dominant
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Figure 4.19: (a) Calculation of the plastic deformation parameter and (b) Fracture cleavage
parameter on the 180° cutting direction of R-plane [69].

mechanism. As the depth of cut increased, rhombohedral twinning (R2 TW) became dominant,
but the second most likely systems were basal. In terms of the cleavage fracture parameter,
many systems seemed likely, particularly rhombohedral (R3 F) followed by the prismatic sys-
tems (Figure 4.18(b)). Comparing the analytical calculations with the TEM results, it is likely
that the basal twining activated at lower depths of cut extend well ahead of the tool and in-
fluence further material deformation by preventing other mechanisms from extending into the
subsurface. Extension of basal twinning ahead of the tool for this cutting direction in sapphire
has been observed in MD simulation results [70] (also see Figure 4.10). As a result, most of
the plastic deformation is concentrated close to the surface and removed by chip formation.
Comparing the fractures on the surface, rhombohedral and other cleavages were clearly visible
in the TEM images (Figure 4.16(c) and Figure 4.16(g)).

Investigating the deformation in the R-plane of sapphire, right from low depths of cut,
rhombohedral twinning (R2 TW) was the dominant mechanism followed by basal and prismatic
systems that had a similar likelihood and this trend continued at higher depths of cut as well
(Figure 4.18(a)). Looking at the fracture cleavage parameter, multiple systems had a high

likelihood with prismatic systems (A3 F, M2 F, Al F) dominating at higher depths of cut
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(Figure 4.19(b)). In terms of plastic deformation, it was difficult to determine the exact plastic
deformation systems from the TEM results as a large number of dislocation networks were
observed (Figure 4.17(c)). Although it is known that R2 TW mechanism forms an angle of
42° with the machined surface and causes plastic deformation deeper in the subsurface [24].
Contrary to the C-plane, while comparing fracture, clear cleavage facets were not visible but

subsurface fracture activation as a result of likely dislocation entanglement was observed.

4.4.3 Comparison of Subsurface Damage Between Cutting Directions on C-

plane Through TEM

In the second set of TEM analysis performed, two cutting directions on the C-plane of
sapphire were selected - 180° and 270°. However, in this case, the TEM lamella were prepared
parallel to the cutting direction. The main reason for selecting these two cutting directions
was to resolve the discrepancy observed between the Raman peak width measurements and the
MD simulations where subsurface damage depth measurements did not show the same trend.
Additionally, in these two cutting directions, it would be possible to capture HRTEM images due
to the alignment with the [1100] and [1120] zone axis for the 180° and 270° samples, respectively.
In these experiments, the machining process parameters for sample preparation were as described
in section 2.3, however, the tool path was slightly modified. Upon reaching a depth of 500 nm,
the tool was lifted up vertically. The reason for choosing this type of tool path was to better
understand the deformation that occurs in front of the tool, especially after having seen the MD
simulation results.

Figure 4.20 shows the slightly modified tool path, machined surface, and sample area used
for the TEM analysis along the 180° cutting direction on C-plane of sapphire. Figure 4.21 shows
a low magnification bright field TEM image of the sample. In the low magnification image, two
subsurface cracks were visible along with some deformation in the end of cut region where the
tool was lifted up from the workpiece. From the low magnification image, it was evident that
the crack extended to about 1.3 pm below the machined surface. It was of interest to observe
these subsurface cracks in more detail, as well as the deformation in the region ahead of the tool.
The region in front of the tool is of particular interest to researchers to better understand the

effect of the tool edge radius on deformation and the stress field developed at the tool-workpiece



94

TOOI bath
L [HZO] v
C-plane sample TEM Sample [1100]

(a)

End ofcut = ,".T"‘ Sy
S == ==

EHT = 500 kV Signal A= SE2 Date :7 Dec 2023
WD= 8.6 mm Photo No. = 12011 Time :14:51:45

- i st S e Do e - = =
2pum EHT= 5.00 kV Signal A= SE2 Date :17 Mar 2024
WD= 5.1mm Photo No. = 13848 Time :14:53:54

(b) ()

Figure 4.20: (a) Schematic of plunge cutting experiment and TEM sample area along the 180°
cutting direction on C-plane of sapphire; (b) SEM image showing the TEM sample region; (c)
Sample preparation using FIB milling showing the end of the cut region.
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Figure 4.21: Bright field TEM image of the entire lamella showing the different features and
regions of interest for the C-plane 180° cutting direction sample.

interface. As the cutting tools can have various geometries, the stress-field in front of the tool
can change significantly and thereby affect the deformation in the workpiece.

Figure 4.22 shows magnified (a), (c), and HRTEM (b), (d) images of the two cracks observed
in the subsurface region of the 180° cutting on C-plane of sapphire. It was observed that crack 1
(Figure 4.22(a) extended to about 1.3 pum below the machined surface whereas crack 2 extended
to a depth of about 800 nm below the machined surface. Further, it was observed that crack 1
extended up to the surface and had a smooth cleaved surface (probably rhombohedral fracture) -
Figure 4.22(b). On the other end of crack 1, significant plastic deformation and crack branching
was visible. Investigating the FFT patterns on either side of the crack, it was observed that
the material was still highly ordered and single crystalline in nature. On the other hand, crack
2 was much smaller compared to crack 1 and seemed to originate from significant amount of
plastic deformation just below the machined surface (Figure 4.22(c)). The material on either
side of the crack still appeared to be crystalline in nature but there was rotation of about 6°
in the crystal lattice (Figures 4.22(d1 and d2)). At this moment, it is not clear if the lattice
rotation was caused by the plastic deformation surrounding the crack or due to the separation
of material during crack initiation and needs to be investigated further.

Figure 4.23 shows the magnified images of the end of cut region. In Figure 4.23(b), two
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Figure 4.22: Magnified images of cracks 1 and 2 observed in the subsurface region of the machined
surface along 180° cutting direction on C-plane and FFT analysis carried out around the crack.
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(d)
Figure 4.23: (a) and (b) Magnified images of the end of cut region along the 180° cutting

direction on C-plane; (c) HRTEM image of deformation band observed in front of the tool; (c)
Magnified HRTEM image of a region from (c) showing stacking faults.
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deformation bands emanating from the cutting edge of the tool are clearly visible and are
parallel to the basal plane of sapphire as well as to each other. Although one of the dominant
deformation mechanisms in this cutting direction is basal twinning, a clear twin boundary was
not observed around the deformation bands in the HRTEM images (Figures 4.23(c) and (d)).
Rather, a lot of stacking faults were visible in the regions close to the bands. It is possible that
the twin boundary might not be visible in this particular zone axis or orientation of the sample.
The interesting takeaway from this image is that the basal deformation extends well ahead of
the tool as observed in the MD simulations (Figure 4.11). Further, this might be an interesting

approach to measure the cutting edge radius of diamond tools used in UPM.
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Figure 4.24: (a) Schematic of plunge cutting experiment and TEM sample area along the 270°
cutting direction on C-plane of sapphire; (b) SEM image showing the TEM sample region; (c)
Sample preparation using FIB milling showing the end of the cut region.

Figure 4.24 shows the slightly modified tool path, machined surface, and sample area used
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for the TEM analysis along the 270° cutting direction on C-plane of sapphire. In this sample,
the TEM lamella was FIB milled from a region that was not the end of the cut to understand
subsurface deformation in regions that the tool has already passed over. Figure 4.25 shows a
low magnification bright field TEM image of the sample. Unlike the 180° sample, this sample
did not show any cracks in the subsurface and the plastic deformation was concentrated very
close to the machined surface. It must be noted that since the TEM sample examines a very
small region of the machined surface, the presence of subsurface cracks in other regions should
not be ruled out. Other than the deformation parallel to the basal plane, there were no other

features in this sample that stood out.

”

Deformation Region investigated
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plane
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Figure 4.25: Bright field TEM image of the entire lamella showing the different features and
regions of interest for the C-plane 270° cutting direction sample.

Figure 4.26(a) shows the plastically deformed regions immediately below the machined sur-
face of the 270° cutting direction on the C-plane of sapphire. In this case, the maximum depth of
the deformed region was observed to be about 200 nm below the surface and looked very similar
to the region in front of the tool in Figure 4.23 with deformation activation in the basal plane.
To investigate this further, HRTEM images were captured from around the two banded regions

observed as shown in Figure 4.26(b) and Figure 4.26(c). From the onset, looking at the atomic
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Figure 4.26: Magnified and HRTEM images of the region of interest identified in Figure 4.25
showing basal twinning deformation and FFT analysis of different regions (yellow boxes) around
the twin bands.
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arrangement in the HRTEM images, twinning parallel to the basal plane was visible. This was
further confirmed by performing FFT in reduced regions of the image. In the case of region (b)
which is closer to the machined surface, two twinning bands were visible and the FFT pattern
in the region between the two bands a combination of different crystallographic orientations
(Figure 4.26(b2)). In region (c), only one twinning band was observed (Figure Figure 4.26(c))
and a clear mirroring of the diffraction spots was seen through the FFT analysis.

Based on the results in this section, it was observed that the subsurface damage amount was
greater in the case of the 180° cutting direction on the C-plane as compared to the 270° cutting
direction which was similar to the observations from Raman spectroscopy as well. This could
mean that the MD simulation results need to examined in more detail to better understand the
causes for the deviations and whether the increase in the strain rate compared to experiments
plays a role in influencing the deformation mechanisms.

In summary, this chapter evaluated the effect of crystal anisotropy on subsurface damage in
sapphire using 3 methods - Raman spectroscopy, MD simulations, and TEM. It was found that
depending on the cutting direction, there was a noticeable difference in the amount of subsurface
damage. Further, it was also observed that the crack morphology played a role in influencing
how the damage extended into the subsurface regions, with the shallow cracks generally limiting
the damage close to the surface whereas deeper cracks extending the damage to higher depths.
Through the TEM evaluations, it was observed that many different types of subsurface damage
are formed during UPM of single crystal ceramics such as amorphization, fracture, twinning,
and other plastic deformation mechanisms. It was also observed that in the case of the C-
plane of sapphire, which predominantly has basal twinning as the dominant plastic deformation
mechanism under the machining conditions used in this study, the basal twins can act as a
blocking mechanism to prevent other kinds of deformation from extending into the subsurface
thereby limiting the amount of subsurface damage. These insights provide ideas to think about
practical machining scenarios from the perspective of controlling the mechanisms of material
deformation and subsequently minimizing the surface and subsurface damage left behind after

machining and are investigated in the following chapter.
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Chapter 5

Influence of Process Parameters on the Char-

acteristics of Machined Surfaces

The previous chapters aimed at understanding the influence of crystal anisotropy on residual
stresses and subsurface damage formation during machining of single crystalline ceramics. To
develop a fundamental understanding of the phenomenon, isolated, single machining cuts were
made in various cutting directions and investigated using different techniques. However, in
industry, most machining operations involve multiple machining passes over the same region
of a workpiece, to get from the raw material to the final desired part geometry. As briefly
explained in section 1.1, the surface and subsurface damage accumulates with each machining
operation. Further, apart from the depth of cut and cutting direction, additional machining
process parameters such as the machining pitch (feed rate in case of turning) need to be carefully
selected. This chapter tries to develop a deeper understanding of some of these phenomenon
and is presented in three sections. In the first section, the effect of horizontal overlap cutting on
the CDC and crack morphology is discussed. In the second section, the effect of vertical overlap
cutting on CDC is presented. The analysis in this section is also carried out from the perspective
of activation of different plastic deformation mechanisms, following the methodology presented
in section 2.2. In the final section, a machining strategy developed based on the knowledge
gained from the previous chapters is presented. The aim of the machining strategy was to
improve the throughput of machining process while minimizing surface cracking and residual

stresses.
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5.1 Effect of Horizontal Overlap Cutting on Critical Depth of
Cut

Pitch used: 10, 20, 30, .
40, 50, 60, 100 um )

Figure 5.1: Schematic of horizontal overlap machining with different values of pitch.

The first process parameter to be tested was the machining pitch. For these experiments,
the A-plane of sapphire was selected as it has a fairly large and uniform CDC around 280
nm [30] and diverse crack morphology [20] for different cutting directions. The experimental
procedure followed was similar to that detailed in section 2.3. Machining was performed in the
0°, 60°, and 90° cutting directions. The reason for selecting these cutting directions was the large
differences in residual stress magnitude (section 3.2.2) and alignment of the cutting directions
to different slip/fracture systems. To study the effect of the machining pitch, subsequent cuts
were performed at different lateral spacing values from the first cut as shown in Figure 5.1. The
CDC and crack morphology were evaluated using an optical microscope.

Figure 5.2 shows the machined surfaces for different values of machining pitch. It was
observed that in the case of 60° and 90° cutting directions, the crack density and size increased
up to a pitch of 30 um. This is likely caused due to the formation of lamellar cracks which are
perpendicular to the cutting direction. When the second cut was performed at a pitch smaller
than 30 um, the cracks appear to extend into the newly machined regions. In the case of the 0°
cutting direction, the size and density of cracks did not increase during secondary cutting. At

machining pitch greater than 30 pum, the crack morphology was not influenced by the first cut.
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Figure 5.2: Images of cut surface for different values of machining pitch in 3 different cutting
directions on the A-plane of sapphire.
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Figure 5.3: Variation in CDC for different values of machining pitch in 3 different cutting

directions.

Figure 5.3 shows the variation in CDC with respect to the pitch for the three different cutting

directions investigated. The horizontal overlap cutting did not seem to have a significant effect

on the CDC for any of the cutting directions. One of the likely reasons for this could be due



105

to the rounded nose of the tool which would result in smaller material removal volume at the

edges of the cut.

5.2 Effect of Vertical Overlap Cutting on Cutting on Critical

Depth of Cut

The results presented in this section have been published in the proceedings of the 19t
International Conference on Precision Engineering (ICPE 2022), November 28 - December 2,
2022 [123].

In the next set of experiments, vertical overlapping cuts were performed to understand the

influence of the depth of cut of the first cut on subsequent machining, as shown in Figure 5.4.
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Figure 5.4: Schematic of vertical overlap machining [123].

For the reasons mentioned in section 5.1, machining was performed in the same 3 cutting
directions on the A-plane of sapphire. In this experiment, the depth of cut of the first cut was
varied between 30 % - 80 % of the CDC and hence no cracks were observed in the machined
region. The second cut was a plunge cut over this machined area. Due to the presence of the
first cut, it is difficult to identify the start point of the second cut. Hence, a reference cut was
machined 150 pm away from the previous cuts. The CDC was then determined using an optical
microscope. The variation in the CDC with respect to the depth of first cut is shown in Figure
5.5(a).

In the case of 0° and 60° cutting directions, as the depth of first cut was increased, the
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critical depth of the second cut decreased (Figure 5.5(a)). This implies that as the depth of the
first cut increases, residual stresses and subsurface damage build up which initiates cracks at a
premature load during the subsequent machining operation. However, in the case of 90° cutting
direction, the CDC of the second cut remained fairly consistent as the depth of first cut was
increased. This implies that in the case of 90° cutting direction, either the subsurface damage
and residual stresses are very low or an interaction between multiple deformation mechanisms
could be acting complementary to each other which suppresses crack initiation. These results
are supported by the residual stress and subsurface damage measurements discussed in sections
3.2.2 and 4.2, respectively where it was observed that the 60° cutting direction had the highest
magnitude of tensile residual stress and shows the largest decline in the CDC value on subsequent
cutting. In the case of 0° cutting direction, although the residual stress magnitude was lower
compared to other cutting direction, displayed a sizable peak width broadening indicating the
presence of subsurface damage. Lastly, the 90° cutting direction showed a small magnitude of
residual stress and peak width broadening and subsequently a negligible reduction in the CDC.

In order to better understand the differences in the CDC of the second cut for different
cutting directions, the tendency of activation of different plastic deformation mechanisms were
calculated using the methodology described in section 2.2 and shown in Figure 5.5(b). In all the
cases, rhombohedral twinning (R2, R3) was observed to be the dominant plastic deformation
mechanism. However, the relative likelihood and variation with respect to depth of cut of the
second cut were different for each of the cases which could possibly explain the reason for the
trends observed in Figure 5.5(a). In the case of 0° and 60° cutting directions, the tendency of
activation of R2 and R3 twinning are fairly similar at lower depths of cut which could lead to
both the mechanisms getting activated leading to dislocation pile ups which are potential sites
for crack initiation. In the case of 90° cutting direction, the tendency of activation of R3 twinning
rapidly decreases which leaves behind only one dominant mechanism driving plastic deformation
(R2 twinning). As a result, not much subsurface damage or residual stress accumulates in this

cutting direction thus maintaining a constant CDC during subsequent machining.
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Figure 5.5: (a) Variation in CDC for different values of depth of first cut in 3 different cutting
directions and (b) corresponding variations in P-parameter values on A-plane of sapphire [123].

The above two experiments on the A-plane of sapphire indicate that machining in the 90°
cutting direction is favorable for rough cutting as the residual stress magnitude is low and there
is not a large effect on the CDC during subsequent machining. As a result, large amounts of

material can be removed in the brittle regime initially improving the throughput of the machining
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process.

5.3 2-Step Machining Strategy

The aim of this experiment was to test a 2-step machining strategy that improves the ma-
chining throughput while producing a ductile surface with minimal residual stresses. This test
experiment was conducted on the R-plane of sapphire since there was a clear trend of anisotropy
in residual stress magnitude (Section 3.2.2). For the machining strategy, first, a machined area
(I mm x 0.6 mm) was created by cutting in the 270° cutting direction at a constant depth
of 300 nm (~3 x CDC) and a pitch of 15 pm. The subsequent machined area was created by
cutting in the 180° cutting direction over the previously machined region. For the subsequent
machining, plunge cuts with a maximum depth of cut of 400 nm (=0.7 x CDC) and pitch of 15
pm were used. The 270° cutting direction was chosen for the first cut due to the low residual
stress magnitude in the brittle region and a high concentration of cracks would likely cause local
regions of compressive stresses [124]. The 180° cutting direction was chosen for the subsequent
cut due to the high value of CDC which would aid in removing cracks on the surface and low

value of residual stresses in the ductile region [21]. A schematic of the strategy is shown in

Figure 5.6.
Primary Cutting
DoC: 300 nm (~3 x CDC)
Secondary Cutting
DoC: 400 nm (~0.7 x CDC)

(270°)
Secondary
Cutting
(180°

Sapphire R-Plane

Figure 5.6: Schematic of 2-step machining on R-plane of sapphire [24].

Residual stress measurements were performed using the same parameters described in Sec-

tion 3.2.1. The magnitude of residual stress was estimated by comparing the peak position in
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the polished region, primary machining region (270° cutting) and subsequent machined region
(180° cutting) by considering the average peak position from 72 points in a ~36 pm x 12 um
area. Compared to the polished region, the region machined in the 270° cutting direction had
an equivalent residual stress value of about -70 MPa (compressive). Although the value was
closer to 0 MPa in the case of the single cut, the high density of cracks in the machined area
and overlapping machining may contribute to the compressive stresses [124]. The subsequent
machined area in the 180° cutting direction had an equivalent residual stress value of about -40
MPa (compressive) with respect to the polished region. This reduction in compressive magni-
tude of stress is likely due to ductile machining and removal of surface cracks by the subsequent
machining. Evaluating the surface of the subsequent machined region, the cracks from primary
cutting were partially removed. Further optimization of the depths of cuts of the primary and
subsequent cutting would be necessary to remove the remaining cracks from the surface (Figure

5.7).

Primary Machining (270°) Subsequent Machining (180°)
Cutting direction Cutting direction

Residual Stress (MPa)

Figure 5.7: Schematic of 2-step machining on R-plane of sapphire [24].

The key takeaway from this chapter is that by developing a solid understanding of material
deformation in single crystal ceramics during UPM, the material anisotropy can be exploited to
improve the throughput of the machining process. Although different machining strategies and
process parameters were explored in this Chapter, the number of different scenarios that can
be studied are endless and it would be impossible to cover all combinations of tool geometry,
machining, and crystallographic parameters. Hence, a more structured and algorithmic approach
to tool path planning and G-code generation by incorporating the material deformation models
would be more productive. This is discussed in more detail in the section on future work (section

6.2).
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Chapter 6

Conclusion and Future Work

6.1 Summary

The seeds for the present research were sown during my master’s research work where re-
peated cutting operations over the same area of a workpiece did not show the same values of
CDC as a single cut during UPM of sapphire. These phenomenon inspired me to dig deeper
and uncover the fundamental causes for this behavior and is the basis for this present work. In
this regard, the phenomenon of residual stress and subsurface damage formation during UPM of
sapphire and 8YSZ was investigated. The measurements of residual stress were carried out using
Raman spectroscopy and nanoindentation in the case sapphire and 8YSZ respectively. Follow-
ing the residual stress measurements, the residual stress magnitude in sapphire was investigated
from the perspective of material deformation and activation of different slip and twinning sys-
tems. In the next step, subsurface damage evaluation was carried out using Raman spectroscopy,
TEM, and MD simulations. In the final stage, the effect of a few machining parameters on the
CDC and residual stress magnitude during repeated machining were tested.

The present work began with the understanding that factors such as residual stress and sub-
surface damage could be influencing the material removal behavior during subsequent machining
operations on single crystalline ceramics. Based on the preliminary experimental results, it was
hypothesized that the residual stresses and subsurface damage would be anisotropic in nature
depending on the cutting direction and depth of cut due to activation of distinct deformation
mechanisms in different cutting directions. To test this hypothesis, machining was performed
on 4 different crystallographic planes of sapphire (A-, C-, M-, and R-) and two planes on 8YSZ
((001) and (011)). Subsequently the residual stress magnitude was quantified for 7 cutting di-
rections on each plane of sapphire and 8YSZ. Particularly, these measurements were made at
different depths of cut, focusing on the ductile, DBT, and brittle regions of the cut.

In the case of sapphire, the residual stresses were tensile in nature for most of the cases
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and the ductile regions had a higher residual stress magnitude than the brittle region. The
magnitude of residual stress varied from -65 MPa in a couple of cases to 148 MPa. There was
a clear anisotropy in the residual stress magnitude in terms of the cutting direction and depth
of cut. In crystallographic planes like the C-plane, the residual stress magnitude was almost
negligible, but in some other planes like the M- and R-plane much larger magnitudes of residual
stress was observed. To further understand the reason for this anisotropy, the most likely modes
of plastic deformation on the C- and R-planes were calculated and compared. It was found
that based on the alignment of the dominant slip/twinning system with respect to the machined
surface, more plastically deformed material was likely to remain in the workpiece post machining
in certain directions on the R-plane that exhibited higher magnitudes of residual stress. On the
contrary, most of the plastically deformed material on the C-plane and few R-plane directions
would be removed by chip formation, thus confirming the hypothesis initially presented.

In the next section, efforts were made to understand the residual stress tensor post machining.
This was carried out by simultaneously accounting for the peak shift across three different peaks
in the Raman spectrum of R-plane sapphire. As only three peaks were considered, the analysis
was approximated to a plane strain case. It was observed that the normal stresses were in the
order of -190 to 312 MPa and the trends in the principal stress closely matched the measurements
from the previous section.

Next, residual stress measurements were carried out on the 2 planes of 8YSZ through analysis
of nano-indentation data. For the analysis, two different approaches were followed. The first
approach involved using the fracture toughness to estimate the residual stress magnitude. The
residual stresses were generally tensile in nature however, in the brittle regions of the cut, very
large fluctuations in the residual stress measurements were observed. The residual stresses in the
ductile region varied between -35 and 240 MPa. The second approach followed a slightly different
methodology by looking at the partition of elastic and plastic energy during indentation and
introduced a term called resistance to machining induced cracking which indicates the amount
of plastic deformation activity in the subsurface and can be indirectly related to the residual
stress. It was found that the cutting directions on the (011) plane of 8YSZ exhibited higher
values of resistance to machining induced cracking and thereby tensile residual stress compared

to cutting directions on the (001) plane.
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The second phase of this study involved understanding subsurface damage through Raman
spectroscopy, TEM, and MD simulations. This portion of the study was limited to sapphire.
To begin with the subsurface damage across different cutting directions was evaluated by inves-
tigating the relative peak broadening of the 417 cm™! peak. These evaluations were done both
in the depth wise direction (selected directions on the R-plane) and along the machined surface
(A-, C-, M-, R-planes). It was observed that the crack morphology played an important role
in influencing the subsurface damage and generally the directions with lateral and sculptured
cracks which extended deeper into the subsurface by way of the alignment of the cleavage plane
with respect to the machined surface led to higher amounts of peak broadening and subsur-
face damage whereas cutting directions with shallower spalling or fan shaped cracks that were
restricted closer to the surface showed smaller amounts of peak broadening.

In the next section, MD simulations results from selected cutting directions were analyzed
and the trends in the damage depth were compared with the results from the Raman evaluation
of subsurface damage. It was observed that most of the cutting directions followed the same
trends as the Raman results except for the 2 cases on the C-plane of sapphire. The likely cause
for this discrepancy could be the differences in the time and length scales of the MD simulations
which were performed at much higher strain rates compared to the experiments.

In the last section of this phase of the study, TEM evaluation was carried out for different
cases. In the first set of cases, the subsurface damage was compared between the C- and R-plane
of sapphire. It was observed that in the case of the C-plane, the damage was limited very close to
the surface and the basal twinning acted like a blocking mechanism to prevent any deformation
from extending deeper into the subsurface. On the contrary, larger amount of subsurface damage
in the form of cracks, plastic deformation, amorphization, and stacking faults was observed on
the R-plane of sapphire. These results supported the Raman spectroscopy results and the
hypothesis presented at the beginning of this study. In the second set of experiments, two
samples were made on the C-plane of sapphire parallel to the cutting direction along 180° and
270°. In both these samples, deformation parallel to the basal plane and just below the machined
surface was observed. In the case of the 180° cutting direction, additional subsurface cracks and
large amounts of plastic deformation in the subsurface were observed. However, in the 270°, the

deformation was limited to few bands of basal twinning and no other forms of deformation were
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observed. These trends were similar to the subsurface damage predicted from the Raman peak
broadening.

The third part of this research involved investigating the effect of different process param-
eters such as machining pitch and depth of first cut on surface cracking, and residual stress
formation during 2-step machining operations. The main objective behind this section was to
further our understanding of material deformation and develop machining strategies to improve
the material removal rate while minimizing surface and subsurface damage. The first two exper-
iments involved studying the effect of machining pitch and depth of first cut on the critical depth
of cut of the subsequent machining operation on the A-plane of sapphire. These experiments
provided insight into how to account for different crack morphologies, residual stress state and
material deformation mechanisms while choosing a machining strategy. The next stage of this
research involved demonstrating a machining strategy on the R-plane of sapphire to improve
the machining throughput to obtain a ductile machined surface while minimizing the residual

stresses.

6.2 Future Work

As this project looked at the machining process of single crystal ceramics from the lens of
three subject areas - manufacturing, materials science, and solid mechanics, potential avenues
for improvement and future work were identified in each of these branches or a combination
of them. The rationale behind these suggestions are either to explore topics that will further
our understanding of material deformation during UPM of single crystal ceramics or help us
improve the throughput of the machining process, or help improve the speed and reduce the
cost of metrology for different measurements. In this regard, 6 suggested topics are introduced.

Throughout the current work, it was evident that the material deformation models and pre-
dictions worked well in the case of sapphire but carrying out work on 8YSZ was much more
challenging. It is possible that the low symmetry hexagonal crystal structure of sapphire could
result in more definitive modes of deformation whereas in the case of 8YSZ, the higher symmetry
cubic structure could result in multiple possibilities of deformation for a given applied stress.
Subsequently, it might make sense to take a step back and reevaluate the application of the P-

and F- parameter models for 8YSZ and other crystal structures. Additionally, the current ap-
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proach used the resultant force values to calculate the likelihood of activation of different plastic
deformation and fracture systems. However, the interactions at the tool workpiece interface
appear to be more complex due to the non-trivial stress field in front of the tool. Taking into ac-
count these intricacies will help improve the predictive models significantly. Further, the current
models only consider plastic deformation and fracture along well defined slip and fracture planes.
However, many industrially relevant materials like silicon and silicon containing ceramics have
shown to deform significantly through amorphization and phase transformations. Incorporating
these mechanisms into the deformation prediction models will greatly help in understanding
material deformation during UPM.

As eluded to earlier, the stress field at the tool-workpiece interface plays a crucial role in
determining how deformation proceeds during UPM. In order to better understand this stress
field, two approaches are proposed. The first approach involves using Raman spectroscopy to
measure the full residual stress tensor, as presented in section 3.2.4. The experiments suggested
for this measurement would be half plunge cuts like the ones used in section 4.4.3 and making
Raman measurements at the region where the tool exits the workpiece. It is suggested to perform
the Raman measurements for as many different cutting directions as possible and at different
depths of cut. Using the stress tensor obtained from the analysis, the P- and F- parameters can
be reevaluated to see which deformation mechanisms are more likely to be activated and ideally,
this approach should provide a more accurate prediction as all the components of stress would
be considered. In the second phase of this study, TEM evaluations will need to be carried out in
a similar fashion to section 4.4.3 to verify the predictions from the P- and F- parameter models.
Additionally, another avenue to explore in this regard is from the perspective of MD simulations.
Although, when using this approach, care must be taken to scale the stress measurements to
account for the size and time scale effects.

With regard to the topic of understanding the stress field in front of the tool through TEM
lamella parallel to the cutting direction, a new avenue in tool geometry measurement opens up.
In the field of UPM, it has been known for a long time that the tool cutting edge radius plays a
crucial role in influencing material deformation. Further, with improvements in technology, the
edge radii or cutting tools have been becoming smaller and it is now possible to make cutting

tools with an edge radius of 10s of nanometers! However, measuring the edge radius at this
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scale is extremely challenging. Although Atomic Force Microscopy (AFM) is commonly used,
it would be useful to have another measurement technique and TEM can help with that. By
looking at the impression of the cutting tool on the workpiece in the TEM cross section, it would
be possible to accurately determine the cutting edge radius of the tool. It must be noted that
calculations must be done post the measurement to compensate for elastic recovery.

Through the TEM and optical microscope evaluations in section 4.4.2, section 1.1 and MD
simulation results (section 4.3, it was observed that more often than not, multiple deformation
mechanisms in the form of slips and twinning are often activated simultaneously due to the
effect of the stress field in front of the tool. The interesting aspect of this phenomenon is
that these different deformation mechanisms seem to interact with one another and influence
how the deformation propagates - basal twinning blocking rhombohedral twinning from going
deeper into the subsurface or two different slip activations intersecting and leading to crack
initiation. Based on the current TEM and MD simulation observations, these interactions seem
complex due to multiple activations. Hence to study this phenomenon of mechanism interactions
at a fundamental level, it would be interesting to introduce isolated defects into the single
crystal ceramic material through processes like FIB milling to simulate cleavage fractures and
ion implantation to introduce twins, amorphous layers, or dislocations and then study the effect
these individual defects have on the outcome of the machining process. Further, these studies
can also be done using MD simulations to better understand defect evolution from a temporal
point of view.

During any machining process, one of the most important considerations is the process
parameters used. Due to the vast array of possible combinations, only a few items could be
tested in this study. However, to improve our understanding of material deformation during
UPM of ceramics, residual stress and subsurface damage formation, it is imperative to extend
the experiments to include a wider range of process parameters such as different rake angles,
cutting speeds, and machining conditions such as assisted machining, mist coolant supply, solid
lubricants, etc. Further, it would be useful to explore how residual stresses and subsurface
damage form in other machining processes such as milling and turning. In addition to gathering
data from a variety of process parameter experiments, this knowledge will be useful only when

it is implemented in tool path or G-code generation. Currently there are no CAM software
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that take into account the effect of crystal structure and anisotropy while generating tool paths
but making this consideration could potentially lead to multifold improvement in the machining
throughput by exploiting the deformation anisotropy.

Lastly, due to the vast amounts of data collected in this and related projects, it would be
interesting to explore data driven approaches to help speed up some of the metrology tasks. Some
ideas in this regard include predicting the residual stress magnitude from optical microscope
images. As the Raman data was captured in the form of mapped data in this work, it is possible
to assign stress values to different pixels on a microscope image of the machined surface and train
a machine learning algorithm. This approach could help reduce the metrology time and cost as
optical microscope capture is much quicker than other techniques such as Raman spectroscopy

and nanoindentation.
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Appendix

A.1 Material Properties

A.1.1 Sapphire

Table A.1: Physical properties of sapphire

Property Units Value Reference
Density g/cm? 3.98 [125]
Hardness Mohs 9 [125]
Elastic Modulus GPa 322-494 [29]
Melting Point °C 2040 [125]
Thermal W/(m.K) 46.06 at 0°C [125]
Conductivity
Fracture MPa.m'/? 2.14 [126]
Toughness
Permeable nm 170-5500 [127]
Wavelengths
A.1.2 8-mol % yttria stabilized zirconia (8YSZ)
Table A.2: Physical properties of 8YSZ
Property Units Value Reference
Density g/cm? 5.8 [128]
Hardness Mohs 8-85 [129]
Elastic Modulus GPa 220-275 [130]
Melting Point °C 2500 [128]
Thermal W/(m.K) 2.8 at 27 °C [131]
Conductivity
Fracture MPa.m!/? 1.29 [132]
Toughness
Permeable nm >300 [133]

Wavelengths
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Table A.3: Details of equipment used throughout this study.

Description/Purpose

Equipment Model and Make

Machine Tool

Dynamometer

Charge Amplifier

Tilt Stage
Digital Surface Probe

Tool Setting Microscope
Optical Microscope

Scanning Electron Microscope
Confocal Raman Microscope
Nanoindenter

FIB Milling

Transmission Electron Microscope

FANUC ROBONANO «-0¢B, FANUC
Corp., Japan

Type 911A A1, Kistler Instrument Corp.,
Switzerland

Type 5080A, Kistler Instrument Corp.,
Switzerland

1S-1016B, OptoSigma Corporation, USA

Brown & Sharpe 599-988 indicator probe
used with Tesatronic TT10 display, TESA
Technology, Switzerland

SH140CCD-2R, Shodensha Inc., Japan
VHX 5000, Keyence Corp., Japan

LEO 1530, Carl Zeiss GmbH, Germany
LabRAM HR Evolution, Horiba Ltd., Japan
Hysitron TT 950, Bruker Corporation, USA

Zeiss Auriga, Carl Zeiss Microscopy GmbH,
Germany

FEI Tecnai TF-30 300 kV TEM, FEI
Technologies Inc, USA

A.3 FIB Milling Parameters for TEM Sample Preparation
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