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This paper investigates the surface integrity of polycrystalline diamond composites (PCDCs) generated by an
efficient abrasive-free dynamic friction polishing. The analysis includes the polishing efficiency, surface
roughness, surface damage and residual stress distribution in relation to polishing conditions andmicrostruc-
tures on two types of thermally stable PCDCs. Raman spectroscopy revealed that transformed phases were
mainly around grain boundaries, that the magnitudes of residual stresses in polished PCDCs varied across
its polished surface, and that stress concentrations over 1 GPa appeared in the vicinity of grain boundaries.
It was found that the PCDCs with high percentages of diamond could be polished without cracking at a
much large material removal rate of 0.13 mg/s (0.037 mm−3/s) under a high sliding speed and pressure com-
bination of 35 m/s and 5 MPa, while the PCDCs with low contents of diamond were susceptible to cracking.
The underlying mechanisms of sample cracking were discussed.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Since the successful synthesis of diamond, especially the rapid de-
velopment of chemical vapour deposition (CVD) diamond technolo-
gy, various techniques using mechanical, chemical and thermal
methods or a synergistic combination of them have been developed
to polish the diamond surfaces [1–4]. Each polishing technique has
its technological merits but also suffers from one or more disadvan-
tages. Dynamic friction polishing (DFP) [5–10] is a newly proposed
method in recent years and appears as an attractive alternative to
provide the efficiency that the conventional methods cannot achieve.
This abrasive-free DFP technique utilizes the thermo-chemical reac-
tion induced by the frictional heating at the sliding interface between
a diamond specimen and a rotating catalytic metal disk. The polishing
time has been reduced 10 folds from 4 h to 18 min, compared to the
abrasive polishing method currently used in industry [11].

In the previous studies, we have characterized both the upper and
lower boundaries of temperature rise at the polishing interface
[10,12], explored the material removal mechanisms [8,9], and estab-
lished the polishing efficiency and polishing map [7,11] for damage
free polishing. These studies were conducted on the thermally stable
polycrystalline diamond composites (PCDCs) made of 65–75% dia-
mond powder with silicon or SiC as the electrically conductive binder.
However, the characterization of surface integrity of polished surfaces
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has not been fully investigated. The surface quality of a polished com-
ponent is important because it will greatly influence the performance
of the PCDC in applications [1,13,14]. A high quality surface possesses
a great integrity with a much smaller friction coefficient, higher ther-
mal resistance, lower scattering of incident light and greater electron-
ic behavior, and enables precision applications in cutting tools, heat
sinks, semiconductors and optical windows. On the other hand, a
low quality surface, for instance, will cause chip build-up when
using as cutting tool and reduce the tool life.

Recently, a new type of thermally stable PCDCs has been developed
with a very high percentage of diamond (≥95%) and small amount of
silicon. It was demonstrated that such new PCDCs have better proper-
ties, such as greater toughness and higher hardness compared to com-
posites with lower diamond content (from unpublished experimental
data). However these PCDCs cannot be processed by electrical dis-
charge machining (EDM) due to their dielectric nature, and they are
also harder to be polished by a traditional method compared with the
normal Si/SiC-bonded PCDCs. The applications of this type of superior
materials have been restricted, and they have been mainly used as-
sintered for rough operations, such as for drilling tools in oil and geolo-
gical industries that do not need precision.

Raman spectroscopy is one of the principal characterization
methods for Si and diamondmaterials, and has been utilized to inves-
tigate the phase transformation and residual stress distribution
[15–20]. It is able to distinguish different forms of Si and carbon, in-
cluding crystalline materials and various possible non-crystalline
phases. In addition, the method of stress-induced linear shift in
peak positions can be used to estimate stresses in diamond films
and Si materials [16,17,20,21].
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(a) Type 1 PCDC
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Aiming to improve the surface integrity of the polished PCDCs and
explore the possibility of fast polishing of this new type of PCDCs
using the abrasive-free DFP method to extend their applications,
this paper investigates the material removal rates and characteriza-
tion of surface integrity, including the surface roughness, surface
damage and residual stress distribution with the aid of surface analy-
ser, electron microscopy and Raman spectroscopy.

2. Experiments

Two types of thermally stable PCDCs were used for the experi-
ment, as shown in Table 1. The Type 1 PCDCs contains over 95 wt.%
of poly-crystalline diamond particles in a wide range of grain sizes
with an initial surface roughness of Ra≈4 μm. The Type 2 PCDCs
has about 70–75% diamond particles of ~25 μm in grain size (the
rest are SiC and Si) with an initial surface roughness of Ra≈1.7 μm.
A typical specimen used in experiment was 12.7 mm in diameter
and 4 mm in thickness, weighing approximately 1.7 g.

The dynamic friction polishing experiments were carried out on a
polishing machine manufactured in-house [22]. Polishing, as detailed
in [11], was conducted by pressing a rotating PCDC specimen at a pre-
determined pressure on to a rotating stainless steel disk in a dry at-
mosphere. The sliding speed between the specimen and the metal
disk varied from 10 to 35 m/s. The applied polishing pressures were
1.0, 2.2, 2.7, 3.1, 3.8 and 5.0 MPa. After polishing, the surface was
cleaned with acid solution and/or by mechanical rubbing on an
Al2O3 sand paper before weight-loss measurement and Raman analy-
sis. The effect of this mechanical cleaning on surface roughness is neg-
ligible as the PCDCs are much harder than the Al2O3.

The surface roughness values were measured using Surftest 402
and Surftest Analyzer (Mitutoyo). The surface morphology of the
specimens, including micro-cracks, was examined using an optical
microscope (Leica DM RXE) and a field emission scanning electron
microscope (SEM, FEI Nova NanoLab). The SEM examination was car-
ried out at 20 kV with a 5 mm working distance. The amount of re-
moved materials was determined by measuring the weight loss and
thickness change of a PCDC specimen before and after polishing,
and the data based on the two means are comparable. The specimen
weight was measured on an electronic balance (Sartorius Basic plus
BP210D, resolution of 0.01 mg). The thickness of a specimen was
measured by a micrometer, a comparator and slip gauges. The read-
ability of the comparator was 2.5 μm.

Raman spectra were collected using a Renishaw Raman InVia Re-
flex equipped with a charge-coupled device (CCD) camera, where
the collection optics was based on a Leica DMLM microscope. The
zones for the recording of spectra were selected optically, and they
were excited by an argon 514.5 nm laser. Spectra were obtained by
using a microscope objective lens (×50) to focus the incident power
(at 10 mW) onto the PCDC surface with a spot size of about 1.5 μm.
Daily calibration of the wave-number axis was achieved by recording
the Raman spectrum of silicon (one accumulation, 10 s) for both sta-
tic and extended modes. Raman maps were generated by collecting
the spectra from selected areas from a PCDC sample with the step
size of 1 μm. The spectral acquisition parameters were as follows: ex-
tended mode, grating position from 200 to 1700 cm−1, 1 scan, 10 s
exposure, ×50 objective. A representative spectrum from the map
dataset was curve fitted using the initial parameter Gaussian–
Table 1
Specifications of the PCDCs used in experiment.

Type 1 Type 2

Diamond percentage (wt.%) >95 70–75
Grain size of the polycrystalline diamond (μm) Varied ~25
Surface roughness Ra (μm) 4 1.7
Size: Diameter (mm)×thickness (mm) 12.7×4 12.7×4
Lorentzian mixture and the resultant curve-fitting parameters were
saved. A map of the band position was then produced by fitting the
individual spectra within the map dataset using the previously
saved parameters.

3. Results and discussion

3.1. Material removal rate

Fig. 1 shows the variations of the material removal rates at diffe-
rent sliding speeds and pressures for both types of the PCDCs at a
given polishing time. The symbols represent the experimental results,
while the solid lines are the fitted linear regression lines. Fig. 1(a) is
for Type 1 PCDCs specimens having an initial Ra ~4 μm at a fixed poli-
shing duration of 6 min, and Fig. 1(b) is for Type 2 PCDCs specimens
with an initial Ra ~1.7 μm at a fixed polishing time of 3 min.

It can be seen that for both types of the PCDCs, the polishing rates
are the functions of pressure and sliding speed, and are on the same
order when being polished under the same nominal conditions. At a
given sliding speed, the material removal rate increases with the ris-
ing of pressure. Similarly, a higher speed at a given pressure results
in a higher removal rate. However, cracking occurred in Type 2
PCDCs at the high speed–pressure combinations [11], i.e., above the
dotted line in Fig. 1(b) under the following polishing conditions,
e.g., pressure=5 MPa and sliding speed≥16 m/s; pressure=3.8 MPa
and sliding speed≥20 m/s; and pressure=3.1 MPa and sliding
(b) Type 2 PCDC (derived from [11])

0

5

10 15 20 25 30 35

P

Sliding speed (m/s)

Fig. 1. Variations of polishing rates with different sliding speeds and pressures.
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speed≥24 m/s. Furthermore, it was found that the cracking gets
more significant with the polishing time under the same sliding
speed and pressure [11]. The highest material removal rate without
cracking is approximately 0.021 mm−3/s. Only with some range of
pressure–speed combination, could a damage-free polishing with a
reasonable material removal rate be obtained.

On the contrary, no cracking was found on the Type 1 PCDCs
under all of the above polishing conditions with even a much in-
creased speed of 35 m/s, pressure of 5 MPa and polishing time of
6 min. Though the Type 1 PCDCs cannot be processed by EDM and
are much more difficult to be polished by a conventional method
compared to Type 2 PCDC, they could be polished to achieve
cracking-free surfaces at a high material removal rate under higher
pressure–speed combinations. For example, a very high polishing
rate of 0.13 mg/s (0.037 mm−3/s) can be achieved at the sliding
speed of 35 m/s and pressure of 5 MPa.

3.2. Surface topography

Fig. 2 shows the SEM images of a typical PCDC specimen before
and after polishing, where panels (a) and (b) are from Type 1
PCDCs and panels (c) and (d) from Type 2 PCDCs. It should be
noted that the surface of specimen was tilted to 52° inside the SEM
chamber in order to improve the observation of surface morphology.

Prior to polishing, Fig. 2(a) shows the as-sintered rough Type 1
PCDC surface with a roughness value of Ra≈4 μm. It illustrates
some features of crystals such as relative ‘plate’ surfaces and sharp
(a) Type 1 PCDC before polishing

(c) Type 2 PCDC before polishing

Fig. 2. SEM images of the T
edges. Individual diamond grains are not directly visible because
some crystals chipped off and their surfaces, edges and corners
could no longer be distinguished. On the other hand in Fig. 2(c),
Type 2 PCDCs had better surface finish (Ra≈1.7 μm) before polishing
since they were shaped by electrical discharge machining (EDM) to
the required dimensions. It demonstrates a surface with ‘granular’
particles almost without any crystalline features. This remarkable dif-
ference of surface morphology may be closely related to the EDM
process.

After polishing, the surface roughness of both Types of PCDCs was
sharply reduced to 0.1 to 0.5 μm Ra depending on the applied poli-
shing conditions. For instance, a surface roughness of ~0.3 μm Ra
was measured in the specimen shown in Fig. 2(b) which was polished
for 6 min at 30 m/s sliding speed with a pressure of 5 MPa. On the
other hand, though the Type 2 PCDCs had a better initial surface fin-
ish, it ended up with a similar level of surface finish (without crack-
ing) as that of Type 1 PCDC after the polishing at the sliding speed
of 20 m/s with a pressure of 3.1 MPa.

In Fig. 2(b) and (d) of the polished specimens, although a slightly
uneven surface is discernible among diamond grains, it obviously pre-
sents a smoother surface across the entire PCDC compared to that
without polishing. Another striking feature in the polished surface
was the various wear tracks, such as the array of ‘grooves’, which is
studied in another paper [23].

For Type 1 specimen, Fig. 2(b) also presents a wide distribution of
grain sizes ranging from a few microns to up to a hundred microns.
This is in line with the fabrication of PCDCs where diamond particles
(b) Type 1 PCDC after polishing

(d) Type 2 PCDC after polishing

ype 1 PCDC surfaces.
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with various grain sizes were employed, although the pulverization of
large diamond particles during the PCDCs manufacturing process [24]
might also act as another contributor.

On the contrary, the polished PCDC surface of Type 2 depicts a fair-
ly uniform grain size (~20–30 μm) in Fig. 2(d), although with inclu-
sion of some fine grains. It is clear that the microstructure of
sintered PCDCs in which diamond grains with somewhat crystalline
shapes are embedded in an almost continuous binder phase is readily
indentified in these polished specimens.

The resulting high quality surface finish for both types of PCDCs
unanimously demonstrates a significant advantage of DFP polishing
which has a capability of processing a PCDC with an extremely high
content of diamond grains (>95%).

3.3. Phase transformation and residual stress distribution

It is known that amorphous, cubic and hexagonal forms of Si and
carbon can be differentiated based upon their Raman spectra
[18,19]. Furthermore, Raman peaks shifted from their stress free posi-
tion, e.g., diamond peaks at 1332 cm−1 and Si peak at 520 cm−1, pro-
vide information on residual stresses. It has been reported that the
Raman peak position tends to shift linearly to lower wavenumbers
under tensile strains and to higher wavenumbers under compressive
strains [20]. Since it was difficult to identify the orientation of Si or di-
amond crystals in a PCDC, the residual stress was evaluated by aver-
aging the stress shift relation over all crystallite orientations. The
magnitude of stress within the PCDC Raman shift is known propor-
tional to the Raman shift, and the stress for diamond can be estimated
as [15,24,25]:

σ ¼ −0:567 ωm−ω0ð Þ GPað Þ ð1Þ

where ω0=1332 cm−1 is the stress-free diamond peak, and ωm is the
measured Raman peak position. If the Raman shift splits into two, ωm

is the medium position between the two components ω1 and ω2,

ωm ¼ 0:5 ω1 þω2ð Þ: ð2Þ

Similarly, the stress for the Si can be estimated as [20,26]

σ ¼ −0:27 ωm−ω0;Si

� �
GPað Þ ð3Þ

where ω0,si=520 cm−1 is the stress-free Si peak (as the daily cali-
brated Si reference peak position). In these equations, σb0 and
σ>0 correspond to the compressive and tensile stress, respectively.

3.3.1. Type 1 PCDCs
The Raman spectra obtained on a PCDC surface before polishing

are shown in Fig. 3. The Raman peak at 1332 cm−1 predominates
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Fig. 3. Raman spectra of Type 1PCDC specimens before polishing.
most of the collected spectra, indicating a stress-free diamond com-
posite. Since this type of PCDCs contains more than 95% of diamond,
the Raman peak of other material elements can hardly be detected
at any spot of the surface, except rarely some low intensity graphite
bands at ~1585 cm−1 are observable.

After polishing at the sliding speed of 35 m/s and pressure of
3.8 MPa for 6 min, a surface roughness of 0.3 μm Ra could be reached
without surface micro-cracks. The results of Raman analysis on a
polished surface is shown in Fig. 4. Fig. 4(a) shows an optical image
of the polished surface, and the marked area for Raman stress map-
ping and labeled spots for typical Raman spectra. Fig. 4(b) demon-
strates the stress distribution as a function of diamond peak
position calculated from Eq. (1) in the area marked in Fig. 4(a).
Though the stress on the surface appears to be non-uniform across
the examined entire area, it is evenly distributed within the diamond
grain, very low close to zero.

The typical Raman spectra from positions of ‘A’ to ‘D’ in Fig. 4(a)
are given in Fig. 4(c), and their stress values calculated from diamond
Raman shifty by Eq. (1) are shown in Table 2. In most areas the exam-
ined dominated Raman peaks are attributed to the diamond. The
transformed non-diamond carbon phases only occasionally appeared
in some grain boundaries. High intensity of Raman peak A at around
1332 cm−1 which is the fingerprint of the diamond is predominant
over the diamond grain area. This indicates that the low stress at al-
most zero is evenly distributed over the whole diamond grain. Be-
tween the large diamond grain and the right next smaller one, there
are no other non-diamond peaks detected. However, on the dark
spot of the smaller grain, though the diamond peak B is still very
strong, the peak position shifts to1330 cm−1, representing a tensile
stress of ~1.130 GPa, as shown in Fig. 4(b). Raman spectrum C is
detected on the position of boundary between small grains in
Fig. 4(a). In addition to the stress-free diamond peak at slightly less
intensity, a broad band of amorphous carbon at 1590 cm−1 is also ob-
served. On another boundary between the largest and a tiny grain, the
Raman spectrum D has lower intensity. It can been seen that the peak
position of diamond shifts slightly from 1332 cm−1 to 1331 cm−1

which shows a residual stress around 0.57 GPa. There are also a
broad band of amorphous carbon at 1588 cm−1 and weak disordered
SiC bands centered at 793 and 966 cm−1. These results suggest that
the lower percentage of SiC is scatteredly distributed in grain bound-
aries, and that diamond had transformed into amorphous non-
diamond carbon. As polishing continues, most of transformed softer
carbon materials had been removed, leaving a very small amount of
such phases trapped in the grain boundaries.
3.3.2. Type 2 PCDCs
The Raman spectra of Type 2 PCDC before polishing are given in

Fig. 5. Since the unpolished surface was too rough to focus under op-
tical microscope, the correlation of spectrum and the examined posi-
tion was not able to be resolved. However, the different intensities of
diamond, SiC or Si band detected across different places indicate an
uneven distribution of these materials. According to Fig. 5, the sharp
intense band at 1332 cm−1 represents stress free diamond, while
the peaks at 519 and 520 cm−1 stand for low tensile or free stress
Table 2
Stress calculation at different regions in a Type 1 PCDC.

Region Diamond ωm

(cm−1)
Diamond σ
(GPa)

A: Over diamond grain area 1332 0
B: The dark spot of the smaller diamond
grain

1330 −1.13

C: Small grain boundary 1332 0
D: Boundary between the largest and tiny
grain

1332 0.57
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of Si, and the weak band at 796 cm−1 is attributed to heavily disor-
dered SiC [9].

After polishing at the sliding speed of 25 m/s and pressure of
3.1 MPa for 3 min, the surface roughness was reduced to 0.3 μm Ra,
but micro-cracks appeared on the surface. Typical micro-Raman spec-
tra at different positions of the PCDC surface (Fig. 6(a)) are shown in
Fig. 6(b). It can be seen that different regions have different Raman
shifts, hence different levels of residual stresses. Table 3 lists the
stress values for the spectra calculated by Eqs. (1)–(3) from diamond
and Si Raman shift.

The spectrum A shown in Fig. 6(b) collected from the diamond
grain noted as region A, contains a high intensity of diamond peak
at ~1332 cm−1 and a weak silicon peak at ~524 cm−1, indicating
stress free diamond and compressive stress state of silicon of
~1.08 GPa.

Spectrum B in Fig. 6(b) is detected from near the diamond crys-
tal edge. The Raman peak of diamond at this region B shifts from
1332 cm−1 to 1329 or 1330 cm−1, while Si peak shifts to
528–531 cm−1. Some silicon peaks split, which can be fitted by
the sum of two Lorentzian–Gaussian components peak that at 522
and 535 cm−1. The magnitude of the stress is estimated to be
1.701 GPa (tensile) for diamond and 2.16–2.87 GPa (compressive)
for Si at the crystal edge.

A number of Raman peaks were detected in spectrum C collect-
ed from the crack or grain boundaries: a very high intensity of Si
peak at ~522 cm−1, a deformed/amorphous SiC band centered at
~794 cm−1, a weak amorphous carbon band at ~1584 cm−1 and
a very low intensity of diamond peak at ~1332 cm−1. Since the
evaluated stresses were low for both diamond (almost zero) and
silicon (at ~0.54 GPa compressive), it is rational that the cracking
had an effect in the releasing of stresses around this region. This
result also indicates that the crack could occur in the vicinity
that contains Si/SiC components and around the grain boundaries
of diamond.

In some large crack areas (e.g., spot D), in addition to the Si peak at
526 cm−1 and amorphous carbon band at 1590 cm−1, the spectrum
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also contains a diamond peak of 1332 cm−1 with a reduced intensity,
which was likely collected from the diamond grains underneath the
surface.

Though there is uncertainty regarding orientation of the crystals
and direction of strain, the calculated magnitudes of stress may differ
from the actual values; Raman analysis can directly provide impor-
tant information on the local stress variations in the sample, and
give a first indication on the sign and distribution of the stress.

From the above analysis, it can be seen that stresses in PCDCs are
not uniformly distributed but rather localized near crystal edges. The
stress level in Type 2 PCDCs is higher than that of Type 1 PCDCs. The
higher values are often observed between adjoining crystals, which
leads to the cracking along the diamond grains.

3.4. Surface finish and underlying mechanism of cracking

From Section 3.1, it is noted that cracking occurred on Type 2 PCDCs
at the high speed–pressure combinations [11]. On the contrary, Type 1
PCDCs could be polished to achieve cracking-free surfaces at a highma-
terial removal rate under higher pressure–speed combinations, as no
cracking was found on the Type 1 PCDCs under all of the above polish-
ing conditions.

In addition to the mechanical stresses under a polishing pressure,
non-uniform thermal stresses could contribute to the cracking due to
the mismatch of the thermal expansion coefficients of diamond and
silicon. This becomes particularly significant in Type 2 PCDCs. For in-
stance, in Raman analysis of cracked area, Si and SiC are the main
phases, with little amorphous graphite and very weak diamond. In
the grain areas, however, diamond is dominant. This observation in-
dicates that cracking occurred along the diamond and SiC boundaries.
When the polishing temperature increases under a high speed–pres-
sure combination, the thermal stresses increase to a high level to
cause cracking along the PCD–SiC boundaries. The thermal stress
can be estimated by [16,25],

σ ¼ E
1−υ

∫
T

20BC

αd−αð ÞdT ; ð4Þ

where E is Young's modulus, αd and α are the thermal-expansion co-
efficients of diamond and silicon/SiC, ν is the Poisson ratio, and T is
the polishing temperature.

For the Type 2 specimen, E is 860 GPa [27], and Poisson ratio is
0.09. The thermal-expansion coefficients are 1×10−6/K for diamond,
3.0×10−6/K for Si and 2.8×10−6/K for SiC at 300 K. The coefficients
for the three materials increase with temperature, but the disparity
between the coefficients decreases as temperature increases, and
they all have similar value of ~4.3×10−6/K at 1000 K [28]. During
polishing, the approximate interface temperatures need to be over
1000 K for workable material removal [10,12], and therefore all com-
ponents (diamond, Si and SiC) have similar thermal expansion coeffi-
cient. When the temperature decreases rapidly after polishing,
because the coefficient of silicon/SiC is much greater than that of dia-
mond, the bind phases of silicon/SiC contract more, therefore they ex-
perience higher compression stresses as verified by Raman stress
analysis shown in Table 3 and Fig. 6(b). At the edge of diamond crys-
tals, diamond surrounded by silicon and contracts less than silicon,
thus could experience tensile stress. If these stresses are high enough
when a PCDC is polishing at high speed–pressure combination, they
will force apart the binder phases from diamond grains and result in
cracking along the grains.

Since the Type 1 PCDCs are made of a very high percentage of dia-
mond, the thermal stresses caused by the mismatch of thermal expan-
sion coefficients were negligible according to Eq. (4). The stresses are
smaller and distributed more evenly comparing to Type 1 PCDC, as
shown in Fig. 4. Therefore no crack was developed.

From the above analysis it is clear that the DFP process has shown
a promising application in polishing PCDCs even with extremely high
diamond contents (>95%). A high quality surface of ~0.3 μm Ra can
be accomplished under an optimum speed–pressure polishing combi-
nation with successfully avoiding cracks. Following DFP processing,
an even fine surface finish at Ra ~50 nm on PCDCs has been further
obtained by an additional slightly mechanical polishing for 15 min,
which could further extend application of PCDCs.

4. Conclusions

The PCDCs with higher percentages of diamond, which cannot
be processed by EDM and are hard to be polished by a conventional
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Table 3
Stress calculation at different regions in a Type 2 PCDC.

Region Diamond ωm

(cm−1)
Diamond σ
(GPa)

Si ωm

(cm−1)
Si σ
(GPa)

A: Middle grain 1332 0 524 1.08
B: Crystal edge 1329 −1.701 528–531 2.16–2.81
C: Crack or boundary 1332 0 522 0.54
D: Some big crack 1332 0 526 1.62

31Y. Chen et al. / Diamond & Related Materials 26 (2012) 25–31
method previously, can be polished by the abrasive-free dynamic
friction technique, with crack-free surfaces at a higher material re-
moval rate. A very high polishing rate of 0.13 mg/s (0.037 mm−3/s)
has been obtained at the sliding speed of 35 m/s and pressure of
5 MPa, and the surface roughness has been reduced from approxi-
mately 4 μm to 0.3 μm Ra in 6 min. In addition to the mechanical
stresses applied through the polishing pressure, the thermal stress-
es caused by the mismatch in thermal expansion coefficients of
different material phases contributed to the sample cracking. Trans-
formed phases were mainly around grain boundaries. The magni-
tudes of residual stresses in polished PCDCs varied across its
polished surface, and stress concentrations appeared in the vicinity
of grain boundaries.
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