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Abstract: Titanium alloys are poor in wear resistance and it is not suitable under sliding conditions even with lubrication because of
its severe adhesive wear tendency. The surface modifications through texturing and surface coating were used to enhance the surface
properties of the titanium alloy substrate. Hard and wear resistant coatings such as TiAIN and AICrN were applied over textured
titanium alloy surfaces with chromium as interlayer. To improve the friction and wear resisting performance of hard coatings further,
solid lubricant, molybdenum disulphide (M0S2), was deposited on dimples made over hard coatings. Unidirectional sliding wear
tests were performed with pin on disc contact geometry, to evaluate the tribological performance of coated substrates. The tests were
performed under three different normal loads for a period of 40 min at sliding velocity of 2 m/s. The tribological behaviours of
multi-layer coatings such as coating structure, friction coefficient and specific wear rate were investigated and analyzed. The lower
friction coefficient of approximately 0.1 was found at the early sliding stage, which reduces the material transfer and increases the
wear life. Although, the friction coefficient increased to high values after MoS, coating was partially removed, substrate was still

protected against wear by underlying hard composite layer.
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1 Introduction

The attractive properties such as lower modulus,
superior biocompatibility and better corrosion resistance
possessed by Ti—6Al-4V, atf alloy, lead to its higher
usage in structural and automobile field. More than 50%
of all titanium alloys in use today are of this
composition [1]. Ti—6Al-4V presently is the most widely
used, high-strength titanium alloy. It finds a large
application in aerospace, automotive, marine and
chemical industries. Many research papers focused on
the tribological improvement of titanium alloy surfaces
only through the surface treatments and surface
coatings [2—7]. The surface is the most important part of
any engineering component. It is well known that most
of the components fail from surface initiated defects such
as wear, corrosion, fatigue or fracture. There is a
constant demand for surfaces with improved tribological
performance. Surface engineering, as opposed to bulk
alloying, provides an opportunity to improve the wear
resistance of engineering materials while leaving the
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bulk characteristics relatively unchanged. The substrate
material can be designed for strength and toughness
while the coating is responsible for the resistance to
wear, corrosion and thermal loads, and the achievement
of the required frictional characteristics [8].

Surface texturing involves modifications of surface
topography by creating an identical micro-relief with
commonly shaped asperities or dimples. It helps to
improve adhesion of the coating and to enhance the
tribological properties of substrate materials. Among the
various texturing techniques, laser surface texturing is
one of the emerging techniques, which involves
fabrication of artificial, regularly patterned micro-
dimples over the substrate surface by a material ablation
process with a pulsating laser beam, and thus it was
employed to pattern substrate surfaces [9,10]. The use of
surface coatings opens up the possibility for a material
design in which the specific properties are located where
they are most needed.

TiN and CrN are the most extensively investigated
hard coatings due to their ability to provide high wear
and corrosion resistance. The tribological performance of
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TiN and CrN coatings can be improved by the addition
of a third element such as Al, thus forming the TiAIN
and AICrN phases. Addition of aluminum results in the
formation of oxides, which is very stable and prevents
any form of erosion to the inner layers of these
compounds and improves the elastic modulus, nano
hardness and anti spalling of the coating [11]. The use of
multi-layers has often been cited as the way forward to
improve the mechanical, tribological and chemical
properties of coatings. The metallic chromium interlayer
can effectively improve the interface adhesion, wear
resistance and reduce friction of hard coatings on soft
substrates [12].

The surface modifications through texturing and
surface coating were used to enhance the surface
properties of the titanium alloy substrate. Further, to
improve the friction and wear resisting performance of
hard coatings, solid lubricant molybdenum disulphide
(MoS,), was deposited on dimples made over hard
coatings. The lamellar structure of MoS, reduced the
coefficient of friction and the underlying hard coating
can successfully increase the load supporting capacity
and improve the wear resistance [12—14]. The present
investigation deals with the wear improvement of
titanium-based alloy through surface modification by
texturing followed by coating. The deposition of friction
reduction coating on laser textured hard coating surfaces
is a unique diversification in the current sliding wear
analysis for effective wear resisting performance. This
will meet the functional requirement of titanium alloy
used in structural and automotive applications.

2 Experimental

2.1 Substrate material preparation and laser surface
texturing

Mild annealed Ti—6Al-4V was chosen as the
substrate material, which consists of 3.5%—4.5% V,
5.5%—6.75% Al, 0.4% Fe, 0.1% C (mass fraction), and
balance titanium. Titanium alloy flats and cylindrical
pins were procured from Noble Engineering Private
Limited, Chennai, India, and machined to suitable sizes
for tribological testing. Cylindrical pins made from mild
annealed Ti—6Al-4V were first machined to a uniform
diameter of 8 mm for a length of 40 mm. Further, the
diameter of one end of the specimen was reduced to
(4£0.05) mm for a length of (5+£0.05) mm and preferred
as the target end for the pin on disc experiment. Figure 1
shows the schematic diagram of the stepped cylindrical
pin made from Ti—6A1—4V alloy.

The pin and flat specimens were mechanically
polished by 1200 and 2000 mesh grit abrasive paper
followed by polishing with 3 pm diamond paste. The

polished specimens with a final surface roughness of the
order of 0.05-0.07 um were cleaned ultrasonically in
acetone to remove the burr and surface contaminants.
Surface texturing was done on the polished specimens by
using a commercial pulse Nd:YAG® laser beam. Among
the various texturing techniques, laser surface texturing,
which is one of the emerging techniques, involves
fabrication of artificial, regularly patterned micro-
dimples over the substrate surface by a material ablation
process with a pulsating laser beam, and thus it was
exploited to pattern titanium alloy surfaces. The surface
texturing with laser beam is extremely fast, which
requires short processing time and environment friendly.
This provides excellent control of shape and size of the
micro dimples, which allows realization of optimum
designs. The laser beam operating parameters were
1.5 kHz pulsating beam, 1064 nm wavelength with a
power of 11 kW and engraving speed of 50 mm/s. The
texturing pattern was rectangular array and its schematic
diagram is shown in Fig. 2.
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Fig. 1 Schematic diagram of cylindrical specimen used in pin
on disc experiment (unit: mm)
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Fig. 2 Schematic diagram of rectangular array texturing pattern

The laser texturing was carried out over the target
end surface for the following specifications based on the
earlier research in Ref. [9]. The surface was processed to
attain the texturing pattern as dimple density of 35%—
45%, dimple diameter of 100—110 um, dimple depth of
2.25-275um and distance between dimples of
150—160 um. Figure 3(a) confirms the dimple arrange-
ment and its dimensions on the polished titanium alloy
surface. The close up view at the single dimple region
clearly reveals the geometry of the dimple (Fig. 3 (b)).
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Fig. 3 Micrographs of laser textured surface of Ti—6Al-4V
targeted for dimple density 40% and 100 pm diameter (a) and
close up view at single dimple region confirming dimple
geometry (b)

2.2 Surface coatings by physical vapour deposition

(PVD)

Prior to the titanium aluminum nitride (TiAIN) and
aluminum chromium nitride (AICrN) coating, a
chromium interlayer was deposited by DC magnetron
sputtering technique. A 0.5—1.0 pm-thick interlayer was
deposited by sputtering a chromium metal target
mounted on one of the magnetrons. A substrate bias of
=110 V, an arc current of 80 A and an argon pressure of
0.25 Pa were used during this deposition.

Cathodic arc  evaporation physical vapour
deposition technique was chosen for the deposition of
ternary composite coatings such as TiAIN and AICrN.
The coating deposition time was 150 and 310 min for
AICrN and TiAIN coatings, respectively. The cathodic
arc evaporation technique can be easily carried out in
reactive gases like oxygen, nitrogen and hydrocarbons
without any difficulty in controlling of the reactive gases
and composite targets can be employed, which provide
easy access to ternary compound. Arc vaporization
provides a higher vaporization rate than sputtering. The
cathodic arc deposition technique can be used to obtain
very adherent and dense films and is the most widely

used arc technique when vaporizing alloy electrodes such
as Ti and Al In addition, the production cost of reactive
arc evaporation is lower as compared to sputtering [15].

2.3 Surface preparation for solid lubricant coating

To improve the friction and wear resisting
performance of the hard coatings further, the functionally
graded solid lubricant coating, molybdenum disulphide
(MoS;) was deposited on it by spraying technique. The
best performed coating surfaces such as AICIN on
textured interlayer in
unidrectional sliding and TiAIN on textured surface with
chromium interlayer in bidirectional sliding was selected
for the MoS, deposition. The micro reservoirs were
machined by Nd:YAG" laser beam on the hard coated
surfaces and then reservoirs were filled by MoS, solid
lubricant coating.

The deposition of solid lubricant coatings directly
on the light metal substrates did not significantly
improve the tribological properties, because of the low
load bearing capacity of the substrate and poor adhesion
of the coating [16]. The hard coatings with chromium
interlayer on textured surfaces were preferred for MoS,
coating, due to their better performance [17]. The micro
reservoirs were machined by Nd:YAG® laser beam on
the textured and coated surfaces with chromium
interlayer. The reservoirs were filled by MoS, solid
lubricant coating. The SEM image as shown in Fig. 4
shows the texturing pattern on the AICrN coating surface
by laser beam.

surface with chromium

Fig. 4 SEM image of laser textured AICrN coated surface

Strong adherent MoS, films can be produced by the
use of bonding agents. The specimens were degreased
with acetone and dried in air to remove the surface
contaminants, followed by heating at 80 °C for removing
moisture. The fine MoS, particles with size of 0.5 to
1.0 pum were homogeneously dispersed in adhesive of
resin system, which contained binder (novolac epoxy
resin), solvent, and modifying agent. The mixture was
sprayed onto the sample surfaces by a spray gun with
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0.2 MPa nitrogen gas and cured in a container with
relative humidity of 50%—55% and temperature of
30-35 °C. After solvent evaporation, a thin film was
obtained on the substrate and then cured at 150 °C for
30 min followed by 180 °C for 60 min. The coated
specimens were cooled in air and the loose MoS, powder
on the surface was removed by soft brush [18,19].

2.4 Characterization of solid lubricant coating

The novolac epoxy resin-bonded solid lubricants
deposited over the laser textured AICrN surfaces was
observed, as shown in Fig. 5. It shows that the coating
was uniform with very dense deposition [19,20].

Fig. 5 Surface SEM image of MoS, solid lubricant coating
deposited on laser textured AICrN coating

A cross-sectional view of the specimen with coating
is shown in Fig. 6. The SEM image shows the uniform
distribution of the coating on the titanium alloy substrate.
The range of thickness of the MoS, coating along with
TiAIN and chromium interlayer was 14—15 um. The
chemical composition of the MoS, coating, analyzed by
EDX, as shown in Fig. 7, confirms the presence of Mo
(69.8%) as the main composition along with 14.5% S,
7.9% O and 7.8% C.

2 e

\: L
ium interlayer’

/ I.I: 2

Fig. 6 SEM image on cross section of MoS,-coated surface
along with TiAIN composite coating and chromium as

interlayer
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Fig. 7 EDX spectrum of MoS; coating

To analyze the coating structure, HRXRD
(PANalytical X’Pert Pro MRD) with a Cu-target as X-ray
source with a four crystal Ge (220) monochromator in
the incident beam optics was used. The XRD pattern was
recorded using Cu K, radiation (a¢=1.5406 A) generated
at 45 kV and 30 mA, scans were performed with a 26
range of 0°-50° with 0.0197° step at a scan speed of
300 s/step. The XRD pattern presented in Fig. 8, shows
the diffraction peaks corresponding to (0 0 2), (0 0 4),
(100),(102),(103),(006),(105),and (1 10) planes
which confirmed that the MoS; solid lubricant coating
was prepared successfully. All diffraction peaks
belonging to MoS, can be indexed to hexagonal close
packed structure. These findings are accordance with the
experimental results published in Ref. [18].
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Fig. 8 XRD pattern of MoS, solid lubricant coating

2.5 Unidirectional sliding wear behaviour by pin on
disc tribometer
As outlined by ASTM G99-04, pin-on-disk testing
consists of a rotating disk in contact with a stationary
cylindrical pin along with an applied normal load at the
top. The schematic diagram of a pin on disc wear testing
working principle is shown in Fig. 9.
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Fig. 9 Schematic diagram of pin on disc tribometer

The rotary wear friction test reproduces the
rotational motion found in many real-world tribology
mechanisms. A stationary, precisely known mass
cylindrical pin (specimen) is loaded onto a rotating disc
(counterbody) at a specific position from the center of
rotation. As the disc starts rotating, the pin tip creates a
rotational wear track. Friction force was accurately
measured during the test by a load cell contacting with
the cantilever arm in the machine. Friction coefficient
was calculated from the friction force with known
normal load applied. Wear rates for the pin and the
sample are calculated from the volume of material lost
during the test. A wide variety of testing is possible by
varying sliding radius, normal load and sliding speed
during the test. The tribological properties such as,
friction coefficient, wear volume, wear rate and wear
mechanisms can be analyzed through this instrument.
The wear tests were carried out as per ASTM standard
G 99 under dry sliding contact conditions at room
temperature and the total testing time was about 40 min.

Continuous sliding of surfaces leads to increase in
the wear rate of the pins. The mass of the pin before and
after the test was measured using a precision electronic
mass balance instrument. Wear loss represented as
specific wear rate (k) was quantified from Eq. (1):

m —m

k= (1)

pks
where £ is the specific wear rate in mm*/(N-m), p is the
density of the material in kg/mm®, m; and m, are the
initial and final masses of pin in g, F, is the applied
normal load in N and s is the total sliding distance in m.

3 Results and discussion

The coefficient of friction at different normal loads
as a function of sliding distance is shown in Figs. 10 and

Inter connection cable

11. The low coefficient of friction of approximately 0.1
was found at the early sliding stage. Early increase in
friction coefficient was observed at higher normal loads
and this behaviour confirms that coating resistance
against sliding wear reduced as the normal load
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Fig. 10 Friction coefficient of MoS, coating on textured TiAIN
coated surfaces as function of sliding distance
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Fig. 11 Friction coefficient of MoS, coating on textured AICrN
coated surfaces as function of sliding distance
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increased. The results corroborate with the findings in
the research study in Ref. [18].

The average coefficient of friction was 0.32 for
TiAIN coatings without chromium interlayer, 0.30 for the
coatings with chromium interlayer and 0.20 for the
MoS;-coated surfaces. The average coefficient of friction
was 0.31 for AICtN coatings without Cr as interlayer,
0.29 for the coatings with chromium interlayer and 0.19
for the MoS,-coated surfaces. Lower coefficient of
friction reduces the material transfer and increases the
wear life [18]. Although the friction coefficient increased
to high coefficient of friction after the MoS, coating was
partially removed from the contact region, the titanium
alloy substrate was still protected against wear by the
hard composite layer.

The deposition of a MoS, layer on the top of
composite multi-layered coating has a beneficial effect
on the wear resistance of the coated samples. The total
sliding distances of MoS, coating on hard coatings are

compared in Table 1 under different normal loads applied.

Among the samples tested, MoS, coating on textured
AICrN had the highest sliding distance at all normal
loads. The highest sliding distance of 4.40 km was
observed at 9.8 N normal load. It was 27% higher than
the AICrN coating on textured surfaces with Cr interlayer
and 38% higher than the same coating without Cr as
interlayer. The reason for increased sliding distance was
that the MoS, coating on textured surface reduced the
friction coefficient between coating and counterbody and
because of its improved adhesive bonding with AICIN
coating.

Table 1 Comparison of total sliding distance between MoS,-
coated TiAIN and AICrN coating

Sliding distance/km

Normal load/N
Cr—TiAIN—MoS, Cr—AICrN—MoS,
9.8 4.00 4.40
19.6 3.30 3.75
29.4 3.00 3.50

The specific wear rate of MoS, solid lubricant
coating on TiAIN and AICrN hard coatings is compared
in Fig. 12. The wear rate of MoS, on TiAIN was higher
as compared to the MoS, on AICrN coating. The wear
rate was reduced by at least one order of magnitude with
a top layer of MoS, when compared with that for a hard
composite coating without MoS,. The MoS, film is
removed during sliding and constituted a source of
lubricating particles that adhere to both the contacting
bodies and limit the mating of the surfaces, which
increased the wear life.

The specific wear rate was reduced by at least one
order of magnitude with a top layer of MoS, when
compared with that of a hard composite coating without

MoS,. The appreciable wear resisting performance was
observed by MoS, deposition. The lowest wear rate of
about 1.2564x10"* mm?*/(N-m) was observed on textured
Cr—AICrN—MoS,; coating at 9.8 N normal load.
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s OCr-TiCrN-MoS,
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Fig. 12 Specific wear rate vs normal load of solid lubricant
MoS, coating deposited on hard TiAIN and AICrN coatings

under unidirectional sliding
4 Wear morphology analysis

The optical micrographs of the worn out pin
surfaces are shown in Fig. 13. The surface of MoS,-
coated AICrN was smoother than the TiAIN surface. The
addition of solid lubricant film improved the dry friction
behavior significantly. Although the solid lubricant
coating worn out gradually, it existed at the contact
region as well as boundary of the wear scar, which
prevented the direct contact of counterbody with
underlying hard coating and substrate. Thus, the friction
coefficient was reduced and thereby the wear life was
increased.

The morphology of textured worn out pin surface
was observed by SEM and its micrograph is shown in
Fig. 14. Unlike the hard coated textured surfaces either
with or without interlayer, almost all the dimples were
filled with the coating composition and also the surface
was smooth and free from any loose wear debris.
Further, the EDX analysis was performed at the dimple
region marked in Fig. 14.

The EDX analysis result as shown in Fig. 15,
confirms the presence of solid lubricant particles and its
binding material as the major composition. Ti peaks were
also observed, which confirm the partial exposure of
underlying TiAIN hard coating after the wear test. MoS,
solid lubricant possesses extremely low friction and easy
shearing property. As a result it did not wear out
counterbody material during sliding. This can be cited as
the reason for no trace of iron in the EDX spectrum
analysis.
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Fig. 13 Optical micrographs of MoS,-coated worn pin surfaces
of textured TiAIN coating (a) and textured AICrN coating (b)
after wear test against AISIS2100 disc at 29.4 N

Fig. 14 SEM image of TiAIN coating on textured specimen
after wear at 29.4 N

4.1 Wear debris analysis collected from MoS, coating
deposited on AICrN and TiAIN hard coatings

The majority of particles observed by SEM (Fig. 16)

are in fact agglomerates constituted by far smaller

particles which then disperse during sliding. The
deposition of MoS, layer on top of composite
multi-layered coating had a beneficial effect on the wear
resistance of the coated-samples. Extremely low wear
rates and the intrinsic property of MoS; as easy shearing
are likely to produce very small wear particles.

Mo
S
&
O .
Tl Si M Mo Ti Ti
0 1 2 3 4 5 6
ElkeV

Fig. 15 EDX spectrum of TiAIN coating on textured specimen
after wear at 29.4 N

Fig. 16 SEM images of wear debris collected from MoS,
coating on AICrN coating (a) and TiAIN coating (b) tested at
294N
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Tiny wear debris was observed by SEM which is
essential for the increased wear life of the component
being coated. The MoS, film is removed during sliding
and constitutes a source of lubricating particles that
adhere itself and also on the contacting bodies which
could reduce the mating of the surfaces. The limited
surface contact reduces the friction coefficient and
increases the wear life.

4.2 Mechanism of wear

Figure 17 explains the sequence of deposition of
MoS,; solid lubricant coatings over the textured hard
coating surface. The dimples on the substrate are
partially filled during chromium deposition. The
remaining portion is filled during the AICtN or TiAIN
composite coating. This led to better integrity and
enhanced adhesion ability, which promoted chemical
affinity and mechanical interlocking of the coatings with
substrate.

Dimples filled with MoS,

B it o
r

Hard coating

Substrate: o L INJAICHN)

Interfacial
layer (Cr)

Fig. 17 Schematic diagram of coating cross section for textured
substrate modified with MoS, coating deposited on hard
coating dimples

Again, the micro reservoirs were machined by laser
beam on the hard coated surfaces and then reservoirs
were filled by MoS, solid lubricant coating. Additional
mechanical locking was provided to MoS, coating. This
surface design resisted wear more effectively and
retained large amount of coating at the contact region
under shear traction. The lowest friction coefficient
possessed by the top layer along with the artificially
provided mechanical locking, reduced the material
transfer and increased the wear life. Even after the solid
lubricant coating was consumed, the PVD-coated
composite coating provides wear protection for the metal
substrate.

During sliding, release of MoS, debris and
subsequently released hard composite wear particles in
combination led to low friction characteristics between
the contacting surfaces and resulted in improved wear
resisting performance. The stored solid lubricant coating
in the dimples and its release during sliding motion, load
bearing support provided by the underlying hard coating
and increased bonding strength of the hard coating with
substrate through surface texturing and chromium
interlayer, worked together to increase the coating

performance. The above findings are in accordance
with the experimental results reported by BASNYAT
etal [21].

5 Conclusions

1) The hexagonal crystal structure with the intrinsic
property of easy shearing possessed by MoS, reduced the
friction coefficient between contact surfaces. The lowest
friction coefficient of top layer MoS,, reducing the
material transfer at the contact region, has increased the
wear life for a large number of cycles. Although the
coefficient of friction increased to high values when
MoS, coating was removed during sliding, the light
metal substrate was still protected against seizing by the
underlying PVD deposited composite coating.

2) The highest sliding distance of 4.40 km and the
lowest wear rate of 1.2564x10° mm®/(N-m) were
observed for the MoS,-coating applied over the textured
AICIN coating tested at 9.8 N normal load under
unidirectional sliding motion. During sliding, release of
MoS, and subsequently released hard composite wear
particles in combination leads to low friction
characteristics between the contacting surfaces and
resulted in improved wear resisting performance.

3) In addition to the reduced friction coefficient
offered by solid lubricant coating, the load bearing
support provided by the underlying hard coating and
increased bonding strength of the hard coating with
substrate through surface texturing and chromium
interlayer, worked together to increase the coating
performance.
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