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A B S T R A C T

TiN-WSx thin films with varying WSx content were co-deposited by reactive magnetron sputtering. GAXRD
analyses showed that the addition of 4 at.% WSx led to loss of crystallinity of TiN phase and a complete
amorphous characteristic was manifested upon incorporation of 19 at.% WSx. Nanohardness results indicated
that TiN-WSx containing 4 and 19 at.% WSx presented 19.7 GPa and 18.4 GPa, respectively, following the rule of
mixtures. Friction coefficient and wear rates measured in reciprocated tribological tests revealed that TiN-WSx
coatings present an improved tribological performance when compared to pure TiN thin film at room tem-
perature, registering friction coefficient of 0.42 ± 0.05 and 0.19 ± 0.03 for samples with 4 and 19 at.% WSx,
respectively. Wear tests at high temperatures evidenced that sample with 4 at.% WSx did not provide advanced
protection to substrate at 343 K and above due to deterioration. On the other hand, coating with 19 at.% WSx
maintained low friction coefficient up to 343 K, registering an optimum wear rate of 0.86× 10−17 m2/N with no
cracking occurrence.

1. Introduction

Dry machining tools such as drills, cutting inserts and gears can
suffer significant modification in friction coefficient due to heat gen-
erated by surface sliding, greatly limiting the lifespan [1,2]. Aiming to
prevent such issues, liquid lubricants have been extensively used.
Nevertheless, usual inefficiency in vacuum situations and environ-
mental aggressiveness have encouraged researches towards their re-
duction or elimination [3,4].

In this context, solid lubricants thin films have gained special at-
tention in surface engineering. Graphite thin films, for instance, have
shown friction coefficient values≤ 0.2 against ceramic and steel
counter-bodies [5,6]. Comparably, MoS2 thin films - one of the solid
lubricant protagonists - have been extensively applied in aerospace and
dry machining applications, presenting coefficient values of about∼0.3
[7]. However, once the lubricity mechanism of solid lubricants is ex-
tremely dependent on ambient temperature, these lubricants lose effi-
ciency over 673 K due to occurrence of oxidation.

On the other hand, tungsten disulfide (WS2) has attracted attention

more recently [2,8–10] due to several advantages over traditional solid
lubricants, such as higher molecular weight (providing better stability),
lower oxidation rate at higher temperatures and maintenance of lu-
bricant properties at severe conditions [9,10].

WS2 lubricant effect derives mainly from its weak Van Der Vaals
bonds, which are easily rearranged between atomic layers when sub-
jected to shearing forces. As a result, friction coefficient of such coatings
in inert atmospheres can reach values as low as 0.1 against steel
[11,12]. Notwithstanding, the low hardness of 3.6 GPa [13] combined
with sensitivity to high temperatures and humid environments limits
the applicability of WS2 thin films in severe wear situations [9,14].

In parallel, titanium nitride (TiN) have been extensively applied as
protective coating to different manufacturing tools mainly due to high
hardness and chemical inertness, rendering significant optimization of
wear and oxidation resistance [2,3,15,16]. Despite the excellent prop-
erties, TiN inherently possesses a high friction coefficient, varying be-
tween 0.7 and 0.9 against steel and carbides [2,16,17]. Since the in-
tense friction of hard materials commonly lead to the production of
residues, surfaces increment of friction coefficient and abrasive wear
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are frequently observed, compromising TiN tribological performance
[8,9].

An alternative to simultaneously reduce TiN friction coefficient and
restrict WS2 contact with humidity is the development of TiN-WS2 auto-
lubricant nanocomposite thin films. Recent literature show that com-
bination of both materials improves WS2 protection against oxidation,
allowing more effectiveness to solid lubricant action while retaining
significant hardness levels associated to TiN phase [9,12].

Nonetheless, special attention has to be given to WS2 concentration
in order to ideally equilibrate properties [11]. Some works report that
TiN-WSx thin films containing 4.9 to 61.5 at.% WS2 present a reduction
of TiN original friction coefficient from 0.60 to 0.25, maintaining op-
timum hardness levels [9,12]. However, tribological tests have only
been carried out at room temperature so far, whereas industrial pro-
cesses, such as dry machining, usually expose coatings to temperatures
as high as 573 K [8].

In order to acquire a concrete knowledge concerning the applic-
ability of TiN-WS2 thin films in industrial scale, it is of extreme re-
levance to thoroughly analyze its tribological behavior at high tem-
peratures, subject not yet described in the literature.

The present work reports on the investigation regarding the influ-
ence of 4 and 19 at.% WS2 in tribological behavior of TiN-WSx thin
films at room temperature and at 343 K, 423 K and 573 K. Coatings
were deposited by reactive magnetron sputtering and characterized by
Rutherford Backscattering Spectrometry (RBS), Glancing Angle X-ray
Diffraction (GAXRD), nanoindentation and tribology tests with ball-on-
flat reciprocating tribometer. Wear zones were analyzed by optical
profiler and Energy-dispersive X-ray Spectroscopy (EDS).

2. Material and methods

Pure TiN, WSx and TiN-WSx thin films were co-deposited by reactive
magnetron sputtering in an AJA equipment, Orion 5-HV Sputtering
Systems model, with direct current (DC) and radiofrequency (RF)
power sources, where Ti (99.98%) and WS2 (99.99%) targets were
placed, respectively.

Polyethylene, silicon wafers and AISI 304 stainless steel
(Ra=6 nm) were used as substrates according to characterization
techniques used. All substrates undergone ultrasonic baths in acetone
for 30min and were subsequently inserted in deposition chamber.

Distance from target to substrates was 120mm and base pressure in
deposition chamber was 1.3×10−5 Pa. Before depositions, targets
were subjected to pre-sputtering with argon flow rate of 21 sccm,
pressure at 4× 10−1 Pa and 100W applied in each target for 5min in
order to remove impurities or oxides from the surface. Working pres-
sure was set at 4× 10−1 Pa, Ar/N2 ratio at 19/2 sccm, no bias voltage
or external heating was applied to substrates. Ti target power was kept
constant at 92W, while WS2 target was set at 90W for pure WS2 and 12
and 60W for TiN-WSx coatings. With these deposition parameters, it
was possible to obtain the TiN/WS2 concentrations desired for this
work.

Samples deposited on polyethylene were deposited for 15min re-
sulting in thin films with approximately 100 nm thickness, which al-
lowed better peaks separation in RBS analyses. Samples deposited on
silicon wafer and AISI 304 stainless steel were deposited for 240min to
obtain thin films with thickness of 1 μm.

RBS analyses were performed in a 3MV Tandetron equipment,
using He++ particles accelerated with 2MeV and a silicon detector at
165° (resolution of 12 KeV). Thickness and elemental composition were
estimated using RUMP software. GAXRD tests were executed using a
Shimadzu XRD-600 equipment with Cu-Kα radiation (λ=1,54 Å) and
grazing angle incidence of 1°.

Nanoindentation tests were carried out by Fisherscope HV 100
equipment with Berkovich indenter. In order to minimize the influence
of substrate in the resulting values, a load of 10mN was applied,
reaching a maximum indentation depth of 40 nm. Hardness values were

calculated according to ISO 14577 standard.
Tribological characterizations were performed in a Bruker UMT

Tribolab ball-on-flat reciprocating tribometer using alumina (Al2O3)
spheres of 6mm diameter. Applied test load was set up at 2 N and the
sliding trail was 7mm, with a slide frequency of 1 Hz. The tribological
parameters used were determined based on earlier ball-on-flat re-
ciprocating analysis realized on thin films [18,19]. Average friction
coefficient values were registered after a running-in/stabilization
period. Tests were executed during 1800 s varying temperature at
297 K, 343 K, 423 K and 573 K, with an initial relative humidity of 60%.
Wear zones were analyzed by SEM and EDS with Jeol JCM 5700
equipment and wear volumes were obtained through a Bruker Con-
tourGT optical profiler.

3. Results and discussion

3.1. Composition, structure and nanohardness analysis

As deposited TiN and TiN-WSx thin films were characterized by RBS
to determine coatings stoichiometry. A representative RBS spectrum
treated with RUMP software obtained for the sample with 19 at.% WSx
is shown in Fig. 1. Similar spectra (not shown) were obtained for other
samples. Carbon peak is related to polyethylene substrate, employed in
order to avoid high background signals from Si and stainless steel used
for other characterizations in the present work.

Titanium, nitrogen, tungsten and sulfur peaks related to the film can
be identified, as well as oxygen. The latter is probably derived from
residual O2 and H2O present in deposition chamber. Since oxygen
concentration is lower than 6 at.% it tends to substitute nitrogen in TiN
lattice, not causing modification of crystal structure nor the formation
of oxides during deposition [20,21]. Table 1 presents the chemical
composition and the approximate WSx contents in TiN matrix for all
samples. It is observed a sulfur deficiency in nanocomposite samples,
phenomenon also reported by some works in literature concerning
sputtering of WS2 target [9,12].

Fig. 2 shows GAXRD patterns obtained for WSx, TiN, TiN-WS_4 and
TiN-WS_19 samples. WS2 and TiN patterns were confirmed using crys-
tallographic data sheets ICDD PDF 08–0237 and ICDD PDF 38–1420,
respectively. Despite sulfur deficiency, pure WS2 sample showed two
characteristic x-ray diffraction peaks referring to planes (101) and
(112) of hexagonal structure, confirming the formation of WS2 phase.
Pure TiN sample presented a polycrystalline structure with preferential
crystallographic orientation (111), consistent with other works in lit-
erature [9,22,23].

WSx related peaks could not be identified in TiN-WSx thin films

Fig. 1. RBS spectrum obtained for sample TiN with 19 at.% WSx.
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patterns. Nevertheless, it is possible to note that the addition of WSx on
sample TiN-WS_4 caused a reduction of TiN peaks intensity and a
smooth broadening, indicating crystallite size decrease. Through
Scherrer's equation, crystallite sizes were calculated for plane (111) and
a reduction from 13.3 to 11.2 nm was observed for films of TiN and TiN-
WS_4, respectively. The occurrence of such event is probably related to
the increment of RF power applied to WS2 target, seeing that crescent
frequency of molecules impingement on the substrate generates a
greater number of nucleating sites, which culminates in a reduced
crystallite size.

Since only the peak related to silicon substrate can be identified in
GAXRD pattern for sample TiN-WS_19, it is noticed that the increase of
WSx content transformed the TiN crystalline structure into amorphous.
Thus, higher concentrations of WSx inhibited the crystallization of TiN
in the coatings.

Hardness values obtained through nanoindentation tests for silicon
substrate and all samples are shown in Fig. 3. The registered average
hardness value for Si substrate, TiN and WSx samples were 5.1 GPa,
22.0 GPa and 3.8 GPa, respectively, coherent with values found in lit-
erature. It is noted that the addition of WSx caused a gradual reduction
in hardness results for samples TiN-WS_4 (19.7 GPa) and TiN-WS_19
(18.4 GPa). Not an occasional fact, since tungsten disulfide and tita-
nium nitride are immiscible, TiN-WSx results are closely followed by the
rule of mixtures which culminates in intermediate hardness values for
both samples. Further discussions about hardness will be correlated
with tribological properties in the next chapter.

3.2. Tribological tests at room and high temperatures

TiN and TiN-WSx thin films were deposited on AISI 304 stainless
steel and tested with alumina (Al2O3) sphere as counter-body. Different
friction coefficients (μ) were recorded, as shown in Fig. 4. Curve ob-
tained for substrate is also described for comparative purposes, re-
sulting in μ=0.58. For pure TiN sample, the acquired curve describes

several fluctuations with average friction coefficient of
μ=0.79 ± 0.09, in agreement with literature [3]. On the other hand,
TiN-WS_4 sample presented a friction coefficient curve with low fluc-
tuations, with μ=0.42 ± 0.05, representing a reduction of 50.6%
when compared to pure TiN. This fact demonstrates the advantage of
WSx incorporation into TiN matrix, especially when it is considered that
structure and hardness of the coating was comparable to that of TiN. In
parallel, sample TiN-WS_19 presented a stable friction coefficient curve
and low fluctuation levels, registering μ=0.19 ± 0.03 (76% lower
than pure TiN thin film). This substantial reduction in friction coeffi-
cient values indicates the establishment of effective lubricant action in
the film associated with higher WSx content.

Calculated wear rate provided by optic profiler within wear track
for TiN thin film was 17.0× 10−17 m2/N. For samples TiN-WS_4 and
TiN-WS_19 that value diminished to 5.3×10−17 and
0.73×10−17 m2/N, respectively. Such decrease is attributed to friction
coefficients reduction (Fig. 4) provided by solid lubricant associated
with the conservation of high hardness values (Fig. 3).

Tribological tests with nanocomposite TiN-WSx thin films were
carried out at elevated temperatures reproducing previous tests condi-
tions. Fig. 5 shows the friction coefficient curves for sample TiN-WS_4
under relative humidity of 60%. The curve referring to wear at 297 K is
presented with comparative purposes. At 343 K, friction coefficient

Table 1
Chemical elements concentration in WSx, TiN and TiN-WSx thin films.

Samples Ti (at.%) N (at.%) W (at.%) S (at.%) [W/(W + Ti)]*100

WSx – – 39.5 60.5 –
TiN 50.1 49.9 – – –
TiN-WS_4 47.6 47.1 1.8 3.5 3.6
TiN-WS_19 38.1 37.9 8.8 15.2 18.7

Fig. 2. GAXRD patterns for WSx, TiN, TiN-WS_4 and TiN-WS_19 deposited on
silicon substrate.

Fig. 3. Nanohardness tests results of silicon substrate, TiN, WSx, TiN-WS_4 and
TiN-WS_19 samples.

Fig. 4. Friction coefficients of substrate, TiN, TiN-WS_4 and TiN-WS_19 coat-
ings at room temperature.
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remained ∼0.25 until 586 s of test. The low friction effect verified at
first probably occurs due to reduction of relative humidity in contact
regions as a consequence of temperature increase, reaching nearly 10%
[2,24]. Dry environments allow a more intense contact between sliding
surfaces and diminishes the formation of tribo-oxidized thin films
within the material interfaces [2,24,25], which favors solid lubricant
WSx effect. Subsequently, an accentuated raise in friction coefficient
value was developed. That may be associated to probable disaggrega-
tion of particles by delamination and cracking of the coating [26], re-
sulting in a final μ ∼0.52. Such value is near to friction coefficient of
the substrate, indicating severe wear of thin films though maintaining
some protective effect.

In tests executed at 423 and 573 K it is possible to notice a similarity
between both resulting curves. At first, an intense variation in friction
coefficient values is observed up to 200 s. That contrasts with the pre-
vious temperature, in which low values were initially registered due to
humidity removal. As seen in the previous temperature, such accen-
tuated variation is probably related to cracking of the coating.
Therefore, severe conditions provided by increased temperature trig-
gered thin film collapse as soon as sliding commenced. As a result,
friction coefficients values of ∼0.52 (near to AISI 304 substrate coef-
ficient) were acquired once more.

Morphological analyses of wear zones obtained by SEM for TiN-
WS_4 sample are shown in Fig. 6. At room temperature the surface
presents characteristics of abrasive wear with the presence of soft
micro-furrows (Fig. 6a). The surface tested at 343 K (Fig. 6b) showed a
more intense abrasive wear with more pronounced furrows and ad-
hesive debris. As shown by GAXRD and nanohardness tests results,
addition of 4 at.% did not alter significantly TiN microstructure and
hardness values. Thus, resulting wear tracks show brittle character-
istics, with the formation of debris derived from cracks in the hard film
structure which starts to participate in a three-body abrasion. Afore-
mentioned features are directly related to fluctuations and the raise of
friction coefficient presented in Fig. 5, where the substrate value was
registered. The wear rate estimated by optical profiler was
5.3×10−17 m2/N, similar to room temperature value.

Samples TiN-WS_4 tested at 423 K also exhibited furrows and ad-
hesion of residues (Fig. 6c). Moreover, superficial micro defects derived
from debris production were observed. Such fact also relates to the raise
of friction coefficient previously shown in Fig. 5. Interestingly, at 573 K
(Fig. 6d) the wear zone presented surface flaws evidencing an increase
in plastic deformation mechanism, what can be attributed to the tem-
perature increase that commonly affects hardness and creep resistance
[2,27,28]. Plastic deformation favors the establishment of furrows,

debris and delamination, partially exposing the substrate. Due to in-
tensified abrasion the coating wear rates suffered a slight increment,
registering values of 5.7× 10−17 m2/N and 6.2× 10−17 m2/N at 423
and 573 K, respectively.

The presence of constituent thin films materials in wear tracks was
evaluated by EDS. Good tribological performance is suggested when
iron or chromium related peaks from AISI 304 cannot be detected in
wear tracks, meaning the substrate was not exposed and the film had no
major modification in integrity after tribological tests. Fig. 7 shows EDS
analyses obtained for sample TiN-WS_4 after tribological tests at dif-
ferent temperatures. Aluminum peak is attributed to Al2O3 counter-
body residues. Peaks associated to titanium, tungsten and sulfur can be
well identified in wear tracks obtained up to 343 K, indicating main-
tenance of thin film to some degree. Nevertheless, coatings tested at
423 and 573 K evidenced more intense iron related peaks, confirming
major exposure of the substrate observed by SEM. Therefore, it is as-
sumed that TiN-WSx containing 4 at.% WSx does not retain good tri-
bological performance at temperatures above 343 K.

Friction coefficient curves for TiN-WS_19 samples are expressed in
Fig. 8. The average value of friction coefficient at 343 K was
μ=0.23 ± 0.06, which is equivalent to the value obtained for this
coating at room temperature (μ=0.19 ± 0.03). In addition, it de-
scribes a well-stabilized friction coefficient curve with relatively low
fluctuations, suggesting improved tribological properties at cited tem-
perature due to maintenance of WSx solid lubricant action. Such be-
havior differs from TiN-WSx with 4 at.%, where good performance was
maintained merely until 586 s of test. Therefore, amorphous character
presented in section 3.1 for sample TiN-WS_19 reveals that, together
with WSx lubricious effect, crystallinity degree also plays a role in tri-
bological properties at high temperatures.

On the other hand, at 423 K three stages with varied friction coef-
ficient values can be clearly distinguished. Initially, average friction
coefficient remained around 0.23 until 672 s, which may be associated
to the effective action of solid lubricant favored by the complete re-
moval of humidity from coating surface above 373 K [22,23]. However,
throughout the test a drastic raise in friction coefficient occurred from
approximately 700 s until 1400 s due to intense production of debris
derived from delamination and ruptures. Thus, coefficient value was
finally stabilized around ∼0.59, which is related to AISI 304 substrate.
This behavior is very similar to that described for TiN-WS_4 sample at
343 K, nonetheless, since it was only manifested at a higher tempera-
ture, the additional WSx content provided an improvement of wear
resistance up to 423 K. At 573 K, an initially accentuated increase of
friction and a subsequent variation in values that extends until ap-
proximately 300 s occurs. That is a similar behavior of TiN-WS_4 sample
tested at this temperature. This stage is associated to coating dete-
rioration and the stable values verified after 350 s is yet again asso-
ciated to substrate friction coefficient. In other words, protection pro-
vided by the coating was not efficient in such high temperatures
probably due to WSx degradation [9,14].

Fig. 9 present morphological analyses of the wear track obtained for
TiN-WSx samples tested at high temperatures. At room temperature,
topography showed low level of furrows, retaining predominant
homogeneous aspects even after the test (Fig. 9a). Such behavior re-
presents an improvement to TiN-WS_4 sample where a surface with
more furrows was observed. At 343 K the surface aspect was similar to
previous tested temperature, though a furrow of greater evidence in
central region is evidenced (Fig. 9b). It is probably resulted from pro-
trusions on the counter-body or abrasive residues from the sliding
surfaces adhered on it. Wear rates obtained in this test was approxi-
mately 0.86× 10−17 m2/N, slightly higher than that of room tem-
perature (0.73×10−17 m2/N). Nevertheless, it is considered an op-
timum value attributed to the good performance of WSx under low
humidity environments together with high hardness of the coating.

Topography of tribological tracks at 423 K (Fig. 9c) presented signs
of residues adhesion and furrows of varied dimensions, characterizing

Fig. 5. Friction coefficients of TiN-WS_4 sample obtained at room temperature,
343 K, 423 K and 573 K.
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an abrasive type of wear [26]. Those aspects can be attributed to
fluctuations and raise in friction coefficients presented in Fig. 8 be-
tween 700 and 1400 s, evidencing the deterioration of the coating.
Furthermore, an average wear rate of 4.90× 10−17 m2/N was ac-
quired, indicating the reduction in wear resistance mainly when com-
pared to tests executed at lower temperatures. Similarly, wear zone
obtained from test at 573 K (Fig. 9d) also presented a surface with an
intense abrasive wear, which elucidates the initial raise in friction
coefficient values shown in Fig. 8. The estimated wear rate replicated
the value of test at 423 K, what evidences the thin film deterioration in
both experiments as seen by SEM micrographs.

EDS analyses inside wear track after tribological tests are shown in
Fig. 10. At room temperature and at 343 K only constituent elements of
the coatings were identified, with no Fe related peaks. That indicates

the good tribological performance of TiN-WS_19 thin film up to 343 K,
in agreement with homogeneous morphology seen by SEM images.
Notwithstanding, sample tested at 423 K shows a reduction of intensity
in peaks related to constituent elements and a simultaneous rise of iron
peaks, suggesting the partial exposure of the substrate. Such fact was
remarkably greater in sample tested at 573 K, in which a significant
raise in substrate peaks intensity was detected. Thus, identified con-
stituent elements are rather dispersed in debris along wear track and a
greater exposure of the substrate occurs, as shown in SEM results.

4. Conclusions

TiN-WSx thin films with varying WSx content were successfully co-
deposited by reactive magnetron sputtering. GAXRD analyses showed
that the addition of 4 at.% WSx led to the loss of crystallinity of TiN

Fig. 6. SEM images of TiN-WS_4 wear zones at room temperature (a), 343 K (b), 423 K (c) and 573 K (d).

Fig. 7. EDS results of TiN-WS_4 wear zones.

Fig. 8. Friction coefficients of TiN-WS_19 sample obtained at room tempera-
ture, 343 K, 423 K and 573 K.
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phase and a complete amorphous characteristic was manifested upon
incorporation of 19 at.% WSx. Nanohardness results indicated that TiN-
WSx coatings present a tendency to follow the rule of mixtures.

Friction coefficient and wear rates measured in tribological tests
revealed that TiN-WSx presents a better tribological performance at
room temperature than pure TiN. Wear tests at high temperatures
evidenced that sample with 4 at.% WSx did not preserve good tribolo-
gical behavior registered for room temperature, on the other hand,
coating with 19 at.% WSx maintained good low friction coefficient up to
343 K. The more effective protection of the last nanocomposite is at-
tributed mainly to the higher disulfide concentration associated to thin
film amorphous characteristics, which showed a lower tendency to
collapse.
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