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1. The document investigates the wear characteristics of multilayer TiCN-coated AISI 410 steel and uncoated steel through pin-on-disc testing under dry conditions. 
2. Testing was conducted at loads of 5N, 10N, and 20N and a sliding speed of 2.30267 m/s. Coated steel showed lower coefficients of friction and wear rates than uncoated steel in most test conditions.  
3. Scanning electron microscopy of worn surfaces showed harder TiCN particles on the worn surface of the high carbon steel disc for coated samples compared to grooving and pits on uncoated steel surfaces.Read less
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Abstract In this work, the dry sliding wear test of uncoated
and multilayer TiCN-coated AISI 410 steel against high car-
bon steel disc recognized at 2.30267 ms-1
sliding speeds and
underathreeseriesloadof5,10and20 Natroomtemperature.
On account of the more coherent interface between TiCN and
C probably found, there are high hardness and superior wear
resistance. Compared to AISI 410 uncoated steel, the presence
of C in the multilayer TiCN coatings leads to reduced coeffi-
cient of friction and wear loss. The multilayer TiCN coating is
characterized by X-ray diffraction analysis, scanning electron
microscopy, micro-hardness and pin-on-disc tribometer tests.
The more grooving region, pits and ploughing ridge were
examined on the worn surface of the AISI 410 uncoated steel.
The result shows hard multilayer TiCN-coated particles
viewing on the worn surface of the high carbon steel disc.
Nomenclature
V Voltage
T Time in min
L Load in N
TiCN Titanium carbonitride
COF Coefficient of friction
1 Introduction
In modern internal combustion engines, the friction and
wear increases in the piston ring contact sliding surface.
During high load and high parameters has been made the
operating condition of diesel engine more adhesive wear
in abnormal for a cylinder liner. Because of this, no
reliable lubrication is available in the contact surface
forming dry friction. It leads to direct metal contact
between the sliding surfaces. Furthermore, the piston ring
and cylinder liner contact surface metals are fused and
softened. The fusion leads to damage. It was reported that
mechanical losses increase due to friction 4–25 % of the
total energy consumed [1]. 40–55 % of those total
mechanical losses occurred in the power cylinder [2] and
generated half of the power cylinder friction losses [1, 3,
4]. Recent studies show that reduction of friction loss is
the deposition of coatings and 80 % of the total cost for
the protection of metals is related to coating application
[5]. Different kinds of coatings have been studied and
developed using several types of deposition processes.
The capacity of some coatings to be used in severe
working conditions can be attributed to the high hardness
and wear resistance, as well as a good oxidation and
corrosion resistance [6–11]. Coatings provide a way of
extending the limits of the use of the materials at the
upper end of performance capabilities, by allowing the
mechanical properties of the substrate materials to be
maintained while protecting against wear, oxidation and
corrosion. To evade pollution and to diminish processing
cost, new manufacturing dry machining technologies are
being performed and consequently the physical vapour
deposition (PVD) process is used. PVD is one of the
technologies that improve the tool’s life and productivity.
A coated tool can cut faster, reducing the time of
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	4. production. Physical vapour  deposition technique (ion
plating, sputtering and arc evaporation) provides a
promising ground for the deposition of hard coatings by
the formation of a dense adhesive film at low deposition
temperatures. PVD hard coatings with good anti-wear
properties are nowadays largely used in industrial practice
[12–17]. The TiCN coatings have high hardness with
superior chemical and thermal stability. The morphology,
structure and composition of TiCN were examined in
several studies. Most of the researchers report that TiCN
also shows good corrosion resistance [17–27]. Use of real
engine tests for the evaluation of tribological performance
is very costly and time-consuming. One way to speed up
the process, while maintaining accuracy of the prediction,
is to develop mathematical models for each wear mech-
anism. In this work, the tribological characteristics of the
piston ring and cylinder block surfaces were evaluated.
The worn surfaces were investigated with scanning elec-
tron microscopy (SEM) with EDAX [28–35]. The present
work is undertaken to understand the wear characteristics
of multilayer TiCN-coated AISI 410 steel and uncoated
surface without oil lubricant using pin-on-disc test
method.
2 Experiment
2.1 Coating deposition
In this present study, the stainless steel 410 (composition
P 1.0 %, Mn 1.0 %, C 0.15 %, Cr 13.5 % S 0.03 % Si
1.0 %) was used as the substrate material. The specimen
with a dimension of Ø8 mm 9 50 mm milled from the
alloy steel is shown in Fig. 1. Prior to coating, the speci-
mens were polished using a series of coarse-to-fine grade
of silicon carbide emery papers and ultrasonically cleaned
in acetone and ethanol, respectively. The coating was
prepared using a PVD technique with argon (Ar) and pure
nitrogen atmosphere. During deposition was used a 3.5 Pa
pressure with a pulsed bias voltage from -40 to -170 V.
The coating thickness around 4.8 ± 1 lm was measured
along the cross section of the specimen, which is shown in
Fig. 2. The PVD process parameters are summarized in
Table 1. The chemical composition of the selected steel
alloy and coated substrate has been determined by using
optical emission spectrometer of Thermo Jerrell Ash. The
summary of chemical composition target used is shown in
Table 2.
2.2 Characterization of the coating
The SEM micrographs with EDS spectrum were carried out
with an electron beam energy of 20 keV on the TiCN-
coated pin substrate. It shows that the presence of Ti
(50 %) is seen as a main phase along with C (25 %) and N
(25 %) as shown in Fig. 3. A small amount of Fe, Cr, Mo,
Ni and C is present in the coating because of the pores. The
grain size of the coated thin film was examined using the
Scherer formula given in Eq. (1). The measure grain size of
the TiCN-coated pin substrate is 9 nm.
Fig. 1 Photographic view of the specimen before testing
Fig. 2 SEM micrograph of cross section of worn TiCN-coated die
segment
Table 1 PVD coating deposition parameters
A machine used Standard Balzers (RCS) machine
Make Oerlikon Balzers, Swiss
Targets power 3.5 KW
Reactive gas Nitrogen
Nitrogen deposition Pressure 3.5 Pa
Substrate bias voltage -40 to -170 V
Substrate temperature 450 ± 10 °C
Coating thickness 4.8 ± 1 lm
468 Page 2 of 8 V. Prabakaran et al.
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	5. D ¼ 0:9k=B  cos h ð1Þ
where D is the grain size of the coated samples, k is the
X-ray wavelength and h is the Bragg angle. B is the full
width at half maximum (FWHM) of a Bragg peak, which is
measured from the equation B2
¼ B2
r  B2
strain  C2
where Br is the FWHM of a Bragg peak, Bstrain = e tan h is
measured by XRD using cos2
asin2
w method, and C is the
instrumental line broadening.
2.3 Surface analysis
The X-ray diffraction analysis (XRD) for the TiCN-coated
AISI SS410 steel substrate is shown in Fig. 4. The main
phase of the Ti, N and C is present in the TiCN coating,
and also a small peak of TiO2 and Fe2O3 is identified. The
Dewinter Materials plus 1.01 software was used to deter-
mine the porosity value of the coated substrate. As per the
ASTM B276 standard, the average porosity was observed
to be 2 %.
2.4 Surface roughness test
The surface roughness value was examined on the TiCN-
coated AISI 410 steel substrate. During this test, in the case
of melted or partially melted coated surface, roughness
value was observed in the range of 0.86 l. In the case of
uncoated surface, roughness value has been examined in
the range of 0.78 l.
2.5 Micro-hardness test
The Vickers hardness indenture (HV1Kg) was used to
determine the hardness of the different location of the
coated substrate and uncoated substrate. After examination,
the average hardness value (332 HV) was observed in
TiCN coating and minimum hardness value (238 HV) was
found in uncoated specimen is as shown in Fig. 5. The
higher the hardness, the possibly harder the wear debris.
The coating has lower porosity and very dense structure.
This coated substrate has good wear resistance because of
Table 2 Chemical composition
of the substrate and coating
Composition (%) P Mn C Cr S Si Ti N
Material (SS410) 1.0 1.0 0.15 11.5–13.5 0.03 1.0 – –
TiCN coated – – 25 – – – 50 25
Fig. 3 EDS analyses for worn surfaces of a uncoated substrate and b TiCN-coated substrate
Fig. 4 X-ray diffraction pattern for the TiCN coated on the AISI
SS410 substrate
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	6. the absence of  grain boundaries. Elastic modulus and
hardness were determined using the procedure described in
[17–22].
2.6 Tribological testing
Figure 6 shows the schematic line diagram of the pin-on-
disc testing machine. The wear test was performed on a
pin-on-disc apparatus in accordance with standard
ASTMG99. A test specimen of cylindrical pin is in vertical
contact with the surface of uncoated high carbon steel disc.
The unit consists of an arm to which the cylindrical pin
with dimensions of 8 mm diameter and 50 mm long is
attached to the bottom disc with dimensions of 55 mm
diameter and 15 mm thickness. The dry sliding wear test
was performed on a pin-on-disc tribometer at 5–20-N load
level with a constant sliding velocity of 2.30267 ms-1
.
Prior to wear test, the surfaces of coated and uncoated were
thoroughly cleaned with ethanol. The wear test was per-
formed at the room temperature having relative humidity
60 %.The main pin-on-disc testing parameters are sum-
marized in Table 3. The tester measured the tangential
force by a set of load cell and monitored by computerized
with the data logger system. The photographic view of pin-
on-disc testing machine is shown in Fig. 7. In all condi-
tions, the coefficient of friction and wear volume of the pin
were estimated. The weight loss measuring instrument
precision value is 0.0001. Wear rate can be determined by
using this Eq. (2).
Wear factor K
ð Þ ¼ volumetric wear mm3

=load N
ð Þ
 sliding distance mm
ð Þ ð2Þ
3 Result
3.1 Coefficient of friction behaviour
The evolution of the friction coefficient during the pin-on-
disc tribological test at room temperature is shown in
Fig. 8. It can be noted that the coefficient of friction ini-
tially decreases and then increases with the increase in the
number of cycles. The coefficient of friction for an applied
load of 5 N is as shown in Fig. 8a. The coefficient of
friction curve started at approximately 0.08 l for TiCN
coating followed by slow, gradual decreases during the
sliding distance between 138.16 m and 2072.4 m. Only in
the case of SS410 uncoated substrate, the coefficient of
friction started out at about 0.13 l followed by slow
gradual increases. In the curve corresponding to the sliding
distance between 2072.4 m and 4144.8 m, the friction
coefficient gradually increases because the wear debris
generated during the nature of the contact. In the case of
SS410 uncoated substrate, the high coefficient of friction
and high wear loss were observed as compared with the
coated substrate. Figure 8b shows the coefficient of friction
for an applied load, 10 N. In comparison with 5-N load, the
Fig. 5 Micro-hardness of the coated specimen
Fig. 6 Schematic line diagram
of pin-on-disc testing machine
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	7. low coefficient of  friction started out at approximately
0.07 l for TiCN coating followed by slow, gradual
increases during the sliding distance between 138.16 m and
2072.4 m. For an uncoated SS410 substrate, the coefficient
of friction started out at approximately 0.09 l followed by
slow, gradual increases. However, in comparison with the
5-N load, the low coefficient of friction and minimum wear
loss were observed on coated and uncoated substrates.
Figure 8c shows the coefficient of friction for an applied
load 20 N. The coefficient of friction started out at
approximately 0.12 l for a TiCN coating followed by slow,
gradual increases during the sliding distance between
2072.4 m and 4144.8 m, and high wear loss was observed
for an uncoated SS410 substrate. In comparison with 5 N
and 10 N load, the high coefficient of friction and more
wear loss were observed on uncoated and coated substrates.
3.2 Wear characteristics
The three series of 5 N load, 10 N load and 20 N load
were used to performed tribological test on the SS410
uncoated steel substrate and TiCN coated substrate.
During the test material removal volume were measured
at three series of load. 5 N Applied load: Initially the high
co-efficient of friction were measured on TiCN coated
and followed by slow gradual decreases. In comparison of
TiCN coating, the high Wear rates were measured for an
uncoated SS410 substrate pin. 10 N Applied load: The
wear rates of TiCN coating are non-measurable and lower
wear rate were measured on uncoated SS410 substrate.
The buildup or re-deposition was observed. In comparison
of 5 N load, initially the low wear rates were measured
for a coated and uncoated substrate. 20 N Applied load:
In comparison of 5 N and 10 N load range, the highest
wear rates were measured for the uncoated pin substrate
and TiCN coated substrate. The lower wear rate was
observed on the TiCN coated substrate in comparison of
the uncoated pin substrate. The buildup or re-deposition
was not present. The high hard coating reduce the wear
resistance are also reported in the literature [24–26]. The
result of the Pin on disc tribometer tests at three series of
load which as performed on TiCN coated pin shows the
superior wear resistance. It has high hardness, excellent
oxidation and corrosion resistance reported in the litera-
ture [17, 21]. The total wear rate were summarized in
Fig. 9.
3.3 Wear of the high carbon steel disc
The wear rate of the high carbon steel disc is summarized
in Fig. 10. The higher wear rate was measured against
TiCN-coated substrate, and lowest wear rate was measured
from SS410 uncoated substrate. The wear rate increases as
the sliding distance increases as also reported in Ref. [18,
19]. The high hardness reduces the wear resistance as also
observed in the literature [20–23]. At the maximum load
20 N, the wear rate was increased with load.
3.4 SEM micrograph
Figure 11 shows the microscope image of the uncoated and
coated substrates after pin-on-disc wear test. The wear tracks
characterized by two features: material removal and buildup
on the coated surface. During the wear test, the material
removed and buildup were formed because of temperature
activated. At 5-N load, the buildup was not formed on the
AISI SS410 uncoated substrate. The wear loss is non-mea-
surable on the TiCN-coated pin substrate. In comparison
with TiCN-coated substrate, the wear tracks increase on the
uncoated substrate. At 10-N and 20-N loads, the highest wear
loss was measured on the SS410 uncoated substrate. The
abrasive marks, pits, cracks and wear tracks were observed
on the uncoated surface as shown in Fig. 10a, b. The low
wear loss was measured on the TiCN-coated surface.
Because of carbon present, it has superior wear resistance,
high hardness with superior chemical and thermal stability as
also observed in Refs. [20–24]. In comparison with the
uncoated substrate, the minimum wear tracks, cracks and pits
were examined in the coated surface as shown in Fig. 10c, d.
Table 3 Pin-on-disc testing machine parameters
Pin size 8 mm diameter and 50 mm long
Disc size 55 mm diameter 9 15 mm thickness
Disc rotation speed 150–1440 rpm
Wear track diameter mean 25–55 mm
Load 1–100 N standard weights sets
Frictional force 0–100 N
Power 415, 50 Hz, 3 phase
Conditions Dry sliding
Fig. 7 Photographic view of pin-on-disc testing machine
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	8. 4 Discussion
As shown  in the summary of dry sliding wear test on SS410
uncoated and TiCN-coated substrates. The multilayer
TiCN coating is a TiN with a lattice parameter of 0.422 nm
and C with a lattice parameter of 2.461(a), 6.708(c). So, a
more coherent interface between TiCN and C probably can
be found, resulting in high hardness with superior chemical
and thermal stability. In several studies, the morphology,
structure and composition of TiCN were examined. Most
of the researchers report that TiCN also shows good cor-
rosion resistance, which is reported in Refs. [17–21]. The
hardness tests were performed on the multilayer TiCN-
coated and SS410 uncoated surfaces. The average hardness
value of ML-TiCN coating is 332 HV and SS410 uncoated
Fig. 8 Friction coefficient of uncoated and coated films at different applied loads: a applied load = 5 N, b applied load = 10 N and c applied
load = 20 N
Fig. 9 Total wear of the investigated films at different loads Fig. 10 Total wear of high carbon steel disc and TiCN coated at
different loads
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	9. is 238 HV.  The presence of carbon interlayers does not
decrease the hardness of multilayer TiCN coating, which is
reported in the literature [19–22]. The main phase identi-
fied by XRD analysis for multilayer TiCN coatings are TiN
and C. Figure 10 shows the SEM image of worn surface on
SS410 uncoated surface and multilayer TiCN-coated sur-
face. At 5 N and 10 N loads, the wear rate of multilayer
TiCN coating was non-measurable and high wear rate was
observed on the SS410 uncoated surface. The SEM
observation of the wear track obtained at 10 N and 20 N
load on the coating shows uniform wear on ML-TiCN
coating. A large buildup or re-deposition and more dam-
ages were observed on the SS410 uncoated substrate. The
sliding wear marks, cracks, pits and fine wear tracks are
examined on the coated surface. The wear track on ML-
TiCN coating decreases at different loads. However, the
low wear track was found in the ML-TiCN because of high
oxidation resistance as reported in Refs. [8–11] Also the
centre region of the ML-TiCN coating has found no
damages because C has present as interface layer, which is
reported in the literature [20–22]. Thus, the proper evalu-
ation of the tribological results on the ML-TiCN-coated
and SS410 uncoated substrates. This research is very useful
for preparing the coating surface and reducing the friction
loss, and fuel consumption in the real I.C.
5 Conclusions
The following observations were made on the present study:
1. The coating layer formed on the AISI 410 steel is
porosity-free, smooth and homogeneous.
2. The average porosity value was observed on the ML-
TICN-coated surface to be less than 2 %.
3. The surface roughness value was examined on the
ML-TiCN coating layer as in the range of 0.86 l
which is much higher than AISI 410 steel roughness
value as in the range of 0.78 l.
4. XRD analysis shows that the main phase of the TiN
and C is present in the TiCN coating and also a small
peak of TiO2 and Fe2O3 is identified.
5. The Scherer formula is used to measure the grain size
of the ML-TiCN-coated pin surface which is 9 nm.
6. The cross section of the coated surface is used to
measure the coating thickness around 4.8 ± 1 lm
the hardness of the ML-TiCN coating layer which
was measured as 332 HV and much larger than that
of SS410 uncoated substrate measured as 238 HV.
7. The total wear decreased with the hardness
increases. Total wear increases with applied load
of the wear test in Newton load range.
Fig. 11 SEM images of the
worn surface produced by pin-
on-disc wear testing machine; a,
b are uncoated and c, d are
TiCN-coated surface
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	10. 8. The coefficient  of friction of multilayer TiCN
coating against high carbon steel disc ranges
between 0.0878 and 0.130 and that of AISI 410
steel against high carbon steel disc ranges between
0.13 and 0.371.
9. Wear volume increases as the load increases because
high localized pressure is exhibited between the
contact surfaces. The wear loss of multilayer TiCN
coating shows much lower than the AISI 410 steel.
10. The wear rates and worn surfaces were examined
with SEM. The grooving region, pits, ploughing
ridge and cavities observed on the AISI 410 steel
surface are much larger than those of multilayer
TiCN-coated AISI 410 steel.
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