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Yongqing Fu, Nee Lam Loh, Bibo Yan, and Jun Wei

(Submitted 5 October 1999; in revised form 30 May 2000)

Sputtered carbon nitride (CNy) films were deposited on both untreated and plasma-nitrided Ti-6Al-4V
substrates. Surface and cross-section morphology of the deposited CNy films was studied by scanning
electron microscopy (SEM). Modified Vickers hardness tests showed that the intrinsic hardness of the
CNy film was about HV 2000 to 3000. Both the indentation and scratch tests showed that, compared with
the CNy film deposited on Ti-6Al-4V substrate, the load-bearing capacity of CNy film deposited on a
plasma-nitrided layer was improved dramatically. From the results of scratch tests, the duplex-treated
system was effective in maintaining a favorable low and stable coefficient of friction and improving the

wear resistance of Ti-6Al-4V substrate.
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1. Introduction

Based on theoretical calculations, Liuand Cohen!™ predicted
a metastable binary phase of carbon and nitrogen, namely,
B-C3Ny, with bulk modulus equal to or greater than that of
diamond.[? This remarkable prediction stimulated intense theo-
retical and experimental activity worldwide with a view to
synthesize this superhard material .33 However, up to now,
even though a variety of deposition techniques have been used
to prepare carbon nitride films, the deposits were usually amor-
phous (sometimes, with small clusters of microcrystalline mate-
riall®) and mostly substoichiometric in nitrogen, i.e., the
formation of amorphous carbon nitride films (CNy), with X
typically about 0.3 t0 0.5.1 Amorphous CNy films have already
been applied in the magnetic recording industry rivalling the
amorphous diamond-like carbon (DLC) films with their high
hardness and elastic property, superior heat conductivity, and
low friction coefficient.[®! Amorphous carbon nitride films have
aso been prepared on Ti aloys for improving their tribol ogical
properties and biocompatibility.[*1% However, the soft Ti alloys
may not be able to provide adequate support for the hard CNy
films, thereby adversely affecting their load-bearing capacity,
tribological performance, and durability. An approach to solve
this problem is to design and develop duplex diffusion/coat-
ing treatments.[*+42

Duplex surface engineering involves the sequential applica-
tion of two (or more) established surface technologies to pro-
duce a surface composite with combined properties that are
unobtainable through any individual surface technology.[*3
Current studies on duplex treatments concentrate on combining
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plasma nitriding with TiN, CrN, or DLC coating on steel sub-
strate.[*41516 However, so far, thereare no reportson the duplex-
treatment combining of plasma nitriding with CNy films on Ti
aloy substrate. The purpose of this research work is to study
the combination of plasma nitriding and CNy films on Ti-6Al-
4V substrate.

The best tribological coating should combine high hardness,
low coefficient of friction, and high load-bearing capacity (not
only the high adhesion strength).[*] To measure theload-bearing
capacity and mechanica properties of thin films, it is required
that the strains be introduced in a systematic manner. For a
relatively brittle film on aductile substrate, this can be achieved
by transferring strains through deforming the substrate, i.e.,
by indentation or impression.[*819 |n this study, the Rockwell
indentation tests were performed on CNy films deposited on
both untreated and plasma-nitrided Ti-6Al-4V to compare their
static load-bearing capacity.[*317]

Higher coating hardness and lower coefficient of friction
are desirable for good tribological performances of CNy films.
However, high hardness usualy corresponds with brittleness
and high stress in the coating, which may degrade both the
load-bearing capacity and the tribological performance.* In
this study, a scratch test machine was used to evaluate both the
dynamic load-bearing capacity!™® and tribological behavior of
CNy coating deposited on untreated and plasma-nitrided Ti-
6Al-4V.

2. Experimental Details

Ti-6Al-4V plates with adiameter of 50 mm and a thickness
of 3 mm were ground with SiC grinding papers and polished
with diamond pastes, then ultrasonically rinsed in acetone.
Plasma nitriding was carried out with a total power of 2 kW
and a voltage of 1500 V. The deposition temperature was 800
°C and the nitriding duration was 9 h. CNy films were deposited
on untreated and plasma-nitrided Ti-6Al-4V plates by an unbal-
anced magnetron sputtering system under a base pressure of
6 X 1072 Pa. A high purity (99.99%) planar graphite target
was used in a pure (99.999%) nitrogen discharge at a gas
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pressure of 5 Pa and a constant gas flow rate of 40 standard-
cubi c-centimeter-per-minute. The discharge current on the cath-
ode was held at 1 A, the substrate temperature was below 200
°C, and the negative substrate bias voltage was —300 V.

The surface and cross-section morphology of the duplex-
treated system and the deposited CNy filmswas investigated by
a JEOL (Japan Electron Optics Ltd., Tokyo) scanning electron
microscope (SEM). Transmission electron microscopy, Fourier
transform infrared spectroscopy, Raman spectroscopy, and x-
ray photoelectron spectroscopy (XPS) analysis of CNy films
can be found in Ref 12.

The intrinsic hardness was evaluated using Vickers micro-
hardness tests proposed by Jonsson and Hogmark:[21:22

K. — Ks

=Rt e X

(Eq 1)

where H; is the intrinsic film hardness and H is substrate
hardness. The terms K. and K are the slopes of the curves of
measured hardnessversus reciprocal of theindentation diagona
for the coated sample and substrate, respectively; C is the
constant factor determined by indentation geometry; andtisthe
film thickness. However, one of the problemsfor thisequationis
the choice of the C value for different film-substrate systems.
Xu et al.[2241 modified the parameters according to different
hardness ratios and found the intrinsic hardness to be Eq 2:

A-1
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where A = (K. — K /(t X Hy). In this research work, CNy thin
films with thicknesses of 2 and 5 um were deposited on both
Ti-6Al-4V and plasma-nitrided Ti-6Al-4V. A MICROMET Il
microhardness tester was used and the loads for Vickers hard-
ness ranged from 50 g to 10 kg, respectively. The calculated
procedures were previously described.[?-2]

The load-bearing capacity of the duplex-treated Ti-6Al-4V
was evaluated using a Rockwell hardness tester under the nor-
mal loads of 588 and 1470 N. With the Rockwell hardness
tester (Matsuzawa Seiki Co. Ltd., Tokyo, Japan), static load-
bearing capacity of a film was judged from the radia and
lateral cracks and spallation after theindentation using an SEM.
Tribological performance and dynamic load-bearing capacity
of the CNy films on different substrates were assessed using a
scratch tester.[?6271 A diamond stylus was driven across the
coating to determine the load-bearing capacity at a constant
speed of 1 mm/s and a continuously increased load rate of 1.5
N/s. Determination of the critical load for coating failure, which
is related to the load-bearing capacity of a coating-substrate
system, was made by metallurgraphi c examination of the scratch
traces. During the scratch test, both the tangential force and
normal loads were measured continuously, and the coefficient
of friction can be obtained from the ratio of the tangential force
to normal load. By comparing the curves of coefficient of
friction versus normal load for four types of specimens (i.e.,
Ti-6Al-4V, plasma-nitrided Ti-6Al-4V, and CN films deposited
on both untreated and plasma-nitrided Ti-6Al-4V), their tribo-
logical behavior can be evaluated.

He = st[ (Eq 2)
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3. Results and Discussion

3.1 Characterization of CNy and Duplex-Treated Coating

Physically, CNx films are opague, dark-brown in color,
smooth, with good adherence to the substrate, and appear to
replicate the substrate topography. Figure 1(a) to (c) show the
SEM surface morphology of plasma-nitrided Ti alloys (800 °C,
9 h) and carbon nitride films deposited on both Ti-6Al-4V
substrate and plasma-nitrided specimen. The plasma-nitrided
surface is very rough, which is typical for the surface after
plasma ion bombardment and irregular growth of nitride, as
shown in Fig. 1(a). The surface of CNy films deposited on a
Ti-6Al-4V substrate isrelatively smooth, as shownin Fig. 1(b).
The SEM observation indicates that the deposition of CNy film
has a smoothing effect on the plasma-nitrided layer, as shown
in Fig. 1(c).

Figure 2 shows the cross-section morphology of the duplex-
treated coating system. The CNy film with athicknessof 5 umis
dense and free of porosity. Examination at high magnifications
revealsauniform microstructure of CNy filmsat themicrolevel.
There is no sign of cracking or debonding and continuity is
evident across the interfaces among the Ti aloy substrate,
nitrided layer, and CNy film, indicating good adhesion between
the CNy film and plasma-nitrided Ti alloy substrate. Beneath
the CNy film is the plasma-nitrided layer, which is composed
of two sublayers. The top sublayer (or the compound layer)
consists of &-TiN and e-Ti,N (up to about 1 to 2 um thick),
as reported in Ref 10 and 12. The lower sublayer between the
compound layer and the substrate material contains a nitrogen-
rich a-stabilized solid-solution-hardened zone. The core mate-
rial consists of retained B phase in a matrix of «-Ti. The ratio
of N/C in the films obtained from XPS is about 0.45, which
is far below the desired value of B-CsN,4 (1.33).

The regression analysis results of Vickers hardness tests and
the calculated coating intrinsic hardness values are listed in
Table 1. The calculated results according to Eq 2 show that the
intrinsic hardness of CNy thin film is about HV 2000 to 3000
(or 20 to 30 GPa) depending on different coating systems,
which is about 7 to 9 times higher than that of the Ti-6Al-4V
substrate. It seems that with an increase in film thickness, the
intrinsic coating hardness decreases. The CNy film deposited
on a plasma-nitrided layer is a little harder than that deposited
on Ti-6Al-4V substrate. However, the reasons are not clear and
these conclusions need further investigation.

3.2 Static Load-Bearing Capacity Evaluated by Indentation
Tests

Figure 3 shows the SEM micrographs of the indentation
impressions of CNy films deposited on Ti-6Al-4V and plasma
nitrided Ti-6Al-4V. For the CNy films deposited directly on
Ti-6Al-4V substrate, there is usualy large-area cracking and
spallation occurring after indentation, as shownin Fig. 3(a) and
(d). Under a small normal load of 588 N, for a2 um CNy film
deposited on plasma-nitrided Ti-6Al-4V substrate, there are
some small ring crackswithin theimpression and gjecting radial
cracksformed at the circumference of the indentation, as shown
in Fig. 3(e). Under a high normal load of 1470 N, severe radial
and ring cracks (but no spallation) can be observed on CNy
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Fig.1 SEM surface morphologies of (a) plasma-nitrided Ti aloys
(800 °C, 9 h); (b) carbon nitride film deposited on Ti-6Al-4V substrate;
and (c) carbon nitride film deposited on plasma-nitrided Ti-6Al-4V

films deposited on plasma-nitrided substrates, as shown in Fig.
3(f). With the increase of film thickness to 5 um, there are
some large radial cracks accompanied by blister formation and
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Fig. 2 The cross-section morphology of the duplex-treated coating
system

Tablel Regression data for Vickers hardness
measurements (CNy/PN/Ti64: CNy film deposited on
plasma-nitrided Ti-6Al-4V; and CNx/Ti64: CNy film
deposited directly on Ti-6Al-4V)

Thickness Hs H;
of CNy  (HV or Ks Kc (HV or
Sample films 10 MPa) (10 kN/m) (10 kN/m) 10 MPa)
CNy/PN/Ti64 5 um 337.13 0.9085 12.583 2576.5
CNy/PN/Ti64 2 um 337.13 0.9085 6.7074 29479
CNy/Ti64 5 um 337.13 0.9085 11.939 22925

dlight debonding of CNy films at the edge of the impression,
as shown in Fig. 3(g) and (h).

The above results indicate that (1) with the application of
a plasma-nitrided interlayer between the substrate and coating,
the load-bearing capacity has been improved significantly; and
(2) the thicker the films, the poorer the load-bearing capacity.
The indentation failure modes of CNy films are briefly illus-
trated in Fig. 4. Figure 4(a) demonstrates a failure mode with
only ring cracksand radial cracks around the indentation, which
indicate that the coating is brittle but with a high load-bearing
capacity.l'17 Figure 4(b) shows that during indentation, many
cracks, which form in the coating, reorient along the interface,
resulting in discrete debonding, but most of the film remains
attached to the substrate.[*®! This situation correspondsto afilm
with a relatively poor load-bearing capacity. When there are
high stresses in the film due to the sharp difference in elastic
modulus or hardness between coating and substrates, the com-
pressed films may buckle at the interface, and these buckles
are susceptible to propagation by interface crack growth, fol-
lowed by large-area spallation, as shown in Fig. 4(c).

3.3 Dynamic Load-Bearing Capacity and Tribological
Behavior Evaluated by Scratch Tests

For the scratch tests on CNy films, the load-friction curves
of coated samples often show alinear increase at the beginning
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Fig. 3 The SEM micrographs of the indentation impressions of CNy films deposited on Ti-6Al-4V and plasma-nitrided Ti-6Al-4V substrate. (a)
2 pum CNx/Ti64 under 588 N; (b) 2 um CNx/ Ti64 under 1470 N; () 5 um CNx/Ti64 under 588 N; (d) 5 um CNx/Ti64 under 1470 N (continued

on next page)

period, with an abrupt increase at a critical load. The critical
loads, i.e., the load-bearing capacity of CNy films on untreated
and plasma-nitrided Ti-6Al-4V substrate, are shown in Fig. 5.
Compared with that of carbon nitride film deposited directly
on Ti-6Al-4V substrate, the load-bearing capacity is improved
dramatically with the application of a plasma-nitrided layer
between the Ti-6Al-4V substrate and the CNy film. With the
increase of thickness of the CNy film, the load-bearing capacity
becomes poor, probably due to high residual stresses existing
inthe coating. Theseresults areidentical with those frominden-
tation tests.

Figure 6 showsthe curves of the coefficient of friction versus
normal load for different specimens obtained from the friction-
load curves of scratch tests. For the stylus scratching on Ti-
6Al-4V substrate, the coefficient of friction is about 0.6 to 0.8,
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as shown in Fig. 6. Examination of the scratch track shown in
Fig. 7 revedsthe typical severe abrasive wear (i.e., ploughing).
With the stylus scratching on the plasmarnitrided Ti-6Al-4V
substrate, the coefficient of friction is low and stable (around
0.15), as shown in Fig. 6. Examination of the wear track shows
that there are only dlight scratching lines on the wear track,
indicating a good wear resistance, as shown in Fig. 8. When
the load is increased to about 55 N, there is a large variation
in coefficient of friction, which is probably caused by the col-
lapse of the nitrided layer under high normal load.

For the scratch test of CNy film deposited on Ti-6Al-4V
substrate, during the beginning period, the coefficient of friction
is very low, as shown in Fig. 6, indicating a good lubricating
effect of CNy films. However, after a short period, the coeffi-
cient of friction increases abruptly. The SEM observation, as
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Fig. 3cont. The SEM micrographs of the indentation impressions of CNy films deposited on Ti-6Al-4V and plasma-nitrided Ti-6Al-4V substrate.
(e) 2 um CNx/PN/Ti64 under 588 N; (f) 2 um CNx/PN/Ti64 under 1470 N; (g) 5 wm CNx/PN/Ti64 under 588 N; and (h) 5 um CNx/PN/Ti64

under 1470 N

shown in Fig. 9, revedls that this sudden increase in friction
force is attributed to the spallation of CNy film.

For the 2 um CNy film deposited on prenitrided specimen,
the long-term coefficient of friction is shown in Fig. 6. The
typical scratch morphology on a duplex-treated surface indi-
cated a mild wear on CNy film. There is a sudden jump in
friction force occurring at acritical load around 60 N, as shown
in Fig. 6. The SEM examination reveals that the film cannot
endure the combination of the high normal load and frictional
force, so it collapses and causes the large-area spallation of the
film, as shown in Fig. 10. A similar phenomenon can be
observed for the 5 um CNy films deposited on aplasma-nitrided
surface, and the only differenceisthat the long-term coefficient
of frictionisalittlelower and thecritical load isslightly smaller.

Journal of Materials Engineering and Performance

The relatively low coefficient of friction under a higher normal
load is probably related to the graphitization of CNy coating
under high load and sliding conditions,!*? but this needs fur-
ther investigation.

Plasma nitriding of Ti-6Al-4V produces a graded hardened
case that can serve as a supporting layer for the hard CNy
films, improving load-bearing capacity, and it also provides a
compressive stress that can assist in excellent fatigue resistance
and impart better stability of carbon nitride films to the Ti
substrate. Hard and low-friction CNy films could effectively
reducethe coefficient of friction, thus providing agood tribolog-
icad behavior. After plasma nitriding, usualy the surface
becomes rough and the high surface roughness gives a highly
stressed layer. By depositing CNy films on the plasma-nitrided
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Fig. 4 Theindentation failure modes for CNy films deposited on different substrates (a) good |oad-bearing capacity, (b) poor load-bearing capacity,

and (c) poor load-bearing capacity
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Fig.5 The load-bearing capacity of CNy films on untreated and
plasma-nitrided Ti-6Al-4V substrate obtained from the scratch tests
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Fig. 6 The coefficient of friction with increase of norma load for
Ti-6Al-4V substrate, plasma-nitrided layer, and CNy film deposited on
Ti-6Al-4V and on prenitrided layer

specimen, the surface roughness can be decreased; therefore,
reinforcing the plasma-nitrided layer by deposition of CNy films
can improve the wear resistance significantly.[*230
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Fig.7 The typica severe abrasive wear (i.e., ploughing) observed
on the scratch track of Ti-6Al-4V at a normal load range between 30
and 40 N

Fig. 8 Thetypical morphology of the scratch track on plasma-nitrided
surface at a normal load range between 30 and 40 N

Journal of Materials Engineering and Performance



Fig.9 The morphology of the scratch track for 2 um CNy film

deposited on Ti-6Al-4V substrate at a normal load range between 3 5
and 60 N 6
7
8
9
10
11.
12,
13.
14.
15.
16.
17.
18.
19.

Fig. 10 The typical morphology of the scratch track for 5 um CNy
film deposited on plasmarnitrided Ti-6Al-4V showing the large-area 20.
spallation at a normal load range between 53 and 58 N o1
22
23
. 24

4. Conclusions

25

Carbon nitride films were deposited on plasma-nitrided Ti-
BAI-4V substrate in order to improve the load-bearing capacity 26.
and tribological behavior of Ti-6Al-4V. The following conclu- 27
sions can be derived from the experimental results. 28,

* Modified Vickers hardness tests showed that the intrinsic

hardness of the CNy film was about HV 2000 to 3000. 30.
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Compared with the CNy film deposited on Ti aloys, the
load-bearing capacity of CNy film deposited on a plasma-
nitrided layer has been improved dramatically, which can
be seen from both the indentation and scratch tests.

According to the scratch tests, the duplex-treated system
was effective in maintaining a favorable low and stable
coefficient of friction and improving the wear resistance.
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