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Abstract: Ti/Cu/N coatings with different Cu contents were deposited on titanium alloy surface by the
DC magnetron sputtering technique. XPS and FESEM were employed to characterize the composition and
structure of the coating on the Ti6Al4V substrates. In addition, The adhesion force, friction, and wear properties
of the Ti/Cu/N coatings were investigated. The experimental results showed that the coarse particles of the
coatings would grow more and the surface roughness increased with the increase of copper content in the
coatings; The coatings showed a strong adhesion force; The friction coefficient of the coating of the samples
was less than the substrate, reaching 0.19 at least. The wear resistance of the coatings could be improved by
optimizing and controlling the relative content of Ti, Cu, N elements on the titanium alloy surface, especially
the 10.98 at% contents of the copper. The sample C2 kept the best wear resistance.
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1 Introduction

Titanium and titanium alloy are widely used in
many industrial fields due to their excellent corrosion
resistance and mechanical properties!’. However,
the poor tribological behavior of the titanium and
titanium alloy limits their wide applications™™. So the
research about the modifying properties of the surface
of titanium is still conducted”.Nowadays,a series
of different surface modification techniques, such as
physical and chemical vapor deposition(PVD/CVD)
™ thermal oxidation™, ion implantation', plasma
spraying!” and arc reactive ion plating™have been
developed to improve the tribological properties of
the coatings. In addition, a number of titanium alloy-
based coatings are deposited by applying different
techniques, such as multicomponent (TiAICN,TiNOC)
&1 multilayer (TiN/TiCN/TiC)"" and graded (Ti/TiN/
TiCN)!"”. In fact, although more surface modification
techniques have been proposed and considerable
progress has also been achieved for the latest decades,
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each technique and coating have their own advantages
and disadvantages. For PVD/CVD, thermal oxidation,
ion implantion, the high temperatures destroy the
physical properties of the coating'’!. For multilayer
(TiN/TiCN/TiC), although the thickness is enough, and
it prolongs the service life of the coating, tribological
behaviors indicate that there is no significant change
in the wear resistance of the coating as compared with
those of other thin hard coatings """

C and Cu are both good solid lubrication
materials, but the hardness of the coatings contained
Cu element is investigated only. The effects of Cu
on the composition, structure, and hardness of these
nanocomposite Ti/Cu/N films deposited by pulse
biased arc ion plating were investigated'” """ It was
showed that Ti/Cu/N coatings containing 1.5 at% of
copper exhibited maximum hardness of 45 GPa and
relatively low friction coefficient of 0.3. The Ti/Cu/
N coatings showed a better wear resistance than the
316L SS substrate due to the high surface hardness of
intermetallic precipitation of TiN by plasma surface
alloying technique”.

This study presents Ti/Cu/N coatings on
titanium alloy surface by direct current magnetron
sputtering(DCMS) technique, which has low preparing
temperature and good adhesion force between the
coating and the substrate ****). The microstructure,
mechanical properties and friction and wear behaviors
of the Ti/Cu/N coatings were investigated.
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2 Experimental

2.1 Specimens preparation

Ti6Al4V wafers with the size of ¢10 mmx3 mm
were used as the substrates. The Ti/Cu/N coatings
were obtained by using DCMS system (Beiking
Chuangshi Weina Technology Co., Ltd, JS2S-100B).
After ground with No0.360-2000 emery papers, the
substrates were polished with the diamond polishing
agent spray. Before putted into the sputtering chamber,
all of the substrates were ultrasonically cleaned for
10 min in acetone and ethanol respectively. Then the
substrates were rinsed and dried with deionized water.
The titanium targets (99.99% purity) were inlaid with
copper (99.99% purity), embedded in the etching area
by DCMS. The diameters of the three copper bars were
¢1 mm, ¢3 mm, ¢5 mm, and the relative area ratios of
the Cu and Ti target were 0.16%, 1.44% and 4%. The
corresponding titanium targets inlaid with copper were
marked as C1, C2, C3.

The process parameters were as follows: the Ar/
N, maxture gas pressure was 0.6 Pa (Ar:N,=1 :1). The
pressure of nitrogen was 0.3 Pa.The source voltage was
controlled in a range of 350-380 V, the target current
of 0.8-1 A . The distance from the substrate sample
to the source target was 80 mm. In order to improve
the substrate temperature and increase adhesion force,
the deposition was conducted at a bias voltage of 80
V. The process duration was 2 h.There were two steps
in the experiment :(1) At the first hour, the argon was
only pumped into the vacuum chamber, the sputtering
pressure was 0.6 Pa, the firstly deposited Ti/Cu coating
could be beneficial to good adhesion force™. (2) At
the second hour, the mixed gas of the equivalent N,
and Ar was pumped in and the nitrogen was selected
as the reactive gas, while the argon was selected as
the working gas. Then keeping the sputtering pressure
unchanged, the Ti/Cu/N coatings were obtained.
2.2 Structural characterizations

Microstructural analysis was performed on the
surface of the Ti/Cu/N coatings by Nano SEM430. The
chemical state of the coatings was determined by VG

2 pm

Fig.1 SEM images of Ti/Cu/N coatings deposited with different copper content targ
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ESCALAB Mark II X-ray photoelectron spectroscopy
(XPS) with Al Ka false X-ray as the radiation source.
2.3 Mechanical characterization and

tribological test

The adhesion strength of the coatings to the
substrate was measured using a HT-3002 Micro Scratch
Tester (Zhejiang Huijinteer Coating Technology co.,
LTD), which has a conical diamond tip of 0.2 mm
radius and 120° taper angle. And the starting and max
load was 5 and 30 N respectively.The scratching speed
was 2 mm/min, and the loading speed was 20 N/min.
The morphology of the scratch was detected by optical
microscopic examination (Zeiss Axiovert 25CA).

Drying sliding friction and wear tests were carried
out using the ball-on-disk reciprocating tribometer
(MFT-R4000 produced by Lanzhou Institute of
Chemical Physics Chinese Academy of Sciences ) at
room temperature of about 25+3 C. An alumina ball of
5 mm in diameter was used as the counter face. During
the test, the sample to be tested was rotated against the
stationary ball under applied loads of 1 N. The sliding
frequency of the sample relative to the ball was 2 Hz,
the sliding distance was 5 mm, and the testing time
was 1 500 s. The coefficient of friction was recorded
continuously during the test by a computer data-
requisition system.

3 Results and discussion

3.1 Microstructure

In the experiment, XPS was used to determine the
composition of the Ti/Cu/N coatings. The contents of
copper are listed in Table 1.

Table 1 The rates of copper in the coatings
Sample C1 C2 C3
Cu/at% 0.81 10.98 19.89

The SEM morphologies of different samples are
shown in Fig.1.The surface of the sample C1 coating
is smooth, as shown in Fig.1(a). The surface of sample
C3 shows the granular structure, which is similar to the
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ets: (a) C1; (b) C2; (c) C .
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result of the Thornton model™. It could be concluded
from Fig. 1 that the coatings were dense with a distinct
granular structure and grain boundary, so it was called
“large particles”. With an increase of the Cu contents
in the coatings, the number of large particles increases.
Therefore, the surface roughness of the samples
increased with the increase of the Cu contents in the
titanium target.

The glow-discharge optical omission spectro-
metry (GD-OES) was employed to confirm the
variation of the composition for the three samples
coatings. Fig.2 shows the GD-OES spectra of the
concentration distribution along the coating depth.The
thickness of the coating could be seen from the Cu
concentration, about 4-9 pm.The coating was divided
into two layers obviously: the uppermost Ti/Cu/N layer
and the Ti/Cu layer close to the substrate. Fig.2 gives
the distribution curves of the samples C1, C2, C3.The
thickness of the Ti/Cu/N layer is 0.5 um, and the Ti/Cu
layer is about 4 pm, as could be seen from Fig.2(a).The
Ti concentration sharply rises from 55 wt% to 97 wt%
at the distance of 0-0.5 um, and then keeps the value to
the 3 um depth of the coating, at last the value slightly
reduces to 95 wt%;The Cu concentration is stable and
small, about 2 wt%,and when the depth of the coating
is about 3.7 um,the value is zero; The N concentration
sharply diseases from 40 wt% to 0 wt% at the 0-0.5 pum
depth of the coating, and the change is just the opposite
to the Ti concentration.The Al and V elements of the
substrate appear at the depth of 3.7 um.

100~
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Fig.2 (b) shows that the content of Ti is around 40
wt% at the begining, and rises rapidly at 1 um which
reaches 84 wt%, then the concentration rises slowly to
90 wt%; The content of Cu on the surface will decrease
from 38.4 wt% to 12 wt%,then rises slowly from 14.3
wt% to 20.6 wt%, and decreases at the 6.2 um which
has a contrary changing tendency with Ti element, at
the distance of 9 um,the content of Cu will decrease
to 0.3 wt%; The distribution of element N keeps in
22 wt% from surface to 1.5 um, then falls rapidly to
1.5 wt% in the 1.8 pm, then falls slowly;The Al and V
elements of the substrate appear at the depth of 6 um.

Fig.2(c) shows that the content of Ti increases
rapidly from 35 wt% to 78 wt%, it begins to fluctuate
at the depth of 3.1 um, then rises at the 3.4 pm up to
90 wt%; The highest content of Cu is 41 wt%, and
decreases at the 0.7 pm which has a contrary changing
tendency with Ti;The highest content of N is 43 wt%,
then it decreases obviously to 22 wt%; At the depth of
3 um, the Al and V elements of the substrate appear.
In Ti / Cu coating, the GDOES map shows that the
changing trends of Ti and Cu thickness are contrary; In
Ti / Cu / N coating, the changing thickness of the Ti,
Cu and N elements influence each other.

Fig.3 is the EDS energy spectra of the sample
film. As can be seen, the film mainly consisted of
the Ti, Cu and N, the content of Ti in sample C1 was
59.43%, the content of Cu was 0.81%, and the content
of N was 39.76%. In sample C2, the content of Ti was
47.61%, the content of Cu was 10.98%, the content
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EDS images of the coating: (a) C1; (b) C2; (c)C3
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of N was 41.4%. In sample C3, the content of Ti was
43.67%, the content of Cu was 19.89%, the content of
N was 36.44%. The result also shows that the content
of Cu in the film was related to the target composition,
and the content of Cu increased with the increase of the
relative area of Cu. In Fig.3, the relative content of the
element Cu was up to 19.89%, the lowest content was
only 0.81%. It can also be seen that the curve peaks of
N element and the Ti element were overlapping which
was caused by the production of Ti/N. The analysis
result shows that elements of Ti, Cu, N deposited on
the substrate successfully.
3.2 Scratch morphology

Fig.4 gives the micrograph of the scratch track
of samples C1, C2 and C3. When the conical diamond
tip started to slid along the coating surface, a plastic
deformation appeared on the coating-substrate system.
The scratch became more severe with the increase
of the sliding time and load. In addition, a less uplift
deformation could be found on the outside of the
scratches. When the loads increased to approximate
maximum 30 N, the uplift deformations and coating
fracture were obvious (Fig.4(a)). The serious uplifting
phenomenons could be found in the terminal of the
scratch. However, we did not capture the coating and
substrate layer in the microscope. From Fig.4 (a), we
can also observe that the scratch was smooth.

—— O

Fig. 4 Morphology of scratch track: (a)C1; (b) C2; (c) C3

We can observe that nick was rough around the
scratch from Fig.4 (b). Moreover, the tension cracks
were obvious, and even extended to the outside of the
scratch. The fracture phenomenon was found around
the scratch (Fig.4 (b)), which is likely to be caused
by the peeling of the coating. Finally, the continuous
peeling of the coating appeared on the left side of the
scratch.

Fig.4(c) shows the micrograph of the scratch track
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of sample C3. The silvery luster and light substrate
layer were found in the scratch track .Therefore, it
could be concluded that the coating of sample C3
failed, which was caused by flaking.

During the test, the soft coating fails which may
be caused by deviating induced by the compressive
stress concentration, since the tip had a direct extrusion
effect on the front of the tip and resulted in the
compressive stress concentration. With the increase of
the load, the adhesion force between the coating layer
and the substrate layer became strong. However, the
coating did not deviate from the substrate. Therefore,
we do not observe the uplift phenomenons at the
edges of the scratch track. It could be concluded that
the content of soft material, namely copper, was high.
The increased load may only lead to severe plastic
deformation of the coating. In Fig.4(c), there was clear
uplift accompanied with a large continuous flaking at
the edges. At the end of the scratch track (Fig.4(c)),
there was small amount crumbling coating.

So far, we can see that the coating adhesion
failure of the coating-substrate system appeared in the
three samples. The coating adhesion failure indicated
that the coating or the coating and the substrate system
crumbled in the form of fragmental caving inside the
coating layer or the substrate layer located under the
tip. However, the interface between the coating and the
substrate did not failure, which means that the strong
adhesion force results in coating adhesion failure
between the coatings and substrates.

3.3 Tribological properties

The friction coefficient of the coating deposited
on the Ti6Al4V substrate was measured against the
alumina balls. Fig.5 shows the friction curves of the
coatings and the substrates. In Fig.5, we can observe
that the friction coefficients of the coatings and the
substrate were different. At the beginning, the value
of friction coefficient of the substrate was small, then
it rose and fluctuated within a certain range. It should
be noted that the contact area between the coating and
the alumina ball was small, and the contact point was
smooth at the beginning of the friction. Therefore, the
value of the friction resistance was small. With the
friction test running, the actual contact area between
the coating and the alumina ball became large and
rough, so was the wear of the contact surface. Finally,
the friction coefficient increased and reached a steady
state (Fig.5(c)).

In addition, the friction coefficient of the
coatings was less than 0.45 of the substrate (Fig.5).
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For sample Cl, its friction coefficient was the least,
the average friction coefficient was 0.19 in the stable
phase, which was less than 1/2 time of the substrate.
This phenomenon could be explained that there was
hard TiN in sample C1, and the TiN can increase the
abrasion resistance of the coating.The high content
of Ti and the existence of Cu in the grinding way
could increase the anti-friction ability of the substrate.
Therefore, the friction coefficient decreases.
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Fig.5 Friction coefficients of substrate and samples

The Cu content in sample C2 was more than that
in sample C1, and stayed stable in the whole coating.
Cu is a kind of soft material and can play a role of
lubrication during the wear test. Therefore, the value of
the friction coefficient decreases, as shown in Fig.5.

The friction coefficient measured using sample C3
is about 0.43, which is only slightly smaller than that of
the substrate (Fig.5). It was indicated that the content of
Cu in the coating was fairly high (up to 41 wt%). The
large plastic deformation easily occurred in the process
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of the wearing and shearing on the surface of the
coatings when the coating was under the external force
due to the high content of copper. There was small
deformation occurred in the TiN layer under the force
of the ball. The coating contained less TiN. Due to the
uncoordinated deformation, the stress concentration
happened between the coatings and the substrate,
which easily led to the rupturing of the coatings. The
rupturing coatings were maxed in the grinding way,
resulting in constantly scratch with the coating, so the
friction coefficient of sample C3 increased.

Fig.5 shows the fluctuation of the friction
coefficient. Compared with sample C1, the changes of
the value of friction coefficient of sample C2 and C3
were remarkable in the beginning of the tribological
curves. The main reason was the increased roughness
of the coatings. The values of the friction coefficient of
sample C2 and C3 are stable (Fig.5).

The wear tracks of the coatings and the Ti6Al4V
are displayed in Fig.6. We can observe that there was
no remarkable difference between the wear tracks of
the substrate and the coatings. The width of the wear
track was in the range of 723-784 um, and the depth
was about 10 um. The width of sample C3 was the
largest, and its properties of wear resistance became
worse lightly.

The wear volumes of samples C1, C2 and C3
are listed in Table 2. The wear rates which were
corresponding to Table 2 are shown in Fig.7. The
difference between the wear rate of the samples and the
substrate was small (Fig.7). We observe that the wear
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Fig.6 Cross-section profile of grinding track of the substrate and samples: (a) substrate; (b) C1; (c) C2; (d) C3
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volume and wear rate of C1 were the greatest, as shown
in Table 2 and Fig.5. In sample C1, the thickness of the
N layer was only 0.7 um, and the rest were large soft
metal Ti and little amount of soft metal Cu. During the
course of dry friction, the low content of soft metal can
play a role of solid lubrication. That was the reason
for that the uneven surface of alumina balls could be
filled with soft metal in the wear test. The existence
of the soft metal reduced the friction coefficient of the
surface and improved the wear resistance™. However,
the hardness would be reduced seriously. Since the
high content of soft metal had negative effect on the
wear resistance, the coating of sample C3 also had a
high wear ratio because of the high Cu content. So
in order to obtain better wear-resisting coatings, we
should control and optimize the content of Ti, Cu and
N. In this experimental study, sample C2 reached the
expected wear resistance.
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Fig. 7 Wear rate of substrate and samples

Table 2 Wear volume-loss of substrate and samples
Item Substrate Cl1 Cl C3

2.67 3.12 256 2.56

Wear volume/(10*mm™)

Fig.8 Wear morphologies of substrate and samples: (a) substrate;
(b) C1; (c) C2; (d) C3

Fig.8 shows the surface wear morphologies of the
substrate and samples C1, C2 and C3 after wear test.
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The load on each sample and test time were 1 N and
1 500 s respectively. The results (Fig.8) were magnified
by 2 000 times .
can observe that the coatings of the samples were not

From the wear morphologies, we

worn out. It could be explained that the light substrates
were not shown inside wear morphologies. In Fig.8(a),
parallel friction zone can be found and there were a
lot of abrasive dusts in the friction zone. From the
remarkable furrows and groove marks, we could
concluded that the hardness of the substrate was less
than the alumina grinding balls. So the hard particles
on the grinding balls had a cutting effect on the
Ti6Al4V substrate, and some chips fell off irregularly
due to the plough. The furrows were formed by the
cutting action of abrasive particles. The width of some
furrows is large (Fig.8(a)), which indicated that the
stress distribution was nonuniform. So the main wear
mechanism of the substrate was abrasive wear and
cutting wear.

The wear morphologies of sample C1 are shown
in Fig.8(b) and it can be seen that sample C1 is worn
seriously and has a large area of scratches. The furrows,
a lot of abrasive dusts and abrasive particles could
be found, and the accumulation and adhesion of the
abrasive dusts came out. Under the action of the normal
load, the micro-convex on the surface of the coating
would have plastic deformations when the pressure of
the tip exceeded the yield strength of the C1 coating.
The surface coating ruptured when the friction pair
slided relatively. The contact point of the cold welding
would be formed in the contact area. In the subsequent
sliding, the adhesion point was cut down and separated,
the abrasive dust fell from the surface and formed a
new adhesion point in the other area. In the process of
the continual cutting, the new adhesion points were
formed. In addition, wear occurred through metal-to-
metal contact. The cycle process can be described as
follows: contact-plastic deformation-surface coating
rupture-adhesion(cold welding)-cutting down-falling
off-adhesion again. So the main wear mechanism was
adhesive wear and abrasive wear.

There are some abrasive particles in Fig.8(c),
the depth of the wear crack was shallow and the width
was uniform which means that the stress distribution
of the friction contact area was uniform. The plastic
deformation happened in the wear process, the soft
material that adhered to the wear track had a large
deformation and played a lubricant role, which led the
flatness to increase. Combined with the wear rate in the
Fig.7, the wear resistance of sample C2 is the best of
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all and has higher wear resistance than the substrate.
Fig.8(d) shows the wear morphologies of sample C3.
A large amount of the abrasive dusts and abrasive
particles can be found while the wear morphologies
were uniform. This was highly related to the roughness
of sample C3. The micro-convex bodies on surface
would increase with the growing of the roughness.
A large number of the abrasive dusts and abrasive
particles were generated under the cutting action of the
friction pair.

4 Conclusions

Ti/Cu/N coatings were deposited on the Ti6Al4V
substrates by DCMS. With an increase of the Cu
contents in the coatings, the number of large particles
increased by FESEM. Through the scratch test, the Ti/
Cu/N coatings showed an appreciable adhesion force.
Tribological test indicated that there was a significant
improvement in the wear resistance of the coatings by
optimizing and controlling the relative content of Ti,
Cu, N elements especially the 10.98 at% contents of
the copper on the titanium alloy surface. Therefore, we
could conclude that the DCMS technique may be better
suited for depositing Ti/Cu/N composite coatings for
various applications.
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