Chapter 5

Experimental Investigation of the Material
Removal Mechanism

5.1. Introduction

As discussed in Chapter 2, 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 speed (15-25 m/s) and pressure (3-27 MPa) to enable an
efficient abrasive-free polishing of diamond [Iwai et al., 2004, Iwai et al., 2001, Suzuki et
al., 2003, Suzuki et al., 1996]. In spite of the previous research in this area, the material
removal mechanisms involved are far from being fully understood.

DFP was developed from a similar technique, — thermo-chemical polishing — which heats
the whole metal disk to 730 to 950 °C in a vacuum or H2 chamber [Malshe et al., 1999,
Tokura et al., 1992, Weima et al., 2000, Yoshikawa, 1990, Zaitsev et al., 1998] to conduct
polishing at a much lower velocity (e.g., 2.8 mm/s) and nominal pressure (e.g.,15 kPa). The
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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 [Weima et al., 2000, Zaitsev et al., 1998]. 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 [Weima et al.,
2001], which is attributed to the reduction in the surface contact between the diamond
specimen and the plate.

Iwai et al. [Iwai et al., 2001] and Suzuki et al. [Suzuki et al., 2003] investigated the
material removal mechanism of dynamic friction polishing based on polishing efficiency in
various atmospheres, and carried out X-ray diffraction analyses of the polishing debris and
the surface of the 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 mechanisms.
They ruled out the possibility of carbonization of diamond because they did not find
graphite in the polishing debris and/or 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. Furthermore,
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 [Ikawa, 1971, Shimada et al., 2004, Wilks
and Wilks, 1994].
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The aim of this chapter is to explore whether chemical/phase transformations occur during
dynamic friction polishing by experimentally investigating the PCD specimen surface
before and after polishing, and the debris produced during polishing, so that the material
removal mechanisms can be understood precisely, and provide guidelines for a possible
process optimization. These analyses and obtained results are discussed in this chapter, then
further theoretical analyses of the polishing mechanisms will be proposed in Chapter 7 and
the optimization will be presented in Chapter 8.

5.2 PCD material

The PCD specimens used for the experiments were thermally stable diamond composite,
containing diamond, silicon carbide (SiC) and silicon. All the specimens were supplied by
Ringwood Diamond Material Technologies (DMT) Pty. Ltd.

In the process of PCD composite fabrication [Ringwood, 1986, 1991, 1992], diamond
crystals are intimately mixed with silicon in the proportions 65 to 97 percent by weight of
diamond and 3 to 35 percent by weight of silicon. This pre-mixing of silicon with diamond,
prior to hot-pressing is carried out at lower pressures and causes an extensive degree of
plastic deformation of the diamond crystals. The mixed diamond crystals and silicon are
placed within a container and subjected to high pressure (in the range 10 to 40 kilobars) and
temperature (in the range 1100 to 1600 °C) so as to cause melting of the premixed silicon
which infiltrates into the interstitial spaces between the diamond crystals to cause most of
the silicon between the diamond crystals to react with carbon from the diamond crystals to
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produce silicon carbide. The combination of mean confining pressure and temperature lies
within the graphite stability field. The time for maintaining the temperature and pressure
conditions is roughly greater than three minutes to cause silicon to react extensively with
the carbon in the diamond crystals to form an interstitial phase of silicon carbide while
inhibiting the formation of free graphite by retrogressive transformation from diamond. The
resulting compact contains between 50 to 85 volume percent of diamond with a density of
at least 3.35 g/cm3 and a compressive strength of at least 10 kilobars. This process creates a
large cylindrical blank of compressed polycrystalline diamond the size of 32 mm diameter
by 40 mm height. From a large blank, standard manufacturing Electrical Discharge
Machining (EDM) equipment can then shape the PCD into a desired geometry.

The PCD produced in this patented process has excellent properties, such as: superior
hardness and wear resistance, very low coefficient of friction, good thermal conductivity
and thermally stable material in which the binder is SiC (no cobalt), good x-ray
transparency, biocompatibility (diamonds and SiC are biologically inert) [Aspenberg et al.,
1995, Nordsletten et al., 1996, Sella et al., 1993], and is chemically inert to most corrosive
environments. Table 5.1 shows some physical properties of a typical example of this kind
of PCD, containing 70-75% diamond particles of 25 µm in grain size (the rest are SiC and
Si).
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Table 5.1 Physical properties of typical PCD with SiC binder
Property

Results

Hardness (Knoop HK)

62 GPa

Hardness (Vickers HV)

6290 - 12000

Fracture Toughness

9.7 MPa.m1/2

Compressive Strength

4700 MPa

Young's Modulus

860 GPa

Poisson's Ratio

0.09

Wear Rate

2.69 g/m3

Thermal Conductivity

300 W m-1 K-1

Thermal Expansion Coefficient 2.7 x 10-6 K-1
Density

3.5 gm/cm3

Electrical Resistivity

0.05 Ohm/cm

All the excellent properties mentioned above make the PCD composite ideal for computer
heat sink applications, cutting tools, oil & gas exploration drill bits, high volume
excavation rock picks, diamond dressing wheels, and lapping bits, etc. Other applications
include wire drawing dies, wear parts, bearings, non-corrosive insulators and ball milling
media.

The PCD used in the present work is mainly intended for cutting tool applications. The
sintered PCD is shaped by EDM to 12.7 mm diameter and 4 mm thick, and the surface
roughness has been reduced to 1.6 µm Ra. But for the industrial PCD cutting tool
applications, the PCD surface roughness needs to be less than 0.06 µm Ra. Therefore, the
specimens need to be polished to obtain the required surface finish.
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5.3 Experiments

The polishing experiments were conducted on an especially in-house designed and built
PCD polishing machine as described in Chapter 4. With this machine, polishing was
achieved by rotating the catalytic metal polishing disk, while pressing PCD specimens on
to the disk at a predetermined pressure. Experiments were conducted under dry atmospheric
conditions. The polishing parameters were: average sliding speed in the range of 15 to 25
m/s, pressure from 3 to 7 MPa, and polishing time from 1 to 5 minutes. At the end of a test,
the polishing debris were collected from around the PCD surface.

The surface roughness values of unpolished and polished surfaces were measured using
Surftest 402 and Surftest Analyzer (Mitutoyo). Surface topography was observed by an
optical microscope (Leica DM RXE). The surface topography and structure were also
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 of the
interested areas or spots.

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 diffractometer. The
diffraction data (peak positions) were analysed 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.
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Raman spectra were obtained using a Renishaw Raman Microscope (systems 2000) with a
CCD array detector. The collection optics were based on a Leica DMLM microscope. The
specimens or debris in the form of powder, were placed underneath the microscope
objective (X 5, 20, 50). The zones for the recording of spectra were selected optically, and
they were excited by an argon 514.5 nm laser with 20 mW power directed through the
microscope.

The 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 five
minutes. The solution was allowed to settle for five minutes and then the top section of the
suspension was collected. With a TEM grid sitting on filter paper, around ten to fifteen
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 °C to ensure that no micro-structural changes
took place.

The conventional transmission electron microscopy (TEM) studies were carried out using a
Philips CM12, operating at 120kV. The HRTEM investigations were performed on a JEOL
JEM-3000F, operating at 300kV. The samples were also studied through a 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,
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to evaluate the atomic bonding in the interested spot, EELS with 1 µm probe diameter was
employed.

Additional details of the above experiment were discussed in section 3.2 and 3.3, Chapter 3.

5.4 Surface Generation

Surface topography was observed under light microscopy and SEM. Figure 5.1 shows the
SEM images of typical PCD before and after polishing. Before polishing, the surface was
rough (Fig.5.1 (a)) and could not be seen clearly under light microscopy due to its short
depth of field. The roughness of the specimen surface was approximately 1.6 µm Ra.

During polishing, there were lots of sparkles from the contact points, the steel disk surface
was melted by the frictional heating and adhered to the PCD surface. After polishing, a thin
metal/metal oxide film was found to adhere to the polished PCD specimen surface (Fig.5.1
(b)). With parts of the metal film on the specimen surface, the diamond grains could not be
seen clearly. The roughness of this surface varied with polishing conditions, such as
polishing time and disk rotating speed; and the Ra value varied from 0.1 to 0.6 µm. The
thickness of the adhered film also varied with polishing conditions, and was found to be in
the range 1-8 µm. An acid solution (HCl+ HNO3) and/or further mechanical polishing
(with SiC paper) was used to remove the adhered film.
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(a) Before polishing

(b) After polishing with adhered film

(c) After removal of adhered film

(d) After further mechanical polishing

Fig. 5.1 SEM image of PCD surface before and after polishing

After the metal/oxide adhered film was removed, the surface of the PCD specimen
improved (Fig.5.1 (c)). Its Ra value was measured to be approximately 0.2 µm, which had
decreased markedly from 1.6 µm Ra before polishing. However, it was impossible for the
disk polishing to achieve the target value 0.06 µm Ra even with the optimal polishing
parameters. After further polishing with diamond abrasive, the PCD surface roughness
could reach Ra = 0.05 µm, as shown in Fig.5.1 (d).
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5.5 Composition and Structural Analysis of PCD Specimens

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.

5.5.1 EDX in SEM
Fig.5.2 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.5.2 (a)). After polishing, a metal/oxides
film was found to adhere to the diamond surface. On the adhered surface, a large quantity
of silicon and carbon, some oxygen and iron were detected together with chromium and
nickel (Fig.5.2 (b)). Once the metal/oxides film was removed from the polished surface, the
elements on the clean surface (Fig.5.2 (c)) were similar to those before polishing (Fig.5.2
(a)). A large amount of carbon, silicon and small quantity of oxygen were found with little
iron.
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(a) Before polishing

(b) After polishing: with adhered film
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(c) After polishing: cleaned surface
Fig.5.2 EDX analysis of PCD surface

5.5.2 XRD
The structural quality of the dynamic friction polished surfaces can be assessed using XRay diffraction analysis. Fig.5.3 shows the results of XRD analyses of diamond surface
before and after polishing. Before polishing, diamond and silicon carbide were detected
with little coesite (SiO2) on the PCD surface (Fig.5.3 (a)). After polishing, maghemite
(Fe2O3) and awaruite (Ni, Fe) were also detected on the metal/oxide adhered surface in
addition to the SiC and diamond (Fig.5.3 (b)). After removing the adhered metal/oxide
layer, the surface structure was similar to that before polishing. From the X-Ray diffraction
analysis, graphite (2θ=30°) was not detected in any of the PCD surfaces. That means there
is no crystalline graphite on the PCD surface before or after polishing, even on the metal
adhered film surface. Since XRD can only provide information about crystalline structure, a
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non-crystalline structure, like amorphous carbon will not give rise to an XRD pattern
[Rutledge and Gleason, 1997]. Therefore, the possibility of carbonization of diamond still
could not be ruled out. Another technique, Raman spectroscopy, which can distinguish
between different forms of carbon, should be used to further investigate the polishing intermedium and find out the possible reactions or phase transformations.
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(b) after polishing with metal/oxide adhered layer
Fig.5.3 XRD analysis of PCD surface

5.5.3 Raman spectroscopy
Raman spectroscopy can be used to distinguish different forms of carbon [Bonnot, 1990,
Johnston et al., 1992, Knight and White, 1988, Rutledge and Gleason, 1997, Solin and
Ramdas, 1970]. As shown in Fig.5.4 (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 [Knight and
White, 1988, Zaitsev, A.M., 1997]. The 2 cm-1 shift to a higher wave-number indicates a
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compressive residual stress on the PCD specimen, because the Raman band of diamond
moves to higher wave-number shifts with increasing applied pressure [Johnston et al.,
1992]. According to the literature [Chollon et al., 2005, Karlin and Colomban, 1998], the
SiC Raman features appear within the 600-1000 cm-1 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 [Nakashima and Harima, 1997, Nakashima et
al., 1996], while the band at 520 cm-1 results from the contribution of crystalline silicon
[Piscanec et al., 2003].

1334
520

(a)

799.1

1322
412.6

(b)

291
1585

793.7

673.8

224
246

618.4
1332

(c)

797.5
1588

518
1332
520.5

(d)
1800

1600

1400

1200

1000

800

600

400

Counts / Raman Shift (cm-1)

(a) Before polishing, (b) After polishing with adhered film, (c) After polishing and
removal of adhered film, (d) After further polishing with diamond abrasive
Fig.5.4 Raman spectra of PCD specimen surface
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For the metal/oxide film which adhered to the surface after polishing, the Raman spectrum
(Fig.5.4 (b)) consisted of broad bands centred 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 [Beeman et al., 1984, Bonnot, 1990, Dillon
et al., 1984]. The defects composed of sp3 bonded carbon atoms are revealed in diamond
Raman scattering at frequencies < 1332 cm-1 [Zaitsev, 1997]. In contrast, the sp2 (graphitic)
bonded species are revealed at > 1332 cm-1. The 1322 cm-1 band is ascribed tentatively to
disordered (defective) sp3 bonded carbon or lonsdaleite (hexagonal diamond) inclusions
[Knight and White, 1988, Zaitsev, 1997]. 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 [Bonnot, 1990]. The Raman peak from diamond
(1332 cm-1) moves to lower wave number shifts and the peak broadens with increasing
temperature [Johnston et al., 1992]. If diamond did not change its structure, its Raman
spectra would be totally reversible. During the dynamic friction polishing, it seems that
some of the cubic diamond 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 cooled down, this non-diamond carbon still adhered to the
surface. Though the band centre at 1585-1597 cm-1 is hardly detectable, 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 [Yan and
Chang, 2005, Zaitsev, 1997]. All these indicate the transformation of diamond to nondiamond carbon (disordered or amorphous sp2 and sp3) during polishing.
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On the spectrum shown in Fig.5.4 (b), there are also Raman peaks at 224, 246, 291, 413,
618, 674 and 794cm-1. According to the literature [Clark and Curri, 1998, Farrow et al.,
1980, Tjong, 1983, Wang et al., 2000], 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 is attributed to chromium oxide (Cr2O3) [Tjong, 1983].

After the removal of the adhered metal/oxide layer (Fig.5.4 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 the 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 (spectrum (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 in the specimen with the
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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 transformed graphite would be oxidized1 quickly, and that
is why the graphite band was hardly detected on the specimen with an adhered metal/oxide
film. But when it was covered by the metal/oxide film, it remained in the specimen. After
the film was removed, the intensity of the graphite band became stronger.

After further polishing of the PCD specimen with diamond abrasives, the Raman spectrum
(d) in Fig.5.4 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 steel or its temperature
did not reach the critical point).

5.6 Analysis of Polishing Debris

5.6.1 SEM and attached EDX
Analysis of the debris produced from DFP experiments was carried out using SEM and its
attached EDX analysis. Through SEM, it was found that the size of the debris varied from a
few microns to hundreds of microns, and the shapes of the debris were either flake-like or
particle-like. Fig.5.5 (a) shows one of the flake-like debris pieces and a few of the particle1

Oxidation of carbon will be discussed in greater detail in Chapter 7.
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like debris pieces. EDX revealed that the flake-like debris contained mainly iron, chromium,
nickel and oxygen, as shown in Fig.5.5 (b), indicating that it came from the polishing metal
disk tool. Also, this flake-like debris was much bigger than irregular debris, it could have
been delaminated or chipped away from the metal disk during DFP under high speed and
high pressure.
Flake-like

Particle-like

(a) SEM image

(b) EDX analysis of the flake-like debris
Fig.5.5 Polishing debris
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A typical particle-like debris, produced during polishing is shown in Fig.5.6 (a). According
to EDX analysis in Fig.5.6 (b), this contained carbon, oxygen, silicon, iron, chromium and
nickel, indicating that these constitute elements from both the PCD and the metal disk, and
contained product(s) of possible reaction(s). This debris is likely to be removed from the
PCD surface.

(a) SEM image

(b) EDX analysis
Fig.5.6 Particle-like polishing debris
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It was noted that the element carbon was always detected with iron, while iron could be
detected without carbon. This means that the carbon (diamond), removed from the PCD
surface, was in contact with iron or as the products of chemical reaction, while iron could
be directly removed by the oxidation and/or micro chipping from the metal disk to form the
polishing debris.

5.6.2 XRD
According to XRD analysis of the polishing debris (Fig.5.7), it mainly consisted of iron
oxide Fe2O3 (relatively weak intensity) and tridymite SiO2. There was not any indication of
carbon crystalline (graphite or diamond) structure in the debris, though the element carbon
was detected in the debris by EDX analysis. Carbon might exist in this debris in the form of
non-crystalline or amorphous carbon, since the diffraction signal from these materials is
very weak.
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Fig.5.7 XRD analysis of polishing debris
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Therefore, Raman spectroscopy, which can distinguish between different forms of carbon,
was applied to further investigate the polishing debris and the PCD specimen surface and
find out the material removal mechanism.

5.6.3 Raman spectroscopy
Figure 5.8 shows the Raman spectra of three typical polishing debris pieces. On the low
wave number part, bands at 246, 294, 410, 613 and 663 cm-1 were observed. According to
the literature [Clark and Curri, 1998, Farrow et al., 1980, Tjong, 1983, Wang et al., 2000],
it is reasonable to conclude that iron oxide is the component of the polishing debris. On the
high wave number part, broad Raman bands cantered at 1319-1321 cm-1 were detected.
These bands are ascribed tentatively to defective sp3 bonded carbon or lonsdaleite carbon
[Knight and White, 1988, Zaitsev, 1997]. Additionally, from the X-ray diffraction analysis
(Section 5.6.2), only iron oxide and trdymite were detected in the polishing debris. That
further confirmed there is no crystalline carbon in the debris.

It is known that the Raman band position of diamond is a function of temperature [Johnston
et al., 1992], it moves to lower wave number shift and the peak broaden with increasing
temperature. Diamond is stable in inert environments up to temperature 1300 °C, while in
oxygen environments up to 600 °C. Below these temperatures in corresponding
environments, the expected shift to lower wave-numbers of diamond is totally reversible.
However, during DFP, diamond contacting with transition metal at elevated temperatures,
appears to lose its diamond structure and transform to non-diamond carbon (graphite and
lonsdaleite), and then is removed mechanically due to the relative PCD specimen-disk
116

sliding. When the debris cools down, it cannot revert to diamond (sharp line at 1332 cm-1)
structure.
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Fig.5.8 Raman spectra of typical polishing debris

There was no indication of the presence of graphite from this debris, although a low
intensive graphite band (Raman peak at 1588 cm-1) was detected in polished specimens.
The surface graphite, which converted from diamond, is likely to oxidize in the oxygen
environment and escape as CO/CO2 gas. Some of the converted graphite may partly remain
in the PCD specimen covered by the adhering film, or may remain inside the debris and not
be detected by Raman spectroscope due to its lack of spatial resolution for phase
identification in nanocrystalline structure.

Thus, HRTEM and EELS which have better spatial resolution were used to reveal the
electronic structure of the debris material and different phases of carbon respectively.
117

Because the characteristic EELS peak reveals the presence of π 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 its microstructure,
chemical composition and bonding information.

5.6.4 TEM, electron diffraction, EDX and EELS analysis
The polishing debris were further studied by using TEM, including conventional TEM,
HRTEM and STEM, and their attached EDX, EELS and electron diffraction analysis.

Figure 5.9 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 as discussed in section 5.6.2. Through
conventional TEM, it was found that almost all the polishing debris were amorphous, and
that only little parts of the debris showed the Fe2O3 crystal structure.

(a) TEM image

(b) diffraction pattern
Fig.5.9 TEM analysis of polishing debris
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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 detect the elements at selected spots. According to the EDX analysis,
the debris contained carbon, oxygen, silicon, iron, chromium and nickel, which were
similar to the EDX analysis in SEM, as in section 5.6.1. Some spots/areas consisted of 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. EDX was used to exclude the metal rich areas and to detect the elements of
carbon and silicon, which come from the polishing PCD specimen.

Further EELS and HRTEM analyses were mainly 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.

Fig.5.10 STEM image of debris and the position of EELS beam
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Figure 5.10 shows the STEM image of a piece of polishing debris and the position of the
electron beam on the debris to collect the EELS spectrum on the hole of the carbon film.
Three typical high-loss spectra of carbon in the polishing debris from different areas are
shown in Fig.5.11. 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.5.12 [Fallon and Brown, 1993, Grillo and Field, 1997a, Schmid, 1995] for reference. It
is clear that diamond has a single loss feature with an onset at about 290 eV owing to its σ*
electronic states while graphite has an additional absorption starting at around 285 eV due
to its lower-lying antibonding π* states [Welz et al., 2003]. 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.5.11 (a)), graphite (Fig.5.11 (b)) and amorphous-carbon (Fig.5.11 (c)), but not
diamond. It can be seen that transformation of diamond to different forms of non-diamond
carbon took place during dynamic friction polishing.
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Fig.5.11 High-loss carbon spectra of polishing debris
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Fig.5.12 High-loss spectra of carbon [Grillo and Field, 1997b]
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Though the majority of the debris material appeared to be amorphous, high resolution
images of these debris reveal the presence of crystallites in an “amorphous” matrix, because
some fringe groups are present in the matrix. Figure 5.13 shows three typical HRTEM
images of the polishing debris. The fringe spacing in Fig.5.13 (a) is 3.55 Å, implying that
ordered hexagonal Fe2O3 regions may exist. Figure 5.13 (b) shows an HRTEM image of
the area where graphite EELS spectrum was collected (Fig.5.11 (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.5.13
(c), which corresponds to the amorphous carbon EELS spectrum (Fig.5.11 (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 diamond-like carbon
(Fig.5.11 (a)) were collected. It might exist in amorphous forms in polishing debris, as
indicated by a broad band in Raman spectra (section 5.6.3). No diamond was observed in
the polishing debris.
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(a) Iron oxide

(b) Graphite
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(c) Amorphous carbon
Fig.5.13 Typical HRTEM of polishing debris

Typical low-loss EELS spectra, corresponding to high-loss spectra of DLC (Fig.5.11 (a)),
graphite (Fig.5.11 (b)) and amorphous-carbon (Fig.5.11 (c)) are shown in Fig.5.14. The
peak of the bulk plasmon energy lies between 22.3 to 26.5 eV for the different debris
regions. For comparison, the plasmon peak of diamond is at 33 eV [Schmid, 1995].
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Fig.5.14 Low-energy-loss carbon spectra of polishing debris

From 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 [Williams and Carter, 1996]
Ep =

nc h 2e 2
4π 2 mε 0

where nc is the number of valence electrons per unit volume, h Planck’s constant, ε0 the
permittivity of free space, m and e 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 ρ is proportional to the charge density nc [Grillo and
Field, 1997b]

ρ=

Mnc 3nc
=
nv N A N A
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where NA is the Avogadro’s number, M is the atomic weight (=12 for carbon), nv the mean
number of valence electrons per atom (=4 for carbon, assumed). The densities of the
various forms of carbon in the debris calculated this way are shown in Table 5.2. It can be
seen that the densities vary in the range of 1.8 to 2.5 g/cm3.

Table 5.2 Densities of carbon material in debris estimated from the plasmon energies in
Fig.5.14
Plasmon energy (eV)

Density (g/cm3)

(a) DLC

26.5

2.5

(b) Graphite

25.0

2.2

(c) Amorphous carbon1

24.0

2.0

(d) Amorphous carbon 2

22.3

1.8

Debris

It is known that the densities of diamond, graphite and amorphous carbon are 3.5, 2.3 and
1.8 g/cm3, respectively [Pierson, 1993].

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
[Van Bouwelen et al., 2003].

It is well known that in carbon bonding, sp3 orbital is the key to diamond, while the sp2
orbital is the basis of all graphitic structures [Pierson, 1993]. Perfect diamond has 100% sp3
bonding, graphite has 100% sp2 bonding, and DLC and amorphous carbon have variable
sp2/sp3 bonding ratios. Therefore the analysis of the sp2/sp3 ratio can provide the carbon
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bonding information, and further confirm whether the transformation occurred, and give an
indication of the mechanism of 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 1s to π* transition in the carbon high-loss spectrum [Fallon and Brown, 1993,
Schmid, 1995]. Excitations of 1s electrons in the ground state to π* states result in
characteristic sharp π-peaks observed in the regions around 285 eV (282<∆E<286 eV).
Excitations to the σ* states occur at higher energy levels. According to Schmid [Schmid,
1995], the fraction of the sp2 bonded atoms in the debris can be estimated by considering
the integrated intensity of π-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 [Schmid, 1995]
Id 
f =  
 I g π
where I d =

I gπ
I dπ
and I g =
in which I dπ is the integrated intensity of the πI d (∆E )
I g (∆E )

peak in the debris, I gπ is the integrated intensity of the π-peak in graphitized carbon which
represents 100% sp2 bonding, and I d (∆E ) and I g (∆E ) are the integrated intensities of Id
and Ig, respectively, over sufficiently large energy windows ∆E (e.g. 280-320 eV). In the
above notations, subscripts “d” and “g” indicate “debris” and “graphite” respectively.
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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.5.11 (a)),
90% in graphite (Fig.5.11 (b)), and 85% in amorphous carbon (Fig.5.11 (c)). 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.

Further investigations were performed in the silicon rich area, as detected by EDX. Figure
5.15 shows the EELS spectrum of silicon and the HRTEM of the silicon rich area. By
comparing these results with those in the literature [Ahn et al., 1983, Li et al.], the
spectrum (Fig.5.15 (a)) can be assigned to silicon oxide (SiO2). According to HRTEM of
the silicon rich area (Fig.5.15 (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 the
amorphous phase with only a 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
temperatures, and the following chemical reaction would be likely to occur:
SiC+2O2 = SiO2 +CO2
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The reaction product SiO2 was found in the amorphous phase and was much softer than SiC.
It was removed mechanically by the high speed rotating disk. The remaining skeleton SiC
then became weaker and was also removed.
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Fig.5.15 EELS spectrum and HRTEM image in silicon rich area
129

5.7 Summary of the Dynamic Friction Polishing Process

Whilst PCD was being polished, on the contact asperities of the PCD surface, the interface
temperature rose 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 (Section 5.5.3 & 5.6.3), these
non-diamond carbons were detected on the polished metal adhered surface and in the
polishing debris, indicating that transformation had occurred during polishing. Based on
systematic EELS and HRTEM analyses (Section 5.6.4), it was found that the polishing
debris were mainly of amorphous structure, that 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 the polishing debris were calculated to be much less than
that of 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 interaction with the rotating metal disk at elevated
temperatures. After the transformation occurs, the surface of the contact asperities becomes
much softer, and it is easily removed with the adhered metal/oxide due to the motion
between the disk and the PCD surface. SEM and EDX analyses in Section 5.6.1 also
indicated that carbon was removed with catalyst metals/oxide in the debris.
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Meanwhile, another component of PCD, SiC also chemically reacted and transformed to
amorphous silicon oxide/carbide. After the transformation, the surfaces 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.
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