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A B S T R A C T

Residual stresses play an important role in determining the quality of a machined surface during ultra-preci-
sion machining (UPM) of ceramics by initiating cracks at premature loads. In this study, the anisotropy in
residual stresses resulting from UPM of two crystallographic planes of sapphire is investigated using micro-
Raman spectroscopy. An analytical model is then used to improve our understanding of plastic deformation
during UPM and its contribution to residual stress. Results show a strong dependence of residual stress mag-
nitude on the slip and fracture systems activated during machining which are anisotropic based on the cut-
ting direction.

© 2022 CIRP. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In many applications where single crystal ceramics are used, such
as optics and electronics, residual stresses can hinder the functional-
ity of the manufactured component. However, almost all manufactur-
ing processes, including grinding and UPM leave behind residual
stresses due to plastic deformation caused in the workpiece. Further,
most machining operations require multiple passes over the same
region of the workpiece and residual stresses can build up over time
and lead to brittle fractures, which can be detrimental to the applica-
tion of the ceramic [1,2]. Thus, it is of utmost importance to under-
stand the mechanisms leading to the formation of residual stress and
to develop methods to control its magnitude.

The amount of residual stresses have been quantified using vari-
ous techniques such as angle polishing, Raman spectroscopy, and X-
ray diffraction. Using Raman spectroscopy, researchers observed that
residual stresses gradually change from tensile to compressive state
as the scratch depth was increased during ultrasonic vibration
assisted and laser assisted machining of sapphire [3,4]. Yan et al.
studied the effect of crystallographic orientation on subsurface dam-
age evolution in single crystal silicon using micro-Raman spectros-
copy and XTEM and correlated the subsurface damage amount to
deformation in the material using the slip factor [5].

Lin et al. studied the effect of process parameters on residual
stresses during ultra-precision machining of NiP alloy using FEM sim-
ulation and reported increasing compressive residual stresses with
increasing cutting velocity. The compressive residual stresses
increased as the depth of cut was increased, up to a certain threshold
value and then began to decrease [6].

Yoon et al. investigated the effect of two-step machining on criti-
cal depth of cut for various crystallographic orientations on C-plane

of sapphire and found that damage from the first cut reduces the
critical depth of cut during subsequent machining over the same
area [7].

The research so far has mostly provided quantitative estimates of
residual stresses and different causes such as plastic deformation,
phase transformation and temperature gradients. However, study on
the anisotropic nature of residual stresses and estimates based on the
analysis of plastic deformation tendencies of different cutting direc-
tions have not been investigated in detail. The present research looks
at the anisotropy in residual stresses through UPM experiments on
sapphire and micro-Raman spectroscopy. The resulting residual
stress magnitudes are explained by predicting the amount of plasti-
cally deformed material remaining in a machined workpiece.

2. Prediction of plastic deformation using an analytical model

The major cause of residual stresses in machined ceramics is plas-
tic deformation. During UPM of ceramics, material removal can be
classified into two categories ! ductile and brittle. Although severe
plastic deformation occurs during machining, a large portion of the
plastically deformed material is removed either in the form of chips
or through brittle fracture. However, due to the anisotropic nature of
single crystal ceramics, the mechanisms by which plastic deformation
occurs depends on many process parameters such as cutting direc-
tion, depth of cut, feed rate, etc. Based on force measurements during
machining, the likelihood of activation of different slip systems that
initiate plastic deformation can be calculated using Eq. (1) [8].

P0 i ¼ m0
i=ðtcriti =minit

crit
i Þ ð1Þ

Where Pi’ is defined as the plastic deformation parameter which rep-
resents the likelihood of activation of the ith slip or twinning system,
mi’ is the modified Schmid factor that considers the angle the resul-
tant force makes with a given slip system and ti

crit is the critical
resolved shear stress of the ith slip or twinning system. Based on the
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likelihood of activation of a particular slip/twinning system for a
given cutting direction, the angle the slip system makes with the
workpiece surface is then calculated. For those slip/twinning systems
that make shallow angles with the workpiece surface, the region of
plastically deformed material is generally close to the surface and is
removed during chip formation at low depths of cut or by fracture
beyond the critical depth of cut (CDC) where ductile to brittle transi-
tion (DBT) occurs. This situation is hypothesised to have a small value
of residual stresses. On the contrary, if the most likely slip system
forms a steep angle with the workpiece surface, not all the plastically
deformed material would be removed by the chip or fracture, leading
to a higher magnitude of residual stress. In some cutting directions,
when multiple slip/twinning systems have similar or low probability
of activation, there is chance of dislocation entanglement due to acti-
vation of multiple slips and once again the plastic deformation does
not extend to deeper regions in the subsurface. A schematic of this
hypothesis is shown in Fig. 1.

3. Experiment details

3.1. Ultra-precision machining

Ultra-precision machining experiments were carried out on C-
and R- oriented sapphire substrates (both sides polished) having
dimensions of 10 mm £ 10 mm £ 0.5 mm (produced by Czochralski
technique, M.T.I Corp., U.S.A) on a 5-axis ultra-precision machine tool
(ROBONANO a!0iB, FANUC Corporation, Japan) having 1 nm com-
mand resolution in the linear axis and 1 micro degree command reso-
lution in the rotary axis. Plunge cuts of increasing depth (0!500 nm)
were performed in different cutting directions 30° apart using a PCD
tool with 0.5 mm nose radius (grade: BL-PCD, A.L.M.T. Corp., Japan) at
5 mm/min. Cutting forces used for analytical calculations were mea-
sured using a dynamometer (Kistler Corp., Switzerland). The setup is
shown in Fig. 2. Since the deformation characteristics of C- and R-
planes of sapphire showed two-fold mirror symmetry, machining

and analysis was performed for only half of the directions [9]. In the
case of C- and R-planes, the cutting directions investigated were ori-
ented with ½1120& as 0°, ½1100& as 90° in the case of C-plane and ½1120
& as 180° for R-plane. Additional details regarding the setup and CDC
distribution can be found in [8,9].

3.2. Residual stress measurements using Raman spectroscopy

Residual stress measurements were carried out on a micro-Raman
spectrometer (LabRAM HR Evolution, Horiba Ltd., Japan) using a
633 nm laser, 100£ objective (0.9 NA), 100 mm confocal hole and
1800 mm!1 grating. For the analysis, 418 cm!1 peak was chosen as it
has the highest signal intensity. The measurements were carried out
in the ductile, ductile-brittle transition and brittle regions of the
machined cuts with the cutting direction oriented vertically in the
field of view (Fig. 6). The peak position in the machined area was
determined by taking an average value from 24 points in the center
of the cut in each region. 2 measurements (10 s each) were taken at
each point to eliminate cosmic ray spikes. The 24 points were
arranged in a 6 £ 4 grid, » 12 µm wide and 9 µm high. The nature of
residual stresses was determined by comparing the peak position in
the machined area with the peak position from a region free of
machining. A peak shift to lower wavenumbers indicates tensile
residual stress whereas a peak shift to higher wavenumbers indicates
compressive residual stresses. The residual stress magnitude pre-
sented is an equivalent magnitude determined through data extrapo-
lated from a diamond anvil test resulting in a correlation of 2.2 cm!1/
GPa peak shift [10]. The exact magnitude of residual stress is depen-
dent on the stress field generated during machining but, due to chal-
lenges associated with determining the exact nature of the stress
field, this has been reserved for future work.

4. Results and discussion

4.1. Residual stress measurements

The magnitude of equivalent residual stress on R-plane of sap-
phire is shown in Fig. 3. With regard to the reference region, free of
machining, the residual stresses were tensile in nature for all the
cases except in the brittle region for 90° cutting. More importantly,
the residual stress magnitude strongly depends on the cutting direc-
tion. The magnitude of residual stresses varies from tens of MPa up to
150 MPa in the case of 150° cutting direction. In most cases, as the
depth of cut is increased, the residual stress magnitude decreases
due to stress relieved by crack initiation. However, in the case of 180°
cutting direction, the magnitude of residual stresses is maximum in
the brittle region. The reason for this is because the cracks in this cut-
ting direction are very sparse and the CDC is large [8,9]. As a result,
the residual stresses keep accumulating as the depth of cut is
increased and are relieved only in localized regions beyond the CDC.
Hence it is important to consider both the plastic deformation
amount as well as crack morphology while estimating residual
stresses.

Fig. 1. Schematic showing initiation and evolution of two different slip systems during
UPM of sapphire.

Fig. 2. (a)Schematic of plunge cutting; (b) Machining setup. Fig. 3. Residual stresses per cutting direction on R-plane of sapphire.
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The magnitude of equivalent residual stress on C-plane of sap-
phire is shown in Fig. 4. Unlike the case of R-plane, the magnitude of
residual stresses on C-plane is almost negligible and uniformly so
across multiple cutting directions.

4.2. Analysis of deformation mode and correlation to residual stresses

The variation in plastic deformation parameter with cutting direc-
tion for the three depths of cut corresponding to the Raman measure-
ments on R-plane are shown in Fig. 5(a). The angle made by the
dominant plastic deformation mechanisms with the machined sur-
face is shown in Fig. 5(b). In the ductile and DBT regions, rhombohe-
dral twinning on an adjacent R-plane (R2 TW) is the dominant
mechanism for 150°, 180° and, 210° cutting directions which explains
the large value of residual stress magnitude. In the case of 210°, the
second dominant mechanism is rhombohedral twinning on the same
R-plane as the cutting (R1 TW) which might lead to dislocation
entanglement and hence reducing the amount of plastic deformation
deeper into the workpiece and consequently the residual stress. In
the case of 240° and 270° cutting direction, rhombohedral twinning
on the same plane as the cutting is dominant which results in

deformation parallel to the surface and at a shallow depth which is
removed by chip formation. In the case of 90° cutting direction,
although the dominant mechanism is basal twinning, the CDC for this
cutting direction is the smallest. Hence, not much residual stress is
thought to accumulate in the ductile regions. In the case of 120° cut-
ting direction, the dominant plastic deformation is basal slip which
forms an angle of 47° with the machined surface resulting in plastic
deformation that extends deeper into the subsurface.

Looking at the brittle regions of the different cutting directions
(Fig. 5(c)), 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, a decrease in residual stress magnitude from DBT
to brittle region was not observed in 180° case and a small amount
was observed for 150°. In the case of 120°, 210° and 240° cutting
directions, prismatic and rhombohedral fractures covered the brittle
region and were deep. This explains the sharp reduction in residual
stress magnitude in these directions. In the case of 270° cutting direc-
tion, shallow prismatic fractures were observed. As the residual stress
magnitude in this direction was already small, not much change was
observed. In the case of 90° cutting direction, basal and prismatic
fractures were observed in a banded fashion likely caused by alterna-
tive pile up of material through plastic deformation and fractures
relieving the stresses partially. The pile-up is the likely reason for
compressive residual stresses in this direction.

The variation in plastic deformation parameter with cutting direc-
tion for the three depths of cut corresponding to the Raman measure-
ments on C-plane are shown in Fig. 5(d). Unlike the R-plane, there is
not much anisotropy in the dominant plastic deformation mecha-
nisms. In the case of 120°, 150°, 240° and 270° cutting directions, the
dominant mechanism across depths of cut is basal slip or basal twin-
ning which causes deformation parallel to the workpiece surface (0°
in Fig. 5(e)) 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 is the dominant
mechanism at low depths of cut but changes to rhombohedral

Fig. 4. Residual stresses per cutting direction on C-plane of sapphire.

Fig. 5. Analysis of plastic deformation parameter and crack morphology on R- and C- planes of sapphire.
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twinning as the depth of cut is increased. However, the probabilities
of activation of all the mechanisms remain low and there could be
dislocation entanglement leading to lower depth of plastic deforma-
tion. The case of 90° and 210° is similar to that of 180° with a slight
difference being rhombohedral twinning is 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-
tic deformation region.

Considering the fracture mechanisms on the C-plane (Fig. 5(f)),
prismatic fractures dominate across different cutting directions.
Unlike the R-plane, cracks are not highly concentrated, as seen in cer-
tain 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.

5. Optimized 2-step cutting strategy

Since machining operations in general require multiple passes
over the same regions of the workpiece to get from raw material to
finished product, it is important to understand the effect of residual
stresses during multi-pass cutting operations. The aim of this section
was to test a 2-step machining strategy that improves the machining
throughput while producing a ductile surface with minimal residual
stresses. This test experiment was conducted on the R-plane of sap-
phire since there is a clear trend of anisotropy in residual stress mag-
nitude. For the machining strategy, first, a machined area
(1 mm £ 0.6 mm) was created by cutting in the 270° cutting direction
at a constant depth of 300 nm (»3 x CDC) and pitch of 15 µm. 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 µm were used. 270° was chosen for the
first cut due to the low residual stress magnitude in the brittle region
and high concentration of cracks would likely cause local regions of
compressive stresses [11]. 180° 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.
Optical microscope images of the machined areas are shown in Fig. 6.
Residual stress measurements were performed using the same
parameters described in Section 3. The magnitude of residual stress
was estimated by comparing the peak position in 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 µm £ 12 µm area.

In terms of the residual stress measurements, compared to the
polished region, the region machined in the 270° cutting direction
had an equivalent residual stress value of » !70 MPa (compressive).
Although the value is closer to 0 MPa in the case of the single cut, the
high density of cracks in the machined area may contribute to the
compressive stresses [11]. The subsequent machined area in the 180°
cutting direction had an equivalent residual stress value of »
!40 MPa (compressive) with respect to the polished region. This
reduction in compressive magnitude of stress is likely due to duc-
tile machining and removal of surface cracks by the subsequent
machining.

Evaluating the surface of the subsequent machined region, the
cracks from primary cutting are partially removed. Further optimiza-
tion of the depths of cuts of the primary and subsequent cutting
would be necessary to remove most of the cracks from the surface.

6. Conclusion

The anisotropy in residual stresses on ultra-precision machined C-
and R-planes of sapphire was quantified using micro-Raman spec-
troscopy and the nature of residual stresses were tensile in nature for
most of the cutting directions. The measurements showed minimal
residual stresses on C-plane due to plastic deformation being concen-
trated close to the surface layers which were subsequently removed
by chip formation or fracture. Whereas, in the case of R-plane, tensile
residual stresses up to 150 MPa were measured and plastic deforma-
tion mechanisms extending deeper into the subsurface are predicted
based on analytical calculations which result in higher levels of resid-
ual stresses. A two-step machining strategy was also evaluated where
surface crack removal was demonstrated at the same time imparting
a slightly compressive residual stress state which would be beneficial
to machined ceramics.

In future work, mechanisms of subsurface damage will be investi-
gated, and this approach will be extended to other ceramic materials.
Based on the results, other machining strategies that improve
machining throughput while minimizing residual stresses and sub-
surface damage will be developed.
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