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Titanium alloys are characterized by poor tribological properties, and the traditional use of titanium al-
loys has been restricted to nontribological applications. The deposition of a well adherent diamond coat-
ing is a promising way to solve this problem. In this study, the tribological properties of diamond-coated
titanium were studied using a pin-on-disk tribometer, and the results were compared with those of pure
titanium and plasma nitrided titanium. The tribological behavior of pure titanium was characterized by
high coefficient of friction and rapid wear of materials. Plasma nitriding improved the wear resistance
only under low normal load; however, this hardened layer was not efficient in improving the wear resis-
tance and the friction properties under high normal load. Diamond coating on pure titanium improved
the wear resistance of titanium significantly. Surface profilometry measurement indicated that little or
no wear of the diamond coating occurred under the test conditions loads. The roughness of the diamond
coating was critical because it controlled the amount of abrasive damage on the counterface. Reducing
the surface roughness by polishing led to the reductions in both the friction and wear of the counterface.

Keywords diamond, plasma assisted chemical vapor deposition, ~ Properties of diamond coatings were studied, and the results
plasma nitriding, titanium, tribology, wear were compared with that of plasma nitrided titanium and pure

titanium.

1. Introduction

2. Experimental Procedures
Titanium alloys present weak tribological characteristics,

especially poor friction and wear resistance (Ref 1). The depo-
sition of a well adherent diamond coating is a promising way to
solve these problems (Ref 2). However, there is still extensive
work to be done for the successful industrial application of dia-
mond-coated titanium alloy. The tribological performance of

diamond coating should be optimized. The friction and wear
characterization of bulk diamond materials are well known
both in air and vacuum condition (Ref 3). However, the tri-
bological characteristics of diamond coatings are quite differ-

ent from that of bulk diamond because of their polycrystalline

nature and the existence of nondiamond carbon at grain

boundaries. Preliminary studies showed that the friction and lographic techniques. The coating was mechanically ground
wear properties of polycrystalline diamond coatings dependedWith abrasive papers for half an hour and polished with dia-

on many parameters: coating surface topography, crystalline - )
structure of diamond coating, the nature of counterface, and en-mOnd pastes (6 tofm), then ultrasonically cleaned by ace

vironment (Ref 4, 5) tone.
One of the problems to be solved is the high surface rough- The tribological behavior of diamond coated titanium sub-

ness of as-deposited diamond coatings, which causes high coStrate was evaluated using a ball-on-disk tribometer at room

g o . temperature (25 °C). Balls of alumina (with a diameter of 9.5
efficient of friction and severe wear of the counterface material d ; h better tRan 0.02
(Ref 6). Reducing the surface roughness by polishing the Sur_mmdan tﬁ sur acte :COUQ netss. le e_zrrh 4R . I I“m()j were 25
face of as-deposited coatings leads to reductions in both fric-4S€d as € counteriace materiais. 1he normaj loads Were =, o,

tion and the wear of the counterface. In this paper, tribological and 10 N. The sliding distance was 200 m, and.th.e sliding speed

was controlled at 0.2 m/s. The coefficient of friction was con-
tinuously recorded during each test. The relative humidity dur-
ing measurement was about 6398%. The wear track on the

Commercially pure titanium plate with a thickness of 3 mm
was mechanically ground with abrasive papers and polished
with diamond pastes (6 tqun), then ultrasonically cleaned by
acetone before deposition. Deposition of a diamond coating on
the titanium substrate was carried out by a MPS4 microwave
plasma assisted chemical vapor deposition (CVD) system (Co-
' axial Power Systems Ltd., UK). The output frequency was 2.45
GHz, and the microwave plasma power was 1 kW. The gas ratio
of methane to hydrogen was 196 to 4. The total gas pressure
was 30 torr, and the deposition time was 12 h. The diamond
coating after deposition was polished using standard metal-
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Fig. 1 Comparison of the surface roughness among the un-
treated pure titanium, plasma nitrided titanium, natural diamond
coating, and polished diamond coating. (Obtained from Talysurf
5 laser profilometer)

i .y .

‘||:] dinmmond Dli.ﬂll

The tribological performance of diamond coating was com-
pared with plasma nitrided titanium specimen. Plasma nitrid-
ing was carried out by same plasma assisted CVD system with
the plasma power of 1.5 kW. The total gas flow of nitrogen was
200 sccm, and total gas pressure was 30 torr. The deposition du-
ration was 1 h.

3. Results and Discussion

3.1 Characterization of Plasma Nitrided Layer and
Diamond Coating

Figure 1 shows a comparison of the average surface rough-
ness of an untreated titanium substrate, plasma nitrided tita-
nium, diamond coating deposited on titanium substrate, and
polished diamond coating. Compared with the untreated sub-
strate, the surfaces become much rougher after plasma nitrid-
ing under 1.5 kW and 1 h or deposition of diamond coating
under 1 kW and 30 torr. With the polishing of diamond coating,
the surface roughness has been decreased somewhat.

Figure 2 shows the SEM surface morphology of four types
of samples, which can support the previous conclusions. Visual
observation of the plasma nitrided samples indicates that after

?h] plasma nitrided Ti

Fig. 2 Surface morphology of four types of specimens. (a) Untreated titanium showing the scratches formed during preparation of speci
men. (b) Plasma nitrided titanium indicating the rough nature. (c) Diamond coating showing the sharp tips of asperities. (d) Polished dia-
mond coating showing the relative smoothing surface achieved by damaging the sharp tips of asperities

6540 Volume 8(6) December 1999

Journal of Materials Engineering and Performance



a short nitriding time, the surface shows a bright yellow color TiC layer is porous and rough, which is easily removed during
indicating the formation of titanium nitride phase. With an in- the grinding and polishing processes. Microhardness measure-
crease in nitriding duration, the sample surface becomes a darknents reveal that beneath the TiC layer, there is a hardened
golden color. The deposited diamond coating shows a densezone in the titanium substrate with a thickness of abopti20
well-faceted, and polycrystalline morphology, which is pre- which is generated by the diffusion of carbon and hydrogen
dominantly in (111) orientation. For each diamond crystallite, into the titanium substrate.

the four (111) planes are inclined relative to the sample surface.

The point of intersection of these four (111) faces forms as tri-3 2 Tribological Behavior

angular, sharp asperities, which are clearly shown in Fig. 2(c). L . "

The roughness of diamond coating is about @& 8205um. Af- P_ur_e Titanium Substrate. F|gure_ 5 s_hows the coefﬁment_
ter polishing, the diamond coating surface becomes muchOf friction curves for the untreated titanium samples under dif-

smoother, indicating the smoothening of the diamond crystals,feref'?_t norra;lflc_)e;(_js. For uptreated p?rettlt?ngjmigzlong-_terT
as shown in Fig. 2(d). coefficient of friction remains a constant at about 0.5 and is al-

most independent of the applied normal load. Figure 6 shows

. o .. the cross section profiles of the wear track obtained from the
trided titanium. The top layer (or the compound layer) consists Talysurf profilometer (Taylor Hobson, Inc., Rolling Meadows,

of TiN -and TpN (up to about im thick) (Ref 7). The boundary IL) under different normal loads. With an increase in normal

be-tween. the conjpound. layer gnd the substrate material ConI'oad, both wear depth and wear width increase significantly.
tains a nitrogen-rich, solid-solution hardened zone.

. h . hol  di q Under the test conditions applied, the dominant wear mecha-
_ Figure 4 shows cross-section morphology of diamond coat-igms for untreated titanium are oxidative wear and abrasive
ing system that clearly reveals existence of three different |ay'wear. Figure 7(a) and (b) shows the worn surface morphology

ers: the diamond _coating,. Ti(,: layer, and heat-affec.ted andot \wear track, indicating the extensive scratching or ploughing
carbon/hydrogen diffused titanium layer (Ref 8). The diamond ¢ the supstrate. There is usually a large quantity of wear de-

coating is about gm thick and is dense and homogeneous. The is and EDX analysis indicates that the debris are actually

oxide particles. The delamination wear mechanism can also
[ be observed, as shown in Fig. 7(c), but this is not prominent.

sl il
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Figure 3 shows the cross-section morphology of plasma ni-
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Fig. 4 Cross section of diamond coating on pure titanium
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Fig. 5 The friction coefficient curves of pure titanium under Fig. 6 Cross section profiles of the wear track of pure titanium
different normal loads sliding with AD3 ball under different normal loads sliding with /3 ball
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Examination of the worn AD; ball using EDX indicates the

Plasma Nitrided Titanium. Figure 8 shows the coefficient

transfer of titanium substrate on the balls. In conclusion, high of friction of plasma nitrided samples under different normal
coefficient of friction and rapid wear of materials characterize loads. Figure 9 shows the depth and width of wear tracks of the

the tribological behaviors of untreated titanium (Ref 1).

Fig. 7 Worn surface morphology of untreated pure titanium
substrate. (a) A large quantity of wear debris indicating the oxi-
dative and abrasive wear. (b) Extensive ploughing on the worn
pure titanium substrate. (c) The delamination wear observed on
the wear track
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worn plasma nitrided samples. Wear and friction results of
plasma nitrided specimens show that there is a critical load at
which the wear mechanism is probably changed. Under a nor-
mal load of 2 N, the coefficient of friction remains very low
(about 0.2) during the long-term sliding process. The wear of
plasma nitrided sample under normal loads of 2 N is difficult to
detect from the cross-section profiles, as shown in Fig. 10. Fig-
ure 10(a) shows the worn surface morphology of plasma ni-
trided sample under a normal load of 2 N and a sliding distance
of 200 m, indicating only a mild wear of the nitrided layer.
However, with the normal load increased to 5 and 10 N, the
predominant wear mechanism changes to that of delamination
or spallation. On the worn surface, the crushing or spallation of
compound layer can be observed, as shown in Fig. 10(b). After
the spallation of the compound layer, the worn surface shows
the typical extensive abrasive wear. The coefficient of friction
of nitrided sample under 5 N increases abruptly after the initial
phase of sliding and continues to rise with the further sliding
(see Fig. 8). For the test under a normal load of 10 N, the coef-
ficient of friction also increases abruptly to a high value of 0.6
during the beginning of the wear process; then it varies signifi-
cantly. Cross section of wear track under normal loads of 5 and
10 N can detect the wear of the nitrided layer as shown in Fig.
9. Energy dispersive x-ray analysis on worp@ ball indi-
cates the transfer of materials from the plasma nitrided layer.
Plasma nitriding can improve the friction property and wear
resistance of pure titanium by increasing the surface hardness
and forming a compressive residual stress in the nitrided layer.
However, the formation of a thin and brittle compound layer is
not efficient to improve the friction property and wear resis-
tance under high normal loads as shown by the previous results.
Diamond Coating. Figure 11 shows the coefficient of fric-
tion curves of (111) texture diamond coatings under different
sliding conditions. Usually there is a significant fluctuation of
the dynamic coefficient of friction at the beginning of the test,
and the mean value is quite high at about 0.45 to 0.55. At a
steady stage, the coefficient of friction is rather unstable and
fluctuates between 0.45 and 0.5. The triangular (111) diamond
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Fig. 8 The friction coefficient curves of plasma nitrided tita-
nium under different normal loads sliding witha® ball
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coatings have many sharp asperities. These sharp asperitie
may induce high tangential forces on the counterbody and ca
dig in and cut the surface of the alumina ball surface. The high
coefficient of friction is mainly caused by a severe abrasion and
ploughing action by asperities of diamond coating (Ref 9). .
A lot of debris is observed on the diamond coating surface, |
but no evidence of severe damage of diamond coatings coulc
be found. The EDX analysis indicates that the debris layer con
sists predominantly of AD5. Debris piles up at the leading
edge of the dlamond crystals, and much wear debrls were.

Fig. 12). The agglomeration of much smaller wear debris forms
a thick transfer layer. Itis the interaction of these transfer debris
layers with the counterface that controls the friction behavior
during wear tests (Ref 10, 11). No delamination of the coating
can be observed. The wear of the diamond film was too low to==
be measured in all tests performed. Raman analysis shows that(a)
there is no change in the Raman peak on the worn diamond

coating surface as compared with the as-deposited coating, in
dicating that no phase transformation has occurred during slid

ing. N
Scanning electron microscopy observation shows the exten f
sive ploughing and removing of materials on the alumina ball y "
(see Fig. 13). Figure 14 shows the wear volumes of alumina =
counterface under different normal loads. The higher the nor- 4 et
mal load, the larger the wear volume of alumina ball. The S et
steady coefficient of friction during long-term sliding may be -
due to the presence of the transferred debris layer and the e * ol

larged real contact of the counterface (Ref 12).
After polishing the diamond coatings using standard metal-
lurgraphic techniques, the surface roughness of diamond coat:
ing is reduced to 0.32 0.05um. The coefficient of friction of
diamond coatings is reduced significantly and stabilized at a e
much lower value, as shown in Fig. 11. The larger amount of (b)
rounded asperities result in a larger real contact area, and
hence, a smaller tangential force is achieved leading to a lower Fig- 10 Worn surface morphology of plasma nitrided layer. (a)
coefficient of friction at the initial stage. There is again no vis- \éVorn S””acﬁm%rp?cz"c"\lgyshow'”g not T“hCh "I"ear obsergeg un-
ible wear scar on the polished coating surface, and the trans- Ia‘;re? Sﬁggﬁa gzrn:)al |oad(o)f i;u'\sl Ing of the plasma nitride
ferred debris of the counterface has also been reduced
significantly as shown in Fig. 15 (Ref 13).
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Fig. 11 The friction coefficient curves of normal diamond coat-
Fig. 9 Cross-section profiles of the wear track of plasma nitrided ing and polished diamond coating under different normal loads
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Fig. 12 Worn surface morphology of diamond coating under
different normal loads. () 2 N. (b) 5N. (c) 10N

Fig. 13 The extensive ploughing and removing of materials on
the AlbO3 ball after wear test on diamond coating
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Fig. 14 The wear volumes of AD3 ball under different nor-
mal loads

mond/counterface couple but is typical of the transferred wear
debris layer against the counterface. The measured coefficient
of friction, therefore, does not illustrate the real friction be-
tween the diamond coating and the counterface (Ref 14). Due
to the influence of the initial surface roughness and the large
amount of the transfer material from the counterface, it is diffi-
cult to assess the true wear behavior of the diamond coating. In
future work, a scratch test will be used to study the wear and
friction properties of the diamond coated specimen.

4. Conclusions

Figure 16 shows a comparison of the wear scar of the three

types of specimen sliding with 4D, ball under different nor-
mal loads. The wear resistance of titanium can be improved sig-"

nificantly by diamond coating.

The high hardness and roughness of the diamond coating

leads to extensive abrasive wear. This leads to a transfer of wear
debris from counterface to diamond coating. Consequently, the
observed coefficient of friction is not typical of the dia-
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The following conclusions can be drawn:

High coefficient of friction and rapid wear of materials
characterized tribological behaviors of untreated titanium.

Plasma nitriding improved wear resistance only under low
normal load. However, this hardened layer was not effec-
tive in improving the wear resistance and the friction prop-
erties under high normal load.

Journal of Materials Engineering and Performance



Fig. 15 Worn surface morphology of polished diamond coating
under different normal loads. (a) 2 N. (b) 10 N

»  Diamond coating on pure titanium improved the wear resis- 6sm} .

tance of titanium significantly. Surface profilometry meas-

urement indicated little or no wear of the diamond coating 12um)

occurred under different normal load.

e The roughness of the diamond coating was critical because
it controlled the amount of abrasive damage to the counter-
face. Reducing the surface roughness by polishing led to re-
ductions in both friction and wear of the counterface.
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