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Titanium alloys are widely used in the aerospace industry due to their good
mechanical properties. Especially Ti6Al4V alloy is preferred in machine parts
that require specific strength in aerospace. However, the tribological
properties of the Ti6Al4V alloy are poor and need improvement. It is
possible to increase the life of Ti6Al4V alloys and improve their surface
properties with various heat treatment and surface coating techniques. For
this purpose, in this study, plasma nitriding heat treatment was first applied
to the samples prepared from Ti6Al4V alloy. Then, TiN coating was carried
out by the magnetron sputtering method. Surface roughness and surface
hardness were measured before and after coating. Wear tests were
performed with dry friction and room temperature conditions on Ti6Al4V
alloys using the sliding velocity and normal load as variable parameters. The
wear track widths, the weight loss of the samples, and the abrasive disc
were measured. The steady‐state sliding regime average friction coefficients
were determined from the recorded friction forces depending on the sliding
distance. Normal load ‐ wear track widths, normal load ‐ friction coefficient
graphics were created. Load wear track width plots showed that the wear
track widths on the TiN coated and uncoated samples increased with the
load. The fact that the track width values of the uncoated samples with the
same load and velocity values were higher than the TiN‐coated samples
showed that the TiN‐coated samples had higher wear resistance. In
addition, it was observed that the friction coefficient values in the uncoated
samples under constant sliding speed were relatively higher than the TiN‐
coated samples.
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1. INTRODUCTION
Titanium alloys are the most important
materials used in industrial applications in the class
of nonferrous metals [1]. Ti alloys are especially
preferred in the aerospace industry due to their
high corrosion resistance, high hot hardness and
low‐density advantages [1,2]. Design mass is
essential to ensure optimum performance in
aerospace applications. Titanium alloys are used to
manufacture mechanical parts to create a design
that can deliver the intended performance; it
corresponds to almost half of the mass of materials
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used in aerospace [3‐5]. In addition to its
advantages, there are some disadvantages such as
low wear resistance and high friction coefficient
that limit the usage area [6,7]. Various heat
treatments and surface coating techniques are
used to eliminate these disadvantages and
improve surface properties [8‐13]. Studies to
improve the surface properties of Ti alloys
continue by using thin hard film coatings of PVD
[10,11] and CVD [12,13]. Various coatings with
different properties are being developed according
to application purposes [6,7,11].

CONTACT: Ş. Danışman, e‐mail: sdanisman@erciyes.edu.tr

© 2019 Published by the Serbian Academic Center

Ş. Danişman et al. / Applied Engineering Letters Vol.6, No.4, 175‐183 (2021)

TiN film coatings are thin ceramic coatings
applied to various base materials due to their
advantages such as high hardness, good thermal
conductivity, low friction and good wear resistance
[10,11,14,15]. They are also chemically stable and
have good resistance to corrosion that can be
caused by strong acids [16,17].
The popularity of TiN coating, which is
important for use in cutting tool steels [8,18,19],
orthopedic implants [20,21], cold tool steels [22],
aircraft compressor blades [7], is increasing year by
year. At the same time, research on improving
surface properties continues.
In TiN coatings obtained with PVD, the surface
properties of the substrate material determine the
properties of the coating [23]. In the study
performed on aircraft compressor blades [7], it
was observed that the Ti interlayer coating applied
before the TiN coating was effective on the TiN/Ti
multilayer coating strength [7]. The wear
resistance of TiN coatings depends on good
adhesion with the substrate. Otherwise, shear
wear occurs at metal‐to‐metal contact [6].
When the wear behavior of TiN coating by
cathodic arc deposition on Ti alloy is examined,
even if the coating is worn, it is stated that the
friction coefficient remains low thanks to the tribo
films formed during dry friction [24].
The wear resistance of TiN films coated on Ti
alloy by plasma implantation method increased
with the decrease in the friction coefficient. At the
same time, it was observed that the friction
couple’s wear behavior was improved when SiC
counter material was used [25].
In this study, since the main material
(substrate) strength is important, plasma nitriding
heat treatment was applied to the Ti alloy, which
will be used with and without coating. The TiN
coating process was carried out with the magnetic
field sputtering method, one of the Physical Vapor
Deposition (PVD) techniques vital in the industry.
Wear properties, surface roughness and hardness
values of TiN coated Ti6Al4V alloy and uncoated
Ti6Al4V alloy were investigated and compared with
each other. It was revealed that the surface
properties and wear resistance of Ti6Al4V samples
were improved with TiN coating.
2. MATERIALS AND METHODS
The chemical composition and properties of the
Ti6Al4V alloy chosen as the substrate are shown in
Table 1.

Plasma nitriding is an industrial surface
hardening treatment for metallic materials.
Ti6Al4V alloy samples used in this study were
subjected to plasma nitriding heat treatment at
650 ° C for two hours before the coating process.
All of the samples were plasma nitrided before
coating. The plasma nitriding parameters are given
in Table 2. Plasma nitriding is an industrial surface
hardening treatment for metallic materials.
After plasma nitriding, a diffusion layer forms
on the substrate and a white layer on top of the
diffusion layer. Although the diffusion layer is
integrated with the base material, the white layer
is a very thin layer on the diffusion layer. For this
purpose, grinding and polishing processes were
applied to all samples before coating in the study.
45 µm diffusion and 0‐1 µm white layer
thicknesses were obtained by plasma nitriding
process.

2.1 Coating Method: PVD
The samples were prepared from Ti6Al4V alloy
before coating, and surface grinding and polishing
operations were performed on the alloys in order.
Then they were cleaned via an ethyl alcohol bath
to remove any contamination on the base material
surface. Finally, the coating process was performed
in the following steps:
• Prepared samples were placed in the vacuum
chamber;
• After reaching the desired vacuum with
vacuum pumps, argon gas was sent into the
chamber, and working pressure was kept
constant;
• Ion cleaning was performed to remove any
contamination on the substrate materials’
surface;
• Titanium interlayer coating was performed to
provide better contact on the substrate
material, reduce residual stresses between
the coating and substrate material interfaces
and provide better adhesion via removing the
oxide layer on the surface of the substrate
material;
• Experiments were performed according to the
parameter. After the coating time was
completed, current and voltage were stopped
and the samples were left to cool.
The system has a stainless steel vacuum
chamber (600 mm in diameter and 800 mm in
high) and two unbalanced planar magnetrons
powered by two independent 12‐kW D.C.
generators.
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Table 1. Ti6Al4V material properties
Elem. (%)
Ti6Al4V

N
0.007

Fe
0.06

Al
6.11

V
4

C
0.01

Table 2. Parameters of Plasma Nitriding Process
Time
(hr.)

Temp.
(°C)

Ar/N2

Pressure
(Pa)

ratio
1

650

1/3

200

This system consists of the vacuum chamber,
control unit and pumps. The samples to be coated
are suspended in the middle holders and rotated
during coating, as shown in Fig.1.
As the coating process parameters, 5000 W
target power, 80 V bias voltage were used in the
experiment. In order to improve adhesion to the
substrate, Ti coating was applied for 10 minutes.
Then TiN coatings were obtained in 3 hours coating
time. Substare material temperature is 130o C
during deposition. The produced TiN coating
thickness is 1.49 µm.

Fig. 1. Schematic view of the magnetron sputtering
system used in this study

2.2 Experimental Study
Wear characteristics, surface roughness and
hardness values of Ti6Al4V alloys with TiN coating
and without TiN coating are compared to each
other in the experiment environment created.
Surface roughness values were determined with
the Mitutoyo roughness device.
The hardness and elasticity modulus values
were measured from the sample surfaces coated in
the experimental environment with the CSEM
nanohardness tester. The nanohardness of the
177

Ti
Bal.

Mech.
Ti6Al4V

Yield Mpa
795

Tensile Mpa
860

E GPa
110

coatings was determined with a square‐based
diamond Vickers tip (α=136°) in CSEM
nanohardness measuring device in accordance
with the Oliver Pharr method [26]. In the coating
hardness measurement, the penetration depth
should not exceed one tenth of the coating
thickness. Accordingly, the load was determined as
15 mN in the experiment. Loading and unloading
speeds were set as 30 mN/min for each
measurement.
Plint Company's "T.E. 53SLIM multi‐purpose
friction and abrasion tester" was used in the wear
tests by adapting to the pin‐on‐ring system.
Samples made of Ti6Al4V alloy and abrasive
elements made of DIN 100Cr6 are used. The
chemical composition and mechanical properties
of DIN Cr6 abrasive elements are shown in Table 3
below. Tribological tests were carried out using
samples prepared in the size of 20x65x3 mm.
Rings with a diameter of 26 mm and a height of
5 mm, made of 100 Cr6 material, are used as the
abrasion element. In addition, TiN coated samples
with Ti6Al4V base material and uncoated samples
were used during pin‐on‐ring wear experiments.
Shi et al. [27] revealed the difference between
friction coefficient and wear resistance values of
TiN coated Ti6Al4V alloy by working with 150N
load. In our study, 20, 50, 80 N loads were studied
to reveal the wear resistance. The experimental
systematic is shown in Table 4.
By using a separate abrasive element for each
experiment, the experiments were carried out
under different loads, at a constant sliding speed
of 0.9 m/s and under dry friction conditions at
room temperature. Each of the samples and
abrasive elements was cleaned with alcohol before
abrasion experiments. Weight losses of samples
and abrasive elements and the abrasion
indentation widths on surfaces of the samples
were measured after the experiments. It was
weighed by an Ohaus brand precision balance with
1/10000 precision.
Steady‐state sliding regime average friction
coefficients were determined from the friction
forces recorded by Picolog (Data Logger)
depending on time, normal load‐track width and
normal load friction coefficient plots were drawn.
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Table 3. DIN 100Cr6 material properties
Chemical Composition (%)
Mn
Cr
Ni
0.35
1.5
0.15
Mechanical Properties
It is known as bearing steel. Because it has high wear resistance, important mechanical properties can be
summarized as follows: Elasticity modulus 207 Gpa, specific weight 7.85, density 7850 kg/m3, hardening
temperature 830‐870 °C, hardness after hardening 64 HRC.
C
0.98

Sİ
0.25

Table 4. Experiment systematic
Coating Type

Uncoated

TiN

Sample No

Test parameters
Normal Load(N)

Test Duration (mins)

1.1

20

30

1.2

50

30

1.3

80

30

2.1
2.2
2.3

20
50
80

30
30
30

3. RESULTS AND DISCUSSION
The average surface roughness values of the
samples were made by taking two measurements
from each sample and the data obtained were
given in Table 5.
When the surface roughness values obtained
from the samples made of Ti6Al4V alloy were
examined, it was determined that the surface
roughness of the TiN coating was greater than the
uncoated material.
The hardness of Ti6Al4V alloy samples was
measured under 30 mN application load after heat
treatment, with a hardness value of 807.314 HV
and an elastic modulus of 206.1 GPa. After the TiN
coating process to the samples, the hardness and
elasticity modulus values were measured from the
sample surfaces under the application load of 15
mN by using nanohardness test device. Coated and
uncoated measured values are given in Table 6.
Not only the coating material but also the
properties of the substrate material affect the
properties of the coating [6‐8]. For this reason, the
hardness value of the substrate material has been
increased by plasma nitriding on heat treatment.
Lepicka et al. obtained the hardness value of the
TiN coating as 2753 Hv in their study which they
deposited TiN on the Ti6Al4V alloy [24]. W.J. Chau
et al. examined the hardness of the TiN coating
depending on its thickness and found it to be 33
GPa[28]. In our study, the samples that we applied

hardening with plasma nitriding heat treatment
and coated with TiN had a 27% higher hardness
value.
In addition, hardness (H) and modulus of
elasticity (E); H/E and H3/E2 ratios are important
parameters that show the wear resistance of the
coating [24]. The magnitude of these ratios
indicates that the coating has a high resistance to
wear [24]. High H/E ratios obtained due to
measured values show that the TiN coating has a
significant effect on the wear resistance of the
alloy, as seen in Table 6.
Table 5. Average surface roughness values of samples
made of Ti6Al4V material

Coating
Type
TiN

Uncoated

Sample
No

Surface
roughness
(µm)

2.1
2.2
2.3
1.1
1.2
1.3

0.375
0.845
0.62
0.52
0.54
0.52

Average
Surface
Roughness
(µm)
0.613

0.526

In Fig.2, the coated and uncoated surface
roughness, hardness and elastic modulus values of
the samples made of Ti6Al4V alloy are graphically
shown and compared. As seen in Fig.2, the
hardness and modulus of elasticity values of the
TiN coated sample increased compared to the
uncoated sample.
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Table 6. Hardness and elastic modulus values of TiN coated Ti6A14V and uncoated Ti6A14V samples
Coating Type

Hardness(HV)

TiN
Uncoated

3513.7
807.314

Elasticity Module
(GPa)
493.16
206.1

* Multiply by a factor of 1000 for clarity of the graph.

Fig. 2. Average surface roughness, hardness, and
modulus of elasticity plot

The weight loss, wear track width, and friction
coefficient values in the sample and the abrasive
element resulting from the wear test are given in
Table 7. The lowest friction coefficient value
obtained from the TiN coated sample was 0.1124.
In Fig.3, weight losses, friction coefficients and
wear track widths of TiN coated and uncoated
samples with Ti6Al4V base material under different
loads are compared to each other depending
onthe coating type. The TiN coating reduces the
friction coefficient compared to uncoated [24]. As
seen in Fig.3, wear tests performed at different
loads revealed that the friction coefficient
decreased depending on the load [29].

Hcoated/Ecoated

Hcoated3/Ecoated2

7.124868
3.917098

178368.5772
12387.15203

When working at a load of 50 N, the friction
coefficient values in uncoated samples are higher
than in coated samples. However, since the
coating wears under 80 N loading, it is seen that
there is no significant change in the friction
coefficient compared to uncoated samples. Even if
the coating is worn, it shows resistance thanks to
the non‐abrasive side areas. This wear is visible
from the trace width images. The weight loss
values of the uncoated samples were found to be
relatively higher than the TiN coated samples.
Images of the wear track widths of the coated
and uncoated samples under 20 N, 50 N, and 80 N
loads are shown in Fig.4, 5, and 6.
As shown in Table 7, the wear track width
increases as the applied load increases. It was
observed that the coated samples have a smaller
wear track width at the same load values than
uncoated samples track width values.
According to the wear test results performed at
a load of 50 N, the wear track width of the TiN
coated sample was 24.2 % less than that of the
uncoated Ti alloy.
When the track widths obtained from the wear
tests under different normal loads were examined,
it was observed that the load had a significant
effect on the wear resistance of the coated and
uncoated samples.

Table 7. Experiment results
Coating Type

Uncoated

TiN

179

Sample No

Experiment results
Loss of Weight (mg)
Track Width
Sample

Wear Element

(mm)

Friction
Coefficient

1.1

5,3

4,6

0,1430

1.2

22,44

6,2

0,1347

1.3
2.1
2.2
2.3

24,6
1,4
7,6
23,6

0,7
3
,4
3,5
1,9
2,8
4,4

6,5
3,1
4,7
6,25

0,1318
0,1924
0,1124
0,1144
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* Multiply by a factor of 100 for clarity of the graph.

Fig. 3. Weight Loss, Track Widths and Friction Coefficients of Coated and Uncoated Ti6Al4V Samples at Different
Forces

(a)
(b)
Fig. 4. Track widths occurring under 20 N normal loading a) Uncoated b) TiN coated

(a)
(b)
Fig. 5. Track widths occurring under 50 N normal loading a) Uncoated b) TiN coated

(a)
(b)
Fig. 6. Track widths occurring under 80 N normal loading a) Uncoated b) TiN coated

180

Ş. Danişman et al. / Applied Engineering Letters Vol.6, No.4, 175‐183 (2021)

4. CONCLUSION
It was determined that the TiN coated sample
has the highest hardness value as 3513.7 HV when
the hardness values of the samples made of
Ti6Al4V alloy are compared according to uncoated.
In addition, when the comparison is made in terms
of elastic modulus, TiN had the highest value. It is
seen that the hardness value is increased
significantly after the TiN coating process.
At the same load values, the wear track width
values in the uncoated samples were more
significant than the TiN coated sample. This result
reveals that the coated samples have a higher
wear resistance value.
When the wear test data obtained from the
samples made of Ti6Al4V alloy were examined, it
was seen that the wear track widths on the
samples were homogeneous and almost parallel to
each other.
Therefore, wear track widths are taken into
account as a measure of the amount of wear in the
samples from the test results.
In terms of wear resistance, it was observed
that the weight loss was also reduced with TiN
coating.
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