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Abstract. At present alumina is themost widely used bio-ceramic material for implants. However, diamond surface
offers very good solid lubricant for different machinery, equipment including biomedical implants (hip implants,
knee implants, etc.), since the coefficient of friction (COF) of diamond is lower than alumina. In this tribological
study, alumina ball was chosen as the counter body material to show better performance of the polycrystalline dia-
mond (PCD) coatings in biomedical load-bearing applications. Wear and friction data were recorded for microwave
plasma chemical vapour deposition (MWCVD) grown PCD coatings of four different types, out of which two samples
were as-deposited coatings, one was chemo-mechanically polished and the other diamond sample was made free
standing by wet-chemical etching of the silicon wafer. The coefficient of friction of the MWCVD grown PCD against
Al2O3 ball under dry ambient condition was found in the range of 0.29–0.7, but in the presence of simulated body
fluid, the COF reduces significantly, in the range of 0.03–0.36. The samples were then characterized by Raman spec-
troscopy for their quality, by coherence scanning profilometer for surface roughness and by electron microscopy
for their microstructural properties. Alumina balls worn out (14.2 × 10−1 mm3) very rapidly with zero wear for
diamond ceramic coatings. Since the generation of wear particle is the main problem for load-bearing prosthetic
joints, it was concluded that the PCD material can potentially replace existing alumina bio-ceramic for their better
tribological properties.
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1. Introduction

Diamond is an excellent allotrope of carbon with sp3 hybrid-
ized electronic orbitals forming a crystalline unit cell of two
close packed interpenetrating face centred cubic lattices.
Diamond is the most impressive material among all, as it
has exceptional properties like highest hardness, chemically
inertness, wear resistance with a very low coefficient of fric-
tion, optical transparency from UV to far IR range, high ther-
mal conductance, electrical insulation and bio-compatibility
[1]. Tribology is a relatively new science that considers
the friction, wear and lubrication of moving contacts [2–4].
Adhesion, friction and wear are the main factors of tribology
of contacting or sliding interfaces. The science is applied in
various industries like mining, automotive, food, nuclear, off-
shore, marine and biomedical, etc. The materials which are
used in tribology face continuous mechanical wear as well
as chemical leaching due to corrosive media or environment
and face the severity of tribo-corrosion [5]. The other after
effects are the corrosion with solid particle erosion, abrasion,
cavitation erosion, fretting, biological corrosion, sliding wear
and tribo-oxidation. The wear debris from such tribological
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materials also increases the rate of overall tribo-corrosion.
As a result, the equipment gets damaged before the expected
date of expiry. Existing orthopaedic polymer, metal and
ceramic materials being used in the biomedical industry also
face the problem of tribo-corrosion due to mechanical wear.
The generated wear debris is the precursor of osteolysis,
where the bone part is damaged and leached out due to inter-
action with the particles from an implant material and as
a result the loosening of transplant occurs. The solution to
the unexpected failures of machinery parts or implants is the
use of new promising materials or coating which not only
reduces the problem of tribo-corrosion but also prolongs the
machine life [6]. Diamond has been chosen for ideal tribo-
logical material, as it has remarkable mechanical properties
which have already been outlined [7]. Biomedical implants
like hip and knee joints are also exposed to sliding move-
ments, which eventually wear out the contacting surfaces.
To prevent osteolysis from wear debris particles, it is recom-
mended to use low wear material for bio-implants. Earlier
metal-on-metal or metal-on-ceramic or ceramic-on-polymer
articulating combinations had been tried as load-bearing
implants, but it was found that none of them could provide
an acceptable amount of wear debris generation, which could
initiate osteolysis inside the human body. Nowadays the
material of choice for the state-of-the-art load-bearing

573

http://crossmark.crossref.org/dialog/?doi=10.1007/s12034-016-1166-2-x&domain=pdf


574 Anuradha Jana et al

implants is the alumina-on-alumina tribo-couple with ultra
low wear rate. But even they come with the problem of brit-
tle fracture if the implant size is big enough to cause crack-
initiated catastrophic failures. Here we propose that if (i)
such alumina material can be replaced with further low wear
rate material like diamond and (ii) instead of bulk ceramic
if the diamond is used onto the load-bearing implants as
thick coating, then possibly both the problems associated
with the present day tribo-couples can be overcome, namely,
wear debris generation and their brittle fractures. The aim
of our present study is to know the suitability of polycrys-
talline diamond (PCD), if this ceramic coating can be used,
for example, in hip prosthesis, instead of existing alumina
ceramic. PCD coating on the acetabular cup and femoral
head may replace/supplement the existing alumina materi-
als, to prolong the implant life and also may prevent the
unnecessary formation of wear debris, as harder PCD coat-
ing has very low coefficient of friction and it is chemically
inert [8,9]. Biocompatibility and non-toxic effect on cells by
PCD surface [10–13] also are the advantages of choosing
diamond coating as a new material for future implants to get
rid of the problem of tribo-corrosion [14]. From the litera-
ture study of the tribological behaviour of diamond surface,
it is verified that diamond has very low coefficient of fric-
tion. In normal atmospheric and humid condition diamond
surface shows very low COF, but in ultrahigh vacuum (UHV)
COF was found to be much greater. Adsorption of gaseous
species such as water, oxygen and other gases on the sur-
face makes diamond a good solid lubricant. Very low 0.02–
0.04 COF with a very low wear rate of 10−7 to 10−8 mm3

Nm−1 were observed in pin on disk study with a natural
bulk diamond pin and diamond surface. Under ultrahigh vac-
uum, diamond COF increases to 1.5–1.7, and wear rate also
increases to 10−4 mm3 Nm−1 [15]. At 10% relative humid-
ity, diamond counter face rubbed against a diamond surface
shows very low COF value below 0.1 with a negligible wear
rate of 10−16 mm3 Nm−1, whereas sapphire counter face
sliding against the same surface showed slightly increased
COF value [16]. Microwave plasma chemical vapour depo-
sition (MWCVD) diamond surface sliding against a corun-
dum ball shows smaller COF 0.05, whereas hot filament
deposited CVD diamond shows COF value 0.1 at 50% rela-
tive humidity and 20◦C temperature condition [17]. When the
experiment was done with a Si3N4 counter face on the dia-
mond surface at 50–60% relative humidity, relatively higher
COF 0.7 was detected with a wear rate of 10−7mm3 Nm−1

[18]. In another experiment, Si3N4 counter face was used
against diamond coated SiC surface and the relative humid-
ity was 43 ± 2% at 25 ± 2◦C temperature, which showed
COF values between 0.55 and 0.1 [19]. When the nanocrys-
talline diamond surface was used against Si3N4 counter face,
lower COF 0.1 value was obtained in air than COF value 0.5
in N2 [20]. Under the dry and humid conditions, (50–60%
relative humidity) COF value was approximately 0.05 for
diamond against a diamond surface [21]. Partly polished dia-
mond coatings in ambient air at room temperature against
steel bearing balls show COF value of 0.09 [22], whereas

under vacuum condition steel ball against PCD surface shows
COF value of 0.53 [23].

All the above-cited values are for self-mating surfaces
or for diamond against some metal or ceramic counter
bodies. Surprisingly, there is not much literature available
for alumina balls sliding against diamond ceramic coat-
ings. Bhushan et al [24] reported tribological properties of
HFCVD grown diamond when slid against alumina balls.
They found the coefficient friction was as high as 0.4 for
unpolished films, whereas chemo-mechanically polished and
lubricated diamond films showed somewhat lower COF val-
ues. Moreover, they reported that both the alumina and dia-
mond film worn out under sliding action, which may be due
to the inferior quality of PCD coatings used [24]. Nanocrys-
talline diamond-coated cemented carbide showed 0.8 COF
when slid against alumina pins [25]. Skopp and Klaffke [26]
did some tribological tests of diamond coatings with steel
and alumina balls, but they carried out the tests under unlu-
bricated and vibrating contact with varying humidity at room
ambience. They observed severe wear and friction during
running in period for the alumina balls but with negligi-
ble friction (<0.05) and almost zero wear afterwards—a
complete contradiction to the authors’ present findings. In
another article, researchers have reported extremely low wear
and friction of diamond coated with Ti6Al4V for fretting
action against alumina [27]. Although there are so many
research articles on tribological behaviour of diamond-like
carbon films [28] at different environments, there are not
enough articles specifically reporting ball on disk exper-
iments with PCD coatings against alumina balls. ‘Dia-
mond alumina tribology’ search results at the website www.
scholar.google.com could only show 2–3 articles specifi-
cally describing diamond–alumina tribo-couple. One of them
reported super low value of friction coefficient (∼0.003)
and extremely high wear resistance (∼2.8 × 10−21 mm3

Nm−1) when the Al2O3 ball slid against nanocrystalline dia-
mond nanowire film [29]. Another search result describes tri-
bological characteristics in high-speed grinding of alumina
with brazed diamond wheels [30]. However, none of them
particularly reports tribo-couple which is being discussed
below.

In the present study tribology experiments were done with
MWCVD PCD surface against alumina ball in dry ambient
(room temperature 25◦C and relative humidity 50%) and
stimulated body fluid (SBF) media condition. The ion con-
centration of SBF was almost the same as the human blood
plasma. The reason for choosing SBF as one of the experi-
mental conditions was to study the suitability of PCD coating
as a bio-tribological material. The very smooth nucleation
side of freestanding diamond coating, chemo mechanically
polished very thin coating and as-grown samples were used
for evaluating wear and friction against alumina counter
body. The reason for choosing alumina as the counter body
is because Al2O3 is the most widely used ceramic mate-
rial used in a bio-tribological application like load-bearing
implants. Alumina-on-alumina is the state-of-the-art load-
bearing implant for orthopaedic application, due to their ultra
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low wear rate. If any other material is found to produce less
wear rate than alumina, then it has the potential to replace
alumina as a material of choice for bio-implants. It is here
to investigate the better performance of PCD over alumina
ceramics under biological conditions.

2. Materials and methods

2.1 Processing of PCD coatings

MWCVD reactor (DT1800, Lambda Technologies Inc.,
USA) was used to deposit good quality PCD, as this type of
reactor has no filament, cathode or anode components inside
the chamber which may increase the probability of contam-
ination in the growing diamond film. Microwave-assisted
deposition of CVD diamond depends on the geometry of
the cavity, such as stage height, short length, probe length,
diameters of the cavity. The other processing parameters like
microwave power, process gas flow, pressure, substrate tem-
perature, etc. also have significant roles in controlling plasma
deposition on the substrate surface [31]. The four samples
namely W11, W13, W14 and W23 have been selected for the
present study. The deposition parameters are listed in table 1.

Microwave power was set at 9 kW and the probe height
was fixed at 8.7 cm during the microwave plasma deposi-
tion. Different parameters like gas flow rate, pressure, short
height, stage height and temperature inside the plasma cham-
ber were slightly changed during every deposition of the
CVD diamond coating. Deposition time was also varied from
sample to sample, due to which the thickness of the each
deposited sample was also found to be different. For W11
sample, gas flow rates of CH4/H2 were 5/500 standard cubic
centimetre per minute (sccm). Plasma chamber was kept at a
pressure of 118 Torr with substrate temperature within 970–
1070◦C. Short and stage heights were set at 58.6 and 0.9 cm,
respectively. For W11 sample, PCD coating was very
thick as the deposition time was 239 h. On the other hand,
W13 sample was deposited only for 9 h and the gas flow
rates of CH4/H2 gases were 25/1000 sccm. The pressure of
the plasma chamber was kept at 110 Torr and the substrate
temperature was fluctuating between 985 and 1065◦C with
stage and short heights at 0.5 and 58.2 cm, respectively,
for W13. Similarly, deposition time for W14 sample was
short, only 7 h, and the CH4/H2 gas flow rates were 10/1000
sccm at plasma chamber pressure of 110 Torr. Inside the
plasma chamber, short and stage heights were at 58.5 and
0.2 cm, respectively, and the substrate temperature was kept in

between 864 and 1067◦C (the widest temperature spectrum
due to high surface thermal instability) in the case of W14.
For W23 sample, CH4/H2 gas flow rates were at 20/1000
sccm. Inside the plasma chamber, the pressure was 106
Torr and the substrate temperature was maintained at 900–
1000◦C. Again short and stage heights were slightly changed
to 58.3 and 0.3 cm, respectively. Deposition time for W23
sample was 25.5 h. These four PCD samples were deposited
with different methane concentrations, which thereby change
the quality of each diamond coatings. If the methane concen-
tration increases in the precursor gas, then the amount of sp2

carbon or amorphous carbon present inside the deposited dia-
mond also increases and thereby degrades the quality of the
deposited coating [32–34]. All the CVD growth parameters
were almost identical, except the methane percentages and
the depositions times, which resulted in differential quality
and thickness among the deposited PCDs.

After deposition of CVD diamond on the silicon wafers,
W13 and W23 samples were not processed further. W14
sample was chemo-mechanically polished for several hours
in CETR make CP4 (USA) polishing machine, using
diamond-coated polishing disk with 1 μm diamond sus-
pension slurry. PCD coating was very hard and polishing
of the as-deposited diamond surface was very challenging.
Chemo-mechanical polishing is one of the popular polishing
techniques of thin diamond coatings [35,36]. Chemical wet
etching was done for the W11 diamond coating to remove the
base substrate for getting the free standing diamond coating.
Silicon base substrate was etched out by using hydrofluoric
acid (HF), nitric acid (HNO3) and acetic acid (CH3COOH)
in the 1:1:1 volume ratio [37]. Thus, four different PCD sur-
faces were created to test the tribological behaviour against
alumina ceramic balls.

2.2 PCD Characterizations

PCD was deposited on 100 mm diameter silicon wafers
but for further studies the wafers were broken into smaller
pieces. The roughness of the sample depends on the depo-
sition time and the growth of the diamond nuclei on silicon
substrate surface. Deposited diamonds on substrate surface
were polycrystalline in nature containing troughs and val-
leys. Different PCD roughness at different locations on the
same wafer surface was observed due to the presence of ran-
dom asperities on PCD surface. Average roughness (Ra) was
measured by using the coherence scanning interferometer
(CSI) (Contour GPK, Bruker, Germany). In coherence scan-
ning interferometer, optical lens scans wide (0.6 × 0.8 mm2)

Table 1. Deposition parameters of the polycrystalline diamond coatings on the silicon wafers.

Sample Deposition H2 CH4 Pressure MW power Probe length Short height Stage height Substrate
name time (h) flow (sccm) flow (sccm) (Torr) (kW) (cm) (cm) (cm) temperature (◦C)

W11 239 500 5 118 9 8.7 58.6 0.9 970–1070
W13 9 1000 25 110 9 8.7 58.2 0.5 985–1065
W14 7 1000 10 110 9 8.7 58.5 0.2 864–1067
W23 25.5 1000 20 106 8.5 8.7 58.3 0.3 900–1000
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area of the PCD coated surface, and then takes an average
of all the high asperities and the low asperities with a centre
line. Raman spectroscopy (STR500, Technos Instruments,
originally from Seki Technotron, Japan) of the samples were
done to know the quality and stresses present in the dia-
mond coating. Raman spectroscopy is a very popular inves-
tigative techniques for thin diamond coatings as it is sim-
ple, cheap and does not damage any mechanical properties
of the coatings [38,39]. In Raman scattering, monochromatic
laser light of wavelength 514.5 nm was used for the study
of diamond-coated samples. A small proportion of phonons
from this laser beam was absorbed by PCD crystals and
then some portion of light was scattered inelastically by the
vibrational excitation of crystals [40]. In natural diamond a
single sharp peak is observed at 1332 cm−1. However, the
synthetic diamond coatings prepared by CVD process gives
Raman peaks nearer to it, because in PCD coatings there may
be some imperfections present due to thermal stresses and
non-diamond impurities. These non-diamond phases gener-
ally give the hump around 1450–1600 cm−1. The intrinsic
stresses present in the PCD crystals are of compressive or
tensile in nature. Compressive stress gives up-shift of the
Raman peak and on the other hand, tensile stress gives down
shift of the Raman peak [41,42]. The residual stress (ϒ) is
calculated in GPa using the following formula [43].

,

where is the peak shift in cm−1.
The quality factor (Q) was calculated for the coated

growth surface of the PCD coatings by using the following
formula [44].

Q =
(

Id

Id + Iglc

)
× 100%,

where Id is the intensity of the sharp diamond peak and Iglc

is the intensity of the graphite-like carbon broad peak.

2.3 Tribology

The tribometer assembly (NANOVEA tribometer) was used
for highly accurate and repeatable wear friction testing in
rotational modes. In the experiments, rotational speed was
varied from 50 to 200 rpm. A heating arrangement was also
available to provide controlled liquid heating. The counter-
face was alumina ball, which was attached to a load arm,
and the load arm was directly in contact with the experimen-
tal PCD disk surface. The experimental parameters for the
tribological tests are given in table 2.

Table 2. Experimental parameters of the tribology tests.

Experimental environments

Parameter Dry SBF

RPM 50.9 76.3 95.4 191
Load (N) 3 1 3 1
Radius of circular track (mm) 7.5 5 4 2

A 3-mm diameter ball was rotated along a circular path.
Speed of the ball was fixed at 40 mm s−1 and also the travel-
ling distance was set at 500 m. In the tribology experiments,
the environment, its applied load, the radius of the circular
track and the rpm value were the changing parameters and
table 2 shows how the parameters were varied. At the starting
of the experiment, a 5N load was applied and the distance of
travel was set at 1000 m circular path with 7.5 mm radius for
W13 sample in ambient air environment. After travelling 511
m distance, the experiment was aborted as the alumina ball
was extremely worn out and the steel load arm was almost
touching the rough PCD surface, which could have dam-
aged the steel fixture of the experimental setup. To avoid any
damage to the machine from the very hard polycrystalline
articulating PCD surface, it was decided to limit the distance
of travel to 500 m only. Further, the load was also reduced
from 5N to a lower load value of 2N, which again found to
avoid any potential damage to the steel fixture during tri-
bological experiment against the hard PCD surface. It was
observed that the 2N load did not severely wear the alumina
balls, so 3N and 1N loads were selected for consecutive tribo-
logical studies. One set of tribology tests were done under the
normal ambient condition without any lubricant i.e., dry with
25◦C room temperature at 50% relative humidity. Another
set of tribology experiments were carried out in SBF environ-
ment at 37◦C. The reason for choosing two different environ-
ments was to know the performance of PCD coating as bio–
implants, since SBF has almost similar ion concentration
like blood plasma. The radius of the revolutions and the value
of the applied loads were varied for different PCD samples at
dry and SBF conditions. As the travelling distance and speed
of alumina ball did not change but only the radius of the cir-
culating path was varied, so in effect, the revolution per minute
was different in each case. Different rpm had the sig-
nificance of differential contacts between articulating sur-
faces. In normal air environment, two radii of circular path
were chosen and they were 7.5 and 5 mm, respectively.
Similarly, under SBF environment, two radii were 4 and
2 mm, respectively. As the radius was decreased from 7.5 to
2 mm, the rpm correspondingly increased from 50 to 190, in
other words, the two articulating surfaces made more num-
ber of contacts while sliding, which can have tribological
implications.

The optical microscope (Olympus BX 51) study was done
after each tribological experiment to know the reduced radius
of the worn out alumina balls. Wear volume of alumina ball
was calculated by measuring the diameter of alumina ball
after wear test. Further, the wear rate has been calculated
from the volume of the worn out alumina ball.

V = 1

3
πh2 (3R − h) ,

h = R −
√

R2 − a2,

where R = radius of alumina ball, h = height from wear
surface, a = radius of wear surface and V = volume of wear.
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So the wear rate is calculated from the volume of wear (V )
using the following equation.

Wear rate = Wear volume

Nm
,

where N = applying load and m = travelling distance.
The surface morphology and elemental analysis of the

PCD coating were performed by scanning electron micro-
scope (SEM) system (Phenom Pro X) at 5–15 kV beam
energy.

3. Results and discussion

3.1 PCD characterizations

3.1a Roughness: The roughness of the PCD surface
depends on the CVD deposition parameters. It increases with
the increase of the deposition time. As the deposition time
of the W11 sample was the highest, the roughness was also
found to be the highest on its as-grown surface (4–5 μm),
but in the present tribological experiments, smooth nucle-
ation side was selected by chemical etching of W11
PCD-coated silicon substrate. Very rough surface was inten-
tionally avoided for carrying out any meaningful tribolog-
ical study. Other PCD samples, namely W13, W14 and
W23 show higher roughness than W11 nucleation side,
according to their respective deposition timings. The rough-
ness of the W14 sample was lower than the other sam-
ples because of its lower deposition time (7 h) and it was
also chemo-mechanically polished. Similarly, the roughness
of W23 sample was higher than W13 due to the higher
deposition time (25.5 h) of W23 sample than W13 sam-
ple (9 h). Roughnesses of all the samples are tabulated in
table 3.

The tribological study was done on the nucleation side of
the sample W11, on the chemo-mechanically polished sur-
face of W14 and on the as-grown surfaces of W13 and W23.

As the nucleation side was comparatively smooth, its sur-
face roughness was small for both the W11 experimental
pieces i.e., only 0.21 and 0.12 μm for dry and SBF experi-
ments, respectively. Roughnesses of the two pieces of W13
were 0.96 and 0.76 μm under SBF and dry conditions,
respectively. It was found that the roughness values of W14
pieces were 0.52 (SBF) and 0.49 μm (dry). W23 sample
shows roughness of 1.02 (SBF) and 0.9 μm (dry). W14
sample was chemo-mechanically polished so its roughness

Table 3. Average roughness of the PCD samples before wear
study at dry and SBF environments.

Ra (μm)

Sample name Dry SBF

W11 0.21 0.12
W13 0.76 0.96
W14 0.49 0.52
W23 0.9 1.02

values of the two pieces were close to each other (planariza-
tion). Surface characteristics for other PCD samples were
filled with troughs and valley only, but W23 sample had taller
asperities than W13 as deposition time of W23 was higher
than W13. W13 and W14 samples had comparable depo-
sition timings, which might have produced similar surface
roughness, but due to chemo-mechanical polishing of the
W14 wafer, it shows lower Ra value than W13.

3.1b Quality and stress: Four types of samples were
deposited with different CH4 flow percentages and differ-
ent deposition times. The quality and stress present inside
the diamond samples have been measured from Raman peak
shift as shown in figure 1. It was found that the quality of the
diamond coating decreases with increase in CH4 concentra-
tion. The quality of W11 and W14 samples were almost same
since identical CH4 percentage (1%, table 1) had been used.
On the other hand, the quality of the W13 sample (2.5%)
was not better than W23 sample (2%) due to usage of higher
CH4 percentages (table 1). Mallik et al [45] had studied that
the quality of PCD coating deteriorates with an increase of
the CH4 percentage on H2. Residual stress arises in the PCD
coating due to thermal expansion coefficient mismatch with
the base silicon substrate [46]. It is found that W11, W13 and
W14 samples have similar tensile stress present in the regions
where the Raman signals were taken from. The tensile stress
arises due to growth defects like dislocation, vacancy, twin,
etc. present inside the growing crystals. Identical values of
the stress indicate that there was an identical down shift of
the Raman peak in the signals from the diamond coating.
To explain this similar down shift, it would be interesting to
note that W13 and W14 samples were grown for very less
number of hours. But on the other hand, W11 was grown
for almost 10 days. Although W11 was grown for 239 h, the
Raman signals were taken from the nucleation side of the
freestanding coating. The nucleation side after removal of
the base substrate would not have any thermal stress. Nucle-
ation side would only possess the stress due to the presence
of growth defects. And, it is very obvious that the nucleation
side would have growth defects which are typical for initial
growth and nucleation period of the CVD run. Now W13 and
W14 were also grown for less number of hours, so it may
be expected that they would also possess the similar growth
defects which are typical of initial growth and nucleation
period of the CVD run. The identical stress values of W11,
W13 and W14 indicate that they had similar kind of CVD
growth defects responsible for the identical tensile stress of
2.4 GPa. On the other hand, W23 was deposited for 25.5 h,
producing quite a thick coating, which not only had the pres-
ence of growth defects from initial nucleation period of the
CVD run, but also it had additional number of defects which
increased the total down shift of the Raman peak and thereby
the intrinsic tensile stress went up to 3 GPa.

3.2 Tribological study

3.2a Wear and friction data: In tribological tests, the PCD
surface of high asperities and low valleys was in sliding
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Figure 1. Raman spectra of (a) W11, (b) W14, (c) W13 and (d) W23 samples.

Figure 2. Schematic of wear mechanisms of alumina ball on the PCD surface.

motion, and the alumina ball came in direct contact with the
high asperities of the PCD surface, where microscopic wear
takes place (figure 2). The coefficient of friction was high at
the beginning of the experiments due to static friction and
after a certain time period it reduces to lower values due to
dynamic friction. Friction curves are shown in figure 3.

For the experiments with 3-mm diameter alumina ball,
the maximum or initial Hertzian contact pressure (Po) is
calculated using the below equation:

Po = (6WE∗2/π3R2),

where W is the applied load in Newton, E* is effective elastic
modulus and R = 0.0015 m is the radius of the ball. E* = (1–
ν2

1 )/E1+ (1–ν2
2 )/E2 = 247 GPa, where ν1 = 0.27 and ν2 =

0.2 are the Poisson’s ratios, and E1 = 300 GPa and E2 =
1000 GPa are the elastic modulus of alumina and diamond,
respectively. Estimation of Po would give an idea about
the amount of stress at the beginning and would correlate
with the severity of wear on alumina by diamond (table 4).
1N, 2N, 3N and 5N loads produce systematic rise in initial
Hertzian contact pressures from 5.2, 10.5, 15.7 to 26.2 GPa,
respectively.



Wear behaviour of alumina balls 579

Figure 3. Friction curves of W11, W13, W14 and W23 (a) at 3N and (b) 1N load in dry environment and (c) at 3N and (d) 1N load in
SBF environment.

Table 4. Wear and friction data of PCD samples.

Dry environment SBF environment

Wear volume Wear rate Wear volume Wear rate
Sample name Load (N) COF (mm3) (mm3 Nm−1) Load (N) COF (mm3) (mm3 Nm−1)

W11 3 0.34 1.34 × 10−2 8.97 × 10−6 3 0.23 8.47 × 10−4 5.63 × 10−7

W11 1 0.37 3.52 × 10−3 7.05 × 10−6 1 0.19 2.4 × 10−4 4.82 × 10−7

W13 5 0.38 1.068 4.17 × 10−4 3 0.09 2.66 1.76 × 10−3

W13 2 0.35 0.0762 7.63 × 10−5 1 0.03 0.377 7.54 × 10−4

W14 3 0.68 0.332 2.22 × 10−4 3 0.36 3.75 2.5 × 10−3

W14 1 0.7 0.174 3.48 × 10−4 1 0.14 0.964 1.92 × 10−3

W23 3 0.52 1.94 1.29 × 10−3 3 0.03 2.24 1.49 × 10−3

W23 1 0.29 1.094 2.18 × 10−3 1 0.12 0.94 1.88 × 10−3

COF values depend on the applied load (contact pressure)
and the sliding contacts of the counter bodies with interacting
surfaces. With increase in the load (or Hertzian pressure) and
the change of sliding contacts, COF also changes. In figure 3a
and table 4, the friction curve of sample W14 demon-
strates the highest COF values under dry environment at
the applied load of 3N and the friction curves of remaining
samples W23, W13 and W11 show decreasing COF values

with decrease of their roughnesses. In the dry environment
at 1N load (figure 3b), W14 shows the highest COF but
W23 sample shows the lowest COF though it has the highest
roughness. In the SBF environment at 3N load (figure 3c),
W14 sample shows the highest COF value though the sam-
ple had the lowest roughness and W23 shows the lowest COF
value though it has the highest roughness value. W11 sample
shows higher COF in SBF environment at 1N load (figure 3d).
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W14 sample also shows higher COF during run-in time
period at 1N load though it had lower roughness than the as-
grown samples. W23 shows higher COF value than W13 at
1N load in SBF. The trend in COF cannot be fully explained
by the roughness data only for the PCDs. COF appears to
be affected by the quality and internal stress of the deposited
coatings as well. W11 and W14 are the best quality PCDs,
whereas W13 is the worst one. On the other hand, W11, W14
and W13 have identical internal stress, whereas W23 has
somewhat greater tensile stress.

Table 4 shows that W14 sample has the highest COF value
in dry and SBF environments with the applied load of 1N and
3N, though its surface roughness was lower than the other
as-grown PCD samples. It may be due the Si base substrate
effect as W14 was deposited only for 7 h duration with 1%
methane, which could deposit a thin diamond coating and
after polishing it might had reduced to a very thin coating.
According to Holmberg and Matthews [47] if the diamond coat-
ing was very thin then its base substrate had some significant
effect on COF and as well as in wear. It is well known that
bare Si has more COF than PCD and the base substrate may
have influenced the sliding behaviour of alumina over PCD-
coated sample W14. Moreover, the quality of W14 was found
to be high, which might be responsible for its high COF. In
dry environment W11 and W13 samples show comparatively
almost similar COF values, although the roughness of W13
sample was higher than W11 and also its quality (figure 1)
was much inferior. Mallik et al [48] observed that Si is pre-
sent in the intergranular region, as well as Si may be bonded
with carbon atoms present on the PCD backside. In effect, the
nucleation side of W11 is not a pure diamond, rather it is a
microstructure with agglomerated nano-crystalline diamond
having many non-diamond phases present (more detailed ele-
mental analysis is done in sub-section 3.2d). But if we dis-
cuss purity, figure 1 shows Raman signals are the strongest
for W11 nucleation side. So there must be some other factor
responsible for similar COF. Samples were deposited on sili-
con wafer, so there might be silicon carbide or silicon impu-
rities on the nucleation side and their presence can affect the
tribological behaviour of the PCD coatings.

W13 sample gives higher COF value at 2N load than
W23 sample at 1N load in a dry environment, as the COF
depends very much on the applied load. In dry environment
at 3N load, W23 gives higher COF than W13, though applied
load was higher for W13, i.e., 5N. This high COF was
observed since the W23 sample had higher surface roughness
than W13.

COF values of the samples were lower in SBF environ-
ment, as SBF solution gave some lubricating effect under
sliding contact. From the literature it is known that water
has some lubricating effect on the nano-crystalline diamond
coating and reduces the COF value [49]. SBF solution also
contains water, so in effect this solution may reduce the COF
value. Again, it is observed that the W11 and W14 samples
give higher COF in SBF environment at both the applied
loads than the as-grown samples W13 and W23 (may be
because of higher Q-factors as shown in figure 1).

W23 shows low COF at 3N load compared to W13 sam-
ple, whereas at 1N load W23 shows higher COF than W13,
as W23 had higher roughness. When a diamond hard surface
is sliding against a comparative softer material, the softer
material wears out and fills the asperities of rough diamond
surface and reduces its friction levels [50]. Correspondingly,
COF value also decreases as the friction level reduces. Lower
COF was found for W23 sample at a higher load of 3N,
which might be because the sample had the highest rough-
ness and thereby generated more wear debris which filled the
valleys of the sample surface.

3.2b Wear observed under optical microscope: After the
tribology experiments, the worn out alumina balls and the
PCD surfaces were observed under the optical microscope.
From the optical microscope pictures of alumina balls, wear
volume and wear rate of alumina were calculated (table 4).
Optical microscope pictures of the wear tracks on the PCD
surfaces and their corresponding worn out alumina balls
(inset) are shown adjacent to each other for each experi-
ments in figure 4a–p. Under each condition, two set of loads
were applied, corresponding to wear tracks of the inner and
outer radii, which thereby are for lower and higher loads,
respectively.

Alumina ball (19 GPa) was less hard than PCD surfaces
(>40 GPa), so when it was rubbed against PCD, it happened
to wear out. Wear volume of alumina ball was also increased
with the increase of applied load under identical test environ-
ments. Nucleation side of W11 sample had very smooth sur-
face and so when alumina was rubbed against that surface,
very small amount of wear particles were generated in both
the dry and SBF environments. In dry ambient condition,
wear debris generation was slightly higher than in SBF envi-
ronment. SBF acted as a lubricant and formed a very thin
liquid surface between alumina ball and the PCD coatings,
reducing COF values as well as the wear volume of alumina.
Optical microscope pictures of W11 sample show only wear
marks on PCD surface (figure 4a–d). Diameters of the alu-
mina balls after wear were also smaller under SBF environ-
ment (inset images of figure 4c and d), which indicate low
wear volume of the balls. W13, W14 and W23 samples had
relatively higher roughness than W11 sample, and the experi-
ment was done on the growth surface of those samples. When
the experiment was done on the growth surface of PCD coat-
ing, it was observed that the wear of alumina was facilitated
and the wear volume was increased (inset images of figure
4e–p). The optical images of wear tracks under SBF environ-
ment (figure 4g, h, k, l, o and p) show lighter whitish stains,
but the optical images of wear tracks under dry environ-
ment show deeper whitish stains (figure 4e, f, i, j, m and n).
The whitish stains may be due to wear debris accumulation.
Under dry condition, wear debris was piled up on the wear
tracks while in SBF condition wear debris accumulation was
apparently less, since the generated wear particles might get
dissolved and been washed away by the liquid environment.
The accumulated wear debris may be the reason of higher
COF (more resistance under sliding contact) value in dry
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conditions. In SBF condition, wear debris formed in the wear
track was wiped out from the track, facilitating the alumina
ball to come again in contact with fresh PCD-coating surface,
which might have caused more wear of alumina balls. W13
and W23 samples show slightly more amount of wear debris
present on the wear tracks at 1N load (figure 4g and o) than at
3N load (figure 4h and p), under SBF conditions. In table 2,
it is shown that at 1N load rpm value was much higher than
rpm value at 3N load. So it might be the case that the wear
debris could not be washed out properly by SBF at higher
rpm value (analogy may be drawn to the phenomenon of see-
ing white colour when seven colours of a wheel is rotating at
very high speed). Wear particles could be washed out more
frequently at lower rpm (3N load), resulting in accumulation
of less amount of wear debris.

Figure 5 is a description of alumina ball’s wear rate with
variation of the PCD discs in the different experimental envi-
ronment. The PCD coatings are different from each other in
respect of their roughness and quality. It is to be noted that
as we move from the as-grown PCD to chemo-mechanically
polished PCD, the surface becomes smoother. Nucleation
side of the deposited diamonds is the smoothest. On the other
hand regarding their quality, the diamond samples can be

ranked as W11>W14>W23>W13, with decreasing order
in their Q-factor. Since the diamond surface appears not to
wear, it can be stated that their individual quality is very high
for them to wear out under sliding action. Here all the wear
data are for the loss of alumina material from the counter ball
body. The severity of the wear is primarily governed by the
roughness of the PCD counter-face. Since the alumina balls
used in all the tribological experiments are identical, their
wear data will be identified with the wafer number used in
each experiment.

It is observed that for all the respective values, W11 has
the lowest wear rate data, which may be due to its very
low surface roughness. Such low value of surface roughness
is because it is the nucleation side of the PCD coating. In
the presence of lubricant (SBF), W14 has the highest wear
rate, which may be due to its less thickness, giving rise to
base substrate effect [47]. On the other hand in the dry envi-
ronment, it is observed that W23 has the highest wear rate
data. W23 has the highest roughness among all the samples,
which is responsible for the highest wear volume generation
at the dry environment. Therefore, it may be that the SBF is
responsible for reversing the trend in wear rate generation for
W14 and W23, i.e., the highest wear data. W23 has higher

Figure 4. Optical microscope images of the wear tracks on PCD surfaces with the inset images of the worn out alumina balls.
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Figure 5. Wear rate of W11, W13, W14 and W23 (a) at 3N and (b) 1N load in dry environment and (c) at 3N and (d) 1N load in SBF
environment.

roughness and better Q-factor than W13, so its wear rate was
always higher except under SBF at 3N load. The exception
can be explained as follows: the wear debris generated faster
for W23 than W13 to fill its asperities and, as a result COF
value decreases to generate less wear rate for W23 than W13.

3.2c Wear observed under SEM: Wear morphology of the
PCD surfaces are explained by SEM images in figure 6 and
the inset images of PCD wear tracks at lower magnifications
alongside are also shown. The direction of sliding movement
was indicated by double-headed arrows in figure 6. SEM pic-
ture reveals that PCD crystals do not wear rather it gets cov-
ered with alumina wear debris. The wear debris was found to
be compacted or loose, depending on the experimental envi-
ronment. Diamond surface was five times harder (∼100 GPa)
than the alumina counterbody (∼20 GPa), so from the tribol-
ogy experiment we get the expected result that most of the
alumina ball was worn out and in few cases only some cracks
(figure 6a–l) on the diamond-coated surface were observed
under SBF condition, which at higher magnifications was
found to be the dried out alumina wear debris. Figure 6a
shows the SEM image of sample W11. At the lowest

magnification level (show in the inset image of figure 6a),
clear circular wear mark is visible. Such lowest magnifica-
tions have been provided in most of the SEM images of
figure 6, to understand better the circular wear tracks that
were developed during the present series of tribological
experiments. A portion of such circular wear tracks was fur-
ther magnified in each case to observe a section of it, which
again is shown in the inset of figure 6. Further magnification
of such sectional wear arcs reveals detailed microstructure
of the wear regions, as depicted in enlarged figure 6. Such
successive higher magnified images are shown by arrows in
figure 6. SEM picture of W11 sample (inset figure 6a) shows
some white wear debris on the outer radius (3N load) of
the sample, and at higher magnification some white patches
along with black spots are also observed. There was no sig-
nificant wear debris found on the wear track of the hard
nucleation side of the PCD coatings. Some black spots were
shown on the surface, which may be due to amorphous car-
bon, sp2 carbon impurities (figure 6a). W13 sample shows
full surface coverage with white wear debris on the outer
wear tracks at higher magnification in dry condition and adja-
cent to the white wear debris blackish PCD crystals were
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Figure 6. SEM images of wear track with different magnification (a) W11, (b), W13, (c) W14 and (d) W23 at 3N load and (e) W13,
(f) W23 at 1N load under dry environment; (g) W11, (h) W13, (i) W14, (j) W23 at 3N load and (k) W14, (l) W23 at 1N load under SBF
environment.

found (figure 6b). It was clearly observed that PCD surface
does not wear at all with the presence of perfectly shaped dia-
mond polyhedrals and the adjacent white patch may be due
to alumina ball (will be confirmed from EDX). W14 sample
shows complete white wear debris coverage on the outer
wear track at higher magnification, and very few black spots
were visible which are due to protruding diamond crystals
(figure 6c). The SEM picture at higher magnification of the
outer track of W23 sample clearly shows that the wear debris
fills the valleys, and the PCD polyhedrals remain unaffected
during sliding action of alumina balls (figure 6d).

SEM images of W13 sample on inner radius (1N load) also
show wear debris on the tracks and increasing the magnifi-
cation at a particular area shows complete coverage of PCD
surface with white wear debris and the diamond polyhedrals
were not visible (figure 6e). Inner wear track of W23 sample
(figure 6f) shows similar surface morphology like the outer
track of W23 in a dry environment (figure 6d).

SEM image of W11 sample in SBF condition shows that
wear debris were washed out from the wear track and were
got accumulated on the wear track periphery (figure 6g). W13
and W23 are as-grown samples and their rough surface con-
tains many crystal asperities. The SEM images of W13 and

W23 samples, at both the applied loads in SBF, show similar
surface characteristics, where whitish alumina wear debris
fills the low valley areas in between surface asperities and the
PCD crystals are protruding out from here and there (figure 6h,
j and l). Some cracks are observed inside the wear debris
filled areas and from the SEM images it was clearly found
that the cracks were not across the diamond crystals. These
cracks may be generated due to drying out of wear debris
which formed paste under SBF condition. W14 sample was
deposited for 7 h, so its PCD crystal sizes were small, and
it was also chemo–mechanically polished, so that the high
troughs were flattened out. Their SEM images show many
cracks on the dried out wear debris with diamond polycrys-
tals scattered around in wear debris matrix (figure 6i and k).

3.2d Elements present on the wear tracks—EDX analy-
sis: Elemental analysis of the wear tracks on the surfaces
of different microwave plasma enhanced chemical vapour
deposited samples were studied to understand better the
chemical nature of the whitish layers and the black polyhe-
drals visible under SEM. Figure 7a and b, respectively, rep-
resents the area elemental EDX beside and inside the wear
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Figure 7. EDAX area scans of (a) W14 (beside wear track) and (b) W14 (inside wear track); point scans of (c) W11
and (d) W23 inside wear track.

track at the dry environment for W14. The point EDX at dry
and SBF environment was shown for the samples W11 and
W23 in the figure 7c and d, respectively. Wear track/marking
was generated due to the friction of alumina ball with the
hard diamond surface. The higher amount of debris was
found with increasing roughness of the diamond sample. The
quality of each PCD coating ensured that there is enough sp3

phase present for the coating not to wear out, rather it caused
the softer alumina counter-body to wear severely. EDX study
of figure 7a proves the wear of alumina ball, as the elemen-
tal analysis of wear debris shows a certain amount of alu-
minium, which comes from the ball only. However, most of
the element present was carbon in the PCD surface region
of figure 7a. W14 sample had highest COF value though its
roughness was lower than other two as-grown samples due
to Si substrate effect. The area elemental analysis of the W14
PCD coating adjacent to the wear track shows 1.3 weight
percentage of silicon (figure 7a). It might have come from Si
substrate, because the deposition time of W14 sample was
7 h only, so the coating thickness was very low. In figure 7b,
white patches were seen on the wear track of W14 sample
and the area EDX analysis shows higher weight percentages
of aluminium and oxygen present, than carbon. Therefore,
from the EDX analysis, it was confirmed that white wear
particles were generated from alumina counter face. The

surface roughness was lowest for the nucleation side of W11,
but its COF value was high and comparable with the as-
grown sample W13. From the point EDX analysis of W11
nucleation side it was evident that both the spots contain little
weight percentage of silicon (figure 7c), as the base substrate
was silicon and this silicon might be in carbide form. High
COF value of W11 can be attributed due to the presence of
silicon on the smooth nucleation side. In both the spots of
figure 7c, aluminium was found, so it is again evident that the
alumina ball was mainly worn out. Figure 7d denotes the
SEM image of the wear track of W23 in SBF condition and its
point EDX analysis at two different points. EDX data show
the presence of different elements which came from the SBF
solution. Spots 1 and 3 in figure 7d show little amount of
carbon, which comes from the diamond surface. Spot 2 shows
no carbon as this area was full of white alumina wear debris.

4. Conclusions

Researchers are in the quest of new biomaterials, which can
replace the existing options available for the load-bearing
implants. The problem lies in the generation of the wear
debris inside human body from these implants. Alumina–
alumina articulating implants are the best known low-wear
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prosthetic material available today, but lower values of COF
(0.03) and zero wear indicate that the PCD ceramic coating
grown by MWCVD process can be used as articulating sur-
faces for bio-tribology. Present experiment shows severe
wear (2.5 × 10−3 m3 Nm−1) of alumina balls sliding against
hard (>40 GPa) diamond ceramic coatings. Apart from bet-
ter tribological behaviour, ceramic coating has the advantage
over the bulk failure of brittle alumina ceramics in load-
bearing implant application. In tribology industry, alumina
plays an important role but the use of PCD coatings may
be more practical to increase the machine life as well as
the longevity of bio-implants. Very smooth nucleation side
(0.12 μm) of the diamond surface produced very low amount
of wear debris (2.4 × 10−4 mm3) for the alumina ball, and the
wear rate was found to be very low 4.82 × 10−7 mm3 Nm−1.
Therefore, the smoothness of the PCD surface is also one of
the requirements to decrease the wear and thereby to increase
the machine life. Further experiments are underway for eval-
uating the biocompatibility of PCD coatings. Here we could
show that diamond coating is better bio-ceramic material
than bulk alumina ceramics from tribological perspective.
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