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Abstract. Titanium Nitride (TiN) films were synthesized on AISI52100 bearing steel surface
employing plasma immersion ion implantation and deposition (PIIID) technique. X-ray diffraction
(XRD) proves that TiN phase exists in the surface layer. The depth profiles and chemical bonds
were analyzed with X-ray photoelectron spectroscopy (XPS) combined with Ar ion etching. Atomic
force microscope (AFM) reveals that the TiN films have uniform distribution and good efficiency of
space filling over large areas. The nano-hardness (H) and elastic modulus (E) of TiN films were
measured, and the maximum H (E) value is 25 GPa (350 GPa), increases by 127.3% (59.1%).
The friction and wear behaviors and the rolling contact fatigue (RCF) life of all these samples
were also investigated by ball-on-disc and three-ball-rod testers. The results show that the
friction coefficient decreases from 0.92 to 0.2 and the longest wear life increases by 16.5 times.
The L
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, and mean life L of treated sample increases by 5.5, 2.8, 2.3, and 2.2 times,

respectively. It indicates that PIIID is an interesting technique in improving mechanical properties
and RCF life of bearing steel.

1. INTRODUCTION

TiN film has been serving in many industrial areas
as anti-wear, anti-corrosion and decorative coatings
or diffusion barriers for more than 20 years. The
significant and widespread availabilities of TiN film
is its remarkable physical and chemical properties,
including chemical inertness, high melting point, low
friction coefficient, high hardness, good
thermodynamic stability, excellent wear and
corrosion resistance. Moreover, due to the
biocompatibility of TiN, it can be also applied in
orthopedic and dental implants fields [1-3].

The preparation of TiN film can be categorized
into chemical vapor deposition (CVD) and physical

vapor deposition (PVD) [4-7] two methods. Since
high deposition temperature is required for the
conventional CVD process, the process is not
suitable for temperature sensitive substrates such
as bearing steels. Alternatively, PVD process is
generally chosen in application requiring low
deposition temperature and poor adhesion. In
addition, the mechanical property of TiN is strongly
related to its preferred orientation. It has been
reported that TiN film with (111) preferred orientation
possesses the highest hardness [8,9]. During the
PVD deposition thin film, the compactness and
preferred orientation of the film normally change with
the changing of processing parameters. Therefore,
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Element C Si Mn Cr Fe

wt.% 0.95-1.05 0.15-0.35 0.20-0.40 1.30-1.65 Balance

Table 1. Chemical composition of the AISI52100 bearing steel.

Sample No. T0 T1 T2 T3 T4 T5 T6 T7 T8 T9

Bias voltage, kV - 15 25 35 25 25 25 25 25 25
Surface roughness, m - 0.06 0.06 0.06 0.06 0.06 0.06 0.53 0.44 0.34
Implantation time, h - 4 4 4 2 3 5 4 4 4

Table 2. The PIIID processing parameters.

processing parameters play an important role in
affecting the preferred orientation and hardness of
the film.

In the past few years, researchers have been
paying a lot of attention to the plasma immersion
ion implantation and deposition (PIIID) technique [10-
12]. During PIIID, the ion mixing effects are
substantially different from those in other
aforementioned processes. PIIID combines pulsed
plasma deposition with pulsed high-energy ion
implantation. It can be used to modify not only the
near-surface region of bulk materials but also that
of thin films. This technique has several advantages,
such as high ionization, nonlinear-of-sight process,
excellent homogeneity, low deposition temperature
and good adhesion on substrates.

However, TiN films have been extensively focused
on their microstructure, chemical composition,
mechanical, and tribological properties, the influence
of rolling contact fatigue (RCF) life of the films during
PIIID has seldom been investigated. In this paper,
our main aim is to synthesize TiN film on AISI52100
bearing stainless steel surface by PIIID and to
investigate the influence of the film on the RCF life
and mechanical properties of the bearing steel
components.

2. EXPERIMENTAL PROCEDURES

Samples of AISI52100 bearing steel in quenched
and tempered state (HRC61~65) were used in this
study. The principal chemical composition of this
steel is listed in Table 1. Two groups of samples
were prepared, the flat coupons were machined to
diameter of 15 mm and thickness of 3 mm; the
fatigue samples, AISI52100 cylindrical rods, with a
length of 200 mm and a diameter of 11 mm. Before
ion implantation and deposition, all coupons were
polished to a surface roughness R

a
 about 0.06 m,

followed by an ultrasonic clean in acetone and

alcohol, then kept in an electric-dryer to prevent the
surface from pollution again, and then put into the
vacuum chamber.

TiN film was synthesized in our multi-purpose
PIIID facility [13]. The vacuum chamber was
evacuated to a base vacuum of 5.%×1%-3 Pa, and
then Ar ion sputtering was introduced into the
chamber to remove undesirable oxide and other
contamination layers. Titanium plasma was
generated by pulsed cathodic arc plasma source
with an S-shape curved magnetic duct. Nitrogen
plasma was produced by radio-frequency glow
discharge. The flow rate is 50 sccm, working gas
]ressure 4.%×1%-1 Pa. The implantation pulse width
is 60 s, main arc current 120 A; main arc pulse
width 1000 s. Other main PIIID processing
conditions are summarized in Table 2.

The as-deposited films were characterized by X-
ray diffraction (XRD  on Phili]s X’]ert diffractometer
with CuK  ( = 1.54%56 Å  excitation radiation. The
accelerating voltage was 40 kV and current was 30
mA. The scan angle (2 ) was from 20 to 90°. X-ray
photoelectron spectroscopy (XPS) analysis was
performed on the ESCA PHI 5700 system to
determine the composition and valence states. The
root-mean-square (RMS) roughness was obtained
by atomic force microscopy (AFM) over sampling
areas of 5 m × 5 m. Microhardness and elastic
modulus were measured using the nanoindentation
system UMIS-2000 (CSIRO). A trigonal diamond
indenter (Berkovich-type indenter) with total included
angle of 142.3° was used for all the measurements.
During ball-on-disc experiments, the radius of the
sliding track is 3 mm; the upper ball is made of
silicon carbide (SiC) ceramic, 4 mm in diameter at
room temperature. The specimen was rotating at
300 rpm, and the contact load was 0.3 N. No lubricant
was used in the wear test.
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Fig. 1. XRD pattern of TiN film synthesized by PIIID.

Fig. 2. XPS wide scan from an as-grown TiN film
synthesized on AISI52100 steel.

Rolling contact fatigue (RCF) life test was
performed on a three ball-on-rod RCF testing
machine. The normal load pressing each of the three
balls against the rod specimen was set at 9 kg;
corresponding to maximum Hertz contact pressure
of 5.1 GPa. The specimen was rotated at 2800 rpm.
At this s]eed, the test rod ex]erienced 3.95×1%5

contact loading cycles in 1 h of testing [14]. The
RCF testing machine ran continuously until a
macroscopic fatigue spall was formed on one of the
rolling elements. The test stops when the vibration
level is exceeded the preset critical value. The test
duration was measured by a personal computer,
which was connected electrically to the motor. Every
time before and after of the test, the rod sample,
the loading balls and the retainer were thoroughly
cleaned with acetone to wash away any debris that
might have been produced during the test. Testing
results were compared with the obtained from the
untreated rod and also the same rods treated with
TiN film.

3. RESULTS AND DISCUSSION

The XRD pattern of TiN film (sample T2) is shown in
Fig. 1. Results show that TiN phase exists in the
surface layer, and broad (111), (200), (220), (311),
and (222) TiN peaks were observed at 2  value of
36.675°, 42.625°, 61.825°, 74.125°, and 77.975°,
respectively. We can see that the peak intensity of
the (200) is higher than that all of the others. It is
shown that (200) crystalline plane is the preferential
direction. This is different from the (111) preferred
orientation of conventional PVD methods. It has
relations to the processing conditions and
parameters of PIIID. In addition to, a TiO

2
 peak was

observed at 2  value of 27.475°, corresponding to
the (111) crystalline plane. The main reason, on one
hand, is that a small amount of resident oxygen in
the vacuum chamber; on the other hand, some TiN
film may be oxidized to form TiO

2
 during the PIIID

processing. Except for TiN and TiO
2
, some TiN

x
O

y

phase can be also found in the surface layer.
Wide scan XPS spectra of the as-grown films,

and air-exposed TiN/AISI52100 samples revealed
Ti, N, and O as the major components of these films
with a trace amount of carbide and argon. This is
shown in Fig. 2. Fig. 3 exhibits the corresponding
high-resolution spectra of Ti2p and N1s for the as-
grown film after 1 min, 2 min, and 8 min etching,
respectively. From this figure, we can see that the
change of Ti2p and N1s binding energy with the
etching time, and we can draw a conclusion that
the main component in the surface layer is TiN phase.

An AFM image, as-grown TiN film on bearing
steel (sample T2), measured in non-contact mode
is shown in Fig. 4. From this image a quantitative
assessment of the surface roughness can be made.
The average and root-mean-square (RMS) surface
roughness values of TiN on AISI52100 substrate,
corresponding to a surface area of 25 m2, were 4.8
nm and 6.1 nm, respectively. The surface of blank
substrate is also examined in the same mode. The
average and RMS values for surface roughness
measured over an area of 25 m2 were 12.5 nm and
14.9 nm, respectively. These data indicate that TiN
film synthesized by PIIID is extremely smooth and
the film process certainly does not result in any
measurable increase in surface roughness over that
of the bearing steel substrate.

Nano-hardness and elastic modulus curves of
TiN film samples (T2,T7,T8, and T9) are shown in
Fig. 5. From these curves, we can see that the
maximum hardness (Fig. 5a) and elastic modulus
(Fig. 5b  of TiN film are 25±1 GPa and 35%±1% GPa
(the average of six measurements, and the
measurement depth corresponding to roughly 15%
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Fig. 3. High-resolution XPS scan of Ti2p (a) and
N1s (b) from as-grown TiN/AISI52100 sample.

Fig. 4. 3D (a  and 2D (b  AFM image of a 5.%×5.%
m2 area of TiN film on AISI52100 bearing steel.

Fig. 5. Nano-hardness (a) and elastic modulus (b)
of TiN film versus indentation contact depth on
different surface roughness of AISI52100 bearing
steel using CSM technique.

of the film thickness), increase by 127.3% and
59.1% (the hardness and elastic modulus of
AISI52100 substrate is 11GPa and 220GPa),
respectively. At depths exceeding 2 m, the
hardness and modulus start to approach those of
the respective substrates. However, it must be
emphasized that when making indentation
measurements on extremely thin films such as TiN
film described here, substrate effects come into play
and strongly influence the measurements on the
hardness and modulus of the film. This can be seen
from the rapid decline in the hardness values when
the indenter moves continuously from the film surface
into the substrate.

Fig. 6 depicts the friction curves of TiN/AISI52100
film samples during sliding test. Variations in the
friction coefficient with the sliding cycles for five
different substrate surface roughness coupons are
shown in Figs. 6a and 6b as different implantation
time (corresponding to various films thick). From
these curves we can see that the friction coefficients
of all samples treated by PIIID are lower than that of
AISI52100 bearing steel substrate. The friction
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Fig. 6. Friction coefficient curves of TiN/AISI52100
sample vs. sliding cycles during sliding test. (a)
Different surface roughness samples; (b) Different
implantation and deposition time samples.

Fig. 7. Weibull distribution plots of rolling contact
fatigue life of substrate bearing rod (a) and TiN film
bearing rod treated by PIIID(b). Data obtained using
standard loading balls and 90% confidence level.

RCF life L
10

L
50

L
a

L b

T0 15.2 56.9 73.7 66.8 1.415
T2 83.9 162.4 184.6 164.2 2.856

Table 3. Rolling contact fatigue (RCF  life of treated and untreated sam]les (×1%6 cycles).

coefficient starts out low at about 0.2 and gradually
increases to a relative high value. The main reason
is that wear particle produced during the stage of
sliding, once the wear particle gets trapped at the
sliding interface, it can cause rapid increase in the
friction coefficient. It also can be found that the
friction coefficients of all these samples have a stable
stage under various conditions, but the stable time
is different. In addition to, with the implantation time
increase, the depth of modification layer increase,
the wear time becomes longer. The longest wear
life (T6) is about 17500 cycles, increases by 16.5
times than that of the substrate (the wear life is
about 1000 cycles). Generally, hardness has been
regarded as the primary material property, which

often determines wear resistance. The friction and
wear test results of different surface roughness
samples are also in agreement with the
abovementioned nano-hardness and elastic modulus
data.

The Weibull plots of untreated rod and TiN/
AISI52100 samples are shown in Fig. 7. These
figures depicted the percentage of specimens failed
(ordinate) vs. the number of stress cycles to failure
(abscissa). Results of the Weibull analysis are
summarized in Table 3. It reveals that the RCF life
of sample T2 is better than that of T0. The fatigue
life improvement for L

10, 
L

50, 
L

a
, and mean life L is 5.5,

2.8, 2.3, and 2.2 times, respectively. For PIIID
specimens, although the data of the tests was
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insufficient to estimate the Weibull distribution
parameters with a high degree of confidence, yet it
took into account the considerable decentralization
extent of fatigue lives (here noted with slope b, the
bigger b value indicate the more concentrative
contact fatigue life of the sample), which is quite
typical of RCF testing. Nonetheless, the fatigue life
data obtained can be used for a qualitative analysis
of PIIID effect on the RCF life. The results above-
mentioned indicates that the improvement in the RCF
life of the PIIID specimens is attributed to an
implanted wear resistance due, in part, to the
increase in surface hardness and residual
compressive stress in the TiN film layer. A further
contributing factor to the improvement of the wear
resistance may be brought due to a reduction in the
friction coefficient.

4. CONCLUSIONS

The mechanical properties and rolling contact fatigue
life of the AISI52100 bearing steel can be
substantially improved by coating with TiN films,
synthesized by PIIID technique. The L
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a
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mean life L of TiN/AISI52100 sample increases by
5.5, 2.8, 2.3, and 2.2 times, respectively. The RCF
life scatter extent of treated sample is also improved
significantly. The longest wear life of PIIID sample
increases by 16.5 times. The maximum nano-
hardness and elastic modulus value of the treated
coupon increases by 127.3% and 59.1%, friction
coefficient decreases from 0.92 to about 0.2.
Therefore, TiN film synthesized on AISI52100 bearing
steel surface by PIIID is a promising technology for
improving the rolling contact fatigue live and
mechanical behaviors of bearing steel.
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