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Abstract

This paper investigates the interface temperature rise in polishing a polycrystalline diamond (PCD) surface. First, the Greenwood–

Williamson’s statistical asperity model is applied to characterise the surface roughness of a PCD specimen. The result is then used to estimate

the contact area and total number of contact asperities under an applied polishing load. The heat generated is taken as the product of the

friction force and the relative sliding velocity between the PCD asperities and the metal disk surface. The Jaeger’s moving heat source

analysis is then applied to determine the fractions of heat flux flowing into the PCD asperities and their counterpart in contact sliding and to

give rise to the average temperature rise. A comparison with the observations made in the authors’ experiments and those reported in the

literature showed that the model predicts very well the temperature rise at the polishing interface.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polycrystalline diamond (PCD) compacts are very

attractive cutting tool materials because of their excellent

properties such as ultra high hardness, thermal conductivity,

strength, and chemical inertness to most corrosive environ-

ments. For precision machining applications, where PCD

have been widely used, a cutting tool must have excellent

surface finish and cutting edge sharpness. However, because

of the ultra high hardness and chemical inertness of diamond,

polishing of a PCD cutting tool is difficult. The traditional

mechanical abrasive polishing technique has extremely low

polishing rates, of the order of 10 nm/h, and therefore is time-

consuming and costly [1]. Since 1988, various physical and

chemical means have been explored to polish diamond and

diamond films [2,3]. These include mechanical polishing [4,

5], chemically assisted mechanical polishing [6,7], thermo-

chemical polishing [8–11], laser/plasma/ion beam polishing

[2,12–14] and dynamic friction polishing [15,16], where
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the dynamic friction method has been reported to be efficient

and cost-effective. However, the control and optimization of

the process have not been studied.

The dynamic friction polishing technique utilizes the thermo-

chemical reaction between a diamond surface and a metal disk

tool rotating at a high peripheral speed (Fig. 1). The polishing

mechanisms can be described as: (a) conversion of diamond

carbon into non-diamond carbon by friction heating and

contacting with catalytic metals, which is then removed

mechanically; (b) diffusion of carbon atoms into a counterpart

metal and chemical reaction with the metal to form carbides; and

(c) oxidization of carbon and evaporation in the form of CO or

CO2 gas. It is clear that chemical reaction of carbon plays an

important role in the material removal of polishing PCD, with

which carbon can react with metals or oxidate at an elevated

temperature.

To control and then optimize the polishing of PCD using

the friction dynamics mechanisms, the first step is to

estimate the temperature rise during the process, find out the

most effective ranges of polishing speed and pressure, and

then establish their relation to the material removal rate.

Hence, this very first paper of the authors’ series research

will focus on the development of a model to predict the

temperature rise of the PCD surface during polishing. Such
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Nomenclature

A 0 nominal area of PCD specimen

A expected actual contact area

C specific heat

h average heat flux

E Young’s modulus

K thermal conductivity

L Load on PCD specimen

L1 average force on an asperity

N number of asperities

P 0 normal pressure on PCD specimen

P expected applied pressure

R PCD asperity radius

r radius of polishing disk

V sliding speed

T temperature rise

z height of asperity

m coefficient of friction

r density of material

n Poisson’s ratio

c thermal diffusivity

F(z) distribution function of asperity heights

h density of asperities

u speed of rotation

s standard deviation
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calculations would help determine whether the temperature

rise is high enough to stimulate a chemical reaction.
2. Modelling

Greenwood–Williamson’s statistical asperity model will

be used to characterise the surface roughness of a PCD

specimen. The result will then be used to estimate the contact

area and total number of contact asperities under an applied

polishing load. The heat generated will be taken as the product

of the friction force and the relative sliding velocity between

the PCD asperities and the metal disk surface. The Jaeger’s

moving heat source analysis will then be applied to determine

the fractions of heat flux flowing into the PCD asperities and

their counterpart at contact sliding in polishing and to give rise

to the average temperature rise on the contact surface.

2.1. Statistical model of PCD surface roughness

During polishing, the contact between a PCD surface and

the polishing disk is on a large number of asperities.
Polishing disk

r

P

PCD
specimen
holder

 PCD 

Fig. 1. Schematic illustration of dynamic friction polishing.
Random roughness of the PCD can be characterized by a

statistical asperity model [17], which assumes: (i) that all

asperities are spherical at their summits and have the same

radius R and, (ii) that their heights vary randomly: the

probability that a particular asperity has a height between z

and zCdz above a reference plane, as illustrated in Fig. 2

will be F(z) dz, where F(z) is the height distribution of the

PCD asperities. Fig. 2 shows the schematic of the contact

surfaces. The behaviour of an individual asperity during

contact can be found from the Hertzian equations [18]. It

should be noted that the surface of the polishing metal disk

is assumed to be smooth, since the metal is much softer than

PCD so that the polishing forces acting through neighbour-

ing disk asperities will influence each other, i.e. the

individual contacts are not independent.

If the two surfaces come together until their reference

planes are separated by a distance d (Fig. 2), then contact

will occur at any asperity whose height was originally

greater than d [17]. So, the probability of making contact at

any given asperity of height z is

probðzOdÞ Z

ðN

d

FðzÞdz

If the surface density of asperities h and the nominal

contact area A 0 are known, then the total number of

asperities will be NZhA 0. Thus the expected number of
Fig. 2. Schematic of PCD asperities-disk contact in polishing (The load is

supported by those shaded asperities whose heights are originally greater

than the separation d.).
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contacts will be

n Z hA0

ðN

d

FðzÞdz: (1)

The expected total area of contact will be

A Z phA0R

ðN

d

ðzKdÞFðzÞdz: (2)

The expected total load is

L Z
4

3
hA0E 0R1=2

ðN

d

ðzKdÞ3=2ðzÞdz; (3)

where

1

E 0
Z

1Kn2
1

E1

C
1Kn2

2

E2

(4)

in which E and n are Young’s modulus and Poisson’s ratio,

and the subscripts 1 and 2 refer to the two contacting

materials. The applied load L is carried by asperities in

contact. The nominal pressure is P 0ZL/A 0, and applied

pressure is PZL/A, where A 0 is the nominal area of

specimen and A is the expected contact area. Note that

P[P 0 because A/A 0, and that the actual contact area A is

a strong function of surface roughness, but P is not. This

suggests that P controls polishing via the actual contact area

[19].

Thus, if the surface characteristic function of the PCD,

F(z), and the applied load, L, are known, then the separation

of the two surfaces can be calculated by using Eq. (3). The

number of contacts n and the contact area A can then be

obtained by using Eqs. (1) and (2).
2.2. Temperature rise

In order to estimate the temperature rise at contact

between a PCD asperity and a polishing disk, the theory of a

moving heat source and the method of energy partition at

contacts developed by Jaeger [20] are used. The heat

generated at the contact between a PCD asperity and the

polishing disk is taken as the product of the friction force

acting on the asperity and the relative sliding velocity V

between the asperity and the disk. The average force L1

acting on the asperity is the total load divided by the number

of contacts

L1 Z L=n Z PA0=ðhA0

ðN

d

FðzÞdzÞ Z P=h

ðN

d

FðzÞdz: (5)

Since the summits of asperities are assumed to be

spherical with radius R, and the contact is assumed to be

Hertzian, the average contact radius of the asperity is
given by:

a Z

ffiffiffiffiffiffiffi
A

pn

r
Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R
ÐN
d

ðzKdÞFðzÞdz

ÐN
d

FðzÞdz

vuuuuuut : (6)

The average heat flux at the real area of contact due to the

frictional heating can therefore be expressed as [20–22]

h Z
mL1V

pa2
; (7)

where m is the coefficient of friction and V is the relative

sliding velocity between the contacting bodies, which is

determined from the relation VZru (Fig. 1). For an

individual asperity of PCD, the contact between the asperity

and polishing disk is Hertzian, tangential friction force has a

parabolic distribution, and the tangential frictional stress is

given by [18]

qðxÞ Z
3mL1

2pa3
ða2Kx2Þ1=2:

Thus the heat flux generated due to the tangential friction

force also has a parabolic distribution over the contact area.

The frictional heating of a PCD asperity can be modeled

as a heat source moving over the surface of a semi-infinite

polishing disk with velocity V, as the disk and PCD

specimen are much bigger than the asperities. An analytical

formulation for the temperature under a square or a band

heat source moving over the surface of a semi-infinite solid

was presented by Jaeger [20]. Later in 1994, Tian and

Kennedy [21] derived an approximate solution for the

interface temperature rise under a moving circular heat

source for the entire range of Peclet numbers Pe which,

representing the scale of the velocities in moving heat

source, is defined as [21,22]

Pe Z
Va

2c
Z

VarC

2K
;

where cZK/(rC) is the thermal diffusivity, K is thermal

conductivity, C is specific heat, and r is the density of the

material exposed to the heat source. In this paper, Pe refers

to the Peclet number of the polishing disk material.

The frictional heating of a PCD asperity can be modeled

as a heat source moving over the surface of a semi-infinite

polishing disk with velocity V. According to Tian and

Kennedy [21], the average, steady-state surface temperature

rise T over the area of contact due to a circular parabolic

heat source h moving over a homogeneous semi-infinite

solid with velocity V is

T Z
1:464ah

K
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð0:874 CPeÞ

p : (8)

For a stationary parabolic circular heat source h, the

temperature rise is
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T Z
9Q

32RK
Z

9pah

32K
: (9)

According to Jaeger [20], when a steady state has been

attained, it can be assumed that a fraction a of the heat h per

unit time per unit area generated over the area of contact

passed on to the polishing disk and the remaining fraction

(1Ka) to the PCD asperity. The fraction a can therefore be

determined by the condition that at the contact interface, the

average temperature on the disk surface equals that on the

PCD surface, if there is no heat loss to the surroundings.

Equating these temperature rises, given by Eqs. (8) and (9)

for the asperity and the disk surfaces over the circularly

shaped area of contact gives rise to

1:464aha

Kd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð0:874 CPeÞ

p Z
9pahð1KaÞ

32Kp

: (10)

The subscripts d and p refer to the disk and PCD asperity,

respectively. From Eq. (10), the heat flux fraction a going

into the polishing disk is

a Z
9pKd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð0:874 CPeÞ

p

46:848Kp C9pKd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð0:874 CPeÞ

p : (11)

The contact temperature rise at the sliding interface is

therefore:

T Z
13:176pah

46:848Kp C9pKd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð0:874 CPeÞ

p : (12)

The above analysis gives an upper bound estimation

because the heat loss into the surrounding has been

neglected. Since the model calculates the average tempera-

ture rise on the asperity over the contact area, hot spot or

flash temperatures, which could be significantly higher in

polishing, cannot be estimated.

In the model developed above, when the applied load and

the surface characteristics (including the function F(z),

radius of asperity R and the asperity density h) are known,

the number of contacts n and the contact area A can be

calculated by using Eqs. (1)–(3). Then from Eq. (7), the

average heat flux h can be obtained after the average force

L1 and the contact radius of asperity a are determined from

Eqs. (5) and (6) respectively. Finally the average contact

temperature rise can be calculated from Eq. (12).
Fig. 3. The surface topography of a PCD specimen before polishing,

generated by confocal microscopy. (a) The extended focus picture (b)

Surface roughness diagram.
3. Experimental measurement of surface topography

In order to calculate the expected number of contacts and

total area of contact, the topographic parameters should be

measured. These parameters include the radius of asperity

summits, the surface density of asperities and the spread of

asperity heights. For this purpose, the confocal microscope

technique used by Zhang and Zarudi [23] was employed.

With the confocal microscope, a series of pictures in focus

on different layers can be obtained. Also these pictures can

be compiled to an extended focus image; one such image
obtained in the present study which shows PCD asperities is

depicted in Fig. 3(a). Then on a selected line, a surface

roughness diagram can be acquired as shown in Fig. 3(b) to

generate the surface roughness data.

By using the microscopy analysis software LEICA

QWin, these extended focus images were analysed. From

the results of asperity field analysis, the area of asperity, the

number of asperities (count), the total area of analysed

frame and the ratio of count to frame area were obtained.

For the PCD compact used in the present experiment, the

average asperity density h was found to be 2.2!
105 asperities/mm2. From an analysis of the asperity

features, it was found that the mean equivalent diameter

of asperities was 0.90 mm, hence the average radius of the

asperities was calculated to be 0.45 mm.

By using an Excel statistical data analysis tool:

Histogram and Descriptive Statistics, it was found that the

asperity heights on the surface would approximately obey a

Gaussian distribution, FðzÞZ 1
s
ffiffiffiffi
2p

p ez2=2s2

, with an average

height of 0 (which is the asperity height reading from the

mean plane) and a standard deviation of 2.0 mm. The

standard deviation s of the distribution is identical to



Table 1

Properties of PCD and catalytic steel

Catalytic steel Polycrystalline

diamond

Young’s modulus E 200 GPa 900 GPa

Poisson’s ratio n 0.28 0.10

Thermal conductivity

K

16.3 W/m K 300 W/m K

Density r 8000 kg/m3 3520 kg/m3

Specific heat C 500 J/kg K 470 J/kg K
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Fig. 4. Variation of average temperature rise with sliding speed at different

nominal pressures.
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the root mean square roughness value of the surface [24]. In

the present work, the maximum asperity height was 5.0 mm

and hence this value was used instead of infinity for the

integrations in Eqs. (1)–(3), (5) and (6).

It should be noted that the surface characteristics R and N

of a randomly rough surface are not unique but depend on

the resolution and the scan length of the roughness-

measuring instrument [24]. Only the standard deviation s

can be approximately taken as scale-independent. Thus only

the asperities which had a roughness of the same order of

magnitude as that of the overall s value can be counted.
4. Results and discussion
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4.1. Predicted results

The contact temperature rise for the polishing of PCD

using a steel disk, which acts catalytically with the diamond

surface, has been estimated using the temperature model

derived above. Table 1 gives the material properties of the

PCD and the steel used for the calculations. It must be

pointed out that the properties of PCD are strongly

dependent on composition, particle size, and processing

conditions [18]. For example, the thermal conductivity of a

normal PCD can range from 250 to 920 W/m K [25–29].

For the present PCD, some of the data such as thermal

conductivity, the Poisson’s ratio and density were measured

experimentally. The coefficient of friction between the disk

and PCD asperity was taken to be 0.15 based on the

measurement by Iwai et al [15]1. A MATLAB program was

developed for calculating the temperature rise.

Figs. 4 and 5 show the variations of the calculated

average contact temperature rise with the sliding velocity

and nominal applied pressure. According to these figures,

the higher values of P and V correspond to a higher heat flux

h and higher temperature rise T. The temperature rise T is

seen to increase with increasing P and V. The dependence of

T on V appears to be linear for a fixed nominal pressure

(Fig. 4). However, for a fixed sliding velocity V, the relation

between T and P seems to follow by a power law (Fig. 5).
1 The coefficient of dynamic friction was measured to be from 0.13 to 0.2

at pressures 17 and 27 MPa with a mean value of about 0.15.
It can also be seen that velocity has a greater influence on

temperature rise T (indicted by a higher slope) than pressure.

From Eq. (12), it can be seen that the temperature rise is

dependent on not only the sliding parameters (V and P), but

also the surface characteristics and properties of the two

sliding materials, especially their thermal conductivities.

Thus, we have also predicted the temperature rise for

varying values of the PCD’s thermal conductivity. The other

data used for the calculation are given in Table 1. These

predicted results are given in Fig. 6. As expected, higher

values of PCD’s thermal conductivity result in lower values

of temperature rise at the interface. For example, when the

thermal conductivity of PCD increases twice, the tempera-

ture rise drops to 50%.

The surface roughness of PCD also affects the

temperature rise. Fig. 7 compares the temperature rise for

different values of standard deviation sZ1, 2 and 4 mm. In

the calculations, the maximum height of the asperity was

selected to be 2.5s, which is the appropriate value for
Presure (MPa)

Fig. 5. Variation of average temperature rise with nominal pressure at

different sliding speeds.
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Fig. 6. Variation of temperature rise with sliding speed at different thermal

conductivity of PCD at pressure 5 MPa.
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the PCD used in the present work. The results given in Fig. 7

show that a higher surface roughness of PCD results in a

higher temperature rise, since there are fewer asperities in

contact under the same nominal pressure and hence a higher

average load on contact asperities. This means that when

polishing goes on, the polishing speed or pressure should be

increased if one needs to maintain the same temperature rise

for the sake of efficient polishing (neglecting the heat

accumulation), because the surface roughness of a PCD

specimen decreases during polishing.

In the above calculations, it was assumed that the

material properties such as Young’s modulus E and thermal

conductivity K would not vary with temperature. While the

details on temperature-dependence of E and K for PCD

could not be found, the information available seems to

indicate that for both the catalytic steel and PCD, E

decreases whereas K increases with the increase in

temperature [25,30,31]. A decrease in E will cause an

increase in pressure and hence an increase in the calculated
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Fig. 7. Variation of temperature rise with sliding speed at different surface

roughness at pressure 5 MPa.
temperature. On the other hand, an increase in K will lead to

a decrease in the calculated temperature. Therefore, the

variations of E and K with temperature may not have large

influence on the calculated temperature rise due to the

balancing of their opposing effects.
4.2. Comparison with experiments

A direct measurement of temperature rise at the polishing

interface is almost impossible at the present, so is a direct

quantitative comparison of the theoretical prediction with

experimental ones. However, the following experimental

observations support our theoretical estimations.

In one of the authors’ preliminary tests, the PCD surface

topography was measured as described in Section 3. The

polishing parameters were: sliding speed approximately

15 m/s and pressure 5 MPa. During polishing, the steel disk

turned red, and lots of sparkles were observed. It was noted

that due to the frictional heat, the steel disk surface melted

and adhered to the PCD surface. Obviously, the temperature

at the interface was raised above the melting point of steel

(1421 8C). From our predicted results (shown in Fig. 4), the

temperature rise for the above sliding speed and pressure is

approximately 1600 8C. It is noteworthy that the interface

temperature will not increase beyond the melting point of

steel. In addition, as highlighted in Section 2.2, the

developed model tends to overestimate the interface

temperature, as it does not count for the heat loss to the

surrounding environment. Therefore, the estimated tem-

perature rise seems reasonable.

Iwai et al [15] reported that, at pressure 27 MPa and

sliding speeds above 10.5 m/s, the polishing efficiency

increased linearly with the increase in speed. However, at

lower sliding speeds (i.e. those below 10.5 m/s), PCD could

not be polished. The reason is that at low speeds, the

temperature rise by the dynamic friction is not high enough

for the fast chemical reaction of diamond to occur. In the

present work, an attempt was made to predict the interface

temperature using the described predictive method for the

conditions used in [15]. The surface roughness and

properties of PCD used in the above study which were

kindly provided by Iwai [32] are given in Table 2. The

properties of steel used in the calculations were the same as

those given in Table 1. The average asperity radius R and

asperity density N of PCD were assumed to be the same as

those given in Section 3. For the conditions used by Iwai
Table 2

Surface roughness and properties of the PCD used in [15,32]

Young’s modulus E 776 GPa

Poisson’s ratio na 0.10

Thermal conductivity K 560 W/m K

Density r 4120 kg/m3

Surface roughness standard deviation 0.63 mm

a Since n is not given in [15,32], it is assumed to be the same as that of

PCD used in the present study.
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et al, the predicted variation of temperature rise with sliding

speed is shown in Fig. 8. It can be seen that, at sliding speed

10.5 m/s, the estimated temperature rise is approximately

650 8C. This value may be the minimum temperature rise

required for the fast chemical reaction to occur at the PCD

interface.
5. Conclusions

A theoretical model has been developed to estimate the

average temperature rise in polishing PCD. The effects of

PCD surface roughness, material properties of PCD,

polishing velocity and polishing pressure on the surface

temperature rise have been studied using the developed

model. The model revealed that compared with changing

the polishing load, increasing the sliding speed is a more

effective way to raise the temperature at the interface for

polishing efficiency. The experimental results published in

the literature support the model’s prediction.
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