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Abstract

This paper investigates the mechanisms of material removal in dynamic friction polishing of polycrystalline diamond composites

through the analysis of polishing-produced debris. The specimens used were PCD compacts composed of diamond and silicon carbide. In

order to uncover the debris’ structure, high-resolution transmission electron microscopy (HRTEM), electron diffraction and electron

energy loss spectroscopy (EELS) were used. Additionally, the density and the sp2 to sp3 ratio in the hybridized carbon materials of the

debris were estimated from the EELS spectra. It was found that the debris were mainly of amorphous structure and consisted of different

forms of carbon, silicon oxide/carbide, iron oxides, etc. The results show that during polishing, the diamond has transformed to non-

diamond carbon, and silicon carbide to amorphous silicon carbide/oxide.

r 2007 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 to enable an efficient abrasive-free
polishing of single and polycrystalline diamond [2–5].
A model has been developed to predict the temperature
rise of the PCD surface during polishing [1]. However, the
material removal mechanisms are still to be understood.

Iwai et al. [3] and Suzuki et al. [4] investigated the
dynamic friction polishing process 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 suggested that rapid diffusion of
carbon from the diamond to the disk and then evaporation
of carbon by oxidization were the mechanisms. They ruled
out the possibility of carbonization of diamond because
e front matter r 2007 Elsevier Ltd. All rights reserved.
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they did not find graphite in polishing debris and on the
metal disk surface after polishing.
In part 2 of this series research [6], using scanning

electron microscopy (SEM), energy dispersive X-ray
(EDX), X-ray diffraction and Raman spectroscopy, Chen
et al. [6] found non-diamond carbons (both sp2 and sp3) on
the polished specimen surfaces, but only sp3 carbon in
polishing-produced debris. There was no indication of
presence of graphite from the debris, although low
intensity graphite band (Raman peak at 1588 cm�1) was
detected in polished specimens. They suggested that the
surface graphite, which converted from diamond, was
likely to oxidize in the oxygen environment and escape as
CO/CO2 gas although some of the converted graphite was
found on the polished PCD specimens before surface
cleaning. It is possible that the converted graphite remains
inside debris but could not be detected by Raman
spectroscopy which often lacks the spatial resolution for
phase identification in nanocrystalline structures.
The aim of the present work is to investigate the

polishing-produced debris with high-resolution transmis-
sion electron microscopy (HRTEM) and electron diffrac-
tion and electron energy loss spectroscopy (EELS) to reveal
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the electronic structure of the debris material and different
phases of carbon, respectively. Because the characteristic
peak reveals the presence of p electrons, an estimate of the
percentage of sp2-hybridized carbon in the debris can also
be made. In this way, a detailed analysis of polishing-
produced debris can be obtained including the microstruc-
ture, chemical composition and bonding information.
Hopefully, this will facilitate a deeper understanding of
the dynamic friction polishing mechanisms, and throw new
light on whether chemical/phase transformations occur
during polishing.
2. Experiment

The PCD specimens used were thermally stable diamond
compacts, containing 70–75% diamond particles of 25 mm
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.
Metal disk

Load

Specimen

holder

PCD

specimen

Fig. 1. Schematic illustration of dynamic friction polishing.

Fig. 2. TEM analysis of polishing debris: (a)
The polishing experiments were conducted on a polish-
ing 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 transmission electron microscopy (TEM) samples of

polishing debris were prepared as follows. The debris were
mixed with ethanol and crunched to very fine particles with
a pestle and mortar. This mixture was transferred to a
small container and further broken down in an ultrasonic
bath for 5min. The solution was allowed to settle for 5min
and then the top section of the suspension was collected.
With a TEM grid sitting on filter paper, around 10–15
drops were applied to the TEM grid, allowing time between
each drop for the excess solution to be absorbed by the
filter paper. In sample preparation, the temperature
throughout a specimen was kept below 40 1C to ensure
that no micro-structural changes took place.
The conventional TEM studies were carried out using a

Philips CM12, operating at 120 kV. The HRTEM investi-
gations were performed on a JEOL JEM-3000F, operating
at 300 kV. The samples were also studied in scanning
transmission electron microscope (STEM) VG HB601.
Meanwhile, EDX was used to investigate the chemical
compositions of the interested subsurface layers. On the
other hand, to evaluate the atomic bonding in interested
spot, EELS with 1 mm probe diameter was employed.
Because of the relatively large amount of debris particles

on the copper grid with a supporting holey carbon film, it
was difficult to find areas where the structure of the
material would be revealed. To overcome the problem, the
attached EDX (in HRTEM or STEM) was used to exclude
the metal rich areas and detect the elements of carbon and
silicon, which come from the polishing PCD specimen.
Further, EELS and HRTEM analyses were mainly
TEM image and (b) diffraction pattern.
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Fig. 3. High-loss carbon spectra of polishing debris: (a) DLC, (b) graphite

and (c) amorphous carbon.
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performed on areas that contained carbon and/or silicon.
In order to prevent contamination by the holey carbon
film, the EELS spectra of carbon were only taken from the
particles on the hole of the carbon support film.

3. Results and discussion

3.1. Microstructure and composition of debris

Fig. 2 shows a typical TEM image of a piece of debris
and its electron diffraction pattern, which indicates that the
polishing debris consisted of SiC, Fe3O4 and graphite.
These halos (faint ring) patterns also indicate that the
polishing debris were amorphous, consistent with the very
weak XRD peak reported in Ref. [6]. Through conven-
tional TEM, it was found that almost all the polishing
debris were amorphous, and that only little part of the
debris showed the F2O3 crystal structure.

According to the EDX analysis, the debris contained
carbon, oxygen, silicon, iron, chromium and nickel, which
were similar to the EDX analysis in SEM reported by Ref. [6].
Some spots/areas consisted only a few of the above elements.
Since the elements iron, chromium and nickel came from the
metal disk, areas containing only these elements and oxygen
were not considered for further analysis.

Fig. 3 shows three typical high-loss spectra of carbon from
different pieces of polishing debris. To understand the
structure of the material, the four high-loss spectra for
graphite, diamond, amorphous carbon and diamond-like
carbon (DLC) are shown in Fig. 4 [7–9,12] for reference. It is
clear that diamond has a single loss feature with an onset at
about 290 eV owing to its s* electronic states while graphite
has an additional absorption starting at around 285 eV due to
its lower lying antibonding p* states [10]. Amorphous or
disordered carbon has a peak at about 285 eV, similar to
graphite but with different intensity. By comparison, the high-
loss spectra of carbon in polishing debris correspond to
DLC (Fig. 3(a)), graphite (Fig. 3(b)) and amorphous carbon
(Fig. 3(c)), but not diamond. It can be seen that transforma-
tion of diamond to different forms of non-diamond carbon
took place during dynamic friction polishing.

Though the majority of the debris material appeared to
be amorphous, high-resolution images of these debris
reveal the presence of crystallities in an ‘‘amorphous’’
matrix, because some fringe groups are present in the
matrix. Fig. 5 shows three typical HRTEM images of the
polishing debris. The fringe spacing in Fig. 5(a) is 3.55 Å,
implying that ordered hexagonal Fe2O3 regions may exist.
Fig. 5(b) shows an HRTEM image of the area where
graphite EELS spectrum was collected (Fig. 3(b)), the
interlayer distance between the small layers visible in the
material was measured to be 3.36 Å, which corresponds to
the interlayer distance in graphite. The material seems to be
built up of a number of areas, where a number of graphite
planes appear to be stacked either in an approximately
straight and parallel or concentric or entirely disordered
fashion. In Fig. 5(c), which corresponds to the amorphous
carbon EELS spectrum (Fig. 3(c)), the material seems to
contain very small nanometer-sized graphitic structures
(interlayer distance of 3.35 Å) and may best be described as
disordered graphite. In addition, small crystalline areas
with lattice spacing of 3.35 Å are visible within the
amorphous material. However, no fringe group was
observed in the areas where the EELS spectra of DLC
(Fig. 3(a)) were collected. It might exist in amorphous
forms in polishing debris, as indicated by a broad band in
Raman spectra [6]. No diamond was observed in the
polishing debris.



ARTICLE IN PRESS

In
te

n
si

ty
 (

a
.u

.)
In

te
n
si

ty
 (

a
.u

.)

280 290 300 310 320 300 310 320280 290

300 310 320280 290300 310 320280 290

Graphite Diamond

Amorphous-carbon Diamond-like carbon

Fig. 4. High-loss spectra of carbon [12].

Fig. 5. Typical HRTEM of polishing debris: (a) Iron oxide, (b) graphite and (c) amorphous carbon.
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3.2. Density of the transformed materials

Typical low-loss EELS spectra, corresponding to high-
loss spectra of DLC (Fig. 3(a)), graphite (Fig. 3(b)) and
amorphous carbon (Fig. 3(c)) are shown in Fig. 6.
The peak of the bulk plasmon energy lies between 22.3
and 26.5 eV for the different debris regions. For compari-
sion, the plasmon peak of diamond is at 33 eV [8]. From
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Fig. 6. Low-loss carbon spectra of polishing debris.

Table 1

Densities of the carbon materials in debris estimated from the plasmon

energies in Fig. 6

Debris Plasmon energy (eV) Density (g/cm3)

(a) DLC 26.5 2.5

(b) Graphite 25.0 2.2

(c) Amorphous carbon 1 24.0 2.0

(d) Amorphous carbon 2 22.3 1.8
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the low-loss spectrum, the density of the debris material
can be estimated. The bulk plasmon energy corresponds to
the high peak in the graph. According to the free electron
theory, the energy Ep of the bulk plasmon is given by [11]

Ep ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nc_

2e2

4p2m�0

s
,

where nc is the number of valence electrons per unit
volume, _ Planck’s constant, e0 the permittivity of free
space, m and e are the effective electron mass and charge.
Assuming four valence electrons per atom, the density of
the debris can be calculated from the plasmon energy. The
effective mass density r is proportional to the charge
density nc [12]

r ¼
Mnc

nvNA
¼

3nc

NA
,

where NA is the Avogadro’s number, M the atomic weight
( ¼ 12 for carbon) and nv is the mean number of valence
electrons per atom ( ¼ 4 for carbon, assumed). The
densities of the various forms of carbon in the debris
calculated this way are shown in Table 1. It can be seen
that the densities vary in the range of 1.8–2.5 g/cm3.

It is known that the densities of diamond, graphite and
amorphous carbon are 3.5, 2.3 and 1.8 g/cm3, respectively
[13]. Although the free electron theory is only an
approximation, the marked change in the densities clearly
shows that conversion of diamond to less dense forms of
carbon has occurred during polishing, confirming the
observation from the high-loss spectra. The different
densities may be a result of the carbon bonding in different
sp2 to sp3 ratios and the different ways of clustering during
polishing [14].
3.3. Atomic bonding

It is known that different forms of carbon have differing
types of bonding. Perfect diamond has 100% sp3 bonding,
graphite has 100% sp2 bonding, while DLC and amorphous
carbon can have variable sp2/sp3 bonding ratios [13]. There-
fore, the analysis of the sp2/sp3 carbon ratio of the polishing
debris can provide the bonding information, and further
confirm whether the transformation of diamond to non-
diamond carbon has occurred, which would give an indication
of the mechanisms involved in the polishing process.
From the high-loss (carbon K edges) spectra it is possible

to calculate the sp2 to sp3 ratio of the carbon material in the
debris. The amount of sp2 bonding can be deduced from
the area of the 1 s–p* transition in the carbon high-loss
spectrum [8,9]. Excitations of 1 s electrons in the ground
state to p* states result in characteristic sharp p-peaks
observed in the regions around 285 eV (282oDEo286 eV).
Excitations to the s* states occur at higher energy levels.
According to Schmid [8], the fraction of the sp2 bonded
atoms in the debris can be estimated by considering the
integrated intensity of p-peak in unknown forms of carbon
normalized by that of 100% sp2 bonded graphite. In other
words, the fraction f of sp2 bonded atoms in the debris can
be determined by [8]

f ¼
Īd

Ig

 !
p

,

where Id ¼ ðIdpÞ=ðIdðDEÞÞ and Ig ¼ ðIgpÞ=ðIgðDEÞÞ in
which Idp is integrated intensity of the p-peak in the debris,
Igp the integrated intensity of the p-peak in graphitized



ARTICLE IN PRESS
Y. Chen et al. / International Journal of Machine Tools & Manufacture 47 (2007) 2282–2289 2287
carbon which represents 100% sp2 bonding, and Id(DE)
and Ig(DE) are the integrated intensities of Id and Ig,
respectively, over sufficiently large energy widows DE (e.g.
280–320 eV). In the above notations, subscripts ‘‘d’’ and
‘‘g’’ indicate ‘‘debris’’ and ‘‘graphite’’, respectively.

By using the above method and the high-loss EELS
spectra of carbon, the percentages of sp2 bonding in the
debris were estimated to be approximately 30% in DLC
(Fig. 3(a)), 90% in graphite (Fig. 3(b)), and 85% in
amorphous carbon (Fig. 3(b)). These results further
confirm the structures of different phases of non-diamond
carbon. This analysis and the TEM microscopy and EELS
spectroscopy discussed earlier clearly show that the debris
mainly consist of non-diamond amorphous carbon.
3.4. Chemical reaction of SiC during polishing

Further investigations were performed in the silicon rich
area, as detected by EDX. Fig. 7 shows the EELS spectrum
of silicon and the HRTEM of the silicon rich area. By
comparing these results with those in the literature [15,16],
the spectrum (Fig. 7(a)) can be assigned to silicon oxide
(SiO2). According to HRTEM of the silicon rich area
(Fig. 7(b)), it seems to contain two regions: (1) the left
middle region, where the interlayer distance was recognized
to be 4.83 Å, corresponding to the interlayer distance in
iron oxide; and (2) the right bottom region which mainly
contains amorphous phase with only small crystalline area
of which a few lines match lattice spacing of 1.46 Å of SiO2.
In other areas, there was no clear lattice spacing of SiO2 in
the collected EELS of silicon oxide visible, possibly due to
its amorphous structure. It seems that the amorphous SiO2

would mix with iron oxide in forming polishing debris.
Moreover, while the diamond grains in the PCD polishing
interface were transformed to non-diamond carbon, the
remaining SiC skeleton would be consequently exposed to
oxygen at elevated temperature, and the following chemical
reaction was likely to occur:

SiCþ 2O2! SiO2 þ CO2
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Fig. 7. EELS spectrum and HRTEM image of silicon ric
The reaction product SiO2 was found in amorphous
phase and was much softer than SiC. It was removed
mechanically by the high-speed rotating disk. The remain-
ing skeleton SiC then became weaker and was also
removed.
3.5. Polishing mechanism

From a theoretical model developed to predict the
temperature rise in dynamic friction polishing [1,6], the
PCD-metal interface temperature was estimated to be
above 1270K. The high temperature would stimulate the
reactions between the polishing metal disk and diamond at
the interface. While PCD was being polished, on the
contact asperities of the PCD surface, the interface
temperature had risen above the critical point of the fast
transformation of diamond due to the frictional heating.
The contacting catalyst metals would accelerate the
transformation of diamond to non-diamond carbon. From
the Raman analysis, these non-diamond carbons were
detected on the polished metal adhered surface and in the
polishing debris, indicating that transformation had
occurred during polishing [6]. The results presented above
have further confirmed the transformation of diamond to
non-diamond carbons (sp2 and sp3 bonding), which can be
considered as the basic process of the dynamic friction
polishing. Meanwhile, another component of PCD, SiC
also chemically reacted and transformed to amorphous
silicon oxide/carbide. After the transformation, the sur-
faces of the contact asperities became softer and were
removed mechanically with some of the adhered metal/
oxide due to the relative motion between the disk and PCD
surface. After the transformed layer and adhered film were
removed, new asperities would contact with the catalyst
metal. The repetition of this process ultimately results in
polishing the PCD surface.
Fig. 8 summarizes the material removal mechanisms and

the associated chemical reactions in dynamic friction
polishing process.
4.83Ǻ
Fe2O3

1.46Ǻ
SiO2

h area: (a) EELS spectrum and (b) HRTEM image.
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4. Conclusions

Based on systematic EELS and HRTEM analyses, it was
found that the polishing debris were mainly of amorphous
structure, which included different forms of carbon, silicon
oxide/carbon, iron oxides, etc. From the free energy theory
and low-loss energy spectra, the densities of carbon material
in polishing debris were calculated to be much less than
diamond. From high-loss energy spectra, the percentage of
sp2 bonding in the hybridized carbon materials of the
polishing debris ranged from 30% to 90%. These results
indicate that during dynamic friction polishing, the diamond
at surface has transformed to amorphous non-diamond
carbon due to the interaction with rotating metal disk at
elevated temperature. The non-diamond carbon is then
mechanically/chemically removed as it is weakly bonded.
Additionally, silicon carbide takes part in chemical reactions
and transforms to amorphous silicon carbide/oxide. The
mechanism map in Fig. 8 provides a guideline for a possible
process optimization.
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