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Hard coatings deposited by PVD (physical vapor deposition) tend to have a relatively high coefficient of friction,
which means that in applications they are lubricated with conventional lubricants. Molybdenum disulfide
(MoS2) is a lubricant additive and a friction modifier, and when using the recently developed MoS2 multi-wall
nanotubes it is possible to decrease this coefficient of friction even further. For this reason the tribological
behavior of MoS2 nanotubes added to polyalphaolefin (PAO) synthetic oil was investigated for the lubrication of
cold-work tool steel AISI D2 coated with TiN, TiAlN and CrN hard coatings. The experiments were performed
with a ball-on-flat reciprocating machine under a contact pressure of 1.0–2.0 GPa (Hertz, max) and a sliding
velocity of 0.5–1.0 cm/s, with a 100Cr6 steel counterpart body. The results were compared to pure PAO oil and
to a mixture of commercially available MoS2 platelets with PAO. It was found that the addition of the MoS2
nanotubes leads to a significant reduction in the friction and an improvement in the wear behavior.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Physical vapor deposition (PVD) hard coatings such as TiN, TiAlN
and CrN have been used for decades as wear-protection coatings on
various substrates. PVD hard coatings are either lubricated with
conventional oils or used without any lubricant. A steel surface
coated with a PVD hard coating has a higher roughness and is
chemically more inert compared to uncoated steel. Conventional
lubrication systems are not optimized for lubricating PVD coatings.

Some efforts have already been made in order to find a better
lubrication system for PVD-coated surfaces, where the use of ZDDP
(Zinc Dialkyl Dithiophosphate) should be omitted. For example,
Gonzales et al. [1] tested TiN and CrN hard coatings lubricated
with a special ionic liquid as a 1 wt% additive in polyalphaolefin oil
(PAO). Here, the reduction of the coefficient of friction (CoF) was
relatively small (less than 10%). Blanco et al. [2] tested a different
ionic liquid as a 1 wt% additive in PAO on a CrN hard coating as
replacement for ZDDP. According to their measurements the CoF
reduction is about 15% using the ionic liquid; however, when using
ZDDP the reduction is 24–37%.

To the best of our knowledge the tribological properties of solid
lubricants as lubricant additives for PVD hard coatings have not
yet been examined. Using recently developed MoS2 multi-wall
nanotubes (hereafter referred to as NTs), as an oil additive an
).
additional decrease in the CoF and an increase in the lifetime of
the PVD hard coatings are expected.

In 1992 it was realized that layered metal dichalcogenides (for
example, MoS2, WS2) are capable of forming inorganic fullerene-like
(IF) and nano-tubular (NT) structures [3]. The studies of these novel
nanostructures have led to the observation of a number of inter-
esting properties and some potential applications in sensors, nano-
electronics, high-energy-density batteries and in tribology. At that
time, it was already known that lamellar solids such as MoS2 offer a
superior lubrication performance. Researchers later demonstrated
that the tribological performance of IF-MoS2 nanoparticles sur-
passes that of the corresponding lamellar structures [4,5].

Solid lubricants can also be added to lubricating oils in order to
improve their friction and wear properties. MoS2 in its standard
plate-like form is the most commonly used solid-lubricant additive
for a variety of oils. It is lubricious due to the weak Van der Waals
bonds between the S–Mo–S molecular layers [6]. The IF-MoS2
nanoparticles exfoliate under load and form an adherent film of thin
flakes on the surfaces in contact. At high pressure, when greases or
oils are squeezed out, this film can still act as a lubricant [5].

Finely ground IF-MoS2 nanoparticles were added to oils in
concentrations of a few wt% to form a colloidal dispersion. The IF-
MoS2 nanoparticles produced a very beneficial effect, particularly
under boundary-lubrication conditions. Unfortunately, the tribolo-
gical performances of these particles are often controversial due to
the influence of the morphology, size and structure of the IF-MoS2,
along with the large influence of the test conditions [4,7–10].
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The use of MoS2 nanomaterials as an additive in oil is not
straightforward. In general, the most acute problem is their ten-
dency to agglomerate, which can be avoided to some extent by the
addition of dispersants. However, the dispersants in oil, such as
calcium sulfate, inhibit the lubricating action of MoS2. MoS2 also
provides a limited reduction in the friction and wear when added
to conventional oils that contain sulfur-based additives or ZDDP
[11]. A recent report stated that 2 wt.% of MoS2 NTs added to PAO
reduced the friction in a steel contact by 40–65% [12] and in a
diamond-like carbon (DLC) contact by up to 50% [13]. To the best
of our knowledge, there is no report on hard coatings other than
DLC that could be lubricated with MoS2 NTs.

So far the main conclusion has been that IF-MoS2 can be ben-
eficially used as a trial additive in lubricating oil for special
applications. The MoS2 NTs contain more defects than the platelets
and are therefore easily exfoliated. The ability of the particle to
exfoliate and the third-body transfer of molecular sheets onto
asperities is the prevailing mechanism for the improved tribolo-
gical behavior of MoS2 NTs. In the contact, i.e., in the boundary
regime, the larger particles (MoS2 platelets) have a lower avail-
ability since they can be easily pushed out of the contact and/or
cannot penetrate into the contact. In addition, the smaller MoS2
NTs suspended in the oil are less prone to sedimentation than the
larger MoS2 platelets. In view of this, it can be suggested that MoS2
NTs have a clear advantage over the platelets of MoS2 for use in a
real tribological application. Conversely, it was recently reported
that MoS2 NTs used in a 5 wt% concentration in PAO oil using a
ball-on-disk configuration under unidirectional sliding in a
100Cr6�100Cr6 contact do not have an advantage [14] over
conventional MoS2 platelets.

In this work we present the performance of PAO oil with added
MoS2 NTs developed for the lubrication of TiN, TiAlN and CrN PVD
hard coatings. The main goal was to demonstrate that the tribo-
logical properties of PVD coatings are enhanced with MoS2 NTs
compared to conventional MoS2. The tribological tests were per-
formed in reciprocal mode and the results were compared with
those obtained using commercial MoS2 platelets. There is clear
evidence of better lubrication performance with the MoS2 NTs
than with the MoS2 platelets.
Fig. 1. Optical micrographs of the substrates use

Fig. 2. The MoS2 nanotubes: a) scanning electron m
2. Experimental

2.1. Deposition and properties

The test disks made of cold-work tool steel AISI D2 were used
as substrates for the deposition of hard coatings (Fig. 1). The disks,
22 mm in diameter and 3 mm in thick, were ground and polished
with diamond paste to a mean surface roughness of Ra�0.02 mm.
Prior to mounting in the deposition chamber, they were cleaned in
detergents in an ultrasound bath, rinsed in deionized water and
dried in a dry box at 100 °C. In the chamber, they were first heated
to about 450 °C and then in-situ cleaned by ion etching in order to
obtain good adhesion of the deposited coating. Three types of PVD
hard coatings were deposited. The CrN and TiN coatings were
prepared using thermoionic arc evaporation in an industrial
deposition system BAI730 (Balzers), while the TiAlN coatings were
prepared in an industrial magnetron-sputtering system CC800/7
(CemeCon).

The Vickers hardness was measured with a Fischerscope H100C
indenter using a 50-mN maximum load. The data for the hardness
was determined with the median value from at least 10 mea-
surements. The standard deviation was around 5%. The surface
morphology was examined with a 3D stylus profilometer (Bruker
Dektak XT). The measuring area was 1�1 mm2 with an applied
resolution of 1 mm along the x-axis, 2 mm along the y-axis and a
few tens of nm along the z-axis. The topography was evaluated by
counting the number of peaks higher than 0.5 mm and the number
of pits deeper than 0.5 mm, as described in [15]. The density of the
pits was low, normally less than 5 per mm2, but the density of the
peaks was an order of magnitude higher. Sa is the average
roughness, which represents the arithmetic mean height above
the entire 3D surface.

The MoS2 multiwall nanotubes were synthesized by sulfurizing
the Mo6S4I6 nanowires at 800 °C for 1 h in a reactive gas composed
of 98 vol% Ar, 1 vol% H2S and 1 vol% H2 [16]. During sulfurization
the iodine was completely removed from the starting material and
substituted by sulfur. The nanotubes have a typical diameter below
0.1 mm and are up to 3 mm long (Fig. 2a). The walls of the nano-
tubes are less than 10 nm thick (Fig. 2b). A relatively high
d for tribo testing with a visible wear scar.

icrograph; b) transmission electron micrograph.
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concentration of structural defects is present in the form of sub-
cylinders or parts of separated lamellas inside the nanotubes.
These defects may influence the mechanical properties of the
nanotubes, which can, as a consequence, be more easily exfoliated
under a shear stress.
2.2. Tribological tests

The tribological experiments were performed at room tem-
perature (24–27 °C) in the ball-on-flat configuration (CSM instru-
ments Tribometer) with commercially available 100Cr6 balls
(d¼6.00 mm) as counterparts. Four samples were used in the
testing: uncoated steel, the CrN coating, the TiN coating and the
TiAlN coating. All the tests were made using three types of lubri-
cants: a) PAO 8 oil with a kinematic viscosity of 48 cSt at 40 °C
(referred to as PAO) from ExxonMobil (USA); b) PAO 8 with 2 wt%
of MoS2 NTs (referred to as PAOþNT); and c) PAO 8 with 2 wt% of
MoS2 platelets (2 mm in size) purchased at Aldrich (referred to as
PAOþPT). The suspension of the oil and the MoS2 was thoroughly
mixed using ultrasound for two hours. Just before being used in
each batch experiment, the oil was additionally mixed in ultra-
sound for an hour. The MoS2 NTs were structurally unaffected by
this procedure. A well-dispersed suspension, stable for several
hours, was obtained in this way.
Fig. 3. Three tribological tests with identical settings, except the number of cycles.

Fig. 4. Wear on selected steel balls for testing the CrN coatings at
The measurements were performed using a linear mode
(reciprocating with 4 N and 20 N of load) and a 100Cr6 steel ball as
a counterpart. The loads correspond to maximum Hertzian contact
pressures of approximately 1.0 GPa and 2.0 GPa, respectively. The
stroke length was set to 5 mm. The MoS2 NTs work best with slow
movements [14], so a low testing velocity was chosen. For the test
with the 4-N load the average velocity was 5 mm/s and the sliding
distance was 30 m. In order to be able to measure the wear on the
specimens the sliding distance was set to 50 m in the tests with
the higher load, and the average velocity was 10 mm/s to decrease
the necessary time with the longer sliding distance.

Each experiment was made 2–4 times in order to obtain reli-
able results. In about 90% of cases the results from the second tests
were equal to within 5%, which demonstrates that our results are
repeatable. In other cases additional tests were carried out. Our
tests of 20,000 cycles showed that the coefficient of friction is
relatively steady over the longer term after reaching the so-called
steady state after a few hundred cycles (Fig. 3). However, it may
happen that the tribological properties change because of the
MoS2 additive’s segregation and by pushing the additive out of the
tribo-contact. Thus, 3000–5000 cycles is an optimal number.

Additionally, the wear scars on the balls were measured with a
confocal optical microscope (Axio Vision, Zeiss) in order to calcu-
late the wear rate of the steel balls (samples in Fig. 4). Whenever
the wear of the steel balls was not clearly visible, additional
measurements were made with a profilometer.
3. Results

3.1. Surface hardness and morphology

The hardness, the number of surface defects on the specimen
surfaces and the average roughness measured before the tribolo-
gical tests are presented in Table 1.

3.2. Friction results

The evolution of the friction in the lubricated tests as a function
of the number of cycles is shown in Fig. 5. The figure presents the
CoF for the 100Cr6 balls sliding on uncoated steel, CrN, TiN and
20 N and the TiAlN coatings at 4 N with all three lubricants.
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TiAlN coatings using all three types of lubricant at two different
loads. Although there is some noise in the signal, the difference in
the CoF remains significant.

Fig. 5a shows a large difference between the CoF curves for the
sliding 100Cr6 ball on the uncoated steel using all three types of
lubricants at two different loads. For all the tests the initial CoF
was around 0.10. When lubricated with PAO only, the CoF roughly
stabilized at around 0.12 for 4 N and 20 N. When the MoS2 NTs
were added, the CoF dropped below 0.06 at low and high loads
where it remained relatively steady. At the 20-N load the max-
imum Hertzian contact pressure was doubled with respect to the
4-N load, but the contribution of the MoS2 NTs to the reduction in
friction was even more pronounced, i.e., the CoF was around 0.05.
The lubricant with platelets also reduced the CoF, but not so sig-
nificantly. The reduction of the CoF with MoS2 platelets is most
visible for sliding at 4 N, where it was on average half of the
reduction obtained with the NTs. The CoF using PAOþPT was also
rather unstable with time, especially for the lower load.

The CoF for the CrN coating (Fig. 5b) decreased from around
0.11 when lubricated with pure PAO, to �0.06 (at 4 N and 20 N)
when the MoS2 NTs were added to the PAO. The decrease of the
Table 1
Hardness, defect density and average roughness of the specimen surfaces.

Coating Hardness [HV] Defect density [mm�2] Sa [nm]

Uncoated 700 N.A. 20
CrN 1800 30 35
TiN 2500 60 50
TiAlN 3500 90 70

Fig. 5. Coefficient-of-friction curves for the 100Cr6 balls sliding with 4-N and 20-N l
CoF was also evident, but not so intense in the case of the 4-N load
with the addition of MoS2 platelets. The platelets used at 4 N
caused some instabilities in the CoF curve, but on average they do
not reduce the CoF.

In the case of the TiN coating lubricated with MoS2 NTs and
platelets a similar friction reduction was observed. At the lower
load the CoF dropped by nearly three times (from �0.14 to �0.05)
when the MoS2 was added, either NTs or platelets. The drop time
(running-in period) was lower for PAOþNT. For the 20-N load the
contribution of the MoS2 NTs was relatively less effective, although
they still reduced the CoF by 20%, i.e., from �0.12 to �0.10. For the
same load the MoS2 platelets had no effect on the CoF.

The addition of the MoS2 NTs to the PAO oil for the lubrication
of the TiAlN coating still reduced the CoF, although to a much
lesser extent than in the previous cases. The friction curves were
qualitatively different. The starting CoF was more than three times
larger, above 0.3, then very quickly dropped to lower values (0.12–
0.13) depending on the lubrication type and remained relatively
steady throughout the rest of the measurements. A substantial
improvement to the friction behavior when using the MoS2 NTs is
visible only for the 4-N load, where the MoS2 platelets are less
affective.

The results of the CoF for all four samples are summarized in
Table 2.

It should be stressed that even at the start of the measurement
the MoS2 NTs effectively reduced the CoF (Fig. 6). The lowest initial
CoF obtained under a 4-N load on the uncoated 100Cr6 surface
was obtained with PAOþNTs (Fig. 6a), on CrN after 50 cycles and
on TiN after 10 cycles (Fig. 6b and c). The initial CoF tested under
the 20-N load was also the lowest for lubrication with PAOþNT in
oads on: a) uncoated steel; b) CrN coating; c) TiN coating, and d) TiAlN coating.
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the case of the uncoated 100Cr6 and CrN, whereas in the case of
TiN it became the lowest after 25 cycles.

The running-in peak for sliding on TiAlN (Fig. 6d) was lower in
the case of lubrication with PAOþPT for both loads. As an additive
the MoS2 NTs provided a lower CoF on the TiAlN compared to the
MoS2 platelets, except for very few cycles, where the platelets
were found to be better. The CoF for lubricating with PAOþNT had
a high peak, but reached the minimum value after just 30 cycles.
After 60 cycles, the CoF curves reached similar values for all four
cases around 0.12.
3.3. Wear results

The size of the wear disc on the steel ball was used to deter-
mine the anti-wear properties of the additive. The sliding traces on
the samples were clearly seen with an optical microscope; how-
ever, the topographic changes are comparable to the roughness,
Table 2
Coefficients of friction (CoF) for the 100Cr6 balls sliding on uncoated steel, CrN, TiN,
and TiAlN coatings after 3000 cycles with a 4-N load or 5000 cycles for a 20-N load.

CoF Lubricant Uncoated CrN TiN TiAlN

4 N PAO 0.12 0.11 0.14 0.16
PAOþMoS2 NT 0.06 0.06 0.05 0.12
PAOþMoS2 PT 0.08 0.07 0.05 0.14

20 N PAO 0.12 0.1 0.11 0.14
PAOþMoS2 NT 0.05 0.07 0.08 0.13
PAOþMoS2 PT 0.12 0.1 0.12 0.13

Fig. 6. Initial part of the coefficient-of-friction curve for the 100Cr6 ball sliding on all
and difficult to extract from the waviness. Nevertheless, the upper
limit of the wear coefficient on the most worn sample (i.e.,
uncoated steel) was estimated to be around 20 mm3/Nm. For other
samples no such estimate was possible.

The diameter d of the worn discs was measured using an
optical microscope. Table 3 indicates the wear coefficient, calcu-
lated for each case according to the equation:

wb ¼
πd3

4
d
R
ðlFÞ�1 ð1Þ

where R is the ball radius, l is the sliding distance and F is the
normal load.

The comparison in Table 3 shows the better the anti-wear
properties of the MoS2 NTs with respect to the MoS2 platelets. The
MoS2 NTs strongly decrease the wear of the steel balls in all four
cases. The wear coefficient of the ball tested on the uncoated steel
using 4 N is reduced about four times, and using 20 N the
reduction is as much as ten times. The MoS2 platelets were far less
four types of surfaces: a) uncoated, and coated with b) CrN, c) TiN and d) TiAlN.

Table 3
Wear coefficients of steel balls [μm3/Nm].

Load Lubricant Uncoated CrN TiN TiAlN

4 N PAO 14 180 850 8000
PAO þMoS2 NT 4 80 220 2300
PAO þMoS2 PT 52 130 270 3200

20 N PAO 32 55 220 1200
PAOþMoS2 NT 3 25 220 1100
PAOþMoS2 PT 21 55 500 1300



Fig. 7. Friction and wear coefficients [mm3/Nm] under 4-N and 20-N loads of: a) uncoated steel; b) steel coated with CrN; c) steel coated with TiN; d) steel coated with TiAlN,
all lubricated with pure PAO oil, PAO with MoS2 platelets (PT), and PAO with MoS2 nanotubes (NT).
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effective. For the 4-N load the wear of the ball actually increased,
while for the 20-N load the MoS2 platelets reduced the wear by
only 30%.

The wear and friction reductions for the different lubricant
types are summarized in Fig. 7. There is a comparison of the
average coefficient of friction and wear of steel balls for the two
types of lubricant and the two loads.

Comparing the PAO and PAOþNT, the MoS2 NTs decrease the
wear rate by nearly four times at 4 N on the PVD coatings (Fig. 7c).
The wear reduction is best observed on the TiN and TiAlN. On CrN
the wear reduction is around 50%, with the lowest wear among
the PVD-coated surfaces. The MoS2 platelets also decreased the
coefficient of wear in a similar manner as the MoS2 NTs, but were
much less effective (Fig. 7a).

The wear reduction using the MoS2 NTs on PVD coatings at the
higher load (20 N) is much less pronounced. Generally, MoS2 as an
additive, i.e., NTs and platelets, had no significant effect on the
wear at the higher load on the PVD coatings. But there were two
major exceptions. The first exception (Fig. 7b) was the wear
escalation by two times for the combination of PAOþPT on TiN.
The second exception (Fig. 7d) was the wear reduction by two
times for the combination of PAOþNT on CrN.
4. Discussion

The effects of MoS2 NTs as a lubricant additive on the tribolo-
gical properties for “steel to PVD coatings” contacts were not
studied so far. The better performance of the NTs with respect to
the platelets observed in our study might be in contradiction with
the recent report by Kogovsek et al. [12], where the size and shape
of the MoS2 were found not to influence the friction and wear
behavior in the 100Cr6–100Cr6 contact. Although a similar testing
configuration was used, there are some important differences
between the two experiments, e.g., uni- or reciprocal sliding, dif-
ferent wt.% of added MoS2, the viscosity of the PAO oil, and the
surface roughness. The comparison of the results opens questions
about the influence of the concentration of the MoS2 NTs or pla-
telets on the friction reduction through the viscosity of the
PAOþMoS2, and on the formation of the tribo film during uni-or
reciprocal sliding. The confinement of the lubricant in the
boundary area squeezes oil out of the contact and locally changes
the presence of the additive, its concentration and its orientation
with respect to both counterparts. The cylindrical geometry of the
nanotubes enables a parallel orientation of the (001) basal planes
relative to the surfaces in contact, but only under the assumption
of a relatively low concentration. The agglomerates of pristine
MoS2 NTs were weakly bonded, but when the nanotubes became
partially or completely exfoliated under the load, they form
strongly connected patches, whose orientations with respect to
the counterparts are random and therefore the lubrication is not
optimized [17,18].

In all cases the NTs more or less reduced the friction, while the
platelets may in some cases lead to worse tribological results, for
example, they increase the CoF on TiN by nearly 10% or increase
the wear on uncoated steel by more than three times in compar-
ison with the pure PAO oil. This deterioration can be explained by
the non-parallel orientation of the MoS2 platelets in relation to the
surfaces in the contact [19]. MoS2 as a layered material can be
easily exfoliated along the basal planes under parallel forces, while
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the perpendicular component of a force needs to break covalent
bonds among interlayer atoms, which is energetically costly. The
same reason is behind the increased instabilities of the friction
curves when platelets are used as an additive. In the parallel
orientation the friction is lower, while it increases again when the
flakes are no longer in the parallel orientation. This change in
orientation is more pronounced at lower loads (Fig. 3) and under
reciprocal sliding.

Although MoS2 NTs added to PAO were found to be very good
friction modifiers and anti-wear additives, they are not equally
effective on different hard coatings. The largest contribution of the
MoS2 NTs to the tribological properties is on the CrN using the 4-N
load, and the lowest on the TiAlN coatings using the 20-N load.
The wear of the ball sliding on the TiAlN, as the hardest and
roughest sample, was decreased nearly four times with the 4-N
load, while it was only 15% for the 20-N load. This indicates that
MoS2 NTs were squeezed from the local contact on top of the
sample asperities and pushed into the surface pits. In contrast, CrN
with the smoothest surface and the lowest hardness enabled the
effective exfoliation of the MoS2 with both shapes at 4 N, while the
higher load of 20 N led to shape differentiation: the MoS2 NTs
were still effective friction and wear reducers, although the pla-
telets were not.

MoS2 is chemically a very inert compound on the basal plane,
but it has reactive sites at the crystal edges. The exfoliation of
MoS2 NTs leads to very thin MoS2 flakes with a thickness below
the wall thickness of the pristine NTs, i.e., 10 nm. Due to the
intrinsic partial exfoliation of the NTs, which is the result of the
growth mechanism [13], the energy of the running-in process is
smaller than in the case of the MoS2 platelets. This results in a
lower running-in peak and a lower initial friction.
5. Conclusions

The tribological behavior of MoS2 multi-wall nanotubes (NTs)
added to polyalphaolefin (PAO) synthetic oil for lubricating CrN,
TiN and TiAlN hard coatings was investigated. The coatings were
deposited on cold-work tool steel AISI D2 by physical vapor
deposition (PVD). The following major conclusions can be drawn:

1. In general, the MoS2 NTs and MoS2 platelets are very effective
friction modifiers and anti-wear additives. MoS2 NTs greatly
improved the tribological properties. The friction coefficient
was reduced by a factor of three and the wear rate by a factor
of ten.

2. In the case of PVD hard coatings, the addition of MoS2 NTs to the
PAO oil in a tribological contact strongly reduced both the CoF
and the wear, even in the cases when this was not expected.

3. If MoS2 platelets were used instead of NTs, the improvement
was limited. In some cases the tribological results were inferior
compared to pure PAO oil.

4. MoS2 NTs effectively decreased the CoF on CrN coatings from
0.10–0.12 to 0.05 for both (4 N and 20 N) loads. The reduction of
the CoF on the TiN coatings was from 0.14 to 0.05 at a low load
and from 0.12 to 0.07 at a high load. The decrease of the CoF on
the TiAlN coatings was from 0.16 to 0.12 at the lower load,
whereas at the higher load the reduction was minimal.
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