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Abstract

This paper investigates the material removal mechanisms of PCD using the dynamic friction polishing technique. Scanning electron

microscopy, energy dispersive X-ray, X-ray diffraction and Raman spectroscopy were used to identify the mechanisms by analyzing the

specimen surfaces and debris produced by polishing. It was found that the material removal occurred in a rather complex way, which can

be a chemo-mechanical process, diffusion, oxidization and evaporation, or their combinations.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

As discussed in part 1 of this series research [1], the
dynamic friction polishing (DFP) technique utilizes the
thermo-chemical reaction induced by the dynamic friction
between a diamond specimen and a metal disk rotating at a
high peripheral speed (15–25m/s) and pressure (3–7MPa)
to enable an efficient abrasive-free polishing of single and
polycrystalline diamond [2–5]. DFP was developed from a
similar technique—thermo-chemical polishing—which
heats the whole metal disk to 730–950 1C in a vacuum or
H2 chamber [6–10] to conduct polishing at a much lower
velocity (e.g., 2.8mm/s) and nominal pressure (e.g.,
15 kPa). The mechanisms of the thermo-chemical polishing
have been described as conversion of diamond into non-
diamond carbon by the hot metal with subsequent solution
of this carbon in the metal [7,10]. As the polishing
progresses, the carbon concentration in the metal plate
increases, and the polishing rate decreases. Also, the
material removal rate drops with increasing speed of the
polishing plate [11], which is attributed to the reduction in
the surface contact between the diamond specimen and the
plate.
e front matter r 2006 Elsevier Ltd. All rights reserved.
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Iwai et al. [3] and Suzuki et al. [4] investigated the
material removal mechanism of DFP based on the
polishing efficiency in various atmospheres, and carried
out X-ray diffraction analyses of the polishing debris and
the surface of metal disk tool. They argued that rapid
diffusion of carbon from the diamond to the disk and then
evaporation of carbon by oxidization were the mechan-
isms. They ruled out the possibility of carbonization of
diamond because they did not find graphite in polishing
debris and on the metal disk surface after polishing.
As a matter of fact, owing to the high temperature at the

diamond–metal interface, the possibility of conversion of
diamond to non-diamond carbon is very high. Further-
more, when grinding or machining ferrous metals with
diamond tools, the dominating wear mechanism of
diamond is due to its graphitization accelerated by
thermally activated catalytic reaction of iron and ambient
oxygen [12–14].
The present paper aims to explore whether chemical/

phase transformations occur during DFP so that the
material removal mechanism can be understood precisely.
2. Experiment

The PCD specimens used were thermally stable diamond
compacts, containing 70–75% diamond particles of 25 mm
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in grain size (the rest are SiC and Si). The diameter and
thickness of a typical specimen were 12.7 and 4mm,
respectively. The thermal conductivity of the specimen
material was 300W/mK.

The polishing experiments were conducted on a
polishing machine manufactured in-house, as illustrated
in Fig. 1. Polishing was conducted by pressing a PCD
specimen on to a rotating catalytic metal disk in dry
atmosphere. The polishing parameters were: average
sliding speed in the range of 15–25m/s, pressure from 3
to 7MPa and polishing time from 1 to 5min. At the end of
a test, the polishing debris were collected from around a
PCD surface.

The surface roughness was measured using Surftest
402 and Surftest Analyzer (Mitutoyo). Surface topo-
graphy was observed by an optical microscope (Leica
DM RXE). The surface structure and topography were
studied using a scanning electron microscope (SEM)
Philips 505; at the same time, energy dispersive X-ray
(EDX) analysis was used to investigate the chemical
compositions.

XRD experiments were performed to study the crystal
structure of the PCD specimens and polishing debris. The
data were collected on a D5000 Siemens X-ray diffract-
ometer. The diffraction data (peak positions) were
analyzed with the aid of the EVA (software) program
which permitted a search and match with the JCPDS (Joint
Committee on Powder Diffraction Standards) database for
the characterization of crystal faces.

Raman spectra were obtained using a Renishaw Raman
Microscope (systems 2000) with a CCD array detector.
The collection optics was based on a Leica DMLM
microscope. The zones for the recording of spectra were
selected optically, and were excited by an argon laser
(514.5 nm) with 20mW power directed through the
microscope.
Metal disk

Load

Specimen
holder

PCD
specimen

Fig. 1. Schematic illustration of dynamic friction polishing.
3. Results and discussion

3.1. Surface generation

Fig. 2 shows the SEM images of a typical PCD surface.
Before polishing, the surface roughness was large (Fig.
2(a)), approximately 1.6 mm Ra. After polishing, a thin
metal/oxide film was adhered to the polished PCD surface
(Fig. 2(b)) and the surface roughness (Ra) varied with
polishing conditions, such as polishing time and disk
rotating speed, from 0.1 to 0.6 mm.
After a post-polishing treatment with an acid solution

(HCl+HNO3) and/or a mechanical polishing (with SiC
paper), the surface roughness of the PCD specimen became
much smaller ðRa ¼ 0:2mmÞ, Fig. 2(c). However, it was not
possible to improve the surface roughness any further even
with changes in the polishing parameters.
If the PCD surface was further polished by mechanical

abrasive polishing with diamond abrasives, the PCD
surface roughness could reach Ra ¼ 0:05mm, as shown in
Fig. 2(d).

3.2. Composition and structural analysis

Analyses of the composition and structure of a PCD
surface at different stages and the polishing debris can
provide information on whether or not a chemical
transformation occurs during polishing.

3.2.1. PCD specimen

Fig. 3 shows the components on diamond surfaces at
different stages of polishing using EDX analysis in SEM.
Before polishing, a large quantity of carbon, some silicon,
and little oxygen were detected on the diamond surface
(Fig. 3(a)). On the metal/oxides film adhered to the PCD
surface, a large quantity of silicon and carbon, and some
oxygen and iron were detected together with chromium
and nickel (Fig. 3(b)). Once the film was removed, the
elements on the clean surface (Fig. 3(c)) became similar to
that before polishing (Fig. 3(a)) i.e., a large amount of
carbon and silicon, and a small quantity of oxygen and
iron.
The structural quality of a PCD surface before and after

polishing was assessed using the X-ray diffraction analysis
(Fig. 4). Before polishing, diamond and silicon carbide
were detected with little coesite (SiO2) on the surface
(Fig. 4(a)). After polishing, maghemite (Fe2O3) and
awaruite (Ni, Fe) were detected on the metal/oxide film
adhered to the surface in addition to the SiC and diamond.
After removing the adhered metal/oxide layer, the surface
structure was similar to that before polishing. From this
XRD analysis, graphite (2y ¼ 301) was not detected in any
of the above stages, which seems to indicate that there is
not any crystalline graphite. However, the possibility of
carbonization of diamond still could not be ruled out
because amorphous carbon would not give rise to an XRD
pattern.
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Fig. 2. SEM image of PCD surface before and after polishing: (a) before polishing; (b) after polishing with adhered film; (c) after removal of adhered film;

(d) after further mechanical polishing.
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Fig. 3. EDX analysis of PCD surface: (a) before polishing; (b) after polishing: with adhered film; (c) after polishing: cleaned surface.

Y. Chen et al. / International Journal of Machine Tools & Manufacture 47 (2007) 1615–1624 1617
Raman spectroscopy can be used to distinguish different
forms of carbon [15–19]. As shown in Fig. 5(a), the Raman
spectrum obtained before polishing presents a sharp
intense band at 1334 cm�1 which can be assigned to
diamond, as the sharp Raman line at 1332 cm�1 is the
characteristic signature of diamond structure [16,20]. The
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Fig. 4. XRD analysis of PCD surface: (a) before polishing; (b) after polishing with metal/oxide adhered layer.
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Fig. 5. Raman spectra of PCD specimen surface: (a) before polishing; (b) after polishing with adhered film; (c) after polishing and removal of adhered film;

(d) after further polishing with diamond abrasive.
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2 cm�1 shift to a higher wave number indicates a
compressive residual stress on the PCD specimen, because
the Raman band of diamond moves to higher wave number
shifts with increasing applied pressure [19]. According to
the literature [21,22], the SiC Raman features appear
within the 600–1000 and 200–600 cm�1 regions. The SiC
consists of two main sharp bands at 796 and 973 cm�1.
The broad band at 799 cm�1 can be assigned to heavily
disordered crystalline SiC [23,24], while the band
at 520 cm�1 results from the contribution of crystalline
silicon [25].

For the metal/oxide film adhered to the surface after
polishing, the Raman spectrum (Fig. 5(b)) consists of
broad bands center at 1322 cm�1 (other adhered surface
spectra varied 1319–1323 cm�1) and 1585 cm�1 (others
varied 1585–1597 cm�1). The appearance of these broad
bands is attributed to the presence of an amorphous or
disordered carbon phase with atoms hybridizing with sp2

and sp3 bonds [18,26,27]. The defects composed of sp3

bonded carbon atoms are revealed in diamond Raman
scattering at frequencies o1332 cm�1 [20]. In contrast, the
sp2 (graphitic) bonded species are revealed at 41332 cm�1.
The 1322 cm�1 band is ascribed tentatively to disordered
(defective) sp3 bonded carbon or lonsdaleite (hexagonal
diamond) inclusions [16,20]. The position of the lonsdaleite
band maximum could range from 1311 to 1359 cm�1 and
its width could increase up to 100 cm�1. The movement of
the Raman shift towards a low wave number during
polishing can be attributed to carbon atoms in sp3 sites [18],
and the Raman peak from diamond (1332 cm�1) moves to
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lower wave number shifts and the peak broadens
with increasing temperature [19]. If diamond did not
change its structure, its Raman spectra would be totally
reversible. During the DFP, it seems that some of the cubic
diamond has transformed to non-diamond carbon
(lonsdaleite or sp3 carbon) due to its continuous sliding
contact with catalytic metals at the friction-induced
elevated temperature. When the specimen cools down,
this non-diamond carbon still adhered to the surface.
Though the band center at 1585–1597 cm�1 is hardly
detected, the graphite band (around 1580–1606 cm�1)
is closely related to the characteristics of disordered
sp2 bonded arrangements, and ascribed to defective or
micro-crystalline graphite structures [20,28]. All these
indicate the transformation of diamond to non-diamond
carbon (disordered or amorphous sp2 and sp3) during
polishing.

On the spectrum shown in Fig. 5(b), there are also
Raman peaks at 224, 246, 291, 413, 618, 674 and 794 cm�1.
According to the literature [29–32], the Raman shifts of
various forms of iron oxide are obtained in the ranges of
225–227, 243–246, 285–293, 403–415, 498–501, 612–613,
662–665 and 676 cm�1. By comparison with these shifts,
the Raman peaks in the metal/oxide film indicate the
presence of iron oxides. The 794 cm�1 peak might be
ascribed to SiC, while an additional peak 618 cm�1

attributed to chromium oxide (Cr2O3) [30].
After the removal of the adhered metal/oxide layer

(Fig. 5 spectrum (c)), Raman peaks at 1588, 1332, 798 and
518 cm�1 were detected. These peaks correspond to
graphite band (amorphous or disordered sp2 carbon),
crystalline diamond, disordered silicon carbon and silicon,
respectively. Compared to the spectrum (a) obtained before
polishing, the diamond line relaxed back to that of natural
diamond at 1332 cm�1 position with a relatively small
width. This indicates a non-stressed state of the specimen
and a low concentration of structural defects, due to the
release of the compressive residual stresses after DFP and
the removal of the adhered film. Compared to the spectrum
(b) obtained from specimen with the adhered layer, which
had a broad lower wave number band at 1322 cm�1, the
present 1332 cm�1 diamond peak became narrower (spec-
trum (c)). This indicates that the sp3 bonded non-diamond
carbon has been removed. Additionally, the iron oxides on
the adhered film have been removed. However, it was
found that the graphite (Raman peak at 1588 cm�1)
remained in the specimen and, when the specimen surface
was scraped, a thin layer of black carbon could be found.
The graphite band (around 1580–1606 cm�1) is stronger in
the adhered film removed specimen (spectrum (c)) than
that with the adhered film (spectrum (b)). All these indicate
that during polishing, transformation of diamond to non-
diamond, including graphite (sp2 bonding) and lonsdaleite
(sp3 bonding), had occurred. It appears that the trans-
formed graphite would be oxidized quickly, and that is why
the graphite band was hardly detected on the specimen
with an adhered metal/oxide film. But when it is covered by
the metal/oxide film, it remained in the specimen. After the
film was removed, the intensity of the graphite band
became stronger. Oxidation of carbon will be discussed in
greater detail in Section 3.3.
After further polishing of the PCD specimen with

diamond abrasives, the Raman spectrum (d) in Fig. 5
shows a sharp diamond peak at 1332 cm�1 and silicon peak
at 520 cm�1. This mechanical polishing process removed
graphite, the protruding SiC and possibly a thin layer of
diamond that was in contact with metals, and exposed
diamond that is free of residual stress. The sharp peak
suggests that diamond in the PCD specimen did not
deteriorate chemically after DFP (when the diamond did
not contact with steel or its temperature did not reach the
critical point).

3.2.2. Debris

Through SEM, it was found that the size of the debris
varied from a few microns to hundreds of microns. The
shapes of the debris were either flake-like or particle-like.
EDX revealed that the flake-like debris contained mainly
iron, chromium, nickel and oxygen, indicating that they
came from the polishing metal disk. Also, these debris were
much bigger than the particle-like debris, which could be
the result of delamination or chipping from the metal disk
during DFP.
A typical particle-like debris, produced during polishing

is shown in Fig. 6(a). According to the EDX analysis in
Fig. 6(b), it contained carbon, oxygen, silicon, iron,
chromium and nickel, which could be from the PCD
specimen, the metal disk, and some products of possible
reactions.
It was also noted that carbon was always detected with

iron, while iron could be detected without carbon. This
means that the diamond, removed from the PCD surface,
was in contact with iron as products of chemical reaction,
while iron could be directly removed by oxidation and/or
micro-chipping from the metal disk to form the polishing
debris.
According to the XRD analysis of the polishing debris

(Fig. 7), they mainly consist of iron oxide Fe2O3 (relatively
weak intensity) and tridymite SiO2. There was no indica-
tion of crystalline carbon (graphite or diamond), though
carbon was detected by the EDX. Carbon might exist in
the debris in the forms of non-crystalline or amorphous,
since the diffraction signal from these materials is very
week.
Fig. 8 shows the Raman spectra of three typical

polishing debris. On the low wave number part, bands at
246, 294, 410, 613 and 663 cm�1 were observed. According
to the literature [29–32], it is reasonable to conclude that
iron oxide is the component of the polishing debris. On the
high wave number part, broad Raman bands centered at
1319–1321 cm�1 were detected. These bands are ascribed
tentatively to defective sp3 bonded carbon or lonsdaleite
carbon [16,20]. Additionally, from the X-ray diffraction
analysis, only iron oxide and tridymite were detected on the
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Fig. 6. Particle-like polishing debris: (a) SEM image; (b) EDX analysis.
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polishing debris, confirming that there was no crystalline
carbon in the debris.

It is known that the Raman band position of diamond is
a function of temperature [19]. With increasing tempera-
ture it moves to lower wave number shifts and its
peak broaden. Diamond is stable up to 1300 1C in an inert
environment, and up to 600 1C in oxygen environments.
Below these temperatures in the corresponding environ-
ments, the expected shift to lower wave numbers
of diamond is reversible. However, during DFP, the



ARTICLE IN PRESS

1319

613

1321

1321

410

294 246

1800 1600 1400 1200 1000 800 600 400

Raman Shift (cm-1)

663 

Fig. 8. Raman spectra of typical polishing debris.

0 5 10 15 20 25 30
0

1000

2000

3000

4000

5000

6000

Sliding speed (m/s)

T
e
m

p
e
ra

tu
re

 r
is

e
 (

K
)

P=1MPa

P=5MPa

P=10Mpa

P=15MPa

P=20MPa

P=25MPa

Fig. 9. Variation of average temperature rise with sliding speed at

different nominal pressures.

Y. Chen et al. / International Journal of Machine Tools & Manufacture 47 (2007) 1615–1624 1621
diamond in contact with the metal disk appears to lose
its diamond structure and transformed to non-diamond
carbon (graphite and lonsdaleite), and then was removed
mechanically due to the relative PCD specimen-
disk sliding. When the debris cooled down, it could
not revert to the diamond structure (sharp line at
1332 cm�1).

There was no indication of presence of graphite from
this debris. Graphite, which converted from diamond, is
likely to oxidize in the oxygen environment and escape as
CO/CO2 gas, or partly remain in the PCD specimen
covered by the adhering film.

3.3. Material removal mechanism

In the DFP of PCD, the elevated temperature due to
frictional heating converts the diamond on the specimen
surface to other forms of carbon, which are then
mechanically/chemically removed. The mechanisms in-
volved in material removal are discussed below.

3.3.1. Temperature at the polishing interface

A theoretical model developed to predict the tempera-
ture rise in DFP of PCD was presented in part 1 of
this series study [1]. Fig. 9 shows the variation of the
average interface temperature rise with the sliding
speed and applied pressure, which shows the higher values
of pressure and sliding speed correspond to a higher heat
flux and higher temperature rise. The dependence of
temperature rise on sliding speed appears to be linear
for a fixed nominal pressure. In the present experiments,
the specimens were polished at an average sliding speed
in the range of 10–25m/s and at a pressure from 3
to 7MPa. From Fig. 9, the estimated temperature rise is
over 1000K. Since the PCD substrate was at room
temperature, the actual interface temperature (initial
specimen temperature plus temperature rise) is above
1270K. The high temperature will stimulate the reactions
between the polishing metal disk and diamond at the
interface.
3.3.2. Structural transformation

There are four main types of carbon lattice structures:
graphite, amorphous carbon, diamond and lonsdaleite [9].
Thermodynamics indicates that diamond is a metastable
phase of carbon, and could convert to graphite at room
temperature and atmospheric pressure [33,34]. However,
the reaction rate is so slow that the change is normally
undetectable. Increased temperature will accelerate its
conversion to graphite [35,36]. Generally diamond trans-
forms to graphite at appreciable rates only at high
temperatures (42000K). However, graphitization occurs
at relatively low temperatures (�970K) when diamond is
in contact with transition metals [13,37,38] with inter-
mediate reactivity Fe, Ni, Co, Mn and Cr, which
can catalyze the conversion of diamond to graphite at
low pressure and at temperatures above 700 1C.
The catalytic reaction can be in two directions. An effective
catalyst cannot only catalyze the graphite-diamond
transition in the stability field of diamond under high
pressure, but also the diamond-graphite transition (back
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conversion of diamond) in the stability field of graphite at
low pressure.

Whilst PCD is being polished by dynamic friction,
diamond that is in contact with catalytic metal at
temperatures over 1270K loses its lattice structure
and converts into non-diamond carbon. The Raman
analyses (Section 3.2) have confirmed the transformation
of diamond to non-diamond carbons (sp2 and sp3 bonding)
had occurred, which is the basic process of the DFP.
The non-diamond carbon is then removed mechanically
as it was weakly bonded and/or by other chemical
reactions.

However, in Iwai et al.’s PCD polishing experiments [3],
the adhered films were removed by spraying SiO2 on
the disk and finish polishing at lower pressure on the
same machine after their DFP. The transformed
non-diamond carbon seemed to have been removed with
the adhered film so that no trace of graphite was detected.
Also in their XRD analysis, absence of graphite
was probably due to the diffraction from non-crystalline
graphite (or other carbon forms) was very weak, and
the XRD could not detect them. Moreover, according
to [39], surface graphitization of diamond is accelerated
by oxygen-containing compounds in the gaseous phase.
Thin graphite layers are formed on the surface of
diamond, and then the graphite not the diamond is
oxidized. Hence, during DFP under atmospheric condi-
tion, surface graphitization of diamond and its oxidation is
to be expected.

3.3.3. Oxidation of carbon

When carbon (including diamond and graphite) is
exposed to oxygen bearing environments at elevated
temperatures, it would react with oxygen to form CO
and/or CO2 gas. It has been shown that non-diamond
carbon oxidizes more rapidly than diamond [40,41]. Also
sp2 bonded carbon is generally known to oxidize faster
than sp3 bonded carbon [41]. The activation energy for
graphite varies from 155 to 184 kJ/mol [41,42], while that
for a diamond film is from 213 to 240 kJ/mol [40,42,43].
These variations are attributed to differences in the film
structure, e.g. morphology, crystallite size, amount of non-
diamond carbon, hydrogen, etc. and crystal defects [40]. In
oxidizing atmospheres diamond is decomposed at tem-
peratures 700–800 1C via oxidation to gaseous products
which are either CO or CO2 or a mixture of them. At low
oxygen pressures, the diamond surface may contain
graphite that is also converted to gaseous products at
lower activation energy in this temperature regime.
According to Alam and Sun’s experimental kinetic data
[40], at a given oxygen pressure, the oxidation rate
increases with increasing temperature. Also at a given
temperature, diamond oxidizes faster with increasing
oxygen partial pressure.

In the present experiments, PCD is polished under
atmospheric conditions, and the temperature at the inter-
face rises above 1270K; the diamond or transformed non-
diamond carbon, exposed to oxygen, would react with
oxygen to form CO and/or CO2 gas. The Raman spectro-
scopy analysis (Section 3.2) indicates that graphite,
which was converted from diamond, had oxidized in
the oxygen environment and escaped as CO and/or CO2

gas, or partly remained in the PCD specimen covered
by the adhering film. That is, after the transformation
of diamond to non-diamond carbon (sp2 and sp3 bonded)
has occurred, sp2 bonded carbon would be oxidized
quickly, while sp3 bonded carbon still remained on the
polished metal/oxide adhered surface and polishing
debris. Also in Suzuki et al.’s experiments [4], there
was a marked increase in the material removal rate in the
oxygen atmosphere, supporting oxidation in an oxygen
environment.

3.3.4. Diffusion of carbon into the metal disk

Carbon atoms easily diffuse into high carbon soluble
metals. These metals include: rare earth alloys and, Fe, Ni
and Mo. They have a chemical characteristic known as
carbon solubility potential: they are ready to react with any
source of free carbon and absorb this carbon into their
surface. Such a reaction is easily triggered under the
temperature and pressure conditions occurring in the DFP
process.
When diamond surface comes into contact with a

catalyst metal disk at high temperature, converted carbon
atoms in diamond diffuse into the metal disk until the
metal is saturated. The diffusion path for atoms from
protruding parts of the specimen is shorter and these areas
are attacked at a greater rate, and the diffusion rate of
graphite is much greater than that of diamond [44]. In Iwai
et al.’s [3] EDX analysis, carbon was detected in the
polishing metal disk and the adhered film, while Suzuki et
al.’s [4] XRD analysis of the disk surface after polishing, a
carbonization trace (Fe3C, cementite) was detected, and
EPMA analysis indicated that there was an increase in the
carbon element content in the surface in contact with the
diamond. These results indicate that there was diffusion of
carbon into the metal disk surface. One of the factors
involved in diamond polishing is considered to be the
diffusion of carbon into the metal disk and form iron
austenite after the transformation of diamond to non-
diamond carbon.

4. Conclusion

Based on the experimental results and theoretical
analyses, the material removal mechanism of dynamic
friction polishing can be described as follows: conversion of
diamond into non-diamond carbon takes place due to the
frictional heating and the interaction of diamond with
catalyst metal disk; then a part of the transformed material
is detached from the PCD surface as it is weakly bonded;
another part of the non-diamond carbon oxidizes and
escapes as CO or CO2 gas and the rest diffuses into the
metal disk.
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