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on Tribological Properties of TiN Coatings Deposited
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The aim of this study is to investigate the effect of plasma nitriding pre-treatment (PN) on mechanical and
tribological behavior of TiN coatings produced by plasma-assisted chemical vapor deposition (PACVD).
The heat treatment of quench and temper was carried out on hot work AISI H11 (DIN 1.2343) steel
samples. A group of samples were plasma nitrided at 500 °C for 4 h in an atmosphere containing 25 vol.%
nitrogen and 75 vol.% hydrogen. Then TiN layer was deposited on all of samples at 520 °C temperature,
8 kHz frequency, and 33% duty cycle. The microstructural, mechanical, and tribological properties of the
coatings were investigated using SEM, WDS, AFM, microhardness tester, and pin-on-disc wear test. The
load of wear test was 10 N and the samples were worn against different pins, ball-bearing steel (DIN
1.3505), and cemented tungsten carbide (WC-Co). The results indicate that the difference of hardness
between the samples with PN-TiNlayer and those samples with only TiN layer without PN was 450 HV and
the former samples showed a significant amount of wear resistance in comparison to the latter ones.

Keywords mechanical testing, surface engineering, tool steels,
tribology

1. Introduction

Over the last few decades, requirements have grown steadily
for tribological and corrosion-resistant layers for many indus-
trial tools deposited by various methods. Recent progress in
coating methods has led to the manufacture of a new group of
adaptive and self-lubricating coatings (Ref 1). For instance,
using plasma in some deposition methods such as PVD and
CVD improves the properties of coating deposited with these
methods and also removes their inherent limitations (Ref 2).
The inability of PVD processes to coat the tools with complex
shape and the high temperature deposition of CVD method are
the problems that can be solved using plasma (Ref 3). Plasma-
assisted CVD has been developed to combine the good
adhesion of CVD and the low temperatures of PVD, while
avoiding their typical drawbacks such as high temperature with
deformations and poor adhesion, respectively (Ref 2).

Titanium nitride (TiN) is one of the most important coatings
deposited by different methods on cutting tools or casting and
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forging dies to increase the corrosion and wear resistance.
Indisputably, it can be so useful for wear resistance applications
because this film has high hardness and low friction coefficient
(Ref 4). TiN, TiC, TiCN, and TiBN are some of the coatings
that can easily be produced using PACVD method (Ref 5).
Many investigations have been carried out to improve the
properties of coatings that are deposited by PACVD such as
prior sputtering. Using pre-plasma nitriding can also be useful
because deposition of TiN film with the hardness of about 1850
HV on 500 HV hard heat-treated steel forms an unstable and
weak interface, due to a high hardness difference between steel
substrate and TiN coating in the interface (Ref 6). This problem
can be solved by an intermediate layer-like plasma nitrided
layer with about 1000 HV hardness to lessen hardness profile
gradient and to form CrN phase with the same crystal structure
as TiN (Ref 3, 7).

The aim of this study is to investigate the influence of pre-
plasma nitriding on the tribological behavior of TiN coating.
The samples were tested using pin-on-disk tribometer against
ball-bearing steel (DIN 1.3505) and cemented tungsten carbide
(WC-Co) pins at room temperature. However, the several
reports have been published dealing with the effect of pre-
plasma nitriding on adhesion strength of the coatings deposited
by PACVD method, the influence of pre-plasma nitriding on
the tribological properties of these coatings has not been fully
understood.

2. Experimental

The specimens in the form of 50 mm diameter and 8 mm
thick discs were made from hot work steel (DIN 1.2343) rod.
The chemical analysis of the steel, obtained by spark emission
spectroscopy test, is presented in Table 1. A tempered
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Table 1 Chemical composition of hot work AISI H11 steel obtained by spark emission spectroscopy test

Element C Si Mn

Cr Mo A% P S

Weight percent 0.36 0.55 0.37

4.72 0.66 0.55 0.0043 0.0027

Table 2 PACVD process conditions for TiN coating

Parameter Value
Pulsed voltage 550-600 V
Duty cycle 33, 40, 50%
H, 1.6 NL/min
N, 0.25 NL/min
Ar 0.05 NL/min
TiCly (carrier Hy) 0.1 NL/min
Deposition time 4h

Pressure 2 mbar
Temperature 520 °C
Duty cycle 33%

martensitic microstructure was emerged by austenitizing at
1050 °C for 30 min, quenching in oil, and then tempering at
550 °C for 45 min. The samples were ground and polished
with standard metallographic techniques.

After preparation of the samples, some of them were plasma
nitrided at 500 °C for 4 h in an atmosphere containing
25 vol.% nitrogen and 75 vol.% hydrogen. Then TiN layer
was deposited on all samples, with pre-plasma nitriding (PN)
and without pre-plasma nitriding, using PACVD under constant
conditions (Ref 8) which are presented in Table 2. In this
article, the steel samples with TiN coating will be presented as
sample TiN and plasma nitrided steel samples with TiN coating
will be presented as sample PN + TiN. The treated specimens
were studied using scanning electron microscope (SEM),
wavelength dispersive spectrometry (WDS), atomic force
microscope (AFM), microhardness tester and pin-on-disk
tribometer. The load of wear test was 10 N and the samples
were worn against two different pins, ball-bearing steel (DIN
1.3505), and cemented tungsten carbide (WC-Co) with 0.1 m/s
sliding speed. The relative humidity at room temperature during
the test was in the range of 35-45%. At last, weight losses of
the samples and pins are reported.

3. Results and Discussion

3.1 Structure and Morphology

The surface and cross section of the TiN film deposited on
plasma nitrided steel were observed by SEM, Fig. 1. The
thickness of the TiN coating is about 2.5 pm and it seems that
the average grain size is about 150 nm. The dense microstruc-
ture of this coating may lead to better corrosion resistance
(Ref 5).

The AFM micrographs of samples TiN and PN + TiN are
indicated in Fig. 2. It can be seen that sample PN + TiN has
long hills and deep valleys, but sample TiN has smooth surface.
It is evident that the plasma nitriding caused the roughness of
the surface to increase in comparison to untreated sample. This
is due to the formation of cauliflower shape surface nitrides
which have valley- and hill-like feature and as a result post-TiN
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coating roughness increases (Ref 6). So, these long hills can be
broken during wear test and causes more weight loss, however,
the surface roughness is not the only effective parameter
(Ref 9).

3.2 Microhardness Measurements

Microhardness (HV g50) distributions on the cross section
of the samples are presented in Fig. 3. It is observed that the
microhardness profile of sample PN + TiN has lower slope in
the interface in comparison to sample TiN which has a more
steep change in hardness profile from surface to substrate.
Moreover, using plasma nitriding treatment before deposition
of TiN coating increases the surface hardness of samples so that
the surface hardness of TiN sample is 1400 HV, but PN + TiN
sample has 1810 HV surface hardness. This is due to the
intermediate plasma nitrided layer with about 1050 HV
hardness and almost 50 pm depth which removes the existed
hardness shock in the interface between coating and substrate
and mechanically supports the coating (Ref 6, 10). Further-
more, precipitation of CrN phase at the interface with the same
crystal structure as TiN enhances the adherence of the
subsequent TiN hard coating (Ref 3).

3.3 Tribological Properties

Friction coefficients of the specimens were exhibited against
ball-bearing steel and WC-Co pins, using a pin-on-disk wear
test machine. Figure 4 shows the friction curves over a sliding
distance of 1000 m for different samples TiN and PN + TiN.
The friction coefficient of sample TiN against ball-bearing steel
pin starts with 0.82 and after 800 m, it increases to 0.95. In the
same conditions, the friction coefficient of sample PN + TiN
increases gradually up to 0.85. These samples showed different
friction coefficients against WC-Co pins so that for sample TiN,
after 500 m it reached from 0.6 to 0.85, whereas sample
PN + TiN showed a constant friction coefficient of 0.6.

It should be mentioned that during TiN wear test, titanium,
iron, and oxygen atoms can be detected on the wear tracks and
due to the increase of temperature and preparation of essential
conditions, the formation of iron oxides or titanium oxides as
transfer layers are possible there.

It was found that the transfer layer on TiN coatings with low
Cl content, one of the crucial factors in the TiN coatings
deposited by PACVD to the formation of TiO,, are composed
of Fe,O3 and Fe;0,4 that show high friction coefficients. Rutile
phase of TiO, with iron oxides can be the transfer layers for
higher Cl-containing TiN coatings (Ref 1). In this study, due to
high deposition temperature of TiN coating, there is not enough
Cl to the formation of rutile phase (Ref 4) and as a result,
the low friction coefficients of TiN coatings (<0.2) are not
expected.

For wear test in ambient air against steel pins the friction
coefficients of the samples TiN and PN + TiN are approxi-
mately 0.9 (Fig. 4).This can be attributed to the adhesion of
some particles of steel pin as transfer materials to the coatings
and the formation of thin iron oxide layers on the wear track of
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TiN coating (Ref 11). Moreover, it is inferred that the pre-
plasma nitriding does not have a crucial effect on reducing of
friction coefficient in this condition. The situation is different
when WC-Co pins are used. In this condition, friction
coefficients of the samples are in the range of 0.6-0.8 (the
TiO, layer has not been formed on the wear track for this pin)
(Ref 12). When WC-Co pin was used, the adhesion of pin
particles on the TiN coating should be very low because of their
ceramic natures. As a result, the lower friction coefficient
curves are completely reasonable in this condition.

Plasma nitriding pre-treatment decreases the friction coef-
ficient from 0.8 to 0.6. In fact, during wear test against WC-Co
pin, TiN layer can be removed and its particles cause to
increase the contact area and as a result due to the increase of
contact area between two surfaces, rising of the friction
coefficient in some regions of its curve is reasonable. Therefore,
when TiN sample was worn against WC-Co pin, friction
coefficient rises after 500 m sliding distance because TiN
coating was removed and the contact of ceramic pin with steel
substrate increased. This theory is in good agreement with the
weight loss of the samples. Indeed, the instability of interface,
due to high hardness difference between steel substrate and TiN
coating is harmful for tribological properties of the samples. To
sum up, although TiN is high wear resistance coating, it will be
ineffective if the coating removes from the surface during wear
test. So, pre-plasma nitriding plays an important role to keep
TiN coating on the substrate.

When testing against ball-bearing steel pin, the predicament
wear mode could be abrasion due to high fluctuation in their
friction coefficient curves and broad wear tracks on the samples
(Ref 13). When the sample PN + TiN was worn against
WC-Co pin, abrasive wear could be observed on a narrow wear
track, but it is different for the sample TiN. The wear track of
the specimen TiN against WC-Co pin is shown in Fig. 5. Some
cracks on the surface of the TiN layer (Fig. 5a) and its cross
section as well as its TiN-substrate interface (Fig. 5b) can be
seen. The crack formation in the TiN coating and its
propagation can be attributed to brittleness and weak adhesion
of TiN coating to the substrate. The cracked and detached TiN
particles can boost the wear rate in TiN samples. As can be seen
in Fig. 5, the TiN coating cracked into small pieces and
detached from the substrate. The coating crack is undoubtedly
started from weak and unstable region that can be the interface
between TiN coating and substrate. In addition, there are many
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Fig. 4 Friction coefficients obtained in pin-on-disc testing of the TiN coated samples with pre-plasma nitriding (PN + TiN) and without pre-

plasma nitriding (TiN) against different pins

cracks in the remained parts of TiN on the wear track and
beneath it. Thus, it seems that there is fatigue wear by crack
initiation from the interface and its propagation to the sample’s
surface. The schematic illustration of this mechanism is shown
in Fig. 6. According to this figure, initiation of cracks can be
formed from the interface and propagates into coating or
substrate during wear test. Moreover, spreading of these cracks
can remove more parts of TiN coating from surface and
increase contact areas between pin and substrate. So, the
detached TiN particles can be so harmful and increase the wear
rate due to their high hardness.

The SEM images and WDS map of worn surfaces against
ball-bearing steel and WC-Co pins are shown in Fig. 7. From
the image of wear traces and the maps for Ti and Fe elements,
investigating of their wear is possible.

It can be seen that PN + TiN samples have an excellent wear
resistance against steel pin so that the TiN layer were not
removed. Ti atoms are detected on the whole wear path and
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some Fe atoms that are present there are attributed to steel pins
debris that were transferred on the wear track. This specimen
showed a good resistance to WC-Co pin in comparison to
sample TiN because as Fig. 7 indicates, the detected Fe
elements on the wear track for sample TiN are much more than
those detected for sample PN + TiN. Indeed, detection of Fe
atoms in this condition can be attributed to removing of TiN
coating and detecting Fe atoms from substrate. As a result, the
high amount of identified Fe atoms on wear path of the TiN
sample can be good account for the important role of stable and
adhesive interface on tribological behavior of TiN coating on the
steel substrate (Ref 6). According to SEM micrographs of the
wear tracks of sample PN + TiN against steel pin, it sounds that
the wear tracks are broad and they may not deep, at least not
deeper than the thickness of the TiN coating. However, these
tracks after wear against WC-Co pin seem narrower and deeper.
These situations can be ascribed to hardness of the used pins
(Ref 8) and are in good agreements with their weight losses.
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Fig. 5 (a) SEM micrograph of a remain part of TiN layer on the
wear track, (b) SEM micrograph of cross section of wear track
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Fig. 6 Schematic illustration of fatigue wears for TiN sample

Weight loss of the samples and their counter pins after wear
tests are presented in Fig. 8. There is a large difference of this
parameter for samples TiN and PN + TiN so that the weight
loss of sample TiN is 1.6 x 107> kg against ball-bearing steel
pin and is 4.5x107° kg against WC-Co pin, while for
specimen PN + TiN, they are 0 kg and 2 x 10~° kg. It can be
seen that when the specimens were plasma nitrided, their
weight loss reduced considerably. The weight loss of sample
TiN after wear against steel pin is 1.6 x 10~ kg, while there is
almost no mass loss for sample PN + TiN in this condition.
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This is due to the weakness of interface between TiN coating
and substrate that cause the thin TiN layer to be removed
during wear test by crack initiation and its propagation along
the interface. As a result, pin wears the steel substrate at the
end of the test. Fe map of the wear track (Fig. 7) shows that
after wear test, TiN layer has been removed completely and
pin contacts with steel substrate, so this amount of weight loss
was expected, but for the sample PN + TiN, tiny amount of
steel pin is transferred to the sample which compensates its
weight loss (Fig. 8). When the WC-Co pin is used, the weight
losses of specimens increase because this pin has a high
hardness and can wear TiN coating much more than steel pin.
The influence of pre-plasma nitriding is noticeable in this
condition, so that mass losses of samples decrease from
4.5%x107° to 2 x 10~° kg (Ref 14). These results are in good
agreement with Fe map of the sample TiN (Fig. 7) because in
those pictures, a lot of Fe atoms were detected in wear track
and it means that TiN coating have been removed during wear
test. There is another point about wear rate of pins and
specimens that presented in Fig. 8. The weight losses of steel
pins in comparison to samples are very high. As a matter of
fact, it means that when steel pin was used, TiN worn steel pin
(Ref 15), but using WC-Co pin leads to wear of TiN coating
due to their hardness (Ref 13).

As it is indicated in Fig. 8 for sample TiN against WC-Co
pin, in spite of high wear resistance of TiN coating, the wear
behavior is not favorable. In this test, TiN layer was removed
completely from surface and specimen’s weight loss is high in
comparison to other sample’s weight loss. Therefore, pre-
plasma nitriding plays a significant role for improving wear
resistance.

4, Conclusions

The main objective of this investigation was to recognize the
effect of pre-plasma nitriding on mechanical and tribological
properties of TiN coating deposited on hot work steel (DIN
1.2343) by PACVD. Based on the results the following
conclusions can be derived:

1. Pre-plasma nitriding treatment due to formation of a
nitrided intermediate layer with 1050 HV hardness
between substrate and TiN coating causes to hamper
the hardness shock in the interface and the TiN coating
is mechanically supported by the nitrided layer, leading
to 400 HV increase in the surface hardness of TiN
layer.

2. The weight loss of PN + TiN sample is much lower than
the weight loss of TiN sample. In this condition, the
coating has good adhesion strength and it is not removed
during wear test. Hence, the wear resistance (mass loss)
is more than 10 times better.

3. For TiN samples, removing of TiN coating during the
wear test increases the friction coefficient from 0.6 to 0.8
due to an increase in the contact areas between the two
surfaces.

4. The wear resistance of binary PN + TiN coatings is much
better than others samples so that after 1000 m it does
not remove against ball-bearing steel pin at all and it
wears slightly against WC-Co pin.
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