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Abstract

This paper presents the tribological characteristics of PACVD diamond coatings on titanium alloys. The coating morphology and quality
have been investigated by SEM and Raman spectroscopy, and the surface roughness has been determined by AFM measurements. Friction
and wear characteristics have been studied with a pin-on-disk tribometer as a function of the applied load, the sliding speed and the
counterface material. For diamond-on-diamond contact, the dynamic friction coefficient stab1]1zes _at a value of 0.05-0.08 after the surface

polishing of diamond crystal tips. For non-diamond coated pins, a surface running in t1me at low sliding speed is necessary to avoid a

coating spalling on the disk. After this step, the sliding speed can be increased to 1 m s~

! with a friction coefficient equal to or lower than

0.1. The wear of the diamond-coated disk generally cannot be measured.
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1. Introduction

Because of its high hardness and chemical inertia, asso-
ciated with both low friction and wear, the tribological per-
formances of diamond are exceptional [1]. The friction
characteristics of bulk diamond-on-diamond are known. In
air, the friction coefficient is generaily low, in the range
0.05-0.1, but it is higher in vacuum [1]. This difference
occurs because the chemisorbed hydrogen and oxygen are
removed from the surface, and a strong bonding occurs
between the sliders [2]. Studies had first been carried out
on single-crystals diamond. However, the tribological char-
acteristics of CVD coatings are different to single-crystal
diamond ones (which depend on the crystallographic orien-
tations and the relative sliding direction [1]) because of their
polycrystalline nature and the existence of non-diamond
carbon at grain boundaries. Furthermore, the diamond coat-
ings surface exhibits an important roughness which depends
on both pretreatments of the substrate surface and deposi-
tion conditions [3,4]. These factors have obviously an
important effect on the tribological properties of the coat-
ings. For example, Hayward [5] has shown that the smooth-
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est diamond coatings give the lowest friction coefficient,
whatever the diamond quality. Friction and wear studies
of diamond coatings were first carried out on coated silicon
[6-9] or silicon carbide [10,11]. While these materials are
ideal substrates for fundamental studies [12,13], they are not
suitable for usual mechanical applications unlike titanium
alloys or steels. The wear resistance of titanium alloys is
generally improved by different processes including ther-
mochemical pretreatments, physical (PVD) and chemical
vapor deposition (CVD) [14]. However, the long exposure
duration at high temperature required in most CVD or ther-
mochemical techniques results in annealing of the substrates.
that affects the mechanical properties of the base material.
Furthermore, the thermal expansion mismatch between dia-
mond and titanium creates high residual stresses. Recently,
diamond deposition was obtained at a moderate temperature
(2600°C), which allows to maintain the intrinsic properties
of titanium alloys and to minimize the thermal stresses [15].
However, mechanical characterization is still necessary to
test the adhesion of these coatings. o

In this study we have 1nvest1gated the diamond-on-dia-
mond friction and wear properties of diamond-coated tita-
nium alloy by using a pin-on-disk tribometer in ambient air.
The friction coefficient and the wear rate were determined

as a function of the sliding speed and the applied load. Other

studies were performed with uncoated titanium alloy sliding



against as-grown diamond coatings. These tribological
results are linked with the coating morphology.

2. Experimental procedure

The disks, 16 or 34 mm in diameter and 5 mm thickness,
were machined from commercial Ti-6Al-4V alloy. They
were mechanically polished with different diamond pastes
and then cleaned by acetone and ethanol.

Diamond deposition was carried out in a tubular reactor
(60 mm in diameter) that crossed a wave-guide connected to
a 6 kW microwave generator (2.45 GHz). The disks of 34
mm were placed on a rotating substrate-holder (10 rpm),
that permits to enhance the coating homogeneity. Two
types of coating were studied. The growth of type A coat-
ings was carried out with a 1% CHy/H, mixtuare at 700°C
while a 8% CO/H; mixture was employed with a substrate
temperature of 600°C for coatings of type B. The total gas
flow rate and the total pressure were fixed at 400 sccm and
1.33 kPa (10 Torr) respectively.

The surface morphology, faceted or not, and the average
apparent grain size, GZ, were investigated by optical micro-
scopy and scanning electron microscopy (SEM) together
with the coating thickness on cross-sections. The coating
quality, or diamond purity in percent with respect to non-
diamond carbon, and the residual stresses were deduced
from micro-Raman spectra. The purity of the coatings was
evaluated from the integrated intensities of the diamond and
non-diamond carbon peaks, taking into account a 75 factor
for the ratio between graphite and diamond Raman scatter-
ing cross-sections [16]. These measurements were per-
formed with a Dilor XY spectrometer, in back-scattering
configuration, using a 514.5 nm Ar incident laser beam,
with a 100 mW power and a spot size of 1 um [15]. Atomic
force microscopy (AFM) was employed to evaluate both the
average surface roughness, R, and the peak-to-valley
height, PV, from several image analyses of 10 x 10 ;.cm2
surfaces. The variation on the whole surface was about
+10%.

The friction and wear tests were conducted by using a
rotating pin-on-disk tribometer with a fixed pin. The radius
of curvature of the hemispherical pin was 10 mm. The slid-
ing speed was in the range 0.01-1 m s™' and the normal
applied loads, L, were 1, 3 and 13 N. The tangential force
was measured using a strain gauge located in a plane par-

Table 1

Diamond growth conditions and coatings characteristics

allel to the friction one, through vertical leaf springs. The
total wear rate, including both decrease of the pin height and
depth of wear track on the disk, was measured during the
test by a capacitive sensor of displacement. All sensor sig-
nals were recorded on a computer. The tests were performed
in ambient air at relative humidity RH = 40-60%, during 1
to 50 h.

Diamond-coated Ti-6Al-4V samples were used as the
disk. The pins were made from commercial Ti-6AI-4V.
Tribological tests were carried out with uncoated and dia-
mond-coated Ti-6Al-4V pins. In this latter case, the deposi-
tion conditions were identical for both counterfaces. The
theoretical starting Hertzian contact pressure calculated on
the basis of ideal sphere-on-plane geometry between two
diamond-coated surfaces was 2.02 GPa when the normal
load was 13 N, a Poisson’s coefficient y of 0.07 and a
Young’s medulus £ of 1143 GPa being used in the calcula-
tion for polycrystalline diamond [17]. However, initial high
actual micro-Hertzian stresses between the contacting
asperity tips are obvious for such polycrystalline deposits.
For uncoated titanium-alloy pin (» = 0.3 and £ = 110 GPa),
the theoretical starting Hertzian contact pressure value was
0.67 GPa at 13 N.

After the friction and wear experiments, the worn sur-
faces were examined by SEM, AFM and studied by
Raman spectroscopy. The final worn volumes of the disk
and the pin were evaluated respectively from cross-sectional
profiles of the wear track, and from the radius of the wear
scar. The final wear rate (W) was determined according to
Ws = V/DL, where V is the worn volume in m’, and D the
sliding distance in m.

3. Results
3.1. Coating morphology and quality

The diamond growth conditions are given in Table 1
together with the average apparent grain size, the purity
and the roughness values of diamond coatings of type A
and B. The average surface roughness, which was calcu-
lated from a total of five or more measurements, increases
as the grain size increases. The peak-to-valley value appears
rather high, in the range 0.5-0.6 um. However, before dia-
mond deposition, the substrate surface displayed a scratched
morphology resulting from an imperfect polishing (which

Coating type Deposition Gas mixtures GZ {pm) Purity (%) R, (um) PV (um)
temperature (°C)

A 700 1%CH/H, 1.2£01 92.1 0.080 + 0.007 0.60 £ 0.05

B 600 8%CO/M, 0.8 0.1 93.83 0.070 £ 0.006 0.50 £ 0.04

Average grain size (GZ) and diamond purity calculated from Raman analysis; average roughness (R,) and peak-to-valley height (PV) from AFM measure-

ments.



Fig. 1. SEM image of a diamond coating of type B deposited from 8% CO/
H,, at 600°C, during 16 h, on a titanium-atloy disk.

can promote the adhesion of diamond coating by a mechan-
ical effect). AFM analysis showed that the average rough-
ness and the peak-to-valley height of initial substrates were
respectively about 0.04 and 0.4 um prior to coating. The
final roughness which depends partly on this initial surface
morphology is also influenced by the asperities due to the
polycrystalline nature of the diamond coatings, as shown in
Fig. 1 for type B. The deposit thicknesses were in the range
1.5-4 pm.

The two diamond coating types display typical Raman
spectra (Fig. 2). Both spectra exhibit broad bands at 1140,
1350, 1450 and 1580 em™, which indicate an incorporation
of amorphous and graphitic carbon [18-20]. The diamond
purity is the lowest for coating A (Table 1). As it contains
less apparent grain boundaries (GZ is greater for this film in
Table 1), more amorphous or graphitic carbon would be
incorporated between or inside subgrains than in coating
of type B. The double peak, observed at 1335.1 and
1348.1 cm™ after decomposition of the experimental spec-
trum for coating A, and at 1334.1 and 1345.5 cm™ for coat-
ing B (Fig. 2) is assigned to polycrystalline diamond. The
large shift and the partial splitting of this peak, when com-
pared to 1332 cm™ for natural diamond, are attributed to the
compressive residual stresses, which are thus in biaxial state
[21-23]. The residual stresses are ~6.2 GPa for coating A
and —5.2 GPa for coating B as evaluated from Raman ana-
lysis [15]. The diamond grain quality, deduced from the
width at half-maximum of the diamond peak, appears
poorer for coatings A than for B. The broadening of the
asymmetric peak diamond feature can be attributed to sev-
eral phenomena such as the presence of more defective
diamond, the higher dispersion of the crystallite orientation,
and highly heterogeneous strain field occurring over micron
dimension [24].

3.2. Diamond versus diamond-coated titanium-alloy
Sriction tests

The friction coefficient versus the sliding distance of dia-

mond-coated pin and disk couple are shown in Fig. 3, for a
0.02 m 5™ sliding speed and a load of 1. 3 and 13 N. The
noisy fluctuations of the friction coefficient observed at ! N
are due to the surface roughness. After a longer test carried
out in these conditions, the diamond coating on the disk is
found to be intact as shown by SEM and indicated by the
surface roughness values which remain constant.

At higher loads, the friction coefficient measured in the
same track stabilizes at a value of about 0.08 for the coating
of type A and 0.06 for the coating of type B (Fig. 3). The
lower roughness of coating B [5] or its better diamond qual-
ity could explain this small difference. At each change of the
applied load, we can observe a sharp peak which corre-
sponds to the adaptation of the contact of both counterfaces.
At the end of the test carried out at 13 N on the coating of
type B, a wear track of 200 pm in width was formed on the
diamond-coated disk. The high magnification image of this
area shows that the worn surface is significantly polished
(Fig. 4). In addition, AFM measurements within and just
outside the wear track reveal a significant decrease of the
surface roughness: the value of R, is divided by a factor 3, to
reach 25 nm, and PV is equal to 0.32 pum (see Table 1 for
comparison). These analyses confirm that only the tips of
diamond grains have been polished, no spalling occurred

and no grains have been pulled out during wear. The same

observations have been made for coating of type A. The
friction coefficient decreases also with the distance and
the load, from 0.11 to 0.08 (Fig. 3a), and therefore with
the surface roughness.

When increasing the sliding distance, at a sliding speed of
0.02 m s and a load of 13 N, the friction coefficient gra-
dually increases after a distance of 250 m to reach 0.16 at
700 m. The worn surface of the pin shows an area where the
titanium-alloy substrate is apparent. It presents a diamond/
TiC/Ti-6 Al-4V composite surface [15]. It is obvious that the
Ti-6Al-4V contribution to the contact area has increased
with the sliding distance. No variation of the total volume
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Fig. 2. Raman spectra of two diamond coatings deposited on titanium-
alloy disks from: (a) 1% CHyH at 700°C (type A); (b) 8% CO/H, at
600°C (type B).
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Fig. 3. Friction coefficient as a function of the sliding distance for several
applied loads (1, 3, 13 N) at 0.02 m s7"; diamond-coated titanium-alloy
pins sliding against diamond-coated titanium disks both deposited from:
{a) 1% CHy/H, at 700°C (type A); (b) 8% CO/H; at 600°C (type B).

wear rate as a function of the sliding distance was evidenced
during the test because the vertical displacement was weak,
a few micrometers at the end of the test. At this point, the
final wear rate of the pin is indeed about 6 x 1077 m*® (N
m)~. The wear of the diamond-coated disk is too low to be
measurable and the wear track is just polished, as observed
by SEM and confirmed by the AFM measurements. This
lack of coating wear of the disk results from the short test
duration due to the pin wearing more quickly. A longer test
was carried out with a thicker diamond coating, about 10 um
thick. After 3000 m, wear of the diamond-coated disk was
still hardly measurable but the wear track was more polished
as shown by AFM measurements. A wear measurement of
the diamond-coated substraie would require a very thick
diamond coating on a pin. However, it would be difficult
to assess a general true wear behavior of the diamond-
coated substrate because of the variation of contact pressure
during the friction test, and because of the influence of
initial surface roughness.

Optical microscopy and SEM observations of the wear
surface do not reveal any coating failure or crack of
the diamond coating of the disk. Furthermore, the residual
stress values are similar before and after the friction tests. It
can be concluded that no stress relaxation occurred in
the coating. All these results confirm the high adhesion
of the diamond coatings on titanium-based substrates [15,
23].

3.3. Diamond versus uncoated titanium-alloy friction test

Friction and wear tests were also carried out with
uncoated titanium-alloy pins on titanium-alloy disks coated
with a diamond film of type B. The friction coefficient was
measured as a function of the sliding distance, for an applied
load of 13 N. The sliding speed was fixed firstat 0.1 m s™ as
shown in Fig. 5. At the beginning of the test, the fluctuations
of the dynamic friction coefficient are very large and the
mean value is high, in the 0.2-0.4 range. Then it decreases
and after a sliding distance of abount 2000 m, the friction
coefficient reaches 0.1 and remains constant, except at about
4000 m where the test was interrupted. Farther than about
7000 m, the sliding speed is increased by steps in the range
0.1-1 m s™. The friction coefficient always reaches about
0.1 and remains constant, whatever the sliding speed. Other
friction tests had been also performed previously in constant
conditions, i.e. a load of 13 N and a sliding speed of 0.1 m
s up to a distance of 2 x 10* m. They are not reported here
because similar results are obtained. A constant friction
coefficient, in the 0.08-0.1 range, is reached after a running
in period corresponding to a sliding distance ranging
between 2000 and 3000 m.

The SEM observations of the wear tracks always show
that the height of the diamond crystals asperities have
decreased. Some wear debris, identified as titanium alloy
by EDAX and therefore transferred from the pin, are also
accumulated inside the diamond surface irregularities (Fig.
6). The average roughness and the peak-to-valley height are

Fig. 4. SEM image of the wear track formed on the diamond coating of
Fig. 1 after a tribological test performed at several applied loads (1, 3, 13
N) and 0.02 m s



reduced by a factor 2.5, as measured by AFM. Except in one
case where several scratches with a width of several micro-
meters are observed, at the end of a sliding test that does not
present a noticeable difference in friction behavior, the wear
of diamond coatings is negligible. During the running in
time of the friction test corresponding to Fig. 5, the wear
rate of the titanium-alloy pin is about 6 x 107 m® (N m)~".
After this period, the wear is always very low, leading to a
final wear rate of about 6 x 107 m> (N m)™". The examina-
tion of the titanium-alloy pin shows that its surface is
scratched by the diamond asperities, leading to a large
decrease of the contact pressure. Electron-probe microana-
lysis (EPMA) reveals the presence of titanium and oxygen
on the worn surface of the pin that might be attributed to the
formation of a native titanium oxide layer when bare tita-
nium reacts with ambient air [15].

‘When some diamond coating scratching occurred, carbon
is observed on the corresponding pin surface that may be
due to the transfer of particles from the diamond coating.
SEM images show that these particles have been embedded
in the titanjum alloy. The biggest particles are identified by
Raman spectroscopy as diamond crystals with some graphi-
tic impurities which might arise directly from the disk coat-
ing. A graphitization process due to a tribologically induced
phase transformation would require a sufficiently high con-
tact temperature that might not be reached here.

Other friction tests were carried out directly at a sliding
speed equal to or greater than 0.2 m s™ with a 13 N load. For
example, after about 20 m at 0.55 m s'l, the friction coeffi-
cient which is about 0.3 rises to an average value of 0.5.
Large fluctuations of the friction coefficient are observed in
accordance to the formation of a large and deep wear track
as a result of diamond coating pull-out. These results con-

firm that a prolonged stage at a lower sliding speed (<0.2m

sl is necessary to avoid an early coating failure. This coat-
ing detachment of high-stressed films is due to a strong
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Fig. 5. Friction coefficient as a function of the sliding distance for an
uncoated titanium alloy pin sliding against a diamond coating of type B,
at 13 N and various sliding speeds in the range 0.1-1 m 5™\,

Fig. 6. SEM image of the wear track formed on the diamond-coated disk
(type B) after a sliding test against a Ti-6A1-4V pin (applied load 13 N,
various sliding speeds in the range 0.1-1 m s, duration time 48 h).

friction and therefore high shear stress, the maximum of
which is moreover located closer to the substrate surface
according to Hamilton and Goodman [26], therefore closer
to the interface. o

4. Conclusion

The diamond-on-diamond friction tests, carried out on
coated titanium alloys, confirm the results obtained with
other substrate types. After a short running in time, the
friction coefficient is in the range 0.05-0.08 as previously
reported by several authors for diamond-on-diamond, and
the wear rate of the disk is very low. The surface roughness
appears as the most important parameter. The influence of
the coating quality seems weak but it should be more thor-
oughly examined for smooth coatings. The friction coeffi-
cient obviously changes when the diamond coating only
remains on the edge of the pin, but the wear rate does not
change drastically. No coating failure or crack, and no stress
relaxation are observed on the disk track after the friction
tests, even at high load. All these results confirm the good
adhesion and the good diamond quality of the coatings,
especially those deposited on titanium alloys at 600°C.

The friction of diamond-coated Ti-6Al-4V against
uncoated Ti-6Al-4V has also been studied. The initial fric-
tion coefficient of as-deposited coatings is relatively high,
but after a running in period, it decreases to a value of
about 0.1 and does not vary with the sliding speed, the
contact pressure being, however, very reduced. Some sur-
face smoothing of the diamond coating surface is observed,
principally as a result of the titanium transfer, but the
faceted diamond coatings with an average roughness of
about 80 nm remain too abrasive for uncoated metallic
counterfaces. The reduction of the friction and wear of
metallic counterparts through the surface modifications of
the diamond-coated titanium alloys are therefore being stu-
died more thoroughly.




Acknowledgements

The authors would like to thank for their collaboration: J,
Fontaine from LCSR, C. Beny (BRGM) and J. Simonato
(CRPHT) for Raman analyses and SEM observations
respectively, and M. Small, M. Coupeau (LMP) and M.
Vayer (CRMD) for AFM measurements. This work was
partly supported by DGA/DRET.

References

[11 J. Wilks and E. Wilks, Properties and Applications of Diamond,
Butterwood-Heinemann, Oxford, 1991.

[2] F.P. Bowden and J.E. Young, Proc. Roy. Soc. London Ser. A, 208
(1951) 444,

[3] R. Ramesham, T. Roppel and R.W. Johnson, Thin Solid Films, 212
(1992) 96.

{4] X. Jiang, K. Schiffmann and C.P. Klages, Phys. Rev. B, 50 (1994)
8402,

[5] LP. Hayward, Surf. Coar. Technol., 49 (1991) 554,

{6] K. Miyoshi, R.L. Wu, A. Garscadden, P.N. Barnes and H.E. Jacksen,
J. Appl. Phys., 74 (1993) 4446,

{7] S.C. Perry, J.W. Ager Il and G.A. Somorjai, J. Mater. Res., 8 (1993)
2577.

8] A.K. Gangopadhyay and M.A. Tamor, Wear, 169 (1993) 221.

{9] B. Bhushan, V.V, Subramaniam, A. Malshe, B.K. Gupta and J. Ruan,
J. Appl. Phys., 74 (1993) 4174.

{101 M. Kohzaki, K. Higuchi, S. Noda and K. Uchida, J. Mater. Res., 7
(1992) 1769.

[11] S. Jahanmir, D.E. Deckman, L.K. Deckman, L.K. Lives, A. Feldman
and E. Farabaraugh, Wear, 133 (1989) 73.

[12] J.F. Braza and T.S. Sudarshan, Mater, Sci. Technol., 8 (1992) 574.

[13] S.J. Bull and A. Matthews, Diamond Rel. Mater., 1 (1992) 1049.

[14] T. Bell, P.H. Morton and A. Bloyce, Marer. Sci. Eng. A, 184 (1994)
73.

[15] D. Rats, L. Vandenbulcke, R. Herbin, R. Benoit, R. Erre, V. Serin
and J. Sevely, Thin Solid Films, 270 {1995) 177.

[16] R.E. Shroder, R.J. Nemanich and J.T. Glass, Phys. Rev. B, 41 (1990)
3738.

[17} C.A. Klein and G.F. Cardinale, Diamond Rel. Mater., 2 (1993) 918,

[18] P. Bou and L. Vandenbuicke, in J.P. Dismukes, A.J. Purdes, B.S.
Meyerson, T.D. Moustakas, K.E. Spear, K.V. Ravi and M. Yoder
(eds.), Proc. of the Ist Int. Symp. on Diamond and Diamond-Like
Films, The Electrochem. Soc., Pennington, NJ, 1989, p 610; also in J.
Electrochem. Soc., 138 {1991) 2991.

[19] RJ. Nemanich, J.T. Glass, G. Lucovsky and R. Shroder, J. Vac. Sci.
Technol. A, 6 {1988) 1783.

{201 J. Robertson and E. Oreilly, Phys. Rev. B, 35 (1987) 2946.

[21] J.W. Ager and M.D. Drory, Phys. Rev. B, 48 (1993) 2601.

[22] D. Rats, L. Bimbault, L. Vandenbulcke, R. Herbin and K.F, Badawi,
J. Appl. Phys., 78 (1995) 4994,

[23] P.S. Weiser, S. Prawer and A. Hoffman, J. Appl. Phys., 72 (1992)
4643,

[24] H. Windischmann, Diamond Rel. Mater, 4 (1995) 837.

{25] M.D. Drory and J.W. Hutchinson, Science, 263 (1994) 1753.

[26] GM. Hamilton and L.E. Goodman, Trans. ASME, J. Appl.
Mechanics, 33 {1966) 371.



