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Preface to ”Coatings Tribology”

Tribological coatings are increasingly used to control (mostly to minimize) friction, wear,

and surface damage to move machine components in various applications. The use of coatings,

in addition to improving the efficiency and durability of tribological systems, also enables

conserving strategic materials and minimize or eliminating the use of hazardous materials. The last

few decades have seen massive developments in the field of coatings tribology. A Special

Issue of Coatings (ISSN 2079-6412) dealing with various aspects pertaining to coatings tribology

was published in 2018. This reprint book is based on this Special Issue and contains 11

research papers dealing with plasma sprayed, ion-beam assisted and sputtered coatings of

different compositions. Some of the salient coatings include: NiCr-TiB2 and AlCoCrFeNiTi/Ni60

(plasma sprayed); Cr-Ti.B-N, stainless steel-silver, VCN-Cu, Cu-Al/MoS2, DLC/MoS2 (magnetron

sputtered); Ag-MoCo (ion-beam-assisted bombardment); multilayered AlCrN (cathode arc PVD) and

polymer composite coatings. The coatings reported in these papers have been deposited on different

substrates (including soft substrates) for controlling friction and wear under different operating

conditions. The characterization and application aspects of coatings have also been discussed in

some of these contributions.

It is hoped that this book will be useful to all those engaged in the control of friction and wear in

diverse tribological applications and provide an impetus for further research on this important topic.

The editors would like to take this opportunity to thank MDPI, in particular Ms. Zhiqiao Dong

and Ms. Flora Ao for their initiative and support in first bringing out the Special Issue and then this

reprint book on coatings tribology.

Braham Prakash, Jens Hardell

Editors
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Composition versus Wear Behaviour of Air Plasma
Sprayed NiCr–TiB2–ZrB2 Composite Coating
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Abstract: The NiCr–TiB2–ZrB2 composite coating was deposited on the surface of blades made
of steel (SUS304) using high-energy ball milling technology and air plasma spraying technology,
which aimed to relieve the wear of the blades during operation. The influence of titanium diboride
(TiB2) and zirconium diboride (ZrB2) on the microstructure and wear resistance of the coatings was
investigated by X-ray diffraction, scanning electron microscopy, Vickers microhardness tester, and a
wear tester. The results showed that the TiB2 and ZrB2 particles were unevenly distributed in the
coatings and significantly increased the hardness and anti-wear, which contributed to their ultra-high
hardness and extremely strong ability to resist deformation. The performance of the coatings was
improved with the increase of the number of ceramic phases, while the hardness and wear resistance
of the coating could reach their highest value when the TiB2 and ZrB2 respectively took up 15 wt.%
of the total mass of the powder.

Keywords: TiB2; ZrB2; coating blade; anti-wear

1. Introduction

The coating of a blade has a crucial influence on the quality of fine art coated paper and coated
white paper. However, with the further development of coating technology resulting in a higher
production efficiency, the speed of the coating blade has also been increased from 5 to 16 m/s.
The traditional carbon steel blade is gradually being replaced by a wear-resistant ceramic coating blade
because its service life is too short, it is about 3–4 h, as a result of severe three-body abrasive wear.
The process of changing blades and the running-in stage has reduced the efficiency of the coating
production [1].

At present, countries around the world are using the oxide (Al2O3·TiO2 and ZrO2) and carbide
(Cr3C2 and WC) ceramic blades produced by the three companies of BTG (Eclépens, Switzerland),
GREEN COAT (Siheung, Korea), and PSK (Portland, OR, USA) [2]. The performance of oxide ceramic
blades has been significantly improved compared to the carbon steel blades, as the main component
of the coating is kaolin, which contains Al2O3·2SiO2·2H2O, CaCO3, TiO2, and so on. Furthermore,
the intersolubility of the same materials is large. However, adhesion wear can easily occur between
these oxide ceramics [3], and thus, the oxide ceramic coating is not very suitable for practical production
applications. Tungsten carbide (WC) has a relatively high thermal conductivity [4] and the thermal
conductivity rose linearly from 29.3 to 86 W/(m·K) when the temperature increased from 20 to
500 ◦C [5]. Therefore, it is easy to transfer a large amount of heat to the blade steel strip during the
initial stage of contact between the blade and the paper, causing the blade edge to become uneven,
which is unfavorable for the production of coatings. The hardness of chromium carbide (Cr3C2) is

Coatings 2018, 8, 273; doi:10.3390/coatings8080273 www.mdpi.com/journal/coatings1
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relatively low, and its wear resistance is far inferior to the WC [6–8]. Therefore, a new type of ceramic
coating is urgently needed to solve these problems.

Boride ceramics (TiB2 and ZrB2) have a higher hardness (Moh’s hardness of 9–10) and an
outstanding wear resistance. Compared to WC (15.63 g/cm3), boride ceramics have a density that is
lower by about 75% (4.51 and 5.8 g/cm3), and a lower thermal conductivity (24.3–23.03 W/(m·K) and
24.28–41.87 W/(m·K) in the temperature range of 20–500 ◦C [9–11]. Therefore, boride ceramics are
potential materials for replacing the oxides and carbide ceramics.

Jones et al. [12] prepared Fe(Cr)–TiB2 coatings using self-propagation high-temperature synthesis
(SHS) and high velocity oxygen-fuel spraying (HVOF) technology. They found that the wear-coefficient
of a 30% FeCr–TiB2 coating (7.235 μg/(m·N)) was lower than that of a 17% Co–WC (10.707 μg/(m·N)),
30% Fe(Cr)–TiC (9.061 μg/(m·N)), and 25% Cr3C2–NiCr (19.069 μg/(m·N)) coating. In addition,
the wear rate of the TiB2-based composite coating was only 50% of the TiC-based coating, and was far
superior to other materials when the grinding material was abrasive silica. Xu et al. [13] used SHS
and atmospheric plasma spraying technology to prepare ZrC–ZrB2/Ni composite coatings with a
variety of different proportions of Ni. The study showed that the highest hardness of coating reached
525 ± 96 HV0.1 and had the maximum resistance to wear when the content of Ni was 10%.

The thermal conductivity of ZrB2 is lower than that of the TiB2 coating, while the resistance to
wear of TiB2 is better than that of the ZrB2 coating [14]. Most importantly, the addition of TiB2 and
ZrB2 in the same coating can significantly improve its wear resistance [15–17]. Hence, the TiB2–ZrB2

ceramic composite coatings were the best choice to improve the quality of the coating blade. However,
the pure ceramic is too brittle, so it is necessary to add a ductile metal (NiCr) with a good wettability
to form a cermet composite material in order to better meet the use conditions [18,19]. Furthermore,
plasma spraying is especially suitable for ceramic materials with a high melting point because of the
higher flame temperature and faster jet speed of the plasma spraying. In this paper, the air plasma
spraying technology was used to prepare a NiCr–TiB2–ZrB2 composite coating, and its tribological
properties were analyzed.

2. Materials and Methods

2.1. Feedstock Materials

Commercially available nickel chromium (NiCr), TiB2, ZrB2 powders, and SUS304 stainless steel
were purchased in this study. The NiCr powder (Ti Metal Materials Co., Ltd., Changsha, China)
was atomized into a spherical shape by an inert gas with an average size of 50 μm. The TiB2 and
ZrB2 powders were obtained from Xiangtian Nano Materials Co., Ltd. (Shanghai, China) as irregular
powders with an average particle size of 50 μm. The substrates (SUS304) were provided by Shenzhen
Bao Metal Products Co., Ltd. (Shenzhen, China), which have dimensions of approximately 30 mm ×
50 mm × 5 mm. The information on all of the feedstock materials is listed in Table 1.

Table 1. Composition of the raw materials (at.%).

Materials Purity Zr Ti B Cr Ni Fe C Others

NiCr 99.0 – – – 19.86 80.08 – 0.01 Bal.
TiB2 99.5 – 68.23 30.75 – – 0.14 0.13 Bal.
ZrB2 99.9 79.27 – 19.30 – – 0.09 0.15 Bal.

SUS304 – – – – 18.65 9.73 68.54 0.07 Bal.

2.2. Powder Preparation

The first stage of the experiment involved the preparation of NiCr–TiB2–ZrB2 powders by the
high-energy ball milling method. Firstly, we mixed the three types of powders in equal proportions,
before the mixture of the powders and the same quality of agate balls (ball-to-powder weight ratio
of 1:1) were placed in the same agate jar with a high purity argon (99.999%) protection. This was
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then placed in the ball mill (XQM-0.4, Delixi Hangzhou Inverter Co., Ltd., Hangzhou, China) at
6.67 r/s for 640 min. The mixture was rested for 20 min every 80 min to maintain the powders at a
lower temperature. After this, the moisture was removed from the powders in a digital electric blast
dry oven (101A-2, Shanghai JinPing Instrument Co., Ltd., Shanghai, China). Finally, three different
types of target cermet composite powders (NiCr (5 wt.%)–TiB2 (5 wt.%)–ZrB2, NiCr (10 wt.%)–TiB2

(10 wt.%)–ZrB2, and NiCr (15 wt.%)–TiB2 (15 wt.%)–ZrB2) were prepared by adjusting the proportions
of NiCr, TiB2, and ZrB2.

2.3. APS Spraying Experiments

The NiCr–TiB2–ZrB2 composite coatings were prepared on the surface of the SUS304 using the
SG-100DC plasma torch (Praxair 3710, Cleveland, OH, USA) and ball milled powders. The parameters
of the spraying are summarized in Table 2. Prior to the spraying, one side of the substrate was
grit-blasted with 0.6 mm of Al2O3 particles to achieve the required experimental surface. The Ar
served both as a protective gas and as a powder-feeding gas to reduce the degree of oxidation,
while H2 was used as a fuel gas to provide energy for the experiment during the process of spraying.
The specimens were cut into small pieces to facilitate the investigation of the morphology and phase
composition after the experiments.

Table 2. Operation parameters of plasma spraying.

Parameters Value

Current (A) 600
Voltage (V) 40
Ar (dm3/s) 0.67
H2 (dm3/s) 0.17

Powder feed rate (g/s) 0.58–0.75
Gun traverse speed (mm/s) 90

Spray distance (mm) 100
Pre-heating temperature (◦C) 120

2.4. Microstructural Characterisation

A scanning electron microscope (SEM, S-3400, Hitachi, Tokyo, Japan) with an energy dispersive
spectrometer (EDS) (Va/c = 20.0 kV) was employed to observe the microstructure of the cross-section
and the worn surface topographies, as well as for the local elemental analysis. The X-ray diffraction
equipment (XRD, Shimadzu 7000, Shimadzu, Kyoto, Japan) using monochromatic Cu Kα radiation
(λ = 0.1541 nm) at 40 kV, 30 mA was used to distinguish the phases composition of the powders and
coatings, which had a scanning range of 20◦–90◦ and a scanning speed of 4◦/min.

2.5. Performance Tests of Coatings

In order to reduce the roughness to less than 0.01 μm and to present mirror conditions, which can
minimize the influence of surface roughness on the hardness and tribological properties of the coatings
as much as possible, it is necessary to polish the cross section and upper surface of the specimens
before the performance tests. After this, the microhardness of the coatings was measured by means
of an HVS-1000 Vickers microhardness tester (Jiangdong Kunning, Ningbo, China) with a 0.1-kg
(0.98 N) load and 15-s dwell time. The average microhardness value was calculated on the base of
ten measurements. In addition, the distance between every two indentations in this experiment is
more than three imprints, in order to ensure that the individual indentations do not interfere with each
other. The Al2O3 balls (with a diameter of 6 mm) were used as a counterpart to better simulate the
actual application environment of the coating blades. The ability of the coatings to resist wear was
tested through the ball-on-disk wear test (SFT-2M, Zhongke Kaihua Technology Development Co.,
Lanzhou, China) with a 30-N loading at a sliding speed of 0.4 m/s for 30 min, so the reciprocating wear

3



Coatings 2018, 8, 273

distance is about 720 m. The experiments were performed in triplicate on the same sample in order to
reduce the random error. After the wear test, the three-dimensional morphology of wear scratches was
observed through laser scanning confocal microscopy (OLS4100, Olympus, Tokyo, Japan).

3. Results and Discussion

3.1. Microstructure and Phase Composition

The XRD analysis results for the NiCr–TiB2–ZrB2 powders are shown in Figure 1. It can be seen
that the strongest peaks are attributed to Ni, while the remaining small peaks are referred to TiB2 and
ZrB2 as well as the newly generated CrB phase. This meant that the powders obtained energy during
the ball milling process, which led to the decomposition of the old phases (NiCr, TiB2, and ZrB2) and
the generation of the new phase (CrB). In addition, there were no common oxidation phases [20],
such as TiO2, Ti2O3, NiTiO3, and ZrO2 that reduced the performance of the coating in the powders
prepared using the high-energy ball milling method, which illustrates that the quality of the powders
is relatively good.

The XRD diagrams of the three powders are almost the same, except for the different intensity of
the peaks. This may be because the composition of the three powders is consistent, but the proportions
of each powder are different, which leads to a difference in the content of the reactants, even under the
same ball milling parameters. It can also be seen from Figure 1 that with an increase in the TiB2 and
ZrB2 content, the corresponding peak intensity gradually increases, but the change in CrB is relatively
small. The mechanism of the content of the generated materials needs further study.

Figure 1. X-ray diffraction (XRD) spectra of three kinds of NiCr–TiB2–ZrB2 powders.

The XRD patterns obtained from the top surface of the as-deposited coatings are shown in Figure 2.
It was found that the ceramic reinforcement phases of TiB2 and ZrB2 still exist in the coatings, although
the peak intensities are significantly lower compared with the mixed powders. This is a good indication
that the TiB2 and ZrB2 phases in the coatings are the un-reacted reactants from the starting powders,
not the new generators. It is difficult to decompose the TiB2 and ZrB2 particles during the rapid
melting and solidification process, so they are used to prepare the ceramic reinforced base coatings in
this experiment. In addition, there are also some minor peaks existing in the coatings, such as BNi2
and Ni4B3. These minor peaks can be attributed to the liberated particles formed by a small amount of
decomposition of the TiB2 and ZrB2 particles that chemically react with NiCr.

4
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Figure 2. X-ray diffraction (XRD) spectra of three kinds of NiCr–TiB2–ZrB2 coatings.

Figure 3 shows the upper surface morphology of the NiCr–15ZrB2–15ZrB2 composite coatings
with the distribution of all of the elements. The process of the mechanical stacking of plasma spraying
powders is clearly shown in Figure 3a, and the pores of the coating were small, which proved that the
density of the coating was relatively good. In addition, ZrB2, TiB2, and the compounds of the Ni, B,
and Cr existing in the coating can be analyzed from Figure 3a–f and the results of the XRD.

The cross-sectional morphology of the NiCr–TiB2–ZrB2 composite coating using different
proportions of source materials in Figure 4, showed that all of the coatings had a dense layered
structure [21]. This is due to the fact that individual particles are rapidly heated and accelerated by Ar
and H2 in air plasma spraying. Typically, these particles are partially melted before being deposited in
the substrate, because the temperature is already close to the melting point of the materials (3000 ◦C).
After this, they will quickly cool to a lower temperature and flatten to form a thin sheet when they hit
the substrate.

As observed from Figure 4a,c,e, the thicknesses of the composite coatings are in the range of
150–200 μm. All of the coatings have a small amount of porosity, especially in the interface between
the coating and the substrate. This may be because the temperature difference between the coating and
substrate is large, so the deformations of the particles have a significantly condensation contraction
in this area, which finally produce pores. Furthermore, pores are also formed when there is not a
complete covering between the different layers during the process of the coating deposition [22].

As seen from Figure 4b,d,f, the porosity of the coatings increases with increase of the ceramic
phases. This may be due to the spraying process, as the degree of rebound of the ceramic phases is
much greater than that of the metallic binder phases. Thus, with an increase in the ceramic phases,
the gaps in the coating process increase gradually and the degree of melting of the ceramic phases
is considerably less than the metal bonding phase. This reduces the probability that these gaps will
be filled in time, resulting in an increased porosity. In addition, although this reduces the porosity of
the three types of coatings, increasing the content of the bonding phase can significantly reduce the
probability of the ceramic phase rebound, which subsequently reduces the porosity [23,24].

Based on the microstructure of Figure 4 and the energy spectrum data in Table 3, the phase
composition of the coating can be simply divided into three categories. Firstly, the areas colored
in black (A, F, and I in Figure 4) contain the pure TiB2 that exists alone in the coatings. They are
surrounded by large areas of grey bonding phases (Ni, CrB, BNi2, and Ni4B3), as shown in B, E,
and H in Figure 4. There are also striped mixed phases (C, D, and G in Figure 4), which contain
bonding phases and ZrB2. As the color of the stripe becomes darker, the concentration of ZrB2 increases
gradually. In these coatings, the wear resistance is mainly provided by the TiB2 and ZrB2 phases,
while the bonding phases mainly increase the toughness and reduce the difference of the coefficients of
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expansion between the substrate and the coating. Therefore, a reasonable proportion of ceramic/metal
can be conducive to improve the comprehensive performance of the coating.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3. Elements distribution on the upper surface of NiCr–TiB2–ZrB2 coating: (a) NiCr–TiB2–ZrB2

coating; (b) B; (c) Ti; (d) Zr; (e) Ni; and (f) Cr.

  
(a) (b) 

Figure 4. Cont.
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(c) (d) 

  
(e) (f) 

Figure 4. Microstructure of the coatings: (a) 5TiB2–5ZrB2–NiCr; (b) higher magnification image of
5TiB2–5ZrB2–NiCr; (c) 10TiB2–10ZrB2–NiCr; (d) higher magnification image of 10TiB2–10ZrB2–NiCr;
(e) 15TiB2–15ZrB2–NiCr; and (f) higher magnification image of 15TiB2–15ZrB2–NiCr.

Table 3. Chemical composition (at.%) in different regions in Figure 4.

Zone Ni Cr Zr Ti B

A – – – 34.21 65.79
B 72.43 15.98 0.24 0.62 10.73
C 15.93 19.98 10.07 12.41 41.61
D 29.95 14.95 10.71 7.82 36.57
E 61.13 17.64 0.62 1.25 19.36
F – – – 36.47 63.53
G 20.68 12.06 5.73 13.70 47.83
H 65.43 14.91 0.11 0.83 18.72
I – – – 33.52 66.48

3.2. Performance Test of Coatings

It can be seen from Figure 5 that the average hardness obtained on the coating cross-section was
753, 957, and 1102 HV0.1, respectively. However, the microhardness value of each coating was floating
up and down in a range. This is due to several reasons. Firstly, the parts of the ceramic phases do
not dissolve in the bonding phases, which prevents uniform hardness. Furthermore, the presence of
fine pores will reduce the hardness. In addition, it is attributed to the high hardness of the ceramic
phases, as an increase in the proportion of ceramic results in a gradual increase in the hardness of the
composite coating. Moreover, the generally accepted opinion in the field of friction and wear is that
the ceramic phases in the metal ceramic composite coating are mainly able to provide wear resistance
to the coating because of their high hardness. The main role of the metal phase is to maximize the
retention of the ceramic phases in the coating and to improve the ductility of the coating and the
bonding strength between the substrate materials due to the high toughness and the coefficient of
thermal expansion being similar to the substrate. Therefore, a higher content of ceramic phases results

7
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in a greater hardness and better wear resistance when the toughness and bonding strength fulfill
the requirements.

Figure 5. Microhardness value of the coatings.

The Weibull distribution is widely used in reliability engineering as we can easily infer its
distribution parameters using probability values. The coating contains two types of phases (hard
phase and binder phase) with a large difference in hardness, and the hardness measurement in the
experiment is random, so the Weibull distribution can be used in this paper to analyze the continuity
of the coating hardness from the view of probability and statistics. The formula can be described as
follows [25]:

F(H) = 1 − exp[−(H/η)β] (1)

where H is the hardness data, β is the Weibull shape parameter, and η is a normalized tested parameter.
The equation can also be transformed into the following:

ln[−ln(−F(H))] = β[ln(H) − ln(η)] (2)

As shown in Figure 6, all of the points can be synthesized into a straight line and the equations
(y = βx + b) and reliability parameter (R) are listed separately in each diagram. With the addition of
the ceramic phases (TiB2 and ZrB2), the β values of the coatings rose from 67.39 to 134.28, implying
that the coating had a minimal variation when the content of the ceramic phases (TiB2 and ZrB2) in
the powder reached 30% [26]. However, the range of the R values was 0 to 1, and an increase in the R
value resulted in an increase in the coating stability. In addition, the R value of all of the coatings is
greater than 0.9 and it can be seen that the overall change of the coatings was small.

 
(a) (b) 

Figure 6. Cont.
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(c) 

Figure 6. Linear fit of Weibull distribution of each load: (a) NiCr–5TiB2–5ZrB2; (b) NiCr–10TiB2–10ZrB2;
and (c) NiCr–15TiB2–15ZrB2.

It can be seen from Figure 7 that the average friction coefficient curves of the three types of
NiCr–TiB2–ZrB2 composite coatings against the Al2O3 ball were approximately 0.57, 0.50, and 0.45
in the steady wear stage, respectively. The friction coefficient is lower, with a large fluctuation found
in the running-in stage, which may be attributed to the changes in the surface roughness. In general,
the coefficient of friction is mainly related to the test parameters, the properties of materials, surface
roughness, and lubrication state between the sample and grinding material (Al2O3). Considering
that the three types of experiments differ only in the material composition, it can be understood
that increasing the number of ceramic phases can reduce the friction coefficient of the coatings,
which indicates that the ceramic phases are appropriate reinforcements to further enhance the wear
resistance of the composite coatings. Moreover, as seen from the curves in Figure 6, the friction
coefficients become more stable with an increase in the content of the ceramic phases, especially in the
content of the ceramic phases TiB2 and ZrB2, which increased from 20 to 30 wt.%.

Figures 8–10 separately show the average wear depth and mass loss of NiCr–TiB2–ZrB2 composite
coatings after the wear test, while the surface topographies corresponding to the mapping in Figure 9
are inserted in the top-left. They show a trend that is similar to the friction coefficient of the
NiCr–TiB2–ZrB2 (Figure 6), which gradually decreases with the increased content of the ceramic
phases, although the decreasing trend was less marked. In addition, the NiCr–15TiB2–15ZrB2 had a
minimal wear loss (0.00784 g) and the shallowest wear depth (19 μm) of about 39.17% and 60.31%
of the maximum, respectively, which showed the best anti-wear performance among the three types
of coating.

Figure 7. Friction coefficient of the NiCr–TiB2–ZrB2 coatings.
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Figure 8. Wear depth of NiCr–TiB2–ZrB2 coatings.

  
(a) (b) 

 
(c) 

Figure 9. Three-dimensional (3D) non-contact surface mapping of the wear scars of (a) NiCr–5TiB2–5ZrB2;
(b) NiCr–10TiB2–10ZrB2; and (c) NiCr–15TiB2–15ZrB2.
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Figure 10. Mass loss of the NiCr–TiB2–ZrB2 coatings.

To better understand the wear behaviour of the NiCr–TiB2–ZrB2 composite coatings, SEM
morphologies and EDS analyses (Table 4) of the worn surfaces are shown in Figure 11. As shown in
Figure 11a, the worn surface of NiCr–5TiB2–ZrB2 was characterised by superficial and narrow grooves
(zones A, D, and H), adhesive craters and a few cracks (zone B) with severe plastic deformation, oxygen
element (zones C, E, G, and J) (from Table 4), TiB2 phases (zones F and I) (from Table 4), and the white
light zone. This implies that abrasive wear, adhesive wear, fatigue wear, and oxidation wear occurred.

During the test, the temperature between the coating and the counterbody increased gradually
with a prolonged operation time, and thus, the adhesion between them may occur as a result of the
direct contact. Through the research of Kliagua [27], this adhesion occurred between a ceramic material
and cermet under a high temperature and high pressure. Therefore, the splats on the surface of the
coating can adhere to the ball before being dragged out, which caused the emergence of the transfer
layer. The peeling of the splats can be attributed to the limited interlamellar bonding, which was
very common in the thermal-sprayed coatings [28]. The EDS analysis results showed that the white
zones were oxidized with an oxygen content of up to 16.94 at.% (Table 4). The friction process released
heat and caused an increase in the temperature on the upper sliding surface, which finally leads to
oxidation. In addition, the oxidized phases can be crushed, and fine oxide particles were formed.
Under the load applied, these fine oxide particles played the part of ploughs and the furrows along
the sliding direction formed. It was reported that the fatigue wear resistance of the materials increased
with the surface hardness [29]. Hence, when the hardness of the materials was lower, the probability
of fatigue wear increased with the increasing wear time.

Many fragments of wear debris were also accumulated (Figure 11b–d), the morphologies of which
were similar to the NiCr–5TiB2–ZrB2 coating, except for the cracks. However, the degree of adhesive
wear gradually decreased, which may be because the hardness of the coatings rose significantly.
In addition, the NiCr–15TiB2–15ZrB2 composite coating had the best tribological properties.

  
(a) (b) 

Figure 11. Cont.
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(c) (d) 

Figure 11. Worn morphologies of surface: (a) NiCr–5TiB2–5ZrB2; (b) NiCr–10TiB2–10ZrB2;
(c) NiCr–15TiB2–15ZrB2; and (d) higher magnification image NiCr–15TiB2–15ZrB2.

Table 4. Chemical composition (at.%) in different regions in Figure 11.

Zone Ni Cr Ti Zr B O

C 47.86 12.69 2.86 1.29 18.36 16.94
E 42.89 10.43 4.07 3.11 25.87 13.63
F – – 33.54 – 66.46 –
I – – 34.73 – 65.27 –
J 35.97 8.54 5.66 3.29 34.72 11.82

4. Conclusions

The NiCr–TiB2–ZrB2 composite coatings were successfully fabricated on the SUS304 surface using
high-energy ball milling and air plasma spraying technology. The microstructure and mechanical
properties of the NiCr–TiB2–ZrB2 coatings with various TiB2 and ZrB2 contents were investigated.
The following results can be highlighted:

• With an increase in the proportion of ceramics, the microhardness of the composite coating
gradually increased. The average hardness obtained on the coating cross-section was 753, 957,
and 1102 HV0.1 for NiCr (5 wt.%)–TiB2 (5 wt.%)–ZrB2, NiCr (10 wt.%)–TiB2 (10 wt.%)–ZrB2,
and NiCr (15 wt.%)–TiB2 (15 wt.%)–ZrB2 coatings.

• From the analyses of the Weibull distributions, the R value of all of the coatings was greater than
0.9 and there was little overall change of the coatings. With the addition of the ceramic phases
(TiB2 and ZrB2), the β-values of the coatings rose from 67.39 to 134.28, implying that the coating
had a minimal variation when the content of the ceramic phases (TiB2 and ZrB2) increased.

• The wear mechanism of the coatings was mixed, involving abrasive wear, adhesive wear, oxidation
wear, and fatigue wear. The ceramic phases in the coatings gave outstanding resistance to wear
and oxidation. The NiCr–15TiB2–15ZrB2 composite coating had the best tribological properties.
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Abstract: In this comparative study, Ni60 was used as a reinforcement and added into
an AlCoCrFeNiTi high-entropy alloy (HEA) matrix coating in order to enhance its hardness
and wear resistance. An AlCoCrFeNiTi/Ni60 coating was prepared by plasma spraying with
mechanically-blended AlCoCrFeNiTi/Ni60 powder. The coating microstructure was observed and
analyzed. Bonding strength, microhardness, and wear resistance of the coating were investigated.
The results showed that a compact AlCoCrFeNiTi/Ni60 coating with Ni60 splats uniformly
distributed in the AlCoCrFeNiTi matrix was deposited. After spraying, matrix body-centered cubic
(BCC), face-centered cubic, and ordered BCC phases were detected in the coating. The added large
Ni60 particles played an important role in strengthening the coating. Tensile test results showed
that bonding strength of this coating was above 60.1 MPa, which is far higher than that of the
AlCoCrFeNiTi HEA coating in the previous study. An average microhardness of 676 HV was
obtained for the main body of the coating, which is much higher than that of the AlCoCrFeNiTi
HEA coating. Solution hardening in γ-Ni and dispersion strengthening of the hard interstitial
compounds, such as Cr7C3, CrB, Cr2B, and Cr23C6 increased the hardness of Ni60, and then the
AlCoCrFeNiTi/Ni60 coating. During wear testing at 25 ◦C, adhesive wear and abrasive wear occurred,
while, at 500 ◦C, abrasive wear took place. Volume wear rates of the coating at 25 ◦C and 500 ◦C
were 0.55 ± 0.06 × 10−4 mm3·N−1·m−1 and 0.66 ± 0.02 × 10−4 mm3·N−1·m−1, respectively. Wear
resistance of this coating was better than that of the AlCoCrFeNiTi HEA coating, which can be
attributed to addition of the hard Ni60. Therefore, Ni60 is an appropriate reinforcement to further
enhance the wear resistance of HEA coating.

Keywords: high-entropy alloy (HEA) matrix coating; plasma spraying; wear resistance; microhardness;
bonding strength

1. Introduction

High-entropy alloys (HEAs), which are usually composed of at least five principal metallic
elements in equimolar or near-equimolar ratios, were defined by Yeh et al. in 2004 [1]. Due to their
outstanding properties (e.g., high strength, sufficient hardness, and excellent wear resistance) [2–6],
HEAs are a kind of promising coating materials used in harsh environments, especially at high
temperature. So far, most of the HEA coatings have been prepared by electrochemical deposition [7],
magnetron sputtering [8,9], and laser cladding [10,11]. However, the preparation and industrial
application of HEA coatings are limited owing to the low deposition efficiency, high residual stress,
high dilution, and high cost of these techniques.

Compared with the above coating techniques, plasma spraying, which has been widely used
to prepare coatings because of its low production cost and high efficiency, is an appropriate method
to deposit HEA coatings. However, few investigations on plasma-sprayed HEA coatings have

Coatings 2018, 8, 112; doi:10.3390/coatings8030112 www.mdpi.com/journal/coatings15
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been done until now [12,13]. An AlCoCrFeNi coating with a Vickers hardness of about 421 HV
and a MnCoCrFeNi coating with that of about 451 HV were deposited by plasma spraying [12].
Plasma-sprayed NixCo0.6Fe0.2CrySizAlTi0.2 HEA coatings were investigated and a microhardness of
450 ± 30 HV was obtained for the NiCo0.6Fe0.2Cr1.5SiAlTi0.2 coating [13].

In addition, in the authors’ previous study [14], an AlCoCrFeNiTi HEA coating (hereinafter
referred to as HEA coating) was deposited by plasma spraying using ball-milled powder as
a feedstock. Investigation results showed that a higher bonding strength of 50.3 MPa and an average
microhardness of 642 HV were obtained for the coating at 25 ◦C. Meanwhile, the coating also
exhibited better wear resistance at higher temperatures of 700 ◦C and 900 ◦C. However, at test
temperatures of 25 ◦C and 500 ◦C, the volume wear rates were 0.77 ± 0.01 × 10−4 mm3·N−1·m−1 and
0.93 ± 0.02 × 10−4 mm3·N−1· m−1, respectively. These results indicate that the wear resistance of the
coating at lower temperatures was not satisfactory.

For the plasma-sprayed AlCoCrFeNiTi protective coating on components of industrial
machineries, improvement of its performances, such as hardness and wear resistance is quite necessary
to meet the strict requirements of much severer conditions. Generally, to design and prepare
a composite, i.e., adding a secondary material into the matrix is an effective approach to further
enhance the hardness and wear resistance of the matrix materials. Until now, investigations on
high-entropy alloy matrix composite materials and coatings have not been reported.

Usually, oxides, nitrides, borides, and carbides are chosen as reinforcements of composites [15,16].
However, owing to their brittleness, the toughness of the composites can be deteriorated significantly.
As a conventional coating material with high hardness, sufficient strength, excellent wear, and heat
resistances, Ni-based self-fluxing alloy has been widely used in fields of petroleum and chemical
industries, power, and national defense [17,18]. By now, a large number of coating technologies,
such as overlay welding, laser cladding, flame spraying, high velocity oxy-fuel spraying, and plasma
spraying have been employed to deposit Ni-based self-fluxing alloy coatings [17–19]. In addition
to the high hardness and excellent wear resistance at both room temperature and high temperature,
good toughness makes Ni-based self-fluxing alloy a more appropriate reinforcement than the brittle
traditional ones. However, no studies on composite materials and coatings reinforced by Ni-based
self-fluxing alloy have yet been reported.

Therefore, in this comparative study, to enhance the hardness and wear resistance of
the AlCoCrFeNiTi coating, Ni60 was used as a reinforcement and added into the matrix.
An AlCoCrFeNiTi/Ni60 coating (hereinafter referred to as HEA/Ni60 coating) was prepared by
plasma spraying. Mechanically-blended AlCoCrFeNiTi/Ni60 powder (hereinafter referred to as
HEA/Ni60 powder) was used as a feedstock. The microstructure of the plasma-sprayed coating was
observed and analyzed. Bonding strength, microhardness, and wear resistance at 25 ◦C and 500 ◦C of
the coating were comparatively investigated.

2. Experimental Materials and Procedures

2.1. Materials

In the present study, AlCoCrFeNiTi powder (hereinafter referred to as HEA powder) was
prepared by ball milling using equimolar related elemental powders with a size of less than 75 μm as
starting materials. Ball milling was conducted with a planetary ball mill (XM-4, Sanxing Instruments
Ltd., Xiangtan, China). Both the pots and the balls were made of 304 stainless steel. More details
about the ball milling process can be found in our previous study [14]. The powder milled for
30 h was mechanically blended with a commercial atomized Ni60 powder (30–80 μm) with an
AlCoCrFeNiTi/Ni60 weight ratio of 7:3. Chemical composition of the Ni60 powder is listed in
Table 1.
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Table 1. Chemical composition of Ni60 powder (wt %).

Element Content

C 0.63
B 2.97
Si 4.50
Fe 5.31
Cr 16.20
Ni Bal.

2.2. Coating Preparation

316 stainless steel discs with a diameter of 25 mm and a thickness of 8 mm were used as substrates.
To increase the coating bonding strength, the substrates were cleared with alcohol and sandblasted
with alumina (<1 mm) before coating deposition. Sandblasting was carried out with the following
parameters: compressed air pressure (0.50 MPa), blasting time (30 s), blasting angle (90◦). A plasma
spraying system (PRAXAIR-3710, Praxair Surface Technologies, Indianapolis, IN, USA) was employed
to prepare the HEA/Ni60 coating. Plasma spraying was done with the following parameters: plasma
arc power (45 kW), main gas (Ar) pressure (0.41 MPa), secondary gas (N2) pressure (0.45 MPa), powder
carrier gas (Ar) pressure (0.28 MPa), rotating speed of powder feeder (0.8 r·min−1), spray distance
(100 mm), and gun traverse speed (200 mm·s−1).

2.3. Characterization

An X-ray diffractometer (XRD, LabX XRD-6000, SHIMADZU, Kyoto, Japan) equipped with a Cu
target operating at 1.2 kW was employed to measure the phases present in the feedstock and the
coating. During the measurement, the scanning step was 0.02◦ and the scanning speed was 6◦·min−1.

To observe and analyze surface morphology of the feedstock, cross-sectional microstructure of the
coating, and morphology of the worn surfaces, a field emission scanning electron microscopy (FESEM,
ZEISS ΣIGMA, ZEISS, Oberkochen, Germany) equipped with an energy dispersive spectroscopy (EDS,
x-act, OXFORD INSTRUMENTS, Oxford, UK) was used. The accelerating voltage of the scanning
electron microscope was 20 kV.

Tensile experiments according to the standard ISO 14916:1999 [20] were carried out to measure the
coating bonding strength, and the sketch of the measurement can be found in the previous paper [14].
E-7 adhesive was used to cement the coating specimens and the blocks. A tensile speed of 1 mm·min−1

was chosen. Three specimens were measured and the average value of the tensile strength was used to
evaluate the bonding strength of the coating.

An MH-5 mode Vickers microhardness tester (Shanghai Everone Precision Instruments Ltd.,
Shanghai, China) was used to measure the coating hardness along the direction perpendicular to the
coating/substrate interface. During the measurement, a load of 200 g and dwelling time of 10 s were
used. For each distance from the interface, more than 10 points were measured and the average values
were calculated.

A high-temperature ball-on-disc friction and wear tester (HT-1000, Zhongke Kaihua Science and
Technology Development Ltd., Lanzhou, China) was used to investigate the wear resistance of the
coating. Figure 1 shows the schematic diagram of the wear test. Si3N4 balls with a diameter of Φ 5 mm
were fixed on a loading rod. The coating specimen was fixed on a specimen pan by screws. They can
contact with each other with the help of the weight with a load of 5 N. During the test, friction force
was continuously measured by a force sensor, and then divided by the normal load to calculate the
friction coefficient.
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Figure 1. Schematic diagram of wear test.

Before testing, the coating was polished to reach a roughness of about Ra = 0.7 μm. When the
load was added, the heating furnace was heated up to test temperatures with a heating speed of
10 ◦C· min−1 in atmospheric environment. The coating specimen rotated at a set velocity of 573 r·min−1

with a friction radius of 5 mm. The coating specimen was taken out when the wear time reached
20 min. A three-dimensional (3D) confocal laser scanning microscope (LEXT OLS4000, OLYMPUS,
Tokyo, Japan) was used to measure the cross-sectional area of the wear tracks A (mm2). The volume
wear rate W (mm3·N−1·m−1) was calculated according to W = A·P/(S·L), in which P is perimeter of
the wear track in mm, S is sliding distance in m, and L is the load in N. For each wear temperature,
three specimens were tested and the volume wear rate result was reported as an average value. More
details about the wear test were described in previous publications [14,21].

3. Results and Discussion

3.1. Microstructure of Feedstock and HEA/Ni60 Coating

Figure 2a shows the surface morphology of the mechanically blended HEA/Ni60 powder. It can
be observed that the atomized Ni60 particles were spherical in shape with a smooth surface, while the
ball-milled AlCoCrFeNiTi particles were near-equiaxed in shape with a rough surface. At a higher
magnification (Figure 2b), gaps can be observed on the surface of the AlCoCrFeNiTi particle, and small
particles adhered to it. These characteristics were caused by the particles which were not well
cold-welded during the ball milling process. Due to its appropriate particle size and shape, the mixed
powder exhibited good flowability and was suitable for plasma spraying.

Figure 2. Surface morphology of feedstock: (a) mechanically blended HEA/Ni60 powder and (b) HEA
powder at a higher magnification.

Figure 3 provides the XRD patterns of the mechanically blended HEA/Ni60 powder and the
coating. From the pattern of the feedstock, phases such as γ-Ni, Cr7C3, CrB, Cr2B, Ni3B, and Cr23C6

present in the atomized Ni60 powder were detected. Additionally, diffraction peaks of typical
body-centered cubic (BCC) phase at 44.6◦, 65.0◦, and 82.3◦ were detected, which were obviously
broadened because of the grain refinement and increase of the lattice strain of the ball milled HEA
powder during ball milling.
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Figure 3. X-ray diffraction (XRD) patterns of feedstock and HEA/Ni60 coating.

As shown in Figure 3, in the plasma-sprayed coating, the peak intensity of the matrix BCC phase
decreased, and new phases, such as face-centered cubic (FCC) and minor ordered BCC phases were
found. This can resulted from the formation of the stable equilibrium phases from the metastable
supersaturated solid solution present in the ball milled HEA feedstock [4]. Moreover, compared with
that of the feedstock, a slight shift to the left of the major diffraction peak can be observed in Figure 3,
which was due to the difference of crystallinity level and lattice strain between the feedstock and the
coating [22]. Furthermore, no obvious phase transformation of Ni60 occurred after plasma spraying.

Figure 4 provides cross-sectional microstructure of the HEA/Ni60 coating. From Figure 4a,
a typical lamellar structure of a plasma-sprayed coating containing major molten flattened splats
and minor unmelted particles can be observed. Ni60 splats with a thickness of less than 40 μm were
distributed uniformly in the AlCoCrFeNiTi matrix. Very few pores present in the coating with a size
of less than 20 μm. It was reported that these pores are caused by imperfect wetting and inadequate
filling of the melting droplets to the previously formed rough splat surfaces [23–26]. Apart from these
pores, the coating was compact.

EDS analysis was conducted on points with typical contrasts on the coating cross-section in
Figure 4b. The chemical composition is listed in Table 2. Point A, which was rich in Co, Cr, Fe, and Ni,
was related to the BCC and ordered BCC phases (Figure 3) presented in the AlCoCrFeNiTi high-entropy
alloy splats. Point B was rich in Co and Ni, but not Al, and it was related to the FCC phase in the
HEA splat detected by XRD. According to the previous reports [27,28], Cr and Ni are promoters of
BCC and FCC phases, respectively. It was also reported that BCC and ordered BCC phases which
were rich in Fe-Cr and Al-Ni were found by EDS in vacuum induction melting AlCoCrFeNiTi0.5

HEAs [29]. In the Ni60 splats, the matrix (e.g., point C) with a light gray contrast and a large amount of
Ni and Cr was identified to be the γ-Ni solid solution phase detected by XRD (Figure 3). The cellular
eutectic precipitations with a dark gray contrast (e.g., point D) scattered in the matrix could be the
reinforcements (such as CrB, Cr2B, and Ni3B phases) due to its high content of B. Additionally, a few
points (e.g., point E) with a dark gray contrast and higher oxygen content were caused by the oxidation
of HEA powder owing to the air permeation into the plasma jet [30]. Usually, during plasma spraying,
because of the operating atmosphere, oxidation of the metallic elements cannot be avoided [31].
However, diffraction peaks of these oxides were not detected in Figure 3 due to their lower contents.

Figure 4c shows the coating/substrate interface at a higher magnification. It is noted that the
surface profile of the substrate in the HEA/Ni60 coating is much rougher than that in the HEA
coating [14]. Thus, during spraying, as the high-temperature droplets impact on the substrate surface,
and then spread along the rough surface, strong mechanical bonding can be formed due to the cooling,
solidification and shrinkage of the splats. In addition, the addition of large Ni60 particles played
an important role in strengthening the coating. First, Ni60 with a lower melting point can completely
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wet along the previously formed rough surface and sufficiently fill in the holes, which resulted in
a strong bonding between the Ni60 particles and the nether splats. Second, since Ni60 is present in
the coating as large particles, they can increase the surface roughness of the formed coating after their
deposition. Therefore, strong mechanical bonding can be formed between the subsequent splats and
the previously formed Ni60 particles. Thus, good contact between Ni60 particles and AlCoCrFeNiTi
splats was formed (as shown in Figure 4c), which can cause a higher cohesion strength of the coating.
Indeed, tensile test results showed that fracture of the specimen mainly occurred in the E-7 adhesive
layer (Figure 5) and the average tensile strength was 60.1 MPa. Therefore, bonding strength of this
coating was above 60.1 MPa, which is far higher than that of the HEA coating (50.3 MPa) in the
previous study [14].

Figure 4. Cross-sectional microstructure of HEA/Ni60 coating (a,b) and coating/substrate interface (c).

Table 2. Energy dispersive spectroscopy (EDS) analysis results of typical points in Figure 4b (at %).

Point Al Co Cr Fe Ni Ti Si O C B

A 8.66 21.65 17.72 20.16 20.98 10.83 0.00 0.00 0.00 0.00
B 0.00 33.09 1.29 5.12 53.95 0.94 0.00 5.61 0.00 0.00
C 0.00 0.00 39.75 4.94 49.47 0.00 5.32 0.00 0.52 0.00
D 0.00 0.00 29.21 8.44 25.76 0.00 4.49 0.00 0.00 32.10
E 6.28 7.24 1.94 18.42 7.77 4.42 0.00 53.93 0.00 0.00

Figure 5. Fracture of tensile test specimen.
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3.2. Microhardness of HEA/Ni60 Coating

Microhardness of the HEA/Ni60 coating is shown in Figure 6, and that of the HEA coating in
our previous study [14] are also given out for comparison. As shown in Figure 6, microhardness of
the HEA/Ni60 coating increased significantly from the substrate to the substrate/coating interface,
and then to the coating. For example, at the distance of −100 μm, the substrate microhardness was
183 HV, while at the distance of −50 μm, it increased to 289 HV. A value of 443 HV was obtained
at the substrate/coating interface. The coating microhardness was 636 HV, 665 HV, and 727 HV at
the distance of 50 μm, 100 μm, and 150 μm, respectively. At the distance of 200 μm (near the coating
surface), a lower value of 639 HV was obtained.

Figure 6. Microhardness of HEA/Ni60 coating.

For both the HEA/Ni60 and HEA coatings, a similar microhardness was obtained at distances
of −100 μm and −50 μm. This can be attributed to the same sand blasting parameters. During sand
blasting, work hardening took place [31], and this can increase the substrate hardness significantly to a
value of nearly 300 HV, e.g., at the distance of −50 μm. However, at a deeper distance (e.g., −100 μm),
the substrate hardness was not affected significantly, and it was close to that of 316 stainless steel
prior to spraying (173 HV). At the substrate/coating interface, the hardness in this study was much
higher than that of the HEA coating (396 HV). It can be attributed to the better mechanical bonding in
Figure 4c, which also caused a higher bonding strength.

An average microhardness of 676 HV was obtained for the main body of the coating, which is far
higher than that of the HEA coating in the previous work (642 HV) [14]. The main reason can be the
addition of the reinforcement, Ni60. As discussed in Section 3.1, after spraying, γ-Ni, Cr7C3, CrB, Cr2B,
and Cr23C6 phases were detected in the coating. For the γ-Ni solid solution, solution hardening can
strength the Ni60 splat significantly. Moreover, it was reported that for Ni60, the addition of Cr element
can improve its hardness by formation of carbides and borides with high hardness, and the addition of
B element can enhance the formation of the hard phases [19]. Thus, the dispersion strengthening of the
hard interstitial compounds such as Cr7C3, CrB, Cr2B, and Cr23C6 can also strength the Ni60 splat.
Both the solution hardening and dispersion strengthening increased the hardness of Ni60, and then the
HEA/Ni60 coating. Furthermore, porosity has significant effect on the hardness of thermally-sprayed
coatings [31]. As shown in Figure 4a, the addition of the large Ni60 particles with a low melting point
can completely wet along the previously surface and fill in the holes, and finally result in a good
bonding between the molten Ni60 and AlCoCrFeNiTi splats, and a compact coating was obtained.
Hence, the low porosity of the coating in the present study can be another important reason of the
high hardness. At the distance of 200 μm, the coating hardness decreased to a lower value. This can be
resulted from the edge effect of thermally-sprayed coatings. During spraying, lower effect of sintering
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induced by few subsequent particles can increase the porosity of the coating [32], which can decrease
the coating hardness.

3.3. Wear Resistance of HEA/Ni60 Coating

3.3.1. Wear Mechanism

To investigate the wear mechanism of the HEA/Ni60 coating, morphology of the worn surfaces
at 25 ◦C and 500 ◦C was analyzed.

Figure 7a,c show the morphology of worn surface of the coating and the counterpart at 25 ◦C.
From Figure 7a, an average width of about 0.76 mm for the wear track was obtained. The worn surface
of the coating was quite rough with large numbers of delamination and lips present on it (Figure 7a,b),
and lots of fine flakes with a dimension of less than 10 μm along the sliding direction can be observed
on the counterpart surface (Figure 7c). These facts illustrate that adhesive wear took place during the
wear experiment. During testing, welding between the coating and the counterpart occurred due to
their direct contact under the load applied. As the ball slid on the coating, splats on the surface of
the coating can adhere to the ball, and then be dragged out, which results in delamination. Peeling
of the splats was caused by the limited interlamellar bonding ratio. In thermally-sprayed coatings,
the bonding ratio between flattened splats was investigated, and a result of less than one third was
obtained [31]. Consequently, the peelings can be pushed to other areas of the worn surface along
the sliding direction, and the lips formed. Repeated adhesion and shear deformation accelerated the
formation of lips and flakes. EDS analysis result showed that the lips (e.g., point 1 in Figure 7b) were
oxidized with an oxygen content of up to 64.57 at % (Table 3). It was reported that due to the friction
heating, flash temperature on the up-most sliding surface (e.g., lips) would increase [33], which caused
the oxidation of the lips. The solid solution matrix of BCC, ordered BCC, FCC, and γ-Ni with excellent
plasticity and toughness prevented the moving of the lips, which can further enhance the coating wear
resistance. In addition, lots of furrows with a width of about 10 μm can be observed on the worn
surface in Figure 7b, which illustrates that abrasive wear was another wear mechanism. During wear
testing, the hard oxidized lips can be crushed, and fine oxide particles formed. Under the load applied,
these fine oxide particles play the part of ploughs and the furrows along the sliding direction were
formed. It is worth noting that on the surface of Ni60 (e.g., point 2 in Figure 7b), which was identified
by EDS (Table 3), no obvious furrows can be seen. This can be explained by the high hardness of Ni60
at 25 ◦C, which is much higher than that of AlCoCrFeNiTi [14]. The characteristics of delamination,
lips, and furrows cause a higher roughness of the worn surface.

Compared with that at 25 ◦C, the morphology of worn surface of the coating and the counterpart
changed significantly at 500 ◦C (Figure 7d–f). With increasing the wear temperature from 25 to 500 ◦C,
the wear track became narrower (Figure 7d), with an average width of about 0.59 mm. A smoother
wear surface was obtained and no obvious delamination and lips are observed. At the edge of the wear
track (Figure 7d), obvious plastic deformation can be observed. Additionally, the flakes adhering to
the counterpart became a thin slice with a dimension from several micrometers to tens of micrometers
(Figure 7f). As the temperature increased to 500 ◦C, the coating hardness decreased, while the plasticity
increased. During testing, as the ball slid on the coating surface, plastic deformation of the metallic
splats occurred with the load applied. Thus, the interlamellar gaps can be healed and good bonding
between the splats formed, and delamination cannot occur and lips cannot form. Thus, a smoother
wear surface was obtained. Due to the low hardness and good plasticity, plastic deformation occurred
on the edge of the wear track. Moreover, finer furrows with a width of about 5 μm can be found
in Figure 7e, which illustrates that abrasive wear took place. According to the EDS analysis results
listed in Table 3, the coating surface (e.g., point 4) was slightly oxidized. Oxidation of the coating
was attributed to the flash temperature during wear test and the defects existed in the coating (e.g.,
interlamellar gaps and pores), which is a typical problem for the plasma-sprayed metallic coatings.
During high temperature wear, crushing of the tribo film on the worn surface took place, which resulted
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in the formation of fine particles with small sizes. Under the load applied, these fine particles play the
part of ploughs and the furrows along the sliding direction were formed (Figure 7d,e). From Table 3,
it can be found that point 3 was related to Ni60, which was not oxidized due to its oxidation resistance
at 500 ◦C. However, furrows can also be observed on the surface of Ni60 particles. This could be owing
to the decrease of its hardness. The coating material from the furrows was aggregated, extruded,
and adhered to the surface of the counterpart as flakes with thin slice shapes because of its good
plasticity at 500 ◦C.

Figure 7. Worn surfaces of HEA/Ni60 coating and counterpart at 25 ◦C (a–c) and 500 ◦C (d–f).

Table 3. Energy dispersive spectroscopy analysis results of typical points in Figure 7 (at %).

Point Al Co Cr Fe Ni Ti Si O

1 2.39 3.95 4.05 3.92 11.58 5.04 4.50 64.57
2 0.00 0.00 25.15 5.10 47.60 0.50 5.67 15.98
3 0.00 0.00 15.46 4.93 71.57 0.00 8.04 0.00
4 3.07 6.08 4.59 6.03 12.52 6.91 0.87 59.92

3.3.2. Friction Coefficient

Figure 8 provides the friction coefficient of HEA/Ni60 coating as a function of wear time. From
the wear curves, two obvious stages (running-in and steady wear stages) can be observed. For the
curve at 25 ◦C, the friction coefficient increased within 5 min at the running-in stage. In the steady
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wear stage, the average friction coefficient is much higher with a larger fluctuation (0.80 ± 0.03), which
can be attributed to the changing of the roughness from a polished smooth surface (with a roughness of
about Ra = 0.7 μm) to a rough worn surface (Figure 7a,b). At high temperature, the friction coefficient
curves showed short time running-in stages, which can be caused by the welding of two contact
surfaces at high temperatures. At 500 ◦C, the average friction coefficient in the steady wear stage
became lower with small fluctuation (0.57 ± 0.03), which was caused by the smooth, worn surfaces in
Figure 7d,e.

Figure 8. Friction coefficients of HEA/Ni60 coating at 25 ◦C and 500 ◦C.

3.3.3. Volume Wear Rate

Three-dimensional non-contact surface mapping across the wear tracks of HEA/Ni60 coating at
25 ◦C and 500 ◦C is shown in Figure 9. Figure 10 provides the volume wear rates of the HEA/Ni60
and HEA coatings as a function of test temperature. With increasing the wear temperature from 25 to
500 ◦C, the volume wear rates of the coating increased. For example, volume wear rates of the coating
at 25 ◦C and 500 ◦C were 0.55 ± 0.06 × 10−4 mm3·N−1·m−1 and 0.66 ± 0.02 × 10−4 mm3·N−1·m−1,
respectively. This could be owing to the decrease of the coating hardness. Wear resistance of this
coating was better than that of the HEA coating and also the 316 stainless steel substrate material,
which can result from the addition of the hard Ni60. Therefore, Ni60 is an appropriate reinforcement
to further enhance the wear resistance of HEA coating.

Figure 9. Three-dimensional (3D) non-contact surface mapping across the wear tracks of HEA/Ni60
coating at 25 ◦C and 500 ◦C in Figure 7a,d.
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Figure 10. Volume wear rates of HEA/Ni60 coating at 25 ◦C and 500 ◦C.

4. Conclusions

A compact AlCoCrFeNiTi/Ni60 coating with Ni60 splats uniformly distributed in AlCoCrFeNiTi
matrix was deposited by plasma spraying. After spraying, matrix BCC, FCC, and ordered BCC phases
were detected in the coating.

The added large Ni60 particles played an important role in strengthening the coating. A strong
mechanical bonding between Ni60 and AlCoCrFeNiTi splats caused a higher cohesion strength. Tensile
test results showed that bonding strength of this coating was above 60.1 MPa, which is far higher than
that of the AlCoCrFeNiTi coating in the previous study.

An average microhardness of 676 HV was obtained for the main body of the coating, which is far
higher than that of the HEA coating in the previous work. The main reason can be attributed to the
addition of the reinforcement, Ni60. Solution hardening in γ-Ni and dispersion strengthening of the
hard interstitial compounds, such as Cr7C3, CrB, Cr2B, and Cr23C6 increased the hardness of Ni60,
and then the HEA/Ni60 coating.

During wear testing at 25 ◦C, adhesive wear and abrasive wear occurred, while at 500 ◦C,
abrasive wear took place. Volume wear rates of the coating at 25 ◦C and 500 ◦C were 0.55 ±
0.06 × 10−4 mm3·N−1·m−1 and 0.66 ± 0.02 × 10−4 mm3·N−1·m−1, respectively. Wear resistance
of this coating was better than that of the HEA coating, which can result from the addition of the
hard Ni60. Therefore, Ni60 is an appropriate reinforcement to further enhance the wear resistance of
HEA coating.
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Abstract: In this study, the Cr-Ti-B-N composite thin films with different Ti and B contents in the films
were fabricated by a reactive magnetron sputtering system using chromium (Cr) and TiB2 targets.
The microstructure, mechanical properties, and friction properties over broad ranges of temperature
were detected by XRD, SEM, TEM, nano-indentation, 3D profilometer, and tribometer. It was
found that the Cr-Ti-B-N films exhibited a double face-centered cubic (fcc)-CrN and amorphous-BN
structure. As the Ti and B elements were introduced, the hardness and elastic modulus of Cr-Ti-B-N
films increased from 21 and 246.5 GPa to a maximum value of approximately 28 and 283.6 GPa for
Cr38.7Ti3.7B6.4N51.2 film, and then decreased slightly with a further increase of Ti and B contents.
The hardness enhancement was attributed to the residual compressive stress. The friction and wear
resistance of the film was improved obviously by the addition of Cr and B, as compared with the
CrN film under 200 ◦C.

Keywords: Cr-Ti-B-N films; magnetron sputtering; microstructure; friction and wear

1. Introduction

In recent years, research in microelectronics mechanical systems, especially silicon base MEMS
(Micro Electro Mechanical Systems), has been faced with reliability and service life problems. This is
as a result of friction between surfaces such as the shafts, sleeves, pipes, gears, and the micro motor,
which is in relative motion and also wears of parts under light load.

Nanometer super-hard film provides a new and effective solution for micro mechanical abrasion
problems and is likely to be used as the next generation of sliding, speaking, reading, and writing disk
protective film, it can also be used for print head of thermal printer, high fax machine head, and contact
sensors because of its wear resistance properties.

Since the 1980s, mechanical properties of CrNx coatings had been studied, and Cr2N demonstrated
predominant higher hardness and CrN were provided with better oxidation resistance and lower
friction coefficient [1]. Due to its excellent properties such as low friction coefficient, high corrosion
resistance, wear resistance, high toughness, and low internal stress, transition metal nitrides CrNx

have been widely used as protective hard films to increase the lifetime and performance of cutting
and wear proof tools today. While the main drawback of its hardness (20 GPa) [2] restrict the use of
CrN. A new generation of intelligent film, which can function very well under extreme conditions,
such as high speed, dry cutting, high temperature, and surface oxidation is thus needed. Therefore,
the study of friction and wear behavior of thin film over broad range of ambient conditions is of great
significance. It has been reported that soft phases (Ag, Cu, Au, etc.) were effective to decrease the
friction coefficient over broad working temperature range. Lihua Yu et al. [3] synthesized the WCN-Ag
film containing 6.6 at.% Ag has a low friction coefficient (<0.4) in the temperature range of 25–600 ◦C.
The NbN-Ag composite films [4] reported a decreased friction coefficient from 0.65 at 0 at.% Ag to 0.35
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at 19.9 at.% Ag at room temperature. Shtansky et al. [5] deposited MoCN-Ag films which maintained
low friction coefficient over a wide temperature. Similarly, the role of V element working at high
temperature as a result of the generation of V2O5 lubricating phase also has been studied extensively,
such as CrVxN [6], TiAlVN [7], TiAlN/VN [8], NbVSiN [9] etc. To further improve the properties of
CrN, alloying with other element has been explored extensively [10–12]. The superhardness of TiB2

films has been detected [13–15]. Many researchers studied the properties of Ti-Cr-B-N film [16,17].
However, there are few data on evaluating the performance of Cr based Cr-Ti-B-N thin film and no
reports about the tribological properties at elevated temperature is available as of now.

In this work, the effects of the addition of Ti and B elements on the microstructure, mechanical,
and tribological properties of such films were thoroughly investigated.

2. Experimental Details

Cr-Ti-B-N films with different Ti and B content were deposited on silicon wafer and AISI304
stainless steel plates (15 mm × 15 mm × 2 mm) using radio frequency reactive magnetron sputtering
system with a pure Cr (99.95 at.%) and a TiB2 compound target (99.9 at.%). Prior to films deposition,
the substrates (stainless steel AISI304) were polished with sandpaper and soft cloth used to clean the
surface to removed residual scratches. The polished substrate was cleaned for 15 min ultrasonically in
acetone and alcohol, then sent into the sputtering chamber. The base pressure of sputtering chamber
was reduced to less than 6.0 × 10−4 Pa, and the pressure during deposition was set at 3.0 × 10−1 Pa.
The distance between targets and substrates was 78 mm. A two hour deposition process was carried
out in the presence of an Argon gas (Ar) and Nitrogen gas (N2) with constant Chromium target power
and various TiB2 target power. Before the sputtering of Cr-Ti-B-N films, 10 min deposition of Cr (target
power, 200 W) was conducted in a pure Argon atmosphere as the transition layer to confirm a good
adhesion force of the films. The samples were located on a rotating plate which ensures homogeneous
and uniform films deposited on the surface of the substrates.

The phase structures were evaluated with glancing incident X-ray diffraction with a Siemens
X-ray diffractometer, with Cu Kα radiation, operated at 30 kV and 40 mA. The cross-sectional
morphologies and component analysis of thin films were examined with a field emission scanning
electron microscopy (FE-SEM, Merlin Compact-6170, ZEISS, Jena, Germany) which was operated at
20 kV and an Energy Disperse Spectroscopy (EDS Merlin Compact-6170, ZEISS, Germany) respectively.

The microstructure was analyzed by a high resolution transmission electron microscopy (HRTEM,
JEOL, JEM-2100F, Tokyo, Japan) operated at 200 kV. The nanoindentation hardness and elastic modulus
were all investigated by means of nanoindenter (CPX + NHT2 + MST), equipped with a diamond
Berkovich indenter tip (3-side pyramid). An automatic indentation mode was programmed to place
indentations with a 3 × 3 array, averaging data on the hardness of the film. The maximum load
of 3 mN was used to meet the criterion of d/h < 0.1, averting the influence of the substrate during
the hardness test, where d is the indenter penetration depth into the film, h is the film thickness.
The ball-on-disc dry wear test was conducted on the stainless steel substrates at ambient conditions by
using a UTM-2 CETR tribometer with an alumina ball as counterpart (diameter, 9.38 mm). The normal
load, sliding speed, sliding time, and radius of wear track during the tests were 3 N, 50 r/min, 30 min
and 4 mm, respectively. The wear tracks morphologies were examined with a 3D profilometer (Bruker
DEKTAK-XT, Billerica, MA, USA) and wear rate (Ws) of the films were calculated using Equation (1).

Ws =
C × S
F × L

(1)

where C is the perimeter of the wear crack (mm), S is the wear crack area (mm2), F is the normal load
(N) and L is the sliding length. The residual stress of the film was determined by means of the Stoney’s
formula (Equation (2)).

σ =
EsT2

s (
1

Rs
− 1

R f
)

6(1 − νs)Tf
(2)
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where Es is Young’s modulus, Ts is thickness of substrate, Rs is curvature radius of substrate, νs

is Poisson’s ratio of silicon substrate, Rf is curvature radius of film, and Tf is thickness of the film.
The curvature radii were also examined by the Bruker 3D Profiler.

3. Results and Discussion

3.1. Elemental Compositions and Microstructure of Cr-Ti-B-N Film

Table 1 shows the elemental compositions and film thickness of Cr-Ti-B-N films with various
the powers of TiB2 composite target. As shown in Table 1, with the increase of the power of TiB2

composite target, the Cr content in the films gradually decreases, with a corresponding increase of B
and Ti content. In addition, the film thickness of the films increases with the increase of the power of
TiB2 composite target.

Table 1. Elemental compositions and film thickness of Cr-Ti-B-N films with various the powers of TiB2

composite target.

TiB2 Target Power (W) Cr (at.%) Ti (at.%) B (at.%) N (at.%) Thickness of Film (μm)

0 53.7 ± 2.7 0 0 46.3 ± 2.4 1.1 ± 0.1
80 48.6 ± 2.4 1.7 ± 0.1 2.4 ± 0.1 47.3 ± 2.4 1.2 ± 0.1
100 43.9 ± 2.2 2.4 ± 0.1 4.0 ± 0.2 49.7 ± 2.5 1.2 ± 0.1
120 38.7 ± 1.9 3.7 ± 0.2 6.4 ± 0.3 51.2 ± 2.6 1.3 ± 0.1
140 33.4 ± 1. 7 5.3 ± 0.3 7.6 ± 0.4 53.7 ± 2.7 1.4 ± 0.1

Figure 1 shows the X-ray diffraction patterns of Cr-Ti-B-N films with various Ti and B contents.
As shown in Figure 1, for the binary CrN film, three diffraction peaks at ~36◦, ~44◦ and ~78◦ are
detected, which are corresponding to the face-centered cubic (fcc) CrN (111), Cr interlayer and fcc-CrN
(311) repectively, based on the ICCD card 11-0065. For each pattern of quaternary Cr-Ti-B-N films,
the diffraction peaks of the films are similar to that of the binary CrN film, and no other diffraction
peaks corresponding to the crystalline phases such as TiB2 and CrB2 are not observed. Besides
this, the diffraction peaks of Cr-Ti-B-N films gradually shift to higher angle, this suggests that the
combination of Ti and B elements into the Cr-Ti-B-N films leads to the decrease of the lattice constant.
The grain size of the films was calculated by the Scherrer’s equation and the results show that the grain
size of the films decreases gradually from about 33 nm for binary CrN film to 15 nm for quaternary
Cr33.4Ti5.3B7.6N53.7 film.
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Figure 1. X-ray diffraction patterns of Cr-Ti-B-N films.
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Figure 2 illustrates the cross-sectional SEM images of Cr-Ti-B-N films with various Ti
and B contents. As illustrated in the Figure 2a, the binary CrN film exhibits a columnar-growth and dense
structure. As the increase of the Ti and B contents in the films, as shown in Figure 2b, the columnar-growth
and dense structure disappears and the Cr33.4Ti5.3B7.6N53.7 film shows an isometric structure.

(a) (b)

Figure 2. The cross-sectional SEM images of Cr-Ti-B-N films with various Ti and B contents: (a) CrN;
(b) Cr33.4Ti5.3B7.6N53.7.

In order to further analyze the microstructure of Cr-Ti-B-N films, the microstructure of
Cr43.9Ti2.4B4.0N49.7 film is investigated by high-resolution transmission electron microscope (HRTEM)
and the results is shown in Figure 3. As shown in Figure 3, the Cr43.9Ti2.4B4.0N49.7 film exhibits a
nano-composite microstructure and is consisted of nanocrystallites and amorphous phase. Besides
this, three different lattice fringes with the lattice spacing of ~0.240 nm, ~0.204 nm, and ~0.156 nm are
detected. Those lattice fringes are corresponding to the fcc-CrN (111), (200), and (220), since the values
of lattice spacing of fcc-CrN (111), (200), and (220) (ICCD card 11-0065) are 0.2394 nm, 0.2068 nm,
0.1463 nm, and 0.1249 nm, respectively. The corresponding selected area electron diffraction (SEAD)
pattern of Cr43.9Ti2.4B4.0N49.7 film is also shown in Figure 3 as an inset. The diffraction rings can be
referred to as the lattice planes of fcc-CrN (111), (200), (220), and (311). These results are in agreement
with the XRD pattern. Similar studies [18] also reported the existence of BN amorphous phase.

Figure 3. HRTEM micrograph and SAED pattern of Cr43.9Ti2.4B4.0N49.7 film.

3.2. Mechanical Properties

Figure 4 shows the hardness and elastic modulus of Cr-Ti-B-N films with the increasing Ti and B
contents. As the Ti and B elements were introduced, the hardness and elastic modulus of Cr-Ti-B-N
films increased from 21 and 246.5 GPa to a maximum value of approximately 28 and 283.6 GPa for
Cr38.7Ti3.7B6.4N51.2 film, and then decreased slightly with further increase of Ti and B contents.
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Figure 4. Hardness and elastic modulus of Cr-Ti-B-N films.

The hardness enhancement might be attributed to the solution of Ti into the films due to the
different of radius of Ti, Cr atoms. The radius Cr and Ti is 0.125 nm and 0.146 nm, respectively,
with the replacement of Ti into the CrN film, a strong lattice distortion will emerge, thus generate large
distortion energy. On the other way, CrN and TiN have the same crystal structure with a face-centered
cubic lattice type of NaCl. According to the laws of Hume-Rothery, the smaller radius anion (N)
occupied face-centered cubic lattice, while Cr and Ti cations were forced into the pores of octahedral;
together with the similar crystal lattice parameters between CrN and TiN, it’s easy to form a continuous
supersaturated solid solution. It can be concluded that the solid solution strengthening, the refined
crystalline strengthening, and the increase of residual compressive stress all played a role in enhancing
the hardness of the film [19]. While the reduction in hardness with a further increase in Ti and B
contents after maximum hardness is as a result of increase of amorphous BN phase [20–22].

Musil [23] and Leyland [24] suggested that the fracture toughness of nanocrystalline films would
be improved by high ratios of H/E (resistance against elastic strain to failure) and H3/E*2 (resistance
against plastic deformation). By examining the H/E and H3/E*2 values of the films, as shown in Figure 5,
it can be seen that Cr-Ti-B-N films exhibit improved H3/E*2 values of between 0.16 and 0.22 GPa,
as compared to a low value of 0.13 GPa of CrN film. The variation tendency of the values with H/E and
H3/E*2 are corresponding to the variation of the hardness. The highest H/E value of 0.098 was found
in Cr38.7Ti3.7B6.4N51.2 films, suggesting this film may exhibit better toughness and wear resistance as
compared to the other films.
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Figure 5. Calculated H/E and H3/E*2 values of Cr-Ti-B-N films.
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Figure 6a shows the load-displacement curves of Cr38.7Ti3.7B6.4N51.2 film (3.7 at.% Ti) obtained
from the nanoindentation measurement. The amounts of Plastic deformation and Elastic deformation
are shown clearly. Figure 6b shows amount of Plastic deformation and Elastic deformation of Cr-Ti-B-N
films with various Ti and B contents. We can conclude that with an increasing of the Ti and B contents,
the plastic deformation depths are 50, 41.3, 38.5, 33.6, 36 nm; the elastic deformation displacements are
46.3, 47.6, 48, 49.6, 48.4 nm, respectively which are corresponding to the results of examined H/E and
H3/E*2 values. The indentation depth decreased with an increasing of the Ti and B contents whiles the
hardness increases with an increase of the Ti and B contents.
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Figure 6. (a) Curves of nanoindention of Cr38.7Ti3.7B6.4N51.2 film; (b) amount of Plastic deformation
and Elastic deformation of Cr-Ti-B-N films.

3.3. Tribological Performance at Room Temperature

The ball-on-disk wear test was conducted to evaluate the tribological properties of the films.
The wear tests on the film with various Ti and B contents using an Alumina (Al2O3) ball was performed.
As shown in Figure 7, the wear rate and friction coefficient decreased with an increase in Ti and B
contents from Cr53.7N46.3 film to Cr33.4Ti5.3B7.6N53.7 film and a further increases in Ti and B contents
resulted in increase in both wear rate and friction coefficient. Hence the optimal parameter was
obtained at a Titanium content of 3.7 at.%, which is in complete agreement with the suggestion that
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higher wear resistance is achieved with better H/E and H3/E*2 values. The addition of Ti and B
marginally decreased the friction coefficient at room temperature.
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Figure 7. Friction coefficient and wear rate of Cr-Ti-B-N films at room temperature.

The wear track morphologies of Cr-Ti-B-N films with different Ti and B contents are shown in
Figure 8. The confined and superficial wear track corresponded with the uppermost hardness and a
better H/E value when the Ti content reached 3.7%. From Figure 8 we can conclude that the main wear
patterns of Cr-Ti-B-N film with different Ti and B contents was abrasive wear, and the wear debris
were accumulated at the edge of the wear track. In general, the film showed excellent wear resistance.

Figure 8. 3D wear track morphologies of Cr-Ti-B-N films: (a) Cr48.6Ti1.7B2.4N47.3; (b) Cr43.9Ti2.4B4.0N49.7;
(c) Cr38.7Ti3.7B6.4N51.2 and (d) Cr33.4Ti5.3B7.6N53.7.

3.4. Tribological Performance at Elevated Temperature

Plots of friction coefficient about CrN film and Cr38.7Ti3.7B6.4N51.2 composite film at different
temperature are shown in Figure 9. The friction coefficient of both films decreased continually and
then tended to a stable value while the value tested at 800 ◦C showed a decline. The minimum
friction coefficient of CrN film was 0.32 obtained at 400 ◦C while the CrTiBN composite film was 0.38
acquired at 800 ◦C. As shown in Figure 9, the addition of Ti and B elements significantly improved the
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friction resistance under 200 ◦C. This attributed to the production of boron oxide which with lower
shear modulus. With the elevated temperature higher than 400 ◦C, the boron oxide will melt and
volatilization gradually and lots of defects generated at grain boundary, resulting in the rise of friction
coefficient [25].

0 200 400 600 800

0.2

0.4

0.6

0.8

1.0
 CrN
 CrN38.7Ti3.7B6.4N51.2

Fr
ic

tio
n 

co
ef

fic
ie

nt

Figure 9. Friction coefficient of CrN film and Cr38.7Ti3.7B6.4N51.2 composite film at different temperature.

Figure 10 shows the wear rate of CrN film and Cr38.7Ti3.7B6.4N51.2 composite film at different
temperatures. It can be observed that the wear rate increases with an increase in temperature. With the
lifted temperature, the wear rate increased gradually which, due to the reduction of hardness and
oxidation. The wear rate of CrN film tested at 200 ◦C rose sharply because of the wear out of the film.
The wear resistance of Cr38.7Ti3.7B6.4N51.2 film was enhanced obviously under 400 ◦C.
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Figure 10. Wear rate of CrN film and Cr38.7Ti3.7B6.4N51.2 composite film at different temperature.

Figure 11 shows the friction coefficient of CrN film and Cr38.7Ti3.7B6.4N51.2 composite film as a
function of wear duration at 200 ◦C in sliding against Al2O3 ball. The CrN film was worn out in 10 min
while the Cr38.7Ti3.7B6.4N51.2 composite film was worn out after 20 min, which indicated an obvious
improvement of the friction and wear resistance ability at 200 ◦C. The wear out of CrN film leads to a
relative high value of the results, which are in good agreement of Figures 9 and 10.
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Figure 11. Friction curves of CrN film and Cr38.7Ti3.7B6.4N51.2 composite film tested at 200 ◦C.

To further confirm the changes in wear rate at different temperatures, the XRD pattern of
Cr38.7Ti3.7B6.4N51.2 film at different temperature are shown in Figure 12. The slight increase in
coefficient of friction and wear rate values are attributed to low hardness, the grains growth and
the broader cracks at elevated temperature. While the sudden decrease in values at 800 ◦C may
be as a result of the generation of mass lubricants of oxides such as TiO2, Cr2O3 [20,26]. Several
oxide peaks of Ti and Cr were detected only at 800 ◦C which confirms the appearance of oxide
lubricants. Pilling and Bedworth first put forward the integrity of the oxide film. The ratio of volume
fraction of metal oxide compared to metal is as a judgment of oxide film intactness, namely the PBR
(Pilling Bedworth Ratio). Practice has proved that good protective oxide film of PBR value should be
1 < PBR < 2.5. The PBR values of TiO2 and Cr2O3 were 1.95 and 1.99, respectively. In other words,
the temperature of the grinding crack area is higher than the actual set temperature, and then the
phase change of materials [27,28] caused by the high temperature and the flash temperature of friction
made the wear aggravation.
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Figure 12. XRD patterns of Cr38.7Ti3.7B6.4N51.2 composite film after wear test at different temperature.

Figure 13 shows the changes of atomic fraction of Oxygen (O) of Cr38.7Ti3.7B6.4N51.2 film after
wear test at different temperature. EDS results show increase in Oxygen content as a function of
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temperature. Compared with the film out of the grinding crack zone, the oxygen content within
the trajectory was significantly increased. This is mainly because friction makes the contact surface
temperature higher and then oxidation reactions are more likely to proceed.
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Figure 13. Atomic fraction of O element of the Cr38.7Ti3.7B6.4N51.2 film after wear test at different
temperature.

The SEM morphologies of wear track of Cr38.7Ti3.7B6.4N51.2 film at elevated temperatures are
shown in Figure 14. The wear track morphologies at different temperature reveal diverse worn out
mechanisms such as abrasive wear, adhesive wear, plastic deformation, and crack etc. The wear track
of Cr38.7Ti3.7B6.4N51.2 film tested at 800 ◦C exhibited obvious micro-cracks. Surface micro-cracks may
have an effect of storing lubricants and collecting the wear debris produced in the process of wear
testing. The hard grinding grain was collected within the micro cracks, reducing the damage for
lubricating film. As a result, the friction coefficient and wear rate decreased evidently and thus prolong
the life of the film.

Figure 14. Wear morphology of Cr38.7Ti3.7B6.4N51.2 film at elevated temperature characterized by SEM:
(a) 200 ◦C; (b) 400 ◦C; (c) 600 ◦C and (d) 800 ◦C.
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With the oxidation of materials at different temperatures, there were changes in surface
morphology and color of the films; this is due to the diverse morphologies of the film under different
temperature and the generation of new oxides, respectively. After the wear test, the color of Cr-Ti-B-N
film changed from silver to purple at the temperature of 600 ◦C; however, the uncoated samples color
changed to gold at 400 ◦C. This indicated a higher oxidation resistance of the Cr-Ti-B-N film.

4. Conclusions

Several films of Cr-Ti-B-N with a pure Cr target at a constant radio frequency power of 200
W and a series of TiB2 compound targets were fabricated using the reactive magnetron sputtering
system. The microstructure, mechanical, and tribological properties of the film was strongly influenced
by the TiB2 target power. The cross-sectional morphology showed that the growth mechanism
changed from the columnar crystal to isometric crystal with the addition of Titanium and Boron to
CrN film. The Cr-Ti-B-N films exhibited a double face-centered cubic (fcc)-CrN and amorphous-BN
structure. As the Ti and B elements were introduced, the hardness and elastic modulus of Cr-Ti-B-N
films increased from 21 and 246.5 GPa to a maximum value of approximately 28 and 283.6 GPa
for Cr38.7Ti3.7B6.4N51.2 film, and then decreased slightly with further increase of Ti and B contents.
The hardness enhancement was attributed to the residual compressive stress. The friction and wear
resistance of the film was improved obviously by the addition of Cr and B as compared with the CrN
film under 200 ◦C. It can be conclude that the Cr38.7Ti3.7B6.4N51.2 film exhibited improved hardness
and wear resistance over broad ranges of ambient conditions.
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Abstract: This paper presents a study of the tribological properties of stainless steel coatings with
varying Ag contents, deposited via magnetron sputtering. The growth of the coatings was done in
Ar and Ar + N2 atmospheres in order to change the crystalline phase in the coating. The analysis of
the chemical composition was performed using energy-dispersive X-ray spectroscopy (EDS) and the
structural analysis was performed via X-ray diffraction (XRD). The adhesive wear resistance and the
friction coefficient were evaluated using the ball-on-disk test with a ball of alumina. The coatings’
adhesion was measured with a scratch tester and the mechanical properties were evaluated with
a nanoindenter. The morphology of the films and the wear track were characterized via scanning
electron microscopy (SEM). By means of XRD, phases corresponding to the body-centred cubic (BCC)
structure were found for the coatings deposited in an inert atmosphere and face-centred cubic (FCC)
for those deposited in a reactive atmosphere. A more compact morphology was observed in coatings
with a higher silver content. The values of the hardness increased with an increase in the silver content
and the presence of nitrogen in the coatings. In the wear traces, mainly mechanisms of oxidative
and adhesive wear and plastic deformation were found. The coefficient of friction decreased with an
increase of silver in the coatings, whereas the wear rate decreased.

Keywords: stainless steel coating; sputtering; wear; adhesion; friction; structure

1. Introduction

Stainless steels have good resistance to corrosion, high resistance to cold work and good
formability. One of the stainless steels used in the biomedical, automotive, naval and aeronautical
industries is AISI 316L austenitic stainless steel, since it has good corrosion resistance due to the
presence of a thin film of chromium oxide on its surface, known as a passive film [1–5]. However,
its low mechanical resistance is sometimes not enough for mechanical applications, causing fractures
in structural elements due to mechanical stress and fatigue [6,7]. In view of this, it is important to
improve the durability of AISI 316L steel by increasing its hardness and wear resistance [8].

The deposition of coatings on steel allows an improvement in its properties such as hardness and
resistance to corrosion, wear and fatigue, among others, in comparison with bulk austenitic stainless
steels [9–11]. Stainless steel-based coatings deposited by means of the sputtering technique have been
characterized in different investigations. It has been found that this type of coating has a chemical
composition similar to that of austenitic stainless steel targets; however, a variation in the structure
has been found; for instance, a BCC structure is produced for coatings deposited in inert atmospheres
(Ar), while for reactive atmospheres (Ar + N2), coatings are obtained with a mixture of FCC and BCC
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phases or only FCC, depending on the amount of nitrogen and the substrate temperature used in
the process [10,11]. At the same time, in recent years silver (Ag) has become a material widely used
as a dopant in thin films, due to its antibacterial activity, hence its use for the purpose of supplying
antibacterial properties to biomedical devices. In coatings, silver can form nanoparticles (AgNPs),
improving the antimicrobial activity of biomaterials and reducing the coefficient of friction. Among the
medical applications of this type of material, coated or integrated with AgNPs to avoid bacterial growth,
are wound dressings, contraceptive devices, surgical instruments and external prostheses [12–14].
The deposition of coatings containing silver has been a subject of interest in applications where
materials with good tribological and antibacterial properties are required. Evidence has been shown of
a tendency to increase the durability of the different types of compounds that contain silver, because in
many cases properties such as the wear resistance and the coefficient of friction are improved, which
can be attributed to the possible action of silver as a solid lubricant on the surface of the coatings, thus
reducing wear [15–17].

We investigated the effect of silver on the microstructure and the mechanical and tribological
properties of stainless steel films with varying silver content that were deposited by means of
magnetron sputtering on stainless steel substrates. The growth of the coatings was done in Ar
and Ar + N2 atmospheres in order to change the crystalline phase in the coating.

2. Materials and Methods

Stainless steel coatings were deposited by means of DC magnetron sputtering. The discharge
was done with a 316L stainless steel target of 10 cm in diameter and 0.64 cm in thickness, where 1,
2 and 4 pieces of Ag of 4 mm × 4 mm were added to the surface of the target. The target was facing
up so that the Ag target sat on top of the SS316 target by gravitational force. The base pressure was
9 × 10−3 Pa and the working pressure was fixed at 0.2 Pa. The deposition gas was composed of
argon (purity 99.9%) and nitrogen (purity 99.9%) with flux 1.2 and 0.8 sccm, respectively. The power
density was 7 W/cm2. The substrate temperature was 300 ◦C and the substrate-target distance was
maintained at 6 cm. The coatings were deposited on AISI 316L substrates, which were previously
sanded with abrasive paper from 180 to 2000 and polished with cloth and 2.0 μm alumina suspension.
To remove alumina particles during the final polishing, an amphoteric surfactant was used. Finally,
in order to reduce organic impurities, especially fats, the samples were cleaned with acetone and
2-propanol in ultrasound for 10 min. The thickness of the deposited films was measured by means of a
Bruker DektakXT profilometer (Billerica, MA, USA). To perform the thickness measurements, silicon
substrates were used, on each of which were placed pieces of silicon in order to generate a step during
the deposition of the coatings. The thickness of the deposited thin films was between 3.0 and 4.0 μm,
with deposition times of 28 and 32 min for inert and reactive atmospheres, respectively. The coatings
were designated as shown in Table 1 according to the amount of Ag pieces used and the atmosphere in
which they were deposited.

Table 1. Stainless steel coatings deposited with and without Ag pieces and in inert and
reactive atmospheres.

Coating Silver Pieces Atmosphere

Ar0Ag 0 Ar
Ar1Ag 1 Ar
Ar4Ag 4 Ar

ArN0Ag 0 Ar + N2
ArN1Ag 1 Ar + N2
ArN4Ag 4 Ar + N2

To study the microstructure, an X’Pert PRO PANalytical grazing incidence X-ray diffraction
system (GI-XRD) (Panalytical, Almelo, The Netherlands) was used. The incidence angle was set to
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1◦, while the swept angle was varied from 35◦ to 85◦ in 2θ mode (scanning step of 0.02◦), with Cu
Kα (1.5418 Å) radiation operating at 45 kV and 40 mA. The grain size of the crystalline phases was
determined by the Scherrer formula, as shown in Equation (1).

Grain size =
kλ

B cos θ
(1)

where k is a constant related to the shape factor (0.94), λ is the X-ray wavelength used in the experiment,
B is the peak broadening at half maximum intensity in radians (taking into account the subtraction of
the experimental error of the measuring equipment, Bexp) and θ is the Bragg angle.

The percentage of lattice distortion or strain (ε), which is directly proportional to the residual
stress, was estimated from the difference between the measured lattice spacing and the bulk parameter
lattice spacing. The lattice parameter was calculated from the position of the (110), (200) and (111)
Bragg reflections in the XRD spectra. The morphology of the films was studied by means of scanning
electron microscopy (SEM, 6701F-JEOL, Tokyo, Japan) and the chemical composition was studied at
one spot, via an energy-dispersive X-ray system (Shimadzu EDX-720, Tokyo, Japan), which allowed
detecting elements from Na (Z = 11) to U (Z = 90). EDS spectra were collected from different locations
on a homogeneous zone, where each single scan area was approximately 10 × 10 mm2.

Hardness measurements were done with a CTER Nano-Micro nanoindenter (CTER, San Jose, CA,
USA). For the hardness test, a Berkovich diamond tip with a radius of 200 nm was used, applying a
maximum load of 10 μN in all samples in order to measure hardness (H) and reduced modulus (Er).
To separate the contributions of the substrate properties in the film measurements, the indentation
depth was below 10% of film thickness. From the reduced modulus, the elastic modulus of the film
was calculated using Equation (2) [18].

1
Er

=
(1 − ν2

f )

Ef
+

(1 − ν2
i )

Ei
(2)

where Er is the reduced modulus, Ei and νi are the elastic modulus (1140 GPa) and Poisson’s ratio
(0.07) of the Berkovich indenter, respectively and Ef and νf are the elastic modulus and Poisson’s ratio
(0.29) of the film, respectively.

The pin-on-disc method was carried out to determine the wear resistance. The test was done
using a CETR-UMT-2-110 tribometer (CTER, San Jose, CA, USA) with a stationary pin in air under
ambient laboratory conditions. A 6 mm diameter alumina ball was used under a normal load of 1 N
and 2 N and a sliding speed of 10 and 50 mm/s for 20 s. In order to obtain a stable coefficient of
friction value and determine the wear rate of the coatings, additional tests were carried out under
a load of 1 N at a speed of 10 mm/s for 10 min. The wear volume (Wv) of the films was calculated
according to ASTM G99-17 [19]. The wear track cross profile was measured at least four points of the
wear track with a Dektak 150 profilometer (Bruker, Billerica, MA, USA) in order to obtain an average of
the wear track width. After the test, the wear tracks were examined using a Bruker contour GT optical
profilometer. The wear products were chemically analysed using energy-dispersive X-ray spectroscopy
(EDS). The wear rate (Ws) was calculated according to Archard’s equation, Equation (3) [20], where F
is the normal load (N) and L is the sliding length (mm). The wear rate is reported in mm3/Nm.

Ws =
Wv

F·L (3)

The adherence of the coating was measured by means of the scratch test technique with a CSM
Instruments model Revetest Xpress. For the test, a progressive load was applied from 1 to 60 N. Then
the scratch tracks were characterized by means of optical microscopy in order to measure the critical
loads of the coatings.
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3. Results

The XRD patterns obtained for the stainless steel coatings deposited in an Ar atmosphere are
shown in Figure 1. A body-centred cubic structure can be seen, with mixed orientation, where the
peaks were indexed as (110), (200) and (211). The BCC phase is associated with the ferritic structure of
stainless steel, commonly obtained when the atmosphere of the sputtering process is composed only
of Ar, as has been found by other researchers [9–11]. Furthermore, peaks related to the presence of the
FCC structure of silver in Ar1Ag and Ar4Ag coatings can be seen [17,21,22]. In the XRD pattern of
the target, a face-centred cubic structure with mixed orientation can be seen, where the peaks were
indexed as (111), (200) and (220).

30 40 50 60 70 80
0

250

500

750

10000

250

500

750

10000

250

500

750

10000

250

500

750

1000

2θ (º)

 SS 316L

In
te

ns
ity

 (a
. u

.)

 Ar0Ag

 Ar1Ag

 

 Ar4Ag

S
S 

FC
C

(1
11

)
B

C
C

(1
10

) 

S
S 

(2
00

)

B
C

C
 (2

00
) 

S
S 

FC
C

(2
20

)

 B
C

C
 (2

11
)

A
g 

(1
11

)

 

Figure 1. X-ray diffraction (XRD) diffraction patterns of stainless steel coatings deposited in
Ar atmosphere.

Figure 2 shows the XRD patterns corresponding to the coatings deposited in the reactive
atmosphere (Ar + N2). A face-centred cubic (FCC) structure can be seen, with a (200) preferential
orientation in the sample without Ag (ArN0Ag), because the nitrogen tends to stabilize the FCC
structure by broadening the gamma loop in the iron-carbon equilibrium diagram, which has been
reported by other researchers [9–11]. However, with the addition of Ag, the (111) signal appears and
for the sample with highest Ag content (the ArN4Ag sample) the (111) orientation increases and the
(200) disappears. In other studies, it has been reported that the addition of high silver content to
different types of materials tends to increase the amorphization of the matrix, which can be attributed
to the interruption of the growth of the crystalline phase by the nucleation of Ag nanocrystals at the
grain boundaries [22–24].

Table 2 shows the results regarding the size of the crystallite, the percentage of deformation and
the lattice parameters. The coatings deposited in a nitrogen atmosphere have a smaller crystallite size
and higher values of deformation and lattice parameters. This could be attributed to the inclusion
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of nitrogen in the octahedral sites of the austenite lattice, generating a lattice distortion as well as
expansion of the FCC lattice [9,10,25,26].
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Figure 2. XRD diffraction patterns of stainless steel coatings deposited in Ar + N2 atmosphere.

Table 2. Results of the size of the crystallite (D), percentage of deformation (ε) and lattice parameter (a).

Coating Phase Reflection (h k l) D (nm) ε a (nm)

Ar0Ag BCC 110 15.45 0.10 0.288

Ar1Ag BCC 200
110

8.28
19.24

0.31
0.08

0.289
0.288

Ar4Ag BCC 110 16.46 0.09 0.287
ArN0Ag FCC 200 12.93 0.15 0.363
ArN1Ag FCC 200 9.69 0.19 0.363
AgN4Ag FCC 111 4.24 0.38 0.353

Figure 3 shows the surface morphology and cross section of the stainless steel coating with the
highest Ag content (sample Ar4Ag) deposited in an inert atmosphere, where a homogeneous surface,
without the presence of defects and a columnar structure that is in accordance with zone I of the
Thornton model [27] can be seen. Figure 4 shows the microstructure of the AgN4Ag sample deposited
in an atmosphere of nitrogen, in which is seen a more compact morphology with less columnar
structure, which could be associated with the T zone structure of the Thornton model [27]. This can
be attributed to a combination of the nitrogen in the plasma and the highest percentage of silver
deposited in this coating, which can be segregated at the grain boundaries and columns, interrupting
the columnar growth by decreasing the size and number of voids between the columns. Also, the Ag
phase is dispersed in the steel crystal, grain growth is inhibited and grain refinement is promoted [28].
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(a) (b) 

Figure 3. Scanning electron microscopy (SEM) micrographs of Ar4Ag films: (a) surface; (b) cross-section.

  
(a) (b) 

Figure 4. SEM micrographs of ArN4Ag films: (a) surface; (b) cross-section.

The chemical composition and the mechanic properties are shown in Table 3. The presence of
the elements Fe, Cr, Ni, Mn and Mo can be seen, which are commonly found in this type of coating.
In addition, there is a slight deviation with respect to the target’s chemical composition, due to the
difference in sputtering yield between its elements and because the pieces of Ag were added to the
surface of the target. Also, an increase in Ag up to 5.25 at.% and 13.06 at.% can be seen in the inert and
reactive atmospheres, respectively.

Table 3. Mechanical properties and chemical composition of deposited coatings.

Coating Hardness
(GPa)

Elastic
Module

(GPa)

H/E H3/E2 (GPa)
Chemical Composition (at.%)

Cr Fe Ni Mn Mo Ag

Ar0Ag 8.1 ± 0.8 211 ± 14 0.039 ± 6.4 × 10−5 0.012 ± 5.1 × 10−5 16.3 69.1 9.6 2.8 2.3 0.0
Ar1Ag 8.6 ± 0.4 210 ± 12 0.041 ± 4.2 × 10−5 0.014 ± 3.6 × 10−5 16.3 68.1 9.8 2.6 2.2 1.0
Ar4Ag 10 ± 0.5 242 ± 15 0.042 ± 4.7 × 10−5 0.018 ± 4.9 × 10−5 15.7 64.8 9.5 2.6 2.2 5.2

ArN0Ag 8.2 ± 0.3 187 ± 15 0.044 ± 5.1 × 10−5 0.016 ± 4.3 × 10−5 16.4 68.6 9.8 3.1 2.2 0.0
ArN1Ag 9.9 ± 0.3 196 ± 8 0.051 ± 3.6 × 10−5 0.025 ± 4.3 × 10−5 17.2 67.7 9.5 3.0 2.2 0.5
ArN4Ag 13.2 ± 0.5 214 ± 7 0.062 ± 4.4 × 10−5 0.050 ± 8.9 × 10−5 14.4 59.5 8.7 2.4 2.0 13.1

Target 316L – – – – 17.4 65.6 8.9 3.8 4.2 0.0
Substrate

316L 2.8 ± 0.3 189 ± 15 0.014 ± 2.7 × 10−5 0.001 ± 2.9 × 10−6 16.4 69.9 10.1 1.5 2.1 0.0

In Table 3, high values of hardness (values up to 8 GPa) also can be seen in the deposited coatings
in comparison with the substrate. However, there was no significant increase with the addition
of Ag. It can be seen that the hardness has higher values in the case of coatings produced in a
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reactive atmosphere, which can be attributed to the fact that the use of nitrogen tends to stabilize the
austenitic phase of stainless steels. There was an increase in the lattice parameter and the percentage of
deformation due to the supersaturation of nitrogen in the austenitic structure, also known as expanded
austenite [10]. Based on the Hall-Petch relation, the hardness can increase with the decrease of the
grain size and the increase in hardness is due to the effect of fine grain strengthening. On the other
hand, the results of the H/E and H3/E2 ratio, where H is the hardness and E the elastic modulus of the
coatings, indicate that the coatings with the highest silver content deposited in a nitrogen atmosphere
exhibited higher values of these ratios, indicating a highly elastic behaviour [29] and resistance to
plastic deformation [30].

Figure 5 shows the track obtained by means of the scratch test technique in coatings deposited in
the absence of nitrogen. In general, the coatings have good adherence without the formation of cracks
on the track; however, pile-up failure can be seen at the edges of the scratch. Also, a large part of the
material is dragged by the indenter and located on the sides of the track, which is associated with
stick-slip effects. Plastic deformation phenomena and material removal can be seen, mainly due to
micro-cutting mechanisms, with an absence of adhesive or cohesive faults [31,32]. Similar behaviour
is seen for the coatings deposited in the presence of nitrogen (see Figure 6). However, in the case of
the ArN4Ag coating, there is a severe case of spallation phenomena, which is characterized by large
regions of coatings with low adhesion forces, coating detachment, adhesive failure and the absence of
cohesive failure [33]. It was determined that the critical load (Lc) at which the failure occurred in this
coating was 2.81 N.

 
Figure 5. Micrographs of the wear track produced by the scratch tester in coatings deposited in an
inert atmosphere: (a,c) Ar0Ag film; (b,e) Ar4Ag film; (d) Ar1Ag film.

 

Figure 6. Micrographs of the wear track produced by the scratch tester in coatings deposited in a
reactive atmosphere: (a,d) ArN1Ag; (b,e) ArN4Ag; (c) ArN0Ag.

The coefficient of friction (COF) of the coatings is presented in Figure 7. The coefficient of friction
in the produced coatings was reduced in comparison with the substrate. It can be seen that there are
no significant changes in the COF value in the coatings deposited in the absence of nitrogen (Figure 7a).
As shown, the average COF of the film without Ag was 0.5 but a slight increase in the COF was
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observed with the change in silver content until it reached 0.54 for the Ar4Ag sample. On the other
hand, in the coatings deposited in a reactive atmosphere (Figure 7b), there was a tendency to decrease
the COF with an increase in the silver content. As shown, the average COF was 0.5. However, the
average COF for Ag films decreases gradually and reaches 0.35 in the ArN4Ag sample. This behaviour
can be attributed to a good solid lubricant, Ag, which allows lubricating the wear tracks of the coating
and friction pairs, so the sliding between the two surfaces tends to be facilitated, lowering the COF of
the film. The quality of silver as a solid lubricant depends on its ability to segregate and hold during a
certain number of cycles on the surface, so if the segregation of silver is low, the wear rate will not be
affected but if the segregation is high, the wear rate is influenced by the time it takes for the silver to
run out, since once exhausted the solid lubrication ability of the film is reduced and the surface has an
unstable porous structure, causing failure and an increase in the wear rate [15,16].

 
(a) (b) 

Figure 7. Values of coefficient of friction (COF) of the deposited coatings: (a) inert atmosphere;
(b) reactive atmosphere.

Figure 8 shows the results of the wear rate in the produced coatings. In general, the wear rates in
the produced coatings were reduced in comparison with the substrate, which is associated with the
significant increase in the hardness of the coatings. Coatings deposited in the presence of nitrogen had
lower values of wear rate, possibly attributable to the fact that this group has the highest values of
hardness and resistance to plastic deformation. However, it can also be seen that an increase in the silver
content in the film produced a higher value of the wear rate, possibly due to an increase in the fragility
of the material, loss of adhesion, Ag debris and Ag aggregates formed on the wear tracks. For example,
in DLC coatings doped with silver, similar results were found: a decrease in the rate of wear and COF
for silver contents between 4.3% and 10.6%. This was attributed to the presence of Ag nanograins,
while higher levels of Ag result in a detriment to the tribological properties of the coatings [34,35].
Therefore, Ag aggregates on the wear surface during the sliding process are forming an Ag layer on the
counterpart, which may be responsible for the increased wear rate in relation to the reference coating.
ZrN/Ag films also showed a decrease in the COF and an increase in the wear rate with a rise in the
amount of Ag [28,36]. With an increase in the Ag content in the film, a large amount of the soft Ag
phase in the film during the friction experiment is separated from the abrasive surface by the sliding of
the friction pair and wear is formed, resulting in the film’s wear rate increasing gradually with the Ag
content. However, due to the low shear strength of Ag, in the friction process Ag easily breaks away
from the wear surface with the friction of the sliding, thus forming debris, resulting in an increase in the
wear rate. In addition, more and more Ag diffuses to the surface as the ambient temperature increases,
forming voids inside the film which are easily worn under the pressure of the friction pair [28,35].
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(a) (b) 

Figure 8. Values of wear rate of the coating deposited: (a) inert atmosphere; (b) reactive atmosphere.

Figures 9 and 10 show the SEM images of the worn surfaces for samples without Ag and those
with higher Ag content and Table 4 shows the chemical composition through EDS of the wear tracks.
A mechanism of oxidative wear can be seen for all coatings. This tribo-film is characterized by the
presence of oxidized residues on the worn surface, as well as the presence of some scratches and
residues of Ag, causing abrasion wear mechanisms [36]. Tribooxidation was a general phenomenon in
the wear test at room temperature.

  
(a) (b) 

Figure 9. SEM images of wear tracks of coatings deposited in inert atmosphere: (a) sample Ar0Ag;
(b) sample Ar4Ag.

  
(a) (b) 

Figure 10. SEM images of wear tracks of coatings deposited in a reactive atmosphere: (a) ArN0Ag
sample; (b) ArN4Ag sample.
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Table 4. Results by means of the energy dispersive X-ray spectroscopy (EDS) analyses of wear tracks.

Coating
Chemical Composition (at.%)

Fe Cr Ni O Mn Al Ag

Ar0Ag 55.0 13.3 6.3 24.1 0.4 1.0 –
Ar4Ag 40.3 10.1 5.0 42.6 0.3 – 0.3

ArN0Ag 48.2 12.4 6.1 32.8 0.5 – –
ArN4Ag 32.8 8.5 3.9 52.6 0.3 – 1.9

The coatings deposited in the reactive atmosphere (Figure 10) exhibited greater evidence of
oxidative wear, according to the results of the EDS analysis (Table 4), where high percentages of
oxygen can be seen in the evaluation of the chemical composition carried out on the wear tracks [25].
The plastic deformation and oxidative wear in these films can generally be attributed to the high
concentration of pressure on the surface, causing a local increase in temperature, thus generating
oxidation processes during wear [17]. However, delamination occurred in the coatings with a high
silver content (Figure 10b). The delamination behaviour of coatings doped with Ag has been reported
in other investigations for high silver contents (13.1 at.%) [16,35,36].

4. Conclusions

Stainless steel coatings with varying Ag contents were deposited in inert (Ar) and reactive (Ar and
N2) atmospheres by means of magnetron sputtering and their structural, mechanical and tribological
properties were studied. The study concludes the following:

BCC and FCC microstructures were exhibited by the coatings deposited in inert and reactive
atmospheres, respectively. As for coatings deposited with silver, the FCC structure of silver was also
evident. The coatings deposited in a nitrogen atmosphere and with a higher amount of Ag had a
smaller crystallite size and higher values of deformation and lattice parameter.

Nanohardness values up to 8 GPa were obtained for the stainless steel coatings, corresponding to
a significant increase in the hardness compared to the hardness of the AISI 316L steel used as substrate.
The coatings with Ag and deposited in a reactive atmosphere exhibited a higher degree of hardness,
which can be attributed to the fact that the use of nitrogen tends to stabilize the austenitic phase of
stainless steel and cause an increase in the lattice parameter and the percentage of deformation, due to
the supersaturation of nitrogen in the austenitic structure.

The COF in the produced coatings was reduced in comparison with the substrate. In the coatings
deposited in a reactive atmosphere, there was a tendency to decrease the COF with an increase in
silver content. This behaviour can be attributed to a good solid lubricant, Ag, which allows lubrication
of the wear tracks of the film and friction pairs, so that the sliding between the two surfaces tends to
decrease the friction coefficient of the coating.

Finally, the wear rates in the produced coatings were reduced in comparison with the substrate,
which is associated with the significant increase in the hardness of the coatings. The coatings deposited
with lower Ag content (Ar0Ag and ArN0Ag) have a lower value of the wear rate. The decrease in the
wear resistance with the increase of Ag is possibly due to an increase in the fragility of the material,
loss of adhesion, Ag aggregates, or debris formed on the wear track.
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Abstract: VCN–Cu films with different Cu contents were deposited by reactive magnetron
sputtering technique. The films were evaluated in terms of their microstructure, elemental
composition, mechanical, and tribological properties by X-ray diffraction (XRD), energy-dispersive
X-ray spectroscopy (EDS), high resolution transmission electron microscopy (HR-TEM),
Raman spectrometry, nano-indentation, field emission scanning electron microscope (FE-SEM),
Bruker three-dimensional (3D) profiler, and high-temperature ball on disc tribo-meter. The results
showed that face-centered cubic (fcc) VCN, hexagonal close-packed (hcp) V2CN, fcc-Cu, amorphous
graphite and CNx phases co-existed in VCN–Cu films. After doping with 0.6 at.% Cu, the hardness
reached a maximum value of ~32 GPa. At room temperature (RT), the friction coefficient and wear
rate increased with increasing Cu content. In the temperature range of 100–500 ◦C, the friction
coefficient decreased, but the wear rate increased with the increase of Cu content.

Keywords: VCN–Cu films; microstructure; mechanical; friction property; wear property

1. Introduction

Transition metal nitride (TMN) nanocomposite films, exhibiting a good combination of mechanical,
chemical, and wear resistance properties [1–3], have been widely used in many fields (molds,
cutting tools, engine parts, etc.) for surface strengthening [4,5]. Vanadium nitride (VN) films
are a good alternative for their more common TiN, ZrN, and CrN counterparts [6–9], due to
enhanced selflubricating ability [10]. In our previous study [11], a series of VCN films with different
carbon content were deposited onto a Si substrate using the reactive magnetron sputtering method.
The mechanical and room temperature tribological properties of VN-based films can be improved
greatly by doping with carbon. For example, the hardness of VCN films reached 33 GPa [12], being
higher than that of binary VN (~20 GPa) and VC (20–22 GPa) films [13], the room-temperature
tribological properties reached the lowest value of 0.22 [12], being lower than VN (~0.47) and VC
(~0.35) films [13]. However, at medium temperature, the friction coefficients were still relatively high
and this would limit its further application.

Recently, TMN nanocomposite films containing soft metals (such as copper and silver) have been
a hot topic due to their potential applications in different fields, such as wear, friction, corrosion
protection, medicine, optics, and so on. Much research focuses on the nitrides, carbides, and
oxides of transition metals in copper doping, mainly studied their tribological properties [1,5,14].
Besides, some researchers also have conducted a thorough study on wear [15,16]. Although at room
temperature, the available results regarding the effect of soft metal Cu on the friction properties and
wear of thin films are rather contradictory [1,5,12]. The incorporation of Cu was shown to be an effective
approach to reduce friction, especially for elevated temperature. For instance, Suszko et al. [5] deposited
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Mo2N–Cu nanocomposite films to study the effect of copper on the tribological properties in the range
of 25–400 ◦C. They found that, after adding some Cu, the friction coefficient of Mo2N film was reduced
obviously in the temperature range of 200–400 ◦C. Yu et al. [17] prepared W2N–Cu films and studied
the effect of Cu content on the tribological properties in the temperature range of 25–600 ◦C. They found
that the incorporation of Cu could improve the friction coefficient of W2N film in this temperature
range. Therefore, the incorporation of soft phased Cu into VCN films is an effective method to improve
the medium-temperature tribological properties.

To the best of our knowledge, VCN–Cu coatings were not investigated to date. Therefore, the
present study aimed at preparing, characterizing, and investigating the tribological properties from
25 to 500 ◦C of VCN–Cu films. To understand processes that are involved into friction and wear
of VCN–Cu films, the effect of Cu on the microstructure, Micro-hardness and residual stress of the
prepared VCN films was thoroughly studied.

2. Experimental Details

2.1. Preparation of Films

VCN–Cu composite films with a thickness of about 2 μm were deposited on 304 stainless steels
and Si (100) wafers using a multi-target magnetron sputtering system (JGP-450, SKY, Shenyang,
China). Water-cooled 75-mm-diameter V (99.9%), C (graphite) (99.9%), and Cu (99.99%) targets were
corresponding installed in three cathodes. Si (100) wafers were used as substrate materials for structural
and mechanical investigations. Stainless steel 304 (15 mm × 15 mm × 2 mm) were used as substrate
materials for dry sliding ball-on-disk tests. The 304 stainless steel were polished with sandpaper and
soft cloth used to clean the surface to removed residual scratches. Before being placed on the substrate
holder in the chamber, the substrates were cleaned with successive rinses in ultrasonic baths of acetone
and alcohol, and blown dry with dry air. The base pressure was 6.0 × 10−4 Pa before deposition.
Just prior to initiating deposition, 10 min sputter clean of the targets and 15 min deposition of V
(target power, 200 W) were conducted in a pure Argon atmosphere as the transition layer to confirm
a good adhesion force of the films. Then, VCN–Cu films with various Cu content were achieved by
fixing the powers of V target at 200 W and C (graphite) target at 90 W and adjusting the power of
Cu target from 0 to 25 W. The target-substrate distance was 78 mm with no substrate bias voltage,
no substrate temperature and a constant working pressure (0.3 Pa) with the same ratio of Ar and N2

flow rates (10:7) in a radio-frequency magnetron sputtering system. Detailed preparation parameters
in Table 1.

Table 1. The preparation parameters of VCN–Cu composite films.

VCN–Cu Composite Films Experimental Parameters

Base pressure <6.0 × 10−4 Pa
Total pressure 0.3 Pa
Ar flow rate 10 sccm
N2 flow rate 7 sccm

Base rotation speed 3 r/min
V target power 200 W
C target power 90 W

Cu target power 0 W, 10 W, 15 W, 20 W, 25 W
Negative bias of the substrate –

Deposition temperature Room temperature
Deposition time 2 h

2.2. Characterization of the Films

The phases of VCN–Cu films were explored by X-ray diffraction (XRD, Shimazu-6000, Shimadzu,
Kyoto, Japan) with a Cu Kα source, operated at 40 kV and 35 mA with a scanning speed was
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4◦/min. The average grain crystal size (Dc) of VCN–Cu was calculated by Debye-Scherer, as seen in
equation [18]:

Dc =
0.89λ

B cos θ
(1)

where λ is X-ray wavelength, B is full width at half maximum (FWHM) of diffraction peak and
θ represents the diffraction angle. The diffraction profiles were corrected for the instrumental
broadening using an alumina sample, which had large crystallites and were free from the defects.
The cross-sections of the films were observed by a field emission scanning electron microscopy (FE-SEM,
Merlin Compact-6170, ZEISS, Jena, Germany). A high-resolution transmission electron microscopy
(HR-TEM, JEOL JEM-2010F, JEOL, Tokyo, Japan) that was operated at an accelerating voltage of 200 KV
and energy dispersive spectroscopy (EDS) on an EDAX-DX-4 energy dispersive analyzer were used to
characterize the crystallinity, microstructure, and elemental composition of the film. A micro-Raman
spectrometer (inVia*, Renishaw, Gloucestershire, UK) having a 514.5 nm Ar+ laser as an excitation
source with back scattering geometry was used in recording Raman spectra at room temperature.

Hardness of the films were determined by nano-indenter CPX + NHT2 + MST (CSM, Peseux,
Switzerland) equipped with a diamond Berkovich indenter tip (3-side pyramid). In order to minimize
the substrate’s influence on the hardness of the films, a maximum load of 3 mN was used to meet the
d/h < 0.1 criterion (where d and h are the indenter penetration depth into the film and the film thickness,
respectively) using an automatic indentation mode that was programmed to place indentations in a
3 × 3 array. Nine points were selected for each sample and averaged. An automatic indentation mode
programmed to place indentations in a 3 × 3 array. Each sample was tested three times. Fused silica
was used as a reference sample for the calibration before indents were made.

The tribological properties were conducted along a circular track (diameter: 8 mm) against Al2O3

counterpart (diameter: 9.38 mm) for 30 min. A constant speed of 50 rpm was maintained with a normal
load of 3 N in an atmosphere with a relative humidity of about 25%–30%. The temperature was fixed
at 25, 100, 200, 300, 400, and 500 ◦C, respectively. Friction tests were performed three times under the
same conditions for the same batch of samples, and the accuracy of the experiment was confirmed
based on the repeatability of the experimental results. Thereafter, a profilometer (Bruker DEKTAK-XT,
Billerica, MA, USA) was used to determine wear volume loss of the films (V) through examining the
worn tracks. In order to calculate the wear rates (W) of the as-deposited films, an Archard’s classical
wear equation [19] was listed as follows:

W =
V

S × L
(2)

here S represents the sliding distance, L is the loading force, and V is wear volume. After wear tests,
the wear tracks were also detected by XRD (Shimazu-6000, Shimadzu, Kyoto, Japan). A spot size of
1.0 mm was fixed on the wear track, which was less than the wear track width, hence our ability to
probe the wear track with the XRD.

The average stress σ in the films was determined by means of Stoney’s formula [20] (Equation 3).

σ =
Est2

s

(
1
r − 1

R

)

6(1 − Vs)tf
(3)

where the subscript S refers to the substrate, ES and VS are Young’s modulus and Poisson’s ratio of
silicon substrate, respectively, tf and ts are thicknesses of film and substrate, respectively, R and r are
the substrate curvature radii of the original Si wafer and the coated Si wafer, which was determined by
measuring the curvature of the silicon wafer before and after deposition by Bruker three-dimensional
(3D) Profiler (Bruker DEKTAK-XT, Bruker, Billerica, MA, USA).
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3. Results and Discussion

3.1. Composition and Phase Structure

The chemical composition of the VCN–Cu composite films with varying Cu target powers are
summarized in Table 2. As listed, an increase in Cu target power from 0 to 25 W have a corresponding
increase in Cu, while the relative content of V and C decreases but the content of N remains relatively
uniform (~50 at.%.) irrespective of the Cu target power. The accuracy of the carbon and nitrogen
content is limited by the EDS method.

Table 2. The composition of VCN–Cu films.

Power of Copper Target (W)
Chemical Composition (at.%)

V C N Cu

0 31.5 ± 2.2 16.9 ± 0.7 51.6 ± 2.8 0
10 31.2 ± 2.0 16.7 ± 0.7 51.5 ± 2.7 0.6 ± 0.1
15 30.6 ± 1.9 16.6 ± 0.6 51.1 ± 2.5 1.7 ± 0.2
20 26.9 ± 1.8 13.9 ± 0.5 50.7 ± 2.5 8.5 ± 0.3
25 24.3 ± 1.6 12.6 ± 0.4 49.9 ± 2.4 13.2 ± 0.4

XRD patterns of VCN–Cu films with different Cu contents are presented in Figure 1. As shown,
XRD patterns of VCN–Cu films with different Cu contents are presented in Figure 1. As shown, for VCN
film, three peaks are detected, which are corresponding to the face-centered cubic (fcc) VN (111) (JCPDF
35-0768), hexagonal close-packed (hcp) V2N (111) (JCPDF 32-1413) and fcc-VN (220) (JCPDF 35-0768),
where some N atoms in VN and V2N lattices are replaced by C atoms. The incorporation of Cu does
not change the crystal structure. The preferred orientation of the films is (111). Moreover, no diffraction
peaks corresponding to Cu and Cu compounds are detected. We utilized other characterization
techniques to analyze the Cu phase in this paper later. A contribution to the shift of peaks, maybe due
to the compressive stress in the VCN–Cu films [21].
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Figure 1. X-ray diffraction (XRD) patterns of VCN–Cu films with different Cu contents.

In order to obtain further information about the carbon containing phase, the Raman spectrum
test of VCN–Cu films are conducted, and the results are shown in Figure 2. As shown, a resolved peak
located at 1560 cm−1 can be ascribed to the G (graphitic) absorption band of carbon [22]. Two peaks
are detected at 1506 cm−1 and 1720 cm−1, which are associated with C–N and C=N absorption bands
of CNx [23]. The formation of amorphous will produce higher interface energy. When compared with
amorphous graphite, VCN solid solution are more easily formed under the same conditions due to
the minimum energy principle. After the solid solution are saturated, amorphous graphite phases
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begin to form. As shown in Table 2, the V:C ratio is always about 2:1, and the G (graphitic) absorption
peak detected in Figure 2 represents that the VCN solid solution have already been saturated at
0 at.% Cu. Therefore, as the Cu content increases from 0 at.% to 13.21 at.%, the Raman peaks do not
change significantly.
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Figure 2. Raman Patterns of VCN–Cu composited films with different Cu contents.

In order to further confirm the state of Cu in the VCN–Cu films, TEM, HR-TEM images
and corresponding selected area electron diffraction (SAED) patterns of VCN–1.7 at.% Cu and
VCN–13.2 at.% Cu films are shown in Figures 3 and 4.

As shown in Figure 3a,b, three sets of lattice fringes with lattice spacing of about 0.240, 0.218 and
0.208 nm (standard value: d(fcc-VN (111)) = 0.238 nm; d(fcc-V2N (111)) = 0.215 nm; d(fcc-Cu (111)) = 0.208) are
observed, which is corresponding to fcc-VCN (111), hcp-V2CN (111), and fcc-Cu (111). Figure 3c is
selected area electron diffraction (SAED) pattern of VCN–1.7 at.% Cu film, showing fcc-VCN (111),
hcp-V2CN (111), fcc-Cu (111), and fcc-VCN (220) diffraction rings.

 

Figure 3. (a) Selected area electron diffraction (SAED) pattern and (b,c) high resolution transmission
electron microscopy (HR-TEM) observations of VCN–1.7 at.% Cu film.

As shown in Figure 4a, the VCN–Cu film exhibits a columnar crystal texture, also showing that
the adding Cu particles are well dispersed in the film. Fast Fourier Transform (FFT) are carried out
on the film in Figure 4b. The lattice fringes with lattice spacing of 0.208 and 0.240 nm are detected,
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these value are almost the same as the calculated HR-TEM value for fcc-Cu (111) and fcc-VCN (111).
Ezirmik et al. [24] prepared CrN–Cu composite films found that crystalline Cu distributed in the grain
boundary of the CrN film.The corresponding SAED pattern in Figure 4c also show the diffraction rings
of fcc-VCN, hcp-V2CN, and fcc-Cu. Thus, Cu probably distributed in the VCN grain boundaries in
this study.

 

Figure 4. (a) TEM, (b) SAED pattern, and (c) HR-TEM observations of VCN–13.2 at.% Cu film.

Based on the classical Debye-Scherer equation, the average grain sizes were calculated according
to the values of λ and B listed in Table 3. Three measurements were made for each value. The results
are shown in Figure 5, the grain size of VCN–Cu decreases gradually with the increase of Cu content,
and reached a minimum value of 11.65 nm at 13.2 at.% Cu. This is due to VCN grains are forced
to re-nucleate on the top of Cu and the presence of Cu in the grain boundaries could also inhibit
the VCN grains growth [5,25]. In Figure 1, the Cu phase was not detected even at the highest Cu
content of 13.2 at.% , which is due to the large number of small sizes of Cu grains dispersed in the
film. For XRD, it is not enough to meet the crystallographic plane of the Bragg condition. But, in the
Figure 3a, the diffraction ring of Cu can be detected even with 1.7 at.% Cu.

Table 3. The values of λ and B obtained from XRD patterns.

Cu Content λ (nm) BVN (111) (◦)

0 at.%

0.154

0.400 ± 0.002
0.6 at.% 0.448 ± 0.003
1.7 at.% 0.534 ± 0.002
8.5 at.% 0.619 ± 0.001
13.2 at.% 0.713 ± 0.002

Figure 5. Grain sizes of VCN–Cu composite films with different Cu contents.
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Based on the analysis of XRD, Raman, and HR-TEM, the VCN–Cu films consist of fcc-VCN,
hcp-V2CN, fcc-Cu phase, and amorphous graphite and CNx phase. Besides, the Cu particles are
disperse in the films.

3.2. Mechanical Properties

The hardness (H) and residual stress (σ) of VCN–Cu films with different Cu contents are shown in
Figure 6. The H of ternary VCN film is 28.0 GPa. The hardness increases slightly then decreases with
a maximum value of 32 GPa at 0.6 at.% Cu. Meanwhile, the residual stress increases then decreases
with a maximum value of −1.94 GPa at 0.6 at.% Cu (the negative sign indicates that the residual stress
is compressive).

According to the analysis of microstructure, VCN (HVN: ~21 GPa [26]), V2 CN (HV2 N: 25 GPa [26]),
Cu (3 GPa [5]), graphite C (2 GPa [4]), and CNx (15.8 GPa [27]) consist in VCN–Cu films. With the
increase of Cu content, the Cu phase increases while other phases decrease per unit area.

There are several models that can probably affect the hardness: solid solution strengthening,
“Hall-Patch” relationship (refined crystalline strengthening), stress intensification, dispersion
strengthened, and so on. As the content of Cu was 0 at.%, the hardness of VCN in this study are
higher than that of VN. The reason is that the solid solution leads to lattice distortion which formed
the alternating stress field, thus bring a higher hardness. Since the C has reached saturation at 0 at.%
Cu, the effect of solid solution strengthening on all types of VCN–Cu films is the same. As the content
of Cu reaches 0.6 at.%, the hardness enhancement was mainly attributed to the effect of fine grain
strengthening and residual stress [5,27]. At this point, the compressive stress reaches the maximum
value of −1.94 GPa. As the content of Cu continue increase to 13.2 at.%, the decrease of hardness
is mainly due to a drop of VCN and V2CN phases and compressive stress value, and a rise of low
hardness soft Cu phase. All of these factors simultaneously resulted in a decline in the hardness of
films. However, Cu particles are well disperse in the VCN matrix, but the movement of dislocations
cannot be impeded due to softer Cu phase, thus the dispersion strengthened mechanism fail to apply
in our paper [17,28].
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Figure 6. Micro-hardness and stress of VCN–Cu composite films with different Cu contents.

3.3. Friction and Wear Properties

3.3.1. Friction and Wear Properties at Room Temperature

Figure 7 shows the average friction coefficients and wear rate of VCN–Cu films with different
Cu contents at room temperature. As shown, the average friction coefficient and wear rate of VCN
film are ~0.42 and 0.193 × 10−7 mm3·N−1·m−1. With the increase of Cu content, the average friction
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coefficient, and wear rate increase gradually. As the content of Cu is 13.2 at.%, the friction coefficient
and wear rate reach the maximum values of 0.63 and 1.21 × 10−7 mm3·N−1·m−1, respectively.

At room temperature, the relatively high CoF of the Cu-doped VCN films can be explained by
the decrease of V and C content, which provide the lubrication phase. The wear rate of the films are
mainly affected by its mechanical properties [5,28]. The decrease of the hardness of the film would
lead to the increase of the contact area between the film and the friction pair. This subsequently causes
the deformation of the film and shearing to form wear debris. Then wear rate increase [29,30]. Besides,
the addition of copper weakens the bonding strength between grains. Zhang et al. [31] had reported
that the surface of the film tended to produce physical adsorption and leaded to the falling off of
the other nanoparticles with the increase of Cu. The falling spherical particles roll on the friction
surface to cause abrasive wear and increased the wear rate. The more Cu added, the easier it is to form
abrasive wear.
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Figure 7. Average coefficient curve and wear rate of VCN–Cu films with different Cu contents at RT.

3.3.2. Friction and Wear Properties at Elevated Temperature

The friction coefficients and wear rates of VCN, VCN–1.7 at.% Cu and VCN–13.2 at.% Cu films
in the temperature range of 100–500 ◦C are presented in Figure 8. As shown, as the temperature is
constant, the friction coefficient decreases, but the wear rate increases with the increase of Cu content.
As Cu content is constant, the friction coefficient first increases and then decreases while the wear rate
increases with the increase of the temperature.
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Figure 8. (a) Friction coefficient and (b) wear rate of VCN–Cu films at different temperatures.
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The XRD patterns of the wear track after sliding at different temperatures are shown in Figure 9.
As shown in Figure 9a, Cu and CuO are detected in all the test samples, but VO2 and CuxO are only
detected at 400 ◦C. At 500 ◦C, V2O5 is also detected. As shown in Figure 9b, at 500 ◦C, V2O5 and VO2

are detected for VCN film. Besides, CuxO and Cu are also detected for VCN–Cu films. In addition,
with the increase of Cu content, the peak intensities of the V2O5 and VO2 decrease, the peak intensities
of CuxO and Cu increase. This suggests that the content of V2O5 and VO2 phases on the wear track
decrease and the content of CuxO and Cu increase.

In order to study the effect of oxides on the tribological properties at different temperatures,
the relative content of phases existed in the films are calculated by using “Adiabatic method” [17].
The results are shown in Figure 10. As shown in Figures 9a and 10a, the content of (VCN + V2CN)
decreased, while the content of Cu, CuO, VO2, CuxO, and V2O5 increase gradually with the increase
of the temperature. As shown in Figures 9b and 10b, the content of CuO and CuxO obviously increase,
while the content of VO2 and V2O5 decrease gradually.
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Figure 9. XRD patterns of VCN–13.2 at.% Cu composite films after sliding (a) at different temperatures
and (b) VCN–Cu composite films after sliding at 500 ◦C.
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Figure 10. Oxide-content of VCN–13.2 at.% Cu composite films after sliding (a) at different
temperatures and (b) oxide-content of VCN–Cu composite films after sliding at 500 ◦C.

As the testing temperature increased, the water vapor in the environment disappeared, and C
and CNx phase generated CO2 [32]. The increase in friction coefficient between 25 and 300 ◦C was
mainly due to the sp2 structure of C been gradually destroyed leading to the disappearance of their
role as solid lubricant, combined with the disappearance of the adsorption on the films surface [17,32].
Meanwhile the content of Magneli phase V2O5 is relatively low, hence, cannot effectively reduce
the friction. Between 300 and 500 ◦C, the friction coefficient of VCN–Cu composite films decrease
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significantly. The content of Magneli phases V2O5 and VO2 [33] increase enough to reduce the friction
coefficient. In addition, Erdemir et al. [34] pointed out that when the oxides were more than one in
the high-temperature friction system, the larger difference in the ionization potential of the oxides,
the better lubrication effect. The ionization potentials of CuO and V2O5 are 2.74 [29] and 8.4 [34].
The difference between CuO and V2O5 could decrease the friction coefficient of the films. The increase
of wear rate is mainly due to the metal adhesive that was caused by copper on the surface [17,31],
the increase of oxides (CuOx and VOx), which can be worn away easily by the counterpart during the
wear test due to its low shear strength.

The SEM images of the wear track of VCN and VCN–13.2 at.% Cu films at 300 and 500 ◦C are
presented in Figure 11. When compared with 300 ◦C, the wear scars of the films become wider and
deeper after sliding at 500 ◦C. At high temperatures, oxidation of the film is intensified and some wear
debris (particles) are found in the wear track. When compared with VCN, more furrows and deeper
wear marks are observed for VCN–Cu film at the same temperature.

 
(a) (b)

 
(c) (d)

Figure 11. SEM images of the wear tracks of VCN–13.2 at.% Cu and VCN films at different temperatures:
(a) VCN–Cu, 300 ◦C; (b) VCN–Cu, 500 ◦C; (c) VCN, 300 ◦C; (d) VCN, 500 ◦C.

4. Conclusions

In summary, VCN–Cu film was deposited using reactive magnetron sputtering:

• VCN–Cu films were consisted of a mixture of fcc-VCN, hcp-V2CN, fcc-Cu, amorphous graphite
and CNx phase.

• The hardness of VCN–Cu films first increased and then decreased with the increase of Cu content.
• At room temperature, the friction coefficient and wear rate increased with an increasing

Cu content.
• In the temperature range of 100–500 ◦C, the friction coefficient of VCN–Cu film was lower than

VCN film, while the wear rate showed the opposite trend. The incorporation of Cu improved the
friction properties, but failed to improve the wear resistance.
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Abstract: The increasing demands of environmental protection have led to solid lubricant coatings
becoming more and more important. A new type of MoS2-based coating co-doped with Cu and Al
prepared by magnetron sputtering, including Cu/MoS2 and Cu-Al/MoS2 coatings, for lubrication
applications is reported. To this end, the coatings were annealed in an argon atmosphere
furnace. The microstructure and the tribological properties of the coatings prior to and following
annealing were analyzed using scanning electron microscopy, energy dispersive spectrometry, X-ray
diffractometry (XRD) and with a multi-functional tester for material surface properties. The results
demonstrated that the friction coefficient of the Cu/MoS2 coating was able to reach as low as 0.07,
due to the synergistic lubrication effect of the soft metal Cu with MoS2. However, the wear resistance
of the coating was not satisfied. Although the lowest friction coefficient of the Cu-Al/MoS2 coatings
was 0.083, the wear resistance was enhanced, which was attributed to the improved the toughness
of the coatings due to the introduction of aluminum. The XRD results revealed that the γ2-Cu9Al4
phase was formed in the specimen of Cu-Al/MoS2 coatings. The comprehensive performance of the
Cu-Al/MoS2 coatings after annealing was improved in comparison to substrate heating, since the
heat-treatment was beneficial for the strengthening of the solid solution of the coatings.

Keywords: Cu/MoS2 coatings; Cu-Al/MoS2 coatings; tribological properties; annealing treatment;
γ2-Cu9Al4 phase

1. Introduction

The typical materials that can be used as solid lubrication coatings are mainly soft metals
(Au, Ag, Cu, Pb), metal compounds (metal oxides, metal halides, metal sulfides, metal selenides),
organic materials (Polytetrafluoroetylene, Polyethylene, Polyamide) and et al [1–4]. Among all the
metal sulfide systems (FeS, WS2, MoS2, ZnS), MoS2 is widely used, due to its excellent lubricating
properties. The excellent lubrication performance of MoS2 is due to the hexagonal crystal structure of
the corresponding layer. MoS2 exhibits strong chemical bonds within the layers (Mo-S bonds) and
weak Van der Waals bonds between individual MoS2 layers, which cause it to have an anisotropic
characteristic. Furthermore, the anisotropy of its crystal structure can improve its load capacity,
because the edge planes of MoS2 have high reactivity and hardness [5]. Conversely, as is commonly
known, the usage environment has a significant effect on the performance of MoS2-based lubricating
coatings; for example, the service temperature [6], the humidity [7] and the contact load [4] will all
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affect the service life of MoS2-based lubricant coatings. To improve the comprehensive performance
of MoS2-based coatings, a large amount of research has already been conducted. The Physical Vapor
Deposition (PVD) method is one of the most efficient methods for preparing MoS2-based lubricant
coatings. Experimental results reveal that metal doping presents a simple and economical method of
improving the comprehensive properties of MoS2-based coatings. It is generally believed that doped
soft metals, such as Au [8–10] and Pb [11,12], can reduce the friction coefficients of coatings due to
the synergistic lubrication effects, while such coatings have the disadvantage of poor wear resistance.
In contrast, the co-doping of metals such as Ti [13,14], Ni [15], Cr [16,17], Al [10,18], Zr [19], Nb [20]
and Mo [21] would be appropriate for reducing the friction coefficient and improving the mechanical
properties of the coatings. Complementary multi-metal properties can be achieved by using magnetron
co-sputtering, which makes up for the deficiency of single-metal. Therefore, there is great potential
value in research into the coatings of binary metal co-doped MoS2. Until recently, few studies had been
carried out on the preparation of MoS2 composite coatings through binary metal co-doping. ILIE [21]
studied the MoS2/(Ti, Mo) composite coatings through Ti-Mo co-doping, and found that the apparent
scratches occurred during wear testing, and the overall performance was worse when compared to
MoS2/Ti, indicating that the addition of Mo did not improve the friction properties of the coatings.
Ren and co-workers [22] fabricated MoS2-based coatings by means of the co-sputtering of Pb-Ti,
one soft and one hard material, and determined that the surface roughness of the coatings decreased
as the Pb content increased. Additionally, the microstructure of cross-section turned from porous
columnar into the dense amorphous. The hardness and elastic modulus of the coatings decreased as
the Pb content increased, and the tribological properties were improved. Adversely, Pb is an element
that causes environmental problems, while the processing of Ag and Au is not easy to control for a
high sputtering yield. Since copper and copper alloys are known to be good lubricant additives [23,24],
Cu was selected to be the soft metal incorporating into MoS2, with a view to the practical application
of the lubricant coatings. In terms of the strengthening and potential oxidation resistance at higher
ambient temperature of the solid solutions, Al was selected as a binary metal for doping into MoS2.
For the purposes of thermal stress reduction and the improvement of the surface uniformity of the
coatings, subsequent annealing of the coatings was performed.

Firstly, a series of Cu-MoS2 coatings was prepared by co-sputtering under various power values of
the Cu target. Through the optimization of the process parameters, the Cu-MoS2 coatings with superior
tribological properties were obtained. Subsequently, the co-sputtered Cu-Al/MoS2 coatings were
prepared to further optimize the MoS2-based coating process. Finally, the prepared composite coatings
were annealed under argon atmosphere to obtain superior tribological properties. Through this process,
Cu-Al/MoS2 composite coatings with a new composition system were discovered. The optimal process
parameters of the composite coatings were obtained based on the analysis of the relationship between
the microstructure and the tribological properties.

2. Materials and Methods

2.1. Preparation of Coatings

The composite lubrication coatings were deposited by a DEER DE500 magnetron sputtering
system. A Φ50 mm target of Al (99.999%) and a Φ50 mm target of Cu (99.995%) with direct current
(DC) sputtering power, as well as a Φ50 mm target of MoS2 (99.99%) with radio frequency (RF) power
had been used. The coatings were deposited on polished SUS 201 steels and single-crystal silicon
wafers synchronously. The test steels of 20 × 20 × 1 mm3 in dimensions were designed for friction
tests. In addition, the steel had an uncoated average roughness (Ra) below 24 nm (mirror finish) and a
hardness of 30 HRC. The silicon wafers were used for structural analysis. The substrates were initially
cleaned ultrasonically in acetone and an alcohol bath for 20 min, consequently rinsed in deionization
water, as well as dried under nitrogen and placed in the vacuum chamber. Prior to coating deposition,
an aluminum intermediate layer of approximately 35 nm in thickness was deposited on the substrate.
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Then deposition of the main bulk of the MoS2-based coatings was performed for 3 h. The base pressure
in the sputter chamber was about 5 × 10−4 Pa and the working pressure was 1 Pa. Argon was utilized
as the working gas for sputtering. The target-substrate distance was 16 cm and the substrate rotation
speed was 5 rpm. As presented in Table 1, a series of MoS2-based coatings was prepared by adjusting
the power values of the Cu and Al target, while the power values of the MoS2 target was retained
at 100 W. To improve the bonding force between the substrate and the coating, various substrate
temperatures were also utilized in preparing the coatings.

Table 1. Parameters for fabrication of MoS2-based composite coatings.

Sample No
Target Power/W

Substrate Heat Temp./◦C
MoS2 Cu Al

Cu5 100 5 0 Unheated
Cu10 100 10 0 Unheated
Cu20 100 20 0 Unheated
Cu40 100 40 0 Unheated
Cu50 100 50 0 Unheated
Cu60 100 60 0 Unheated

Cu10(100 ◦C) 100 10 0 100
Cu10(200 ◦C) 100 10 0 200

Cu5Al5 100 5 5 Unheated
Cu5Al10 100 5 10 Unheated
Cu10Al5 100 10 5 Unheated
Cu10Al10 100 10 10 Unheated

Cu5Al5(100 ◦C) 100 5 5 100
Cu5Al5(200 ◦C) 100 5 5 200

2.2. Annealing of Coatings

It is generally recognized that post-annealing release of residual stress of the coatings [25], without
significant phase and lattice constant changes in the as-deposited coatings, even subsequently to
annealing under vacuum at higher temperature [26]. Adversely, the results in [27] demonstrated that
the MoS2 layers became crystalline following annealing at approximately 350 ◦C. In order to observe
the effect of annealing temperature on the Cu-Al/MoS2 composite coatings properties, the coatings
were annealed at 300 ◦C, 400 ◦C and 500 ◦C under argon atmosphere based on the phase diagram of
Cu-Al [28]. The chamber of controlled atmosphere furnace was evacuated down to a residual pressure
of 3 Pa and consequently was purged with argon to remove oxygen. These processes were repeated
three times. The argon pressure during annealing was 0.06 MPa. The heating rate was 5 ◦C/min and
the holding time was 2 h. Finally, the coatings were cooled down to the room temperature while the
furnace was turned off. The microstructures and tribological properties of the coatings along with
subsequent annealing at various temperatures were analyzed and compared.

2.3. Structure Characterization

The 3D-reconstruction of the surface roughness of the composite coatings was obtained with a
scanning electron microscope (SEM; Phenom XL, Phenom-World B.V., Eindhoven, The Netherlands).
Both the microstructure and cross-sectional morphology of the coatings were observed using a field
emission scanning electron microscopy (FESEM; Hitachis-4800, Hitachi Co. Ltd., Tokyo, Japan).
The elemental compositions of the coatings were characterized with an X-ray energy-dispersive
spectrometer (EDS; Horiba EX250, Horiba Co. Ltd., Kyoto, Japan). The phase structures of the coatings
were examined by an X-ray diffractometer (XRD; Bruker D8 Advance, Bruker Inc., Karlsruhe, Germany)
with Cu Kα radiation. The scanning range was from 10◦ to 65◦ and the scanning rate was 5◦/min.

67



Coatings 2018, 8, 134

2.4. Tribological Experiments

A reciprocating friction and wear tester (MFT-4000, HuaHui Instruments technology Co.
Ltd., Lanzhou, China) was utilized in the tribological testing of the coatings with a ball-on-plate
configuration. The friction and wear characteristics of the coatings were evaluated at 22 ± 2 ◦C,
while the relative humidity in testing was approximately 60 ± 10%. The tribological testing were
carried out with 2 Hz reciprocating frequency, 5 mm stroke length, 10 N normal forces and a GCr15
steel ball (Φ 4 mm; hardness HRC60) as the friction pair. The corresponding theoretical initial Hertz
contact pressure was 1.24 GPa. The average friction coefficients were automatically recorded with a
computer. Subsequently to tribological testing, the SEM and optical microscope (OM; Zeiss Scope A1,
Carl Zeiss, Gottingen, Germany) were utilized to observe the morphology of the wear tracks. The
adhesion quality of the MoS2-based coatings to the steel substrate was obtained by use of the MFT-4000
scratch tester with a 0.2 mm tip radius diamond indenter. Testing parameter was a scratch length of 5
mm at a load rate of 100 N/min. The different depth profiles of the wear tracks were examined with a
surface profilometer (JB-4C; Shanghai Taiming Optical Instrument Co. Ltd., Shanghai, China), that was
the grinding crack depth along with the grinding crack width was assumed consistent. The wear
scar volumes were calculated according to the Archard wear equation [29] by measuring the average
cross-sectional area of track profiles and then multiplying for the track length. The result was used to
compare wear rates qualitatively for the errors would exist in the measurements of cross-sectional area
with the JB-4C type surface profilometer.

3. Results and Discussion

3.1. Coating Composition and Structural Characterization

Figure 1 depicts the surface and cross-sectional micrographs of the composite coatings prepared
with various process parameters. Figure 1a presents a pure MoS2 coating with worm-shaped surface
morphology, which was consistent with the results reported in [30]. The cross-section morphology of
the MoS2 coating was lamellar perpendicularly to the surface. Figure 1b–h presents the micrographs of
the Cu/MoS2 coatings prepared using magnetron co-sputtering and the DC power of Cu target ranged
from 5 W to 60 W. The surfaces of the Cu40, Cu50 and Cu60 coatings turned into coarse grained shapes,
whereas the cross-section displayed irregular hill shapes with an incompact microstructure. The surface
morphologies of the Cu5, Cu10 and Cu20 coatings were smooth, mainly displaying low-sized particles
of approximately 20–50 nm, whereas the cross-section presented a dense morphology. Adversely,
a low amount of grains of approximately 100–300 nm existed on the coating surfaces of the Cu15 and
Cu20 coatings. The cross-sectional microstructure of the Cu10 coating was lamellar perpendicularly
to the surface, which was more compact compared to the pure MoS2 coating. The cross-section of
the Cu20 coating was densely columnar perpendicularly to the surface. Figure 1i,j depict the surface
micrographs of the Cu10 coatings deposited at 100 ◦C and 200 ◦C. The surface morphology of the
coatings changed from granular to worm-like as the temperature increased from 100 ◦C to 200 ◦C,
and the cross-sectional structure became looser. The results demonstrated that the appropriate amount
of Cu-doping changed the growth mode of MoS2, which led to the transformation of the coatings from
columnar to densely granular. As the DC sputtering power increased, the granular microstructure
on the surface grew rapidly and the surface roughness increased. Consequently, the power range
of 10 W–20 W was appropriate for preparing a uniform and dense coating. The substrate-heating
accelerated the formation of granular microstructure and increased the sputtering rate of Cu under the
same sputtering power. The worm-like morphology in the Cu10 (200 ◦C) coating similarly to the pure
MoS2 coating was observed. Similar results were found in the literature [31]. The results indicated that
the increasing of substrate-heating temperature was beneficial to the formation of MoS2.
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Figure 1. SEM surfaces and cross-sectional morphologies of composite coatings on silicon wafers.

Figure 1k–n presents the surface and cross-sectional micrographs of the coatings, prepared
simultaneously using magnetron co-sputtering of the Cu and Al targets. A granular surface
morphology with tiny gaps was observed in the Cu5Al5 coating. Figure 1n illustrates certain particles
with diameter in the total range of 200–500 nm were generated on the Cu10Al10 coating surface.
The cross-sectional morphology of the Cu5Al5 coating was dense granular, whereas the other three
coatings were columnar. Figure 1o,p presents the morphologies of the Cu5Al5 composite coatings,
as prepared with the substrates heated to 100 ◦C and 200 ◦C. Figure 1o presents the granular surface
morphology of the Cu5Al5 (100 ◦C) coating with apparent agglomeration, and the tiny gaps between
the agglomerated particles decreased. Moreover, the surface morphology of the Cu5Al5 (200 ◦C)
coating turned into a worm-like shape, whereas the cross-section demonstrated loose microstructure,
as presented in Figure 1p, which was consistent with the Cu10 (200 ◦C) coating. The microstructure
analysis of the bimetallic co-sputtered coatings revealed that Al-doping promoted the dense growth of
the coatings. Also, to avoid the high-sized grains on the coating surface, the sputtering power of Al
and Cu targets should also be reduced properly.

Figure 2 shows the morphologies of the MoS2-based coatings prior to and following annealing
at 300 ◦C, 400 ◦C and 500 ◦C under argon atmosphere. Figure 2a presents the surface microstructure
of the MoS2 coatings prior to and following annealing. There was no apparent change occurred in
the surface morphology subsequently to various annealing temperatures. Figure 2b presents the
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tendency of single grains to agglomerate on the Cu10 coating, whereas the gaps among agglomerations
reduced gradually as the temperature increased to 500 ◦C. Figure 2c presents that the large grain on
the Cu20 coating surface disappeared following annealing at 300 ◦C. The gaps among the surface
grains were gradually reduced and the grain size increased following annealing at 400 ◦C. The grain
size of the coating surface increased significantly after annealing at 500 ◦C. Figure 2d–f presents the
surface morphology of the Cu5Al5 coatings prior to and following annealing at different substrate
temperatures. The grain-size and compactness of the Cu5Al5 coating surface increased gradually
as the annealing temperature increased. The Cu5Al5 (100 ◦C) and Cu5Al5 (200 ◦C) coating surfaces
also exhibited good uniformity and compactness as the annealing temperature increased. The surface
morphology of the Cu5Al5 (200 ◦C) was similar to the Cu10 (200 ◦C) coating, which indicated that
similar effects in the Cu-Al/MoS2 coatings might exist while the substrate was heated.

Figure 2. SEM morphologies of composite coatings at various heat treatment temperatures.

Table 2 presents the atomic percentages of the elements in the Cu/MoS2 coatings. The typical EDS
spectrum of Cu10 and Cu20 were shown in Figure 3a,b. The percentage of Cu atoms in the coating
increased gradually as the sputtering power increased. The content of Cu in the coating increased from
9.57 at% to 25.13 at%, which indicated the higher sputtering efficiency of Cu within the power range of
10 W–20 W. The ratios of NS/NMo in the Cu5–Cu50 coatings were lower than the pure MoS2 coating,
which occurred due to the reverse sputtering of S during the deposition. The reverse sputtering would
decrease the deposition rate, which was good for the MoS2 formation [32]. The value of NS/NMo in
the Cu5 coating was below 1, whereas fewer S atoms were not conducive to the formation of the MoS2

(002) basal plane [22] which affected the tribological properties of the coatings. The substrate-heating
was beneficial to the deposition of Cu atoms, thereby further affecting the tribological properties of
the coatings.
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Table 2. Quantitative results of Cu/MoS2 coatings elemental analysis, determined through EDS.

Composite Coating Cu/at.% NS/NMo

MoS2 1.50
Cu5 7.80 0.78
Cu10 9.57 1.18
Cu20 25.13 1.34
Cu40 40.69 1.42
Cu50 46.21 1.50
Cu60 47.99 1.78

Cu10 (100 ◦C) 28.55 1.30
Cu10 (200 ◦C) 35.50 1.76

Figure 3. EDS spectrum corresponding to the (a) Cu10; (b) Cu20; and (c) Cu5Al5.

The EDS analysis results of the Cu-Al/MoS2 coatings are presented in Table 3. The typical EDS
spectrum acquired from the area of 10 × 10 μm2 on the Cu5Al5 coating was shown in Figure 3c.
The results indicated that Al-doping promoted the deposition of Cu atoms on the substrate, whereas
the substrate heating significantly inhibited the deposition of Cu atoms on the substrate. This might be
due to the fact that a competition occurred as a result of partial substitution of Al with Cu. Being the
coatings might form a solid solution or an intermediate phase during sputtering and annealing [33].
According to [34], the α-Cu phase would preferentially be produced in the MoS2-based coatings
during the co-sputtering of Cu and Al, followed by a γ2-Cu9Al4 intermediate phase with the minimum
activation energy. In addition, the NCu/NAl value of the Cu5Al5 coating shown in Table 3 was the
most consistent with the γ2-Cu9Al4 intermediate phase. Another consideration is the strength and
hardness of the Cu-Al/MoS2 coatings might increase, whereas the brittleness of the coatings might
also be caused by the new phase.

Table 3. Quantitative results of Cu-Al/MoS2 composite coatings elemental analysis, determined
through EDS.

Composite Coating Cu/at.% Al/at.% NCu/NAl NS/NMo

MoS2 1.5
Cu5Al5 24.53 10.97 2.24 1.54
Cu5Al10 16.26 8.78 1.85 1.92
Cu10Al5 28.05 4.07 6.88 1.91
Cu10Al10 27.07 5.98 4.52 1.72

Cu5Al5 (100 ◦C) 10.95 5.63 1.94 1.39
Cu5Al5 (200 ◦C) 11.42 3.44 3.32 1.58

Figure 4a presents the X-ray diffraction patterns of the Cu/MoS2 coatings. It demonstrated that
the copper phase increased gradually as the Cu target power increased. The crystallization peak of
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the coatings prepared at low sputtering power of the Cu target was weak, and an amorphous-based
structure of the coatings could be deduced, which was consistent with the result found in [22]. Figure 4b
presents the XRD patterns of the Cu10 coating subsequently to annealing and the Cu10 coating with
the substrate heating. It could be observed that the annealing temperature had an apparent effect
on the crystalline of the coatings. When the substrate was heated to 200 ◦C, the crystallization peak
between 10◦ and 15◦ was enhanced. It meant that substrate heating was in favor of the crystallization
of MoS2, and MoS2 tent to be formed with the (002) basal plane parallel to the surface. The XRD
patterns of the annealed coatings also proved that annealing could be more beneficial to enhance the
crystallization of the coatings than substrate heating.

Figure 4. XRD spectrum of Cu/MoS2 and Cu-Al/MoS2 composite coatings.

Figure 4c,d presents the XRD patterns of the Cu5Al5 coating with substrate heating and the
Cu5Al5 coating following annealing. To a certain extent, the Cu and Al co-doping into MoS2 inhibited
the formation of the MoS2 crystal structure due to the formation of solid solution or intermediate
phase. Simultaneously, the XRD peaks of aluminum phase were not apparent, caused by the Al
solid solubility not being exceeded and the overlapping with the MoS2 (002) peak at 2θ = 13◦ in
Figure 4c [18]. In addition, the XRD patterns of the Cu5Al5 (200 ◦C) coating also revealed the apparent
diffraction peaks of Cu3MoO2O9 and Al2O3. Figure 4d presents the XRD patterns of the Cu5Al5
coating annealed under argon atmosphere, which demonstrated that the γ2-Cu9Al4 phase was formed
in the coatings, as reported in [34]. The results indicated that the annealing had beneficial effects on
the formation of mesophase in the Cu-Al/MoS2 coatings.

3.2. Friction and Wear Evaluation

Figure 5 presents the friction coefficient curves of the Cu/MoS2 coatings. The friction coefficient
decreased firstly then increased as the Cu target power increased, as presented in Figure 5a. The friction
coefficients of the Cu10 and Cu20 were even lower compared to the pure MoS2 coating. The average
friction coefficient of the Cu10 coating was 0.07, which was the lowest among the Cu/MoS2 coatings.
In Figure 5b, the friction coefficient of the Cu10 (200 ◦C) was 0.08, which was lower compared to

72



Coatings 2018, 8, 134

the Cu10 (100 ◦C), whereas both were higher than the Cu10 coating. The soft metal Cu doping into
MoS2 could reduce the friction coefficient of the MoS2-based composite coatings. The EDS results
demonstrated that the friction coefficient of the Cu10 coating with the NS/NMo ratio of 1.18 was
the lowest, which was consistent with the results found in [35]. It meant that the Cu10 coating was
relatively easy to obtain a MoS2 (002) basal plane, parallel to the substrate. In addition, the morphology
of the Cu10 coating with smooth and dense surface, dense cross-sectional lamellar mentioned above
were beneficial to maintain the low friction coefficient of the coatings in the humid environment based
on the [36]. In Figure 5c,d, the Cu10 and Cu20 coatings annealed under argon atmosphere displayed
an overall friction coefficient increase. When the heat treatment temperature increased to 500 ◦C,
the Cu10 coating had the lowest average friction coefficient (0.088). Moreover, the minimum average
friction coefficient of the Cu20 coating was 0.074, when the heat treatment temperature increased
to 400 ◦C. The results indicated that the annealing had more influence on the friction coefficient
than substrate heating. The average friction coefficients were reduced as the annealing temperature
increased in general.

Figure 5. Friction coefficients of Cu/MoS2 composite coatings at various heat treatment temperatures.

Considering that the friction coefficient of the Cu5Al5 coating (0.083) was the lowest among the
Cu-Al/MoS2 coatings, only the friction coefficient curves of the Cu5Al5 coatings treated at various
temperatures were displayed in Figure 6. Figure 6a presents the friction coefficients of the Cu5Al5
coatings at various substrate heat-treatment temperatures and the friction coefficient of Cu5Al5 (100 ◦C)
coating had a maximum value of 0.164. The friction coefficients, as presented in Figure 6b–d, decreased
as the heat treatment temperature increased. The friction coefficient of the Cu5Al5 coating annealed at
400 ◦C was minimum (0.076), where the Cu5Al5 (100 ◦C) had the lowest friction coefficient (0.068) at
the same temperature. The friction coefficient of the Cu5Al5 (200 ◦C) coating annealed at 500 ◦C had
the lowest value of 0.075. Similar to the Cu/MoS2 coatings, the annealing was more effective than the
substrate heating on the reduction of friction coefficient. Above all, the recommended heat treatment
temperature was generally in-between 400 ◦C and 500 ◦C.
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Figure 6. Friction coefficients of the Cu5Al5 composite coatings at various heat treatment temperatures.

Figure 7 presents the typical OM micrographs of the wear tracks o the MoS2-based coatings.
As presented in Figure 7a,e, the wear debris was pushed to the edges of the wear tracks, and there were
obvious furrows along with wear tracks on the Cu/MoS2 coatings. Following annealing, the higher
wear resistance of the Cu/MoS2 coatings would be inferred by the OM micrographs. The results might
be caused by a higher density of the coatings according to the SEM morphologies in Figure 2. The wear
track of the Cu5Al5 coating, as presented in Figure 7i, was relatively narrower compared to the
Cu/MoS2 coatings, whereas a low amount of wear debris accompanied with shallow furrows existed
along the sliding direction. This indicated that the wear degree was significantly lower compared
to the Cu/MoS2 coatings. It also illustrated that the co-doping of Al and Cu could be conducive to
the abrasion resistance of the coatings for the formation of the new mesophase. The worn surfaces
presented in Figure 7 were covered with grooves parallel to the sliding direction, which were typical
features of the abrasive wear.

Figure 7. OM micrographs of MoS2-based composite coating wear tracks following heat treatment.
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3.3. Wear Mechanisms

Scratch testing can be used to evaluate the mechanical failure modes of the coatings. Figure 8
demonstrated the features of gross spallation in the Cu10 coatings case (Figure 8a), brittle tensile
cracking followed by gross spallation in the Cu20 coatings case (Figure 8b), conformal cracking
followed by gross spallation in the Cu5Al5 (100 ◦C) coatings case (Figure 8d), conformal cracking
followed by bulking spallation in the Cu5Al5 coatings case (Figure 8c) and the Cu5Al5 (200 ◦C)
coatings case (Figure 8e). The hardness of coatings with the tensile cracking followed by spallation
was generally considered higher than the coating with conformal cracking followed by spallation and
buckling failure, which meant that the Cu20 coatings had a higher hardness. Bulking spallation in the
Cu5Al5 and Cu5Al5 (200 ◦C) coatings meant that the MoS2 co-doping with Cu and Al improved the
toughness of the coatings. The typical wear mechanism of these coatings was the adhesive wear from
the results presented in Figure 8.

Figure 8. Scratches of (a) Cu10; (b) Cu20; (c) Cu5Al5; (d) Cu5Al5 (100 ◦C); (e) Cu5Al5 (200 ◦C) coatings
annealed at 500 ◦C.

The SEM morphologies and 3D reconstructions of the worn surfaces are presented in Figure 9.
Adhesive traces were observed on the worn surfaces of the Cu10 and Cu5Al5 (200 ◦C) coatings
(Figure 9a,d). It was clear that these severe damages resulted from the shearing and rupture of the
adhesive junctions between two contacting surfaces. The Cu phase on the friction surface of the Cu10
coating might be softened by braking, which could generate adhesion and lead to material transfer
(Figure 9a). The SEM micrographs of typical worn surfaces demonstrated negligible wear scar in
the Cu20 coating (Figure 9b), which might be benefit for the enhancement of surface hardness as
mentioned above.

The deeper grooves caused by the hard asperities in Figure 9c indicated a primary mechanism of
abrasive wear. Hence, a significantly low amount of oxide patches might exist in wear traces according
to the EDS analysis (Figure 10a). The EDS results of the Cu5Al5 coating in Figure 10b indicated that a
small amount of iron filings produced, while the content of oxygen was less than the Cu10 coating
(Figure 10a). Therefore, an oxidation-abrasion mechanism could occur during tribo-testing of the
coatings. The worn surface of the Cu5Al5 coating was characterized by typical features of adhesive
and abrasive wear, considering the results in Figure 8c. The iron filings or oxide patches on the friction
surface could lead to severe wear and deep grooves on the surface.
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Figure 9. 3D reconstructions and SEM surface morphologies of wear tracks in coatings annealed at 500 ◦C.

Figure 10. EDS analysis of worn surfaces. (a) Cu10; (b) Cu5Al5 annealed at 500 ◦C.

3.4. Oxidation Resistance and Wear Resistance

The oxidation resistance was enhanced according to the EDS testing results on the wear tracks
as presented in Figure 11. The Cu5Al5/MoS2 coating had the best antioxidant properties among all
coatings, especially following the annealing at 500 ◦C. This was because the mesophase promoted
the densification of the coatings, and then improved the abrasion resistance and increased the
anti-oxidation ability of the coatings during wear tests.

Figure 12 presents a qualitative comparison of the wear rate of MoS2-based coatings prior to
and following annealing. The results showed that both the pure MoS2 and Cu/MoS2 coatings had
weak wear resistance. By doping soft metal Cu with MoS2, the friction coefficient of the coatings
decreased due to the synergistic lubricating effects. The wear resistance of the Cu/MoS2 coating
was not satisfactory without heat treatment. By analyzing the oxidation potential of Cu, namely the
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φθ(Cu2+/Cu+) = 0.153 V and φθ(Cu2+/Cu) = 0.337 V, the oxygen absorption performance of Cu during
wear test was weak. Following annealing, the wear rates of the Cu/MoS2 coatings began to decrease,
especially subsequently to annealing at 500 ◦C. The SEM micrographs indicated that the dense surface
of the coating might be the key factors that affected antioxidant properties.

Figure 11. Atomic percentage of oxygen in wear tracks of the coatings annealed at 400 ◦C and 500 ◦C.

Figure 12. Wear rate of MoS2-based coatings at various heat treatment temperatures.

The abrasion resistance of the coatings co-doped with Cu and Al was significantly enhanced.
On the one hand, the addition of aluminum improved the toughness of the coatings; and on the other
hand, the formation of Cu-Al mesophase had contributed to the antioxidant property and moisture
resistance of the Cu-Al/MoS2 coatings. The wear life of the Cu-Al/MoS2 coatings was thereby
improved. Given the oxidation potential of φθ(Al3+/Al) = −1.63 V, therefore, Al in the coatings oxidize
to Al2O3 was easier than Cu. The protective Al2O3 layer would help to inhibit the oxygen further
infiltrate into the coating matrix. Following annealing at 400 ◦C, the wear rate of the Cu5Al5 coating
decreased to be the lowest. The loose worm-like surface morphology of the Cu5Al5 (200 ◦C) coating
led to an increasing wear rate, but subsequently to an annealing at 500 ◦C, the wear rate decreased.

4. Conclusions

• The Cu/MoS2 composite coatings with various Cu contents were prepared by magnetron
sputtering and the tribological properties were tested at room temperature. The Cu10 coating had
the lowest friction coefficient among all Cu/MoS2 coatings, whereas the friction coefficient of the
Cu5Al5 coating was the lowest in all Cu-Al/MoS2 coatings. The average friction coefficients of
the Cu10 and the Cu5Al5 coatings were both lower than the pure MoS2 coating. The abrasion
resistance of the coatings co-doped with Cu and Al was significantly enhanced through wear
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rate qualitative comparison. It was very probable that the γ2-Cu9Al4 phase in the co-sputtered
Cu-Al/MoS2 coatings improved the wear resistance.

• Through comparison and analysis of the microstructures observed by SEM, the Cu5Al5
coating with enhanced tribological properties had a smooth surface and a dense cross-sectional
non-columnar microstructure. The co-sputtering deposition with Cu and Al led to a smooth
surface on the coating. This would lead to the flaking avoidance of the coatings in the friction
experiments as well. Following annealing, the grain growth further promoted the compactness of
the Cu5Al5 coatings and the wear resistance improvement all at the same time. That was both the
low friction coefficient and low wear rate were maintained under the test conditions.

• The surface morphologies of the Cu/MoS2 and Cu-Al/MoS2 coatings turned into a worm-like
shape, and the cross-section morphology exhibited a loose microstructure. While the substrate
was heated to 200 ◦C, the friction coefficient and wear rate of the coatings increased. Following
annealing at 300 ◦C, 400 ◦C and 500 ◦C, the friction coefficient decreased slightly. It meant
that the annealing was more effective than the substrate heating on the friction coefficient
reduction. Considering the wear rate, the appropriate range of heat treatment temperature
was 400 ◦C–500 ◦C.

• The scratch test demonstrated the failure mode of conformal cracking followed by bulking
spallation in the Cu-Al/MoS2 coatings, being different from the gross spallation of the Cu10
coating and tensile cracking followed by gross spallation in the Cu20 coating, which had a higher
abrasion resistance for the probable cause that the addition of aluminum improved the toughness
of the coatings. The worn surface of the Cu5Al5 coating was characterized by typical features of
adhesive and abrasive wear.
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Abstract: Ag, Mo, and Ag–Mo were respectively implanted into GH4169 alloy substrates without
heating via ion-beam-assisted bombardment technology (IBAB). In addition, the wear performance
under low sliding speed and applied load were researched at room temperature (RT). A small amount
silver molybdate phase could be detected on the surface of the co-implanted GH4169 alloy bombarded
by a high-energy ion beam. The average friction coefficients under the steady wear state had almost
no change at all. Compared with the un-implanted GH4169 alloys, the wear rate of the GH4169 alloys
with co-implantation of Ag and Mo was reduced by 75%. A large amount of the silver molybdate
phase could be generated due to the tribo-reaction on the worn surface during sliding. It benefits the
formation of continuous oxide layers as lubrication and protected layers, leading to the change in the
predominant wear mechanism from abrasion and adhesion wear to oxidation wear.

Keywords: GH4169 alloy; Ag–Mo co-implantation; ion-beam-assisted bombardment technology
(IBAB); wear mechanism

1. Introduction

In order to achieve a low-friction coefficient and wear rate for some harsh-condition applications,
numerous works on the lubrication effects about the addition of solid lubricant phases to metal matrices,
such as graphite, oxides, soft metals, MoS2, and fluoride, have been carried out [1–7]. Double metal
oxides, including titanates, tungstates, molybdate, and vanadates, are effective high-temperature
solid lubricants [8–11]. Among these double metal oxides, more attention has been paid to silver
molybdate, which possesses a layer-like structure, because of its excellent lubrication performance,
achieving low friction at high temperatures [2,9–17]. For example, Liu et al. [11] investigated the
tribological properties of Ni-based self-lubricating composites containing Ag and MoS2 within a wide
temperature range. The evolution of the friction coefficient from room temperature (RT) to 700 ◦C
ranges from 0.18 to 0.77, and the coefficient decreases down to 0.18 at 700 ◦C as temperature increases.
The wear rate from RT to 700 ◦C is reduced by an order of magnitude, and the worn surface is covered
by a continuous and smooth film at 700 ◦C. As temperature increases to 500 ◦C, MoS2 is oxidized
and becomes molybdenum oxide. Ag and Mo oxide generates silver molybdate, first proposed by
Gulbinski [18], good high-temperature lubrication with a layered structure, which may be considered
a mixture of AgO and MoO3 layers separated by a silver layer. In fact, the lubrication mechanism
of silver molybdate can be attributed to weaker Ag–O bridging bonds that are more easily broken
to form a rich silver lubrication film when subjected to sliding, which is responsible for the low
friction at the sliding interface [9]. Ni-based composites with an addition of lubricious Ag2MoO4

at various temperatures have also been explored. Due to high-temperature fabrication processing,
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Ag2MoO4 decomposes but is reproduced in the rubbing process at high temperatures, leading to
an improvement in tribological performance. Thus, at 700 ◦C, the lowest friction coefficient can be
observed (about 0.26). Furthermore, Chen [2] and Aouadi [13] studied adaptive NiCrAlY–Ag–Mo
coatings and nanocomposite Mo2N/MoS2/Ag coatings, respectively. Friction coefficients for both
coatings can be lowered to 0.1 at 600 ◦C due to the formation of silver molybdate on the worn surface
during sliding. Due to the large enthalpy of formation (ΔHf = +57 kJ/mol), silver molybdate usually
forms during sliding at high temperatures and works as an effective high-temperature solid lubricant.

In this study, ion-beam-assisted bombardment (IBAB), an unbalanced process, makes it possible
to produce intermetallic compounds or intermediate phases at RT [19–21]. In fact, a silver molybdate
phase formed via the co-implanted GH4169 alloy during the preparation process in our experiments,
but only a small amount was produced, which may be related to the high surface atomic activity of the
Ag and Mo particles on the surface. In addition, a series of tribo-reactions promoted the production of
more silver phase on the worn surface during the sliding process. Usually, the powder metallurgy
process as a high-temperature fabrication method leads to the decomposition of silver molybdate [11].
The generation of silver molybdate at RT during preparation and sliding has considerable significance,
but such generation has scarcely been reported. Moreover, the RT lubrication performance of silver
molybdate in the form of a film has not been investigated as much.

This work focuses on the tribological properties of a GH4169 alloy co-implanted with Ag and Mo
prepared via IBAB at RT. For comparison, a single Ag and a single Mo are implanted into the same
alloy, respectively. A correlation analysis and a discussion of the tribo-chemical reaction on the worn
surface and effects on the wear behavior are given. The wear mechanism is further revealed as well.

2. Experimental Details

2.1. Sample Preparation

The chemical compositions of the commercial GH4169 alloy, provided by Beijing Iron and Steel
Research Institute, are shown in the following Table 1.

Table 1. The chemical compositions of the GH4169 alloy.

Chemical Element Weight Percentage (wt %)

Fe 20.2
Cr 16.8
Nb 4.95
Mo 2.81
Ti 0.78
Al 0.46
Si 0.49
Ni balance

The polished 15 mm × 15 mm × 5 mm GH4169 alloy substrates were implanted with Ag, Mo,
and Ag–Mo via IBAB. These preparation experiments were performed on a homemade multi-functional
ion beam system (MIS800, Sykeyou Vacuum Technology Institute, Shenyang, China), the structure
schematic of which is shown in Figure 1. Two Kaufman ion sources (named sputtering ion sources 1
and 2) were respectively used for sputtering an Ag target (purity > 99.99%) and an Mo target
(purity > 99.9%) with a 2.5 keV Ar+ ion beam. A third Kaufman ion source (named the assisted
ion source) was used for bombarding the particles into the alloy surface via an Ar+ ion beam with an
accelerating voltage of about several tens of thousands of volts, which was incident along the normal
direction of the base surface. The purity of argon as a working gas was about 99.999%, and the working
pressures during deposition with single and double targets was set to 1.5 × 10−2 Pa and 2.3 × 10−2 Pa,
respectively. The experimental time was 1 h. The implanted samples were numbered in accordance
with the implanted particle, as shown in Table 2. The un-implanted alloy was marked as N.
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Figure 1. Schematic diagram of the multi-functional ion beam deposition system.

Table 2. The particles implanted into GH4169 alloy substrates and the numbering.

Sample Particle Implanted into the GH4169 Alloy

A Silver
M Molybdenum

AM Silver and molybdenum

2.2. Friction and Wear Test

The friction coefficients of all samples were measured under a normal load of 2 N in atmospheric
conditions at RT with a wear tribometer (WTM-2E, Lanzhou Institute of Chemical Physics, Lanzhou,
China) in a ball-on-disk style (a relative humidity of 70% ± 5%). The wear test was conducted in
a circular motion 5 mm in diameter under a fixed sliding speed of 47 mm/s. The upper ball was
a counterpart Si3N4 ball 5 mm in diameter with a hardness of 19 GPa. Hertzian contact pressure
was 1.2 GPa, according to our calculations. The single wear test time was 10 min and was repeated
five times. The friction coefficient curves were recorded automatically with a computer attached
to the tribometer. After the wear test, the Wyko NT9100 surface profiler (Chung Ming Automation
Equipment Co., Ltd., Shanghai, China) was used to obtain the profiles of the wear tracks. The wear
rate was calculated as the equation ω = ΔV/(F·L), ω was the wear rate in mm3·N−1·m−1, ΔV was the
wear volume loss in mm3, L was the total motion distance in m, and F was the load in N.

2.3. Characterization

The structures and the phase compositions of all samples were analyzed with an X-ray
diffractometer (XRD, D500, Bruker, Beijing, China) with a 40 kV operating voltage and Cu Kα radiation
in the 2θ range of 25◦–80◦. The chemical states before the friction test were examined with an
X-ray photoelectron spectroscope (XPS, PHI-5702, Thermo Fisher Scientific, Waltham, MA, USA).
The Raman spectrometer (Labram-010, an excitation wavelength of 632 nm, HORIBA, Beijing, China)
further surveyed the phase constitutions of all samples before and after the wear test. The elemental
compositions of selected regions and the morphologies of the wear tracks for all samples were
analyzed using a scanning electron microscope (SEM, JSM-6700F, JEOL, Beijing, China), equipped with
backscattered electrons (BSEs) and an energy dispersive spectrometer (EDS).
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3. Result and Discussion

3.1. Composition and Microstructure

The XRD patterns of all samples before the wear test are presented in Figure 2, which includes the
un-implanted GH4169 alloy. It was found that the γ matrix phase could be observed in all samples,
which mainly came from the GH4169 alloy. In Figure 2ab, the characteristic peaks of Ag (2θ = 37.92◦)
and Mo (2θ = 40.56◦) correspond to FCC Ag (111) and BCC Mo (110), respectively, excluding the
GH4169 base. Both Ag (111) and Mo (110) peaks have a smaller angle shift. It may be related to the
lattice distortion induced by the bombardment of the high-energy ion beam. Moreover, the XRD results
of the co-implanted GH4169 alloy allowed us to identify the Ag and Mo phases in the co-implanted
sample (Figure 2d).
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Figure 2. XRD spectra of (a) the un-implanted alloy (N); (b) silver (A); (c) molybdenum (M);
and (d) silver and molybdenum (AM) before the wear test.

Figure 3a, in which peaks derived from O, Ag, and Mo are all evident, exhibits the XPS full
spectrum for the co-implanted GH4169 alloy before the wear test. As can be seen in Figure 3b, the XPS
peaks of Ols at 531.8 eV and 530.5 eV yielded two Ag2MoO4 Gaussian peaks. The Ag3d5/2 and 3d3/2
peaks deviate from those of the Ag-implanted sample (Figure 3c), indicating that the binding energy
of Ag3d5/2 and 3d3/2 slightly shifted to a lower value. Similarly, the Mo3d5/2 and 3d3/2 peaks deviate
from those of the Mo-implanted sample (Figure 3d). Based on the Ag3d peak position, the peaks at
368.18 eV and 374.23 eV can be assigned to Ag3d5/2 and 3d3/2 in the Ag2MoO4 phase, respectively.
In addition, the peaks located at 232.73 eV and 235.93 eV can be assigned to Mo3d5/2 and 3d3/2 in
Ag2MoO4, respectively. This result is consistent with reports of Suthanthiraraj and Liu [11,22].

Compared with the XPS result above, no obvious characteristic peaks of the Ag2MoO4 phase
were found in the XRD pattern of AM before sliding. This may be due to the low content and good
dispersion of Ag2MoO4. To confirm this, the phase compositions of AM were determined via a laser
Raman spectrometer (Figure 4). Monoclinic silver molybdate with a broad peak can be detected with
Raman spectra [2,11–13]. We inferred that silver molybdate indeed formed during the preparation
process. Because of the bombardment of the high-energy ion beam, the co-deposited particles on the
base surface have substantially high activity. The chemical reaction between Ag, Mo, and the residual
oxygen from the vacuum chamber or the oxygen adsorbed on the base surface might happen under an
unbalanced fabrication process at RT. XPS and Raman analysis reveal that silver molybdate can be
generated directly via ion-beam-assisted bombardment at RT.
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Figure 3. (a) XPS full spectra; (b) O1s XPS spectra for AM; (c) Ag3d XPS spectra of A and AM;
and (d) Mo3d XPS spectra of M and AM before the wear test.

200 300 400 500 600 700 800 900 1000
150

200

250

300

350

Ag2MoO4

 In
te

ns
ity

 ( 
a.

u)

Raman shift ( cm-1)

Figure 4. Raman spectra of AM before the wear test.

3.2. Friction and Wear Properties

Figure 5a presents the friction coefficient evolution of all samples with sliding time under a normal
load of 2 N. Compared with the bare GH4169 alloy (N), the AM shows a lower friction coefficient at
the beginning of the test, which is attributed to the formation of silver molybdate with an atomically
layered structure during the wear test. As the test proceeded, the friction coefficient steadily increased
to reach the base nature. The average friction coefficient and wear rate under the dry friction and RT
conditions are presented in Figure 5b for all samples. Compared with the bare GH4169 alloy, there is
no obvious change in the average friction coefficient at the steady wear state. It was speculated that the
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Ag-implanted sample has a smaller mean friction coefficient due to the synergistic lubrication effect of
Ag and Ag2O. The wear rate of the co-implanted sample (AM) was the lowest of all samples, as shown
in Figure 5b, from 4.88 × 10−4 mm3·N−1·m−1 to 1.22 × 10−4 mm3·N−1·m−1 compared with the base,
due to the presence of silver molybdate. The wear rate for the Mo-implanted sample is much higher,
the highest of all the samples, than that of the base. It is also estimated that MoO3 formed on the worn
surface leads into the worst anti-wear performance for M. Research shows that MoO3 is brittle and has
no lubrication at low temperature [23].
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Figure 5. (a) The friction coefficient and (b) the average friction coefficient and wear rate for all samples
tested under a normal load of 2 N and a fixed sliding speed of 47 mm/s.

Figure 6 displays the cross-section profiles and surface 3D topographies of the wear scars for
all samples after the 10 min friction test. Among all samples, the sample AM exhibits the smoothest
wear tracks with the smallest wear volumes as seen in Figure 6d, indicating the best wear resistance
performance. The visible adhesive marks are observed on the selected zone marked with a red box
for the worn surface of N, A, and M as seen from Figure 6a–c. The Mo-implanted sample shows the
deepest wear tracks (Figure 6c), which is consistent with Figure 5.

The SEM morphologies of the wear tracks after sliding are given for all samples in Figure 7.
The selected dark zone (named I) and gray zone (named II) on the wear scars for all samples were
analyzed with EDS. The oxygen element was enriched in the dark regions. In Figure 7a, the worn
surface is characterized with small bumps and delamination pits, indicating abrasive wear and brittle
fracture in the bare GH4169 alloy. The discontinuous dark regions covering the surface in Figure 7b are
believed to be the discontinuous oxide layer. It can be inferred that the predominant wear mechanism
for A is oxidation and adhesive wear. The Mo-implanted sample, accompanied by a large amount of the
wear debris and some abrasive grooves on the worn surface, exhibits the most serious wear condition
(Figure 7c). The continuous tribo-layer covered on the worn surface, together with some shallow
grooves for the co-implanted sample, can be seen in Figure 7d. As discussed before, the continuous
oxide layers (the corresponding continuous dark regions) formed in AM with the smoothest wear
scar, which accounts for the lower wear rate. The formation of a tribo-layer, as a protective and
lubricating layer [24], can effectively reduce the direct contact of the sample and the Si3N4 ball. It has
been illustrated that the oxidation wear dominates the wear processing of the co-implanted GH4169
alloy [25].
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Figure 6. The cross-section profiles, surface 3D topographies of wear tracks for (a) N, (b) A, (c) M,
and (d) AM after the wear test.

87



Coatings 2017, 7, 191

0 2 4 6 8 10

Ni
Fe

Ti MnSi
Nb

NiCr Fe

a1

R
el

at
iv

el
y 

in
te

ns
ity

Energy (keV)

O

0 2 4 6 8 10

Ti
Si Mn

Fe NiCr

Nb
Ni

O

Fe

Energy (keV)

a2

R
el

at
iv

el
y 

in
te

ns
ity

0 2 4 6 8 10

R
el

at
iv

el
y 

in
te

ns
ity

NiFeCr

TiSi

Nb

Ni
Fe

O

Energy (Kev)

Ag

b1

Mo

0 2 4 6 8 10

R
el

at
iv

el
y 

in
te

ns
ity

AgSi

Nb

Mn

Cr

Fe

Fe

Ni

Energy (KeV)

b2Ni

o

0 2 4 6 8 10

R
el

at
iv

el
y 

in
te

ns
ity

Mo

Energy(keV)

Fe
Nb

Ni

Si

O

Fe
Ti Mn

CrNi

c1

0 2 4 6 8 10

R
el

at
iv

el
y 

in
te

ns
ity

Mo

Fe

Energy(keV)

Fe

Nb

Ni

Si

O

Ti
Mn

Cr

Ni

c2

0 2 4 6 8 10

R
el

at
iv

el
y 

in
te

ns
ity

Energy(keV)

Mo
Fe Ni

O

Ti Mn

CrNi

d1

Ag

R
el

at
iv

el
y 

in
te

ns
ity

Energy(keV)

Mo

Fe

Ni

Si
O Ti Mn

Cr

Ni

d2

Ag

Figure 7. The SEM micrographs of the worn surfaces after the fiction test for (a) N, (b) A, (c) M,
and (d) AM.

Adhesion wear can be seen in the SEM images in Figure 8 on the worn surface of the counterface
ball against the AM. The SEM image of the worn surface of the counterface ball against A presents
clear abrasion wear. This is because, as the wear test continued, the contact between the counterface
and the sample (A and AM) led to material transfer via adhesive wear. Table 3 shows the chemical
compositions of the counterface balls determined via EDS, providing further evidence for oxidation
wear and material transfer via adhesion wear.

The tribo-chemical reactions and phase changes on the worn surfaces were further studied with
the micro-Raman. In the following Raman spectra (Figure 9a), Fe2O3, resulting from the oxidation
of Fe and Cr in the matrix, can be detected on the worn surfaces of all samples. The generation of
Fe2O3 is expected to contribute to the lubricating effect [23,26,27]. Ag2O and MoO3 can be found on
the worn surfaces, respectively, of A and M. In addition, the Ag2MoO4 phase is detected on the worn
surface after the sliding process of AM. It has been inferred that silver molybdate can be combined via
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tribo-reaction between MoO3 and Ag on high-energy-contacted surfaces during RT wear tests [2,11].
Based on the Raman spectra of the sample surfaces, as shown in Figure 9b, before and after the wear
test, the peak intensity of Ag2MoO4 increased substantially after the friction test of AM. It can be
inferred that Ag2MoO4 content rose after the wear test due to the further generation of Ag2MoO4

during sliding. That the Ag2MoO4 phase can be synthesized during the preparation and rubbing
processes is also demonstrated.

Figure 8. The SEM images of the counterface balls (Si3N4 ball) after sliding against (a) A, (b) B, (c) C,
and (d) D and corresponding higher magnification SEM images against (e) A, (f) B, (g) C, and (h) D.
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Table 3. The element compositions of the worn surfaces of all counterface balls.

Sample
Element Composition (at.%)

Si N Ni Fe O Ag Al Mo

N 72.96 7.36 0.61 0.17 16.62 0 2.27 0
A 56.54 19.78 0.89 1.27 19.19 0.43 1.91 0
M 74.41 6.21 0.55 0.66 16.29 0 1.87 0

AM 56.14 14.8 0.33 0.55 23.28 0.99 1.98 1.93
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Figure 9. (a) Raman spectra of the worn surfaces for all samples after the wear test; and (b) Raman
spectra before and after the wear test for AM.

As demonstrated above, the unbalanced fabrication method results in the generation of Ag2MoO4

during the preparation process at RT. In addition, more silver molybdate formed on the worn
surface of AM during the RT friction-wear test through a series of tribo-chemical reactions on the
high-energy-contacted surface. The co-implanted sample has the best wear resistance performance,
attributed to the formation of Ag2MoO4. In the friction test, the wear mechanism was dominant by
oxidation wear in AM covered by a continuous oxide layer. A large amount of silver molybdate with
a layered structure [11,28], formed on the worn surface during sliding, promotes the formation of
a continuous oxide film. Furthermore, the Ag2MoO4 phase with weaker Ag–O bridging bonds can
easily break to form rich silver lubrication layers at a lower wear rate. It is generally known that
silver molybdate is an excellent high-temperature solid lubricant, and little research on the lubrication
behavior of Ag2MoO4 at RT has been conducted. However, our experimental results prove that silver
molybdate can greatly improve the wear resistance performance at RT.

4. Conclusions

By ion-beam-assisted bombardment technology, the GH4169 alloy implanted with Ag, Mo,
and Ag–Mo, respectively, were prepared at RT. The microstructure, phase compositions, tribological
behavior and mechanism were investigated. The conclusions drawn are as follows:

• Compared with GH4169 alloy substrates, the wear resistance of the GH4169 alloy co-implanted
with Ag and Mo was effectively enhanced, which is attributed to the production of Ag2MoO4

with a layer-like structure, easily forming a rich silver lubrication layer during sliding.
• The predominant wear mechanism changed from abrasion and adhesion wear to oxidation wear

due to the silver lubrication layer and continuous oxide layers found on the worn surface of the
co-implanted GH4169 alloy.
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• During the preparation process and sliding at RT, the formation of silver molybdate can be
achieved through ion-beam-assisted bombardment, an unbalanced preparation method.
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15. Gulbiński, W.; Suszko, T. Thin films of MoO3–Ag2O binary oxides—The high temperature lubricants. Wear
2006, 261, 867–873. [CrossRef]

16. Jie, C.; Zhao, X.; Zhou, H. HVOF-sprayed adaptive low friction NiMoAl–Ag coating for tribological
application from 20 to 800 ◦C. Tribol. Lett. 2014, 56, 55–66.

17. Li, B.; Gao, Y.; Han, M.; Guo, H.; Wang, W.; Jia, J. Microstructure and tribological properties of
NiCrAlY-Mo-Ag composite by vacuum hot-press sintering. Vacuum 2017, 143, 1–6. [CrossRef]

18. Gulbinski, W.; Suszko, T.; Sienicki, W.; Warcholinski, B. Tribological properties of silver- and copper-doped
transition metal oxide coatings. Wear 2003, 254, 129–135. [CrossRef]

91



Coatings 2017, 7, 191

19. Figueroa, R.; Abreu, C.M.; Cristóbal, M.J.; Pena, A. Effect of nitrogen and molybdenum ion implantation in
the tribological behavior of AA7075 aluminum alloy. Wear 2012, 276, 53–60. [CrossRef]

20. Onate, J.I.; Alonso, F.; Garcia, A. Improvement of tribological properties by ion implantation. Thin Solid Films
1998, 317, 471–476. [CrossRef]

21. Zhao, B.; Li, D.M.; Zeng, F.; Pan, F. Ion beam induced formation of metastable alloy phases in Cu–Mo system
during ion beam assisted deposition. Appl. Surf. Sci. 2003, 207, 334–340. [CrossRef]

22. Suthanthiraraj, S.A.; Premchand, Y.D. Molecular structural analysis of 55mol% CuI-45mol% Ag2MoO4, solid
electrolyte using XPS and laser Raman techniques. Ionics 2004, 10, 254–257. [CrossRef]

23. Muratore, C.; Voevodin, A.A.; Hu, J. Tribology of adaptive nanocomposite yttria-stabilized zirconia coatings
containing silver and molybdenum from 25 to 700 ◦C. Wear 2006, 261, 797–805. [CrossRef]

24. Zhang, Q.-Y.; Zhou, Y.; Wang, L.; Cui, X.-H.; Wang, S.-Q. Investigation on tribo-layers and their function of a
titanium alloy during dry sliding. Tribol. Int. 2016, 94, 541–549. [CrossRef]

25. Kato, H. Effects of supply of fine oxide particles onto rubbing steel surfaces on severe-mild wear transition
and oxide film formation. Tribol. Int. 2008, 41, 735–742. [CrossRef]

26. Gupta, S.; Filimonov, D.; Zaitsev, V.; Palanisamy, T.; El-Raghy, T.; Barsoum, M.W. Study of tribofilms formed
during dry sliding of Ta2AlC/Ag or Cr2AlC/Ag composites against Ni-based superalloys and Al2O3. Wear
2009, 267, 1490–1500. [CrossRef]

27. Hardell, J.; Hernandez, S.; Mozgovoy, S.; Pelcastre, L.; Courbon, C.; Prakash, B. Effect of oxide layers and
near surface transformations on friction and wear during tool steel and boron steel interaction at high
temperatures. Wear 2015, 330–331, 223–229. [CrossRef]

28. Stone, D.; Liu, J.; Singh, D.P.; Muratore, C.; Voevodin, A.A.; Mishra, S. Layered atomic structures of double
oxides for low shear strength at high temperatures. Scr. Mater. 2010, 62, 735–738. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

92



coatings

Article

Enhanced Tribological Properties of Polymer
Composite Coating Containing Graphene at Room
and Elevated Temperatures

Yanchao Zhang 1, Dongya Zhang 1,2,*, Xian Wei 3, Shanjun Zhong 2 and Jianlei Wang 1

1 School of Mechanical and Precision Instrument Engineering, Xi’an University of Technology,
Xi’an 710048, China; zhangyanchao@xaut.edu.cn (Y.Z.); jlwang@xaut.edu.cn (J.W.)

2 Ningbo Zhongyi Hydraulic Motor Co., Ltd., Ningbo 315200, China; 13506848082@126.com
3 School of Automobile and Traffic Engineering, Panzhihua University, Panzhihua 617000, China;

weixian0506@126.com
* Correspondence: dyzhang@xaut.edu.cn

Received: 12 January 2018; Accepted: 26 February 2018; Published: 2 March 2018

Abstract: To improve the tribology properties of the polymer coating under elevated temperature,
the epoxy coating was reinforced with nano graphene. The micro-hardness, heat conductivity,
and thermo-gravimetric properties of the coating were enhanced as filled graphene. The friction and
wear properties of the polymer coating were studied using a pin-on-disc tribo-meter under room
and elevated temperatures. The results showed that under room temperature, the friction coefficient
and the wear rate of the coating adding 4.0 wt % graphene was 80% and 76% lower than that of the
neat epoxy coating, respectively. As the test temperature increased, the friction coefficient of the
graphene/polymer coatings decreased at first and then slightly increased. The friction coefficient
was at its lowest value under 150 ◦C and then increased as the temperature rose to 200 ◦C. By adding
4.0 wt % graphene, the friction coefficient and wear rate of the polymer coating were further reduced,
especially at elevated temperatures.

Keywords: polymer coating; graphene; tribological properties; elevated temperature

1. Introduction

In space environments, large frictional heat is difficult to dissipate from sliding surfaces.
Additionally, a protective oxide film is difficult to form on contact surfaces during the rubbing process.
These issues harm the adhesive and the adhesive wear can lead to failure of moving parts in certain
conditions. In addition, the liquid lubricants are easily evaporated under high vacuum and high
temperature conditions [1], which made the liquid lubricant hard to maintain on the contact area in
order to provide an effective long term lubrication performance. The liquid lubricants are limited
under extremely harsh working conditions such as high vacuum or high and/or low temperature [2].
Therefore, the reliability of solid or liquid lubricants to improve the lubrication performance of the
moving parts is of great significance for long-life spacecraft. Polymer composite coatings have many
advantageous behaviors, such as being able to operate with good oxidation resistance, being able to
withstand acid and alkali due to corrosion resistance, and having chemical stability and anti-friction
lubricity. As such, polymer composite coatings are often employed in the machinery of bearings,
gears, and other moving parts in the space vehicle such as satellite antenna drive system and solar
panel equipment.

The major setbacks of polymer composite coatings are usually their high friction coefficient and
poor wear resistance. Such poor tribological performance of polymers can be improved by adequately
incorporating nano or micro particles and fibers into the polymer matrix. Our previous work [3]
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showed the possible improvement of polymer tribological behaviors by appropriately embedding
graphite and MoS2 particles. Jitendra [4] improved the friction and wear behavior of polymer
composite by adding talc and graphite powders and showed that the friction coefficient and wear
rate of SU-8 composites decreased as comprehensive usage of talc and graphite. Wan [5] utilized Ag
nanoparticles to improve tribological properties of polyimide/epoxy resin-polytetrafluoroethylene
(denoted as PI/EP-PTFE) coating, and confirmed the friction reduction and the enhancement of wear
resistance of PI/EP-PTFE coating by the addition of Ag nanoparticles. A large number of available
research studies indicate that the type and size of fillers, as well as the test conditions, had strongly
influenced tribological performances of polymer composites [6,7]. However, these fillers usually
aggregate with a relatively large size and are poorly dispersed in the polymer matrix, which is
unfavorable for enhancing the mechanical properties of polymer coatings [8]. Some polymer coatings
also have disadvantages of low hardness and high temperature creep. Due to this, the thermostability
and tribological properties are clearly deteriorate in extreme environments.

Graphene is a two-dimensional crystal consisting of carbon atoms that has excellent mechanical,
thermal, and tribology properties. Additionally, the nano size with properties of larger surface areas
and rich oxygen containing functional groups can enhance the adhesive between the fillers and the
chains in the polymer matrix [9], which is beneficial for improving the thermostability and wear
resistance of the polymer composite. Meanwhile, graphene can form a self-lubrication transfer film on
the contact interfaces during the friction process, which endows the graphene/polymer composite
with a low and stable friction coefficient and wear rate [10–12].

When Liu [13] added graphene into the polyimide, the thermal stability and the hardness of
the polyimide were significantly improved. With the addition of graphene content, the adhesive
strength of the transfer film was increased. Compared with the neat polyimide, when the graphene
content reached 3.0 wt %, the friction coefficient and wear rate decreased 21.3% and 26.3%, respectively.
Ren [14] synthesized functionalized graphene and employed it as filler to improve the anti-wear
property and load-carrying capacity of fabric/phenolic composites. It was found that the 2.0 wt %
graphene filled fabric/phenolic composite exhibited excellent tribological properties. Lahiri [15]
reinforced the tribological behavior of ultrahigh molecular weight polyethylene by coupled with
graphene platelet. The wear resistance was enhanced more than four times as increasing graphene
content from 0.1 to 1.0 wt %. Recently, Masood [16] added graphene and PTFE to improve the
tribological response of nylon-based composites, and an optimal graphene content (0.5% in weight)
could synergistically improve the friction coefficient and wear rate of Nylon 66. Numerous studies
showed that graphene had excellent lubrication and anti-wear performance, and graphene was
widely used as filler to improve the mechanical property and tribological performance of the polymer
composites [17–19]. The enhancement on the wear property of the composite was mainly due to the
self-lubrication of graphene and the easily-formed transfer film on the counterpart surface. However,
the tribological mechanisms of graphene/polymer coating are not well understood and thus require
further investigation. Thermo-stability and the tribological properties are important properties of
polymers. The full exploration of lubrication behaviors of polymer coating and the understanding of
their tribological applications under high temperatures are very meaningful and significant.

Epoxy resin is widely used for composite coating, and the polymer coating with good adhesion
performance can be conveniently prepared on the surface by a spray process. However, under a poor
heat dissipation condition, huge frictional heat is hard to dissipate in time, which influences the lifetime
of the polymer coating. In this work, in order to enhance the high temperature tribological performance
of polymer coating, graphene was prepared and incorporated into epoxy resin matrix. The main
objective of this study was to investigate the influences of graphene content and test temperature on
tribological properties of the polymer coating, as well as to discuss their corresponding lubrication
and wear mechanisms.
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2. Materials and Methods

2.1. Preparation of Polymer Composite Coating

The detailed process of synthesis graphene was as follows. Graphene oxide was first prepared
by the oxidation–deoxidization method according to a modified Hummer’s method [20]. To fabricate
graphene oxide:(i) 120 mL sulfuric acid with 98% concentration was added into the beaker and cooled
in the ice bath, then 5 g flake graphite (300 mesh) and 2.5 g NaNO3 were slowly added in the sulfuric
acid solution, and then 15 g KMnO4 was gradually joined in the solution, the magnetic agitation was
applied during the reaction for 1.5 h; (ii) the beaker was heated to 35 ◦C in a warm bath, meanwhile
200 ml distilled water was slowly add into the mixture and heated 1 h; (iii) the mixture was heated to
95 ◦C, the reaction was lasted for 30 min to get tan precipitation, which was the graphene oxide (GO).
Finally, graphene oxide was ultrasonic cleaning in deionized water, and dried in vacuum oven.

For graphene: (i) 6.5 g GO (graphene oxide) was added into 1000 mL deionized water and
later ultrasonic dispersed for 2 h to obtain a stable graphene oxide solution; (ii) pre-measured 60 mL
ammonia (acted as a complexing agent) and 65 mL 85% hydrazine hydrate (acted as a reducing agent)
were added dropwise to the graphene oxide solution, respectively. The obtained solution was heated
at 80 ◦C for 2 h, and then the reaction system was cooled down to room temperature after the reaction
completed; (iii) the obtained graphene was washed five times with deionized water by centrifugation
at 3000 rpm over 15 min, then the solution was frozen in the refrigerator for 72 h until the graphene
was freeze dried.

GCr15 steel with a diameter of 30 mm and a thickness of 5 mm was applied as a substrate
specimen, and the disc specimen had hardness of HRC 60–63. The specimens were polished with
100 grain size sand paper to increase the surface roughness. The disc specimens to be coated with
polymer coating were cleaned in an ultrasonic bath with acetone for 10 min successively three times
so as to ensure the proper removal of residual pollutants. Then the specimens were dried at 100 ◦C
before spraying the coating. The polymer coating was achieved by spraying epoxy matrix filled with
graphene, the epoxy matrix was high purity E51 epoxy resin with an epoxide equivalent weight of
210–250 g/eq. 650 type low molecular polyamine (with amine value of 180–220 mg KOH/g) was
employed as the curing agent for the epoxy monomer.

The graphene (content increases from 0.0% to 4.0% in weight) were slowly added into the
E51 epoxy resin at 70 ◦C and uniformly stirred. Then the curing agent was introduced into the
mixture at 60 ◦C, and the solution was continuously mixed for 10 min and diluted with ethyl alcohol.
The prepared graphene–epoxy solution was then sprayed on the GCr15 substrate, and it was followed
by curing at room temperature for 24 h. Finally, the composite coating with a thickness 30 μm and
surface roughness Ra of 0.5 μm was prepared.

2.2. Characterization

Micro-hardness of the polymer coating was performed by using a TMVS-1 hardness tester (TIMES
Group, Beijing, China). For each specimen, five measurements were conducted under load of 50 gf and
lasting 15 s. Thermal gravimetric analysis (TG) of the polymer coatings filled with different contents of
graphene were evaluated using a TG apparatus (Netzsch Sta 409 PC/PG, Netzsch, Selb, Germany).
3.5 mg specimen was heated from 25 to 750 ◦C at a heating rate of 10 ◦C/min in nitrogen atmosphere.
Thermal conductivity of the polymer composite was carried out using a LFA 447 Nanoflash (Netzsch,
Selb, Germany), according to ASTM E1461 standard [21]. The sample was prepared with a size of
10 mm diameter and 1 mm thickness. Before each experiment, a thin graphite layer was coated on
two sides to increase emission/absorption behavior. The test was performed at a room temperature of
25 ◦C, the thermal diffusivity values (cm2/s) of the composites were recorded.

To evaluate the tribological properties of polymer coating from room temperature to 200 ◦C,
the disc specimen was heated and carried out on UMT-2 tribometer (CETR Corporation Ltd.,
Campbell, CA, USA). Linearly reciprocating ball-on-disk sliding tests were performed according
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to ASTM G133-05 [22], the lower specimen was the polymer coating and the upper specimen was
a GCr15 ball with diameter of 9.5 mm and hardness of 62 HRC. Before the tests, the ball specimens
were ultrasonically cleaned in deionized water for 5 min and the disc specimens were cleaned with
alcohol wipes, and then dried in hot air. The test conditions were as follows: applied load of 4 N,
reciprocating sliding frequency of 6 Hz, with a liner stroke of 6 mm, and sliding time of 60 min.
The friction tests were carried out under 25, 100, 150, and 200 ◦C, respectively, and each test was
repeated three times. After the friction tests, the wear scars were observed by a scanning electron
microscope (SEM, JSM-6460, JEOL, Tokyo, Japan).

Cross-sectional profile of the wear scar was measured using a surface profilometer (TR3000,
TIMES Group, Beijing, China), and the wear rate was calculated as the ratio of its wear volume and the
corresponding sliding distance and applied load. From the profile curves, this allowed estimation of
the sectional area of the wear trace and the average wear width. The average wear width was used
to calculate the average worn volume V, and the corresponding wear rate k was calculated in the
following equation [23].

k =
V

P × S
=

πD[(arcsin L
2r )r

2 − L
√

4r2−L2

4 ]

P × S
(1)

where k is the wear rate (mm3/N·m), V is the wear volume (mm3), r is the ball radius (3 mm), D is the
diameter of wear track (10 mm), L is the width of wear scar (mm), S is the sliding distance (m), and P
is the applied load (N).

3. Results and Discussion

3.1. Characterization of the Composite Coating

The surface morphology of graphene is characterized using a JSM-6460 scanning electron
microscope (SEM), as shown in Figure 1a. It shows that the lateral dimensions of the graphene
are layered with a nano-scale thickness. However, some graphene particles agglomerate with each
other, and form a corrugated structure. The fracture surface of the composite coating filled with
graphene is shown in Figure 1b. This shows that the graphene is tightly combined in the epoxy matrix
without loosening even after the fracture. The graphene has a larger specific surface area, which assures
strong anchoring and increases the inter-facial contact between the graphene and polymer. It indicates
that the presence of well-dispersed graphene in the polymer composite can lead to desirable bearing
properties and improve the tribological performance.

 

Figure 1. SEM images of (a) graphene and (b) the fracture surface of polymer coating (4.0 wt % graphene).

Figure 2 shows the micro-hardness of polymer coating depending on various graphene contents.
The hardness is gradually increased when the content of graphene increases from 0.0 to 4.0 wt %.
When the graphene content is higher than 2.0 wt %, the micro-hardness increases slightly with
the increase of graphene content. The lowest hardness of the neat epoxy coating is 20.4 Hv,
while the hardness is 37 Hv as the graphene content increases to 4.0 wt %. The increase in graphene
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content caused hardness to rise, this result is consistent with previous works [24]. The addition of
a coupling agent can effectively enhance the adhesive strength between epoxy matrix and fillers [25].
Homogeneous dispersion of fillers improves the hardness of the polymer coating. The improvement in
hardness is mainly due to the formation of a three-dimensional network by the uniform and staggered
distribution of graphene in a polymer matrix. When increasing graphene content in the polymer
matrix, it is beneficial to enhance the wear resistance of the composite.
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Figure 2. Effect of graphene content on the micro-hardness of the polymer composite coatings.

The thermal conductivities of the polymer composite measured by the laser flash method are
plotted in Figure 3. It shows that the thermally conductive coefficient of the polymer composite is
significantly enhanced to 2.36 W/m·K by adding 4.0 wt % graphene, which is 12 times higher than
that of neat epoxy. The theoretical thermal conductivity of graphene is reported to be as high as
5000 W/m·K [26]. Therefore, it is reasonable to assume graphene is suitable for fabricating the epoxy
nanocomposite with high thermal conductivity. It also indicates that there is an obvious increment for
the thermal conductivity as an increase of graphene content. Because heat propagation in the polymer
is mainly due to acoustic phonons, a uniform network in the polymer matrix may result in an increase
in thermal conductivity in the composites [27]. With the increasing graphene content, the graphene
particles connect to each other and the thermally conductive network is easily formed. For a high
content of graphene, polymer composite possesses better interfacial compatibility, which favors phonon
transport [28], and thus increases thermal conductivity. Similar conclusions in thermal conductivity of
epoxy matrix was previously reported by [27,29].
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Figure 3. Effect of graphene content on the thermal conductivity of the polymer composite coatings.
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Thermal properties of polymer coating with various graphene content by thermal gravimetric
(TG) analysis is shown in Figure 4. When the specimen is heated, there are two main stages of mass
loss of polymer composite during the thermal gravimetric analysis. In the temperature range of
50–300 ◦C, all the TG curves of the specimens present almost the same change trend, the weight is
slowly decreased with a rise in temperature, which is caused by the volatilization of trace amounts of
water and organic matter in the matrix. When the temperature is 300–400 ◦C, the weight loss increases
rapidly as the temperature rises. Decomposition tendencies with temperature are similar, this is due
to thermal decomposition of main chain of epoxy. In the range of 400–700 ◦C, the decomposition
speeds are slow, and the weight loss is significantly different. The decomposition rate of epoxy resin
with 4.0 wt % graphene is slow, and the residue yields of degradation are highest at the temperature
of 700 ◦C, which shows that the heat resistant properties of epoxy resin with 4.0 wt % graphene are
superior. With the increase of graphene content, the heat resistant performance of polymer coating
gradually improves. It indicates that the graphene is effective for enhancing the thermal stability of
epoxy resin. The enhancement of thermal stability can be explained in terms of the dispersion of
graphene and interfacial interaction with the epoxy matrix [30]. As such, the addition of graphene is
helpful for improving the thermal stability of the polymer matrix in the high temperature stage.
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Figure 4. TG curves of polymer composite coatings filled with various grapheme contents.

3.2. Effect of Graphene Content on the Tribological Properties

The effect of the graphene on the tribological properties of the reinforced polymer coating was
investigated by determining the value of the friction coefficient and wear rate with various graphene
contents (1.0–4.0 wt %, respectively).

Figure 5a shows the friction coefficient curves of the polymer coatings with various content of graphene
at room temperature. The friction coefficient of neat epoxy coating is 0.41 at the start-up stage, and then
quickly increases to 0.50 after running for 100 s. The increment rises slowly when the sliding continues,
the friction coefficient rises to 0.60 at the end of the test. The friction coefficients of composite coatings are
significantly reduced and more stable when adding graphene. For example, in the case of adding 1.0 wt %
graphene, the friction coefficient of coating reduces to 0.25, which is 50% lower than that of neat epoxy
coating. It also confirms that the friction coefficient gradually decreases as the content of graphene increases.
Furthermore, when the graphene content is 4.0 wt %, the friction coefficient (with the lowest value of 0.11)
is significantly lower than that of the other coatings. Figure 5b illustrates that the wear rate of the polymer
coating varies with the content of graphene at room temperature. The wear rate of the neat epoxy coating is
as high as 6.54 × 10−6 mm3/N·m. When the graphene content is 1.0 wt %, its wear rate is reduced by 59%
when compared with neat epoxy coating, this indicates an effective improvement for wear resistance of
the polymer composite at a relatively low content. In addition, it can be seen that the wear rate gradually
decreases as the graphene content increases.
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The significant decrease in the friction coefficient and wear rate for polymer composite coating
can be associated with the self-lubrication of graphene. When the embedded graphene in the polymer
matrix is extruded and it forms solid stable transfer films on the relative sliding surfaces, which can
prevent the sliding occurring between the rough surface of composite coatings and steel counterpart,
it endows a self-lubricating characteristic of the polymer composite [31,32].
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Figure 5. Tribology properties of polymer composite coatings: (a) friction coefficient and (b) wear rate.

3.3. Effect of Elevated Temperature on the Tribological Properties

Figure 6 shows the average friction coefficient of the polymer coating with various graphene
contents slid against the GCr15 steel ball with temperatures varying from 25 to 200 ◦C.

It can be seen that the neat epoxy coating has the highest friction coefficient, and the friction
coefficient first reduces and then increases as the test temperature rises. The friction coefficient is lowest
(0.44) at 150 ◦C and then increases to 0.48 as the temperature rises to 200 ◦C. It is also found that the
friction coefficient of the coating containing 1.0 wt % graphene is stable with a rise in test temperature,
the average friction coefficient is in the range of 0.25–0.28, which is distinctly lower than the neat epoxy
coating. In addition, the graphene content further increases to 3.0 wt %, the friction coefficient declines
while the reduction rate slows down as the test temperature increases, the lowest friction coefficient is
0.07 at the test temperature of 150 ◦C. Furthermore, when the graphene content increases to 4.0 wt %,
the friction coefficient is lower than the coating contents of 3.0 wt % graphene under the same test
conditions. Generally, high graphene content benefits the high temperature tribological performance
of polymer coating, whereas higher test temperature leads to a higher friction coefficient.
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Figure 6. Influence of temperature on the friction coefficient of the polymer composite coatings.
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The wear rate of polymer coating with various graphene contents under a test temperature range
from 25 to 200 ◦C, which is shown in Figure 7. It indicates that polymer coating without graphene
has the highest wear rate, and the wear rate reduces and then increases with temperature increases,
the minimum wear rate is 5.62 × 10−6 mm3/N·m at 100 ◦C, and the wear rate reaches the highest
value (9.75 × 10−6 mm3/N·m) at 200 ◦C. When the graphene content increases to 1.0 wt %, the wear
rate is significantly lower than neat epoxy coating. Particularly, the wear rate of the coating with
a graphene content of 4.0 wt % is lowest in the four grapheme-containing polymer coatings. In the
given contents, the wear resistance of the polymer coating is better under higher graphene content.
Thus, the graphene improves the wear resistance of polymer coating under higher temperature.
When graphene is intercalated in epoxy resin, and the organic-inorganic hybrid structure is formed,
this prevents the heat flow to the epoxy resin and reduces the thermal decomposition of composite
matrix, so the wear resistance is significantly enhanced at high temperature stages. Prior study also
found that adding graphene in the epoxy matrix could enhance the bearing capacity and the fatigue
strength of the polymer [15].
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Figure 7. Wear rate of the polymer composite coatings under various test temperatures.

Neat epoxy polymer is viscoelastic material, the friction mainly depends on the adhesion of the
epoxy and steel on the contact area. The relaxation of the branched chain of epoxy resin [33] is occurred
under proper heat, and shear slip of the epoxy takes place under the rubbing process along the sliding
direction and decreases friction. Therefore, friction coefficient of neat epoxy under 150 ◦C is lower
than that under 25 ◦C. However, as the temperature continues to rise, the hardness declines and the
real contact area also increases, which causes severe wear and results in further increase of the friction
coefficient of neat polymer.

However, the friction coefficient of the polymer composite coating with the addition of graphene
is slowly decreased or increased as the increase of test temperatures. This can be attributed to
the embedded particles are free to roll, since the viscous polymer cannot hold them under higher
temperature. The rolling particles could significantly reduce friction and temperature in the contact
area [34,35]. Furthermore, the graphene also forms a transfer film on the counterpart surfaces.
As a result, both the frictional coefficient and the wear rate of the polymer composite coating are
effectively reduced.

3.4. Analysis of Wear Morphology

Figure 8 shows SEM micrographs of the worn surface of epoxy coating with various graphene
contents. For the neat epoxy coating, a large amount of micro-cracking and material breaking off are
observed on the wear track, which indicates a typical fatigue wear type of the neat epoxy coating
under room temperature (Figure 8a). As graphene is added into the epoxy matrix, the damage of the
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wear decreases because the contact stress is supported by the graphene. When the content of graphene
is 1.0 wt %, the wear scratch on the surface gets smoother and shows no surface defects, and only
a smooth and very shallow furrow. When the content of graphene is 3.0 and 4.0 wt %, the worn
surfaces of polymer coating (Figure 8d,e) can be characterized similarly, which is a wear feature of the
surface that exhibited plastic deformation.

When graphene content is increased, the wear damage of the polymer coating decreases,
the reason is that a high filing ratio of graphene in the epoxy matrix can form a well-dispersed
graphene-epoxy structure, which facilitates good load transfer to the matrix network, resulting in
improvement of tribologilcal properties of the epoxy coating.

  

  

Figure 8. SEM images of worn surfaces of epoxy coating with the graphene content of (a) 0.0 wt %,
(b) 1.0 wt %, (c) 2.0 wt %, (d) 3.0 wt %, and (e) 4.0 wt %, respectively, at room temperature.

The micrographs of their wear scars slid obtained under test temperature of 150 ◦C are compared
to better understand the possible wear mechanisms of epoxy coating under high temperature. The SEM
images of the worn surfaces are shown in Figure 9. The worn surface of the neat epoxy is composed of
a loose debris layer, and a large number of micro cracks and peeling, which indicates that the neat
epoxy coating experienced intense fatigue failure under high thermal stress (Figure 9a). When the
graphene content increases to 1.0 wt %, it can be seen that wear debris are sheared by a micro convex
body, and then roller compacted to form a transfer film on the worn surface, which can support
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the contact press. This also indicates that the continuous transfer film is hard to form under a low
grapheme content. As shown in Figure 9c, for the graphene content of 3.0 wt %, the wear becomes
relatively smooth and continuous transfer film is formed on the surface. The detection facilitates to
deduce that in the sliding process, graphene can form a transfer film on the friction pair, and graphene
in the polymer matrix can improve the thermal conduction performance, as well as avoid the initial
failure of coating. Adding an appropriate amount of graphene can improve the wear resistance of
polymer coating mainly because the graphene enhances the bearing strength of the coating. Therefore,
the coating containing graphene can withstand a larger shear force. In addition, the micrographs of
worn surface phenomena decrease with increasing graphene content.

  

  

Figure 9. SEM images of worn surfaces of epoxy coating with the graphene content of (a) 0.0 wt %,
(b) 1.0 wt %, (c) 2.0 wt %, (d) 3.0 wt %, and (e) 4.0 wt % respectively under 150 ◦C.

4. Conclusions

Graphene reinforced polymer coating was successfully deposited on a GCr15 steel surface by
a spraying process. Investigation of micro-hardness, thermal characteristics, and high temperature
tribological properties of the epoxy coating were conducted, and the effects of graphene on the
mentioned performances had been discussed. The following conclusions were reached:

• When filling with various content of graphene, the micro-hardness, heat resistance, and thermal
conductivity properties of epoxy resin coating are significantly enhanced.
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• Under the room temperature condition, epoxy coating containing graphene has excellent
tribological properties, the friction coefficient and wear rate of the neat epoxy coating is 0.55 and
6.54 × 10−6 mm3/N·m, the friction coefficient and wear rate is 0.11 and 1.52 × 10−6 mm3/N·m
for the composite coating contains 4.0 wt % graphene. With the increase of graphene content,
the friction coefficient and wear rate of the composite coating are gradually reduced.

• Under high temperature conditions, graphene-enhanced composite coating shows better friction
reduction and wear resistance than neat epoxy coating, and the values are reduced as the increase
of graphene content. Meanwhile, the friction coefficient and the wear rate of the composite
coatings containing graphene slightly decrease or increase with the increase of test temperature.
Such phenomena are mainly caused by the formation of a transfer film on the surface which
suppresses the huge heat and contact pressure.
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Abstract: The scratch test, as probably the most widespread technique for assessment of the
adhesive/cohesive properties of a film–substrate system, fully depends on reliable evaluation based
on assessment of critical loads for systems’ failures. Traditionally used evaluation methods (depth
change record and visual observation) may sometimes give misleading conclusions about the failure
dynamics, especially in the case of opaque films. Therefore, there is a need for another independent
evaluation technique with the potential to complete the existing approaches. The nondestructive
method of acoustic emission, which detects the elastic waves emitted during film cracking and
delamination, can be regarded as a convenient candidate for such a role even at nano/micro scale.
The strength of the combination of microscopic observation of the residual groove and depth change
record with the acoustic emission detection system proved to be a robust and reliable approach in
analyzing adhesion/cohesion properties of thin films. The dynamics of the gradual damage taking
place during the nano/micro scratch test revealed by the combined approach is presented for SiC
and SiCN thin films. Comparison of critical load values clearly reflects the higher ability of the AE
approach in detecting the initial material failure compared to the visual observation.

Keywords: scratch test; acoustic emission; thin films; silicon carbide

1. Introduction

Rising demands for modern materials with application-optimized physical properties are the main
driving force in contemporary material engineering. The use of surface films and coatings is a logical and
successful solution to this challenge as materials and components interact with their surroundings through
their surface. Nowadays, various types of physical vapor deposition (PVD), chemical vapor deposition
(CVD), and sol-gel techniques are used for production of films in nearly all branches of industry [1–9].
Regardless of the primary functional property of the films predetermined by their application, their
mechanical properties and stability are also essential for their long-term service. Mainly, adhesion of the
films to the substrate is the primal parameter governing the performance of the system.

The definition given by the American Society for Testing and Materials (ASTM) says that “adhesion
is the state in which two surfaces are held together by interfacial forces which may consist of valence
forces or interlocking forces or both” [10]. This “basic or also theoretical adhesion” depends on the
electrostatic, chemical, and/or van der Waals forces, which act on the whole contact surface between film
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and substrate. However, the measured “experimental adhesion” exhibits significantly smaller values due
to structural voids and material peculiarities (internal stresses, porosity, homogeneity, roughness of contact
area, etc.) and also due to the effects associated with the measurement methods (fixing of the sample,
tangential forces, experimental errors, etc.) as well as the rigidity of the testing instrument itself [11,12].
Various experimental techniques have been introduced, aiming for not only the qualitative differentiation
between the measured samples but also for the quantification of adhesion forces. In addition to the
non-mechanical methods (thermal, nucleation, x-ray diffraction, etc.) [13–15], the more direct mechanical
methods (scotch tape, bend test, laser spallation, direct pull-off, etc.) [12,15–18] have been used with
varying success. Nevertheless, their mutual comparison is questionable and the level of proximity to
the basic adhesion varies. It is mainly the difficulty of the experimental approaches and the cost of
measurement which makes many of them impractical solutions [19–21].

Among all of these techniques, the instrumented scratch test method is probably the most
widespread technique for assessment of adhesion/cohesion parameters of a film–substrate system [22–25].
This traditional mechanical method is based on the interaction of the diamond testing probe with
the coated surface. A probe with a linearly increasing load is pulled across the measured surface,
while depth change is continuously measured. A moving indenter induces stresses in the tested film,
which in reaction deforms elastically and/or plastically. Despite the experimental/principle simplicity,
the scratching process is very complex [26–29]. When the deformation is sufficient to overcome the
cohesive bonds in the film, cracks emerge. When the adhesive forces between film and substrate are
surpassed, delamination or chipping of the film occurs. The objective of the scratch test is to find the so
called critical loads (LC), which are the forces inducing the typical failure modes. The great advantage
of the scratch test stems from its possibility of tailoring the experimental parameters (normal load,
indenter size), allowing the position of the von Mises stress maximum to be specified and, in turn,
the sensitivity of the test for specific depth regions to be optimized. With increased load, the position
of the von Mises stress is shifted to the substrate and this is more pronounced for larger indenter
radii [30]. The proper dimensioning of the test can be performed based on Finite Element Modelling
(FEM) [31–36] or analytical models [30]. Localizing the von Mises stress maximum—which in fact
is supposed to be higher than yield stress—to the film–substrate interface is recommended when
adhesion is the main concern. Due to its universality, the scratch test has spread from research to
industrial use. The scratch test has been proved to be an efficient method for evaluation of adhesion
and cohesion properties of various types of coated systems including hard protective coatings [37–40],
optical thin films [41–43], medicinal coatings [44], and so on. Besides, it has been shown that also other
types of materials can be beneficially explored such as plasma spray coatings [45], where for example
the cohesion of individual splats can be studied [46]. In general, the tribological properties, including
wear, of any material [47] can be studied as shown for example by Sola et al. for surface modified
steel [48–50].

The evaluation of the critical loads is traditionally performed through the microscopic observation
of the residual scratch groove and the indenter depth change record. While both techniques can be
adequate in some cases on their own, they are often and beneficially used in combination to obtain
more precise results. Nevertheless, even their combination may fail in the accurate determination of
the critical loads in specific cases [30]. As a result, misleading conclusions about the film’s durability
and, in turn, improper inputs into the service life estimation and optimization process can be deduced.
For example, consider the case of an opaque durable film on a hard brittle substrate (e.g., silicon),
that is often the scenario in the semiconductor industry. In this case the stresses introduced during
the scratch test can induce film and/or substrate cohesion failure or the adhesion failure between
both components. Especially in the last two cases, the failure type classification and critical load
identification can be misleading. When cohesive strength of the film itself is strong enough, the film
can endure even after the first initiation of adhesion failure or substrate cohesion failure until it
breaks away from the substrate at the latter part of the scratch track. As a result, the point of the film
detachment is incorrectly identified as initial failure mode in the measured film–substrate system.
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One of the possible solutions to overcome the abovementioned shortcomings of the standard
evaluation techniques may be detection of acoustic emission (AE) signals recorded during the scratch
test [51]. In general, acoustic emissions are elastic waves that are emitted during cracking or other
irreversible changes in a material’s internal structure. Although the AE method was already introduced
in the scratch test some decades ago, its broader use has been hampered by insufficient hardware,
impractical solutions, or weak software support for analysis. To the best of our knowledge, the use
of AE during mechanical testing of thin films has been restricted mainly to thicker films (more than
5 μm) [52] or high normal loads (more than 1 N) [52–54]. Besides, these tests were often performed
with spherical indenters of large radii (more than 100 μm) [52,54]. As a result, the von Mises stress
maxima were shifted to the substrate, that is, further from the film–substrate interface. The analytical
potential of the AE method is however extremely high. Combined use of AE detection with traditional
techniques creates an unmatched approach for not only the detection of the initial cracks in the tested
system, but also for deeper analysis and understanding of the failure modes’ dynamics and causality
during the scratch test.

Although the SiC thin films and their doped modifications are very promising materials in many
structural applications and their mechanical properties have been studied thoroughly [55–57], there is
a lack of systematic information about their deformation response to the scratch loading and adhesion
strength. The tribological properties of various types of SiCxNy films and coatings have been studied
and compared [57–61]. However, in most cases the deformation mechanism or the failure dynamic
were neglected.

In this paper a combined scratch test evaluation based on the synergic use of the AE signal record
along with the confocal microscope visual observation of the residual groove and the analysis of depth
change record is presented. Hard a-SiC and a-SiCN thin films with the Si/C~1 on brittle Si substrates
are explored and used as a demonstration system. The dynamics of the films’ gradual damage is
revealed and the individual failure modes are distinguished.

2. Acoustic Emission Introduction

Acoustic emission (AE) is the phenomenon describing the emission of elastic waves generated
by release of internally stored energy during abrupt permanent changes in materials. Significant AE
accompanies the initiation and propagation of cracks in rather brittle materials, however weaker AE
also accompanies sliding of dislocation (slip planes) during deformation of crystalline material [62,63].

AE sensors have been routinely employed at macro-level for monitoring of structural strength
of constructions and pipelines. They have been used for health monitoring and detecting of cracks
in large pressure vessels, for control of water cooling pipeline systems in nuclear power plants,
monitoring corrosion of reinforced concrete, or as failure control of important structural points [64–70].
Acoustic emission based methods also found their way to biological research with a drought stress
experiment on leaves of common European trees [71]. Although the use of AE methods at macro
scale has been successfully proved to be a reliable tool, their application at smaller scales is still
a challenging task in terms of construction and data interpretation. Nevertheless, AE may provide
a large amount of unique information about the structural integrity of a material/device and is still
a very live topic [72,73].

The implementation of an acoustic emission method in the evaluation of the scratch test has
been accompanied by various technical solutions throughout history. First, AE sensors based on
accelerometers were introduced in the 1980s. Even with a cut-off frequency of around 50 kHz they
were strongly disturbed by ambient mechanical vibrations, such as footsteps, motors’ movement,
and surface roughness during the tip move. This technology has been overcome by the utilization of
the resonant AE sensors working at a frequency range of 30–1000 kHz due to the fact that the majority
of the parasitic signals are rather low frequency signals below 50 kHz [74].

Localized stress fields and processes in a material during the scratch test results in acoustic
emissions with frequencies up to 1 MHz, which leads to the demand for broadband piezoelectric
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detectors. The piezoelements are nowadays used in nearly all cases of modern AE systems.
The piezoelectric response of used materials allows fabrication of compact sensors compatible with the
majority of commercial scratch testers [75,76]. It should be noted that special sensors can be used even
at elevated temperatures up to 1150 ◦C [77].

Since a scratch test on thin film is a sensitive micro-technique that can be affected by its
surroundings, specific demands are made on the experimental arrangement. During the test,
a micrometer radius tip interacts with the tested thin film causing a localized deformation zone with
a size of hundreds of nanometers. The appropriate position of the AE sensor near the emission
zone during the scratch test is of the highest importance. Small sensors can be placed on the
mount of the scratching tip [75,78,79] or glued to the surface of sample [80,81]. Both solutions are
often used in practice and both possess some advantages and disadvantages. A sensor attached
to the tip benefits from its proximity to the material interaction volume from where the AE signal
is emitted. However, the disadvantage is a small contact surface between the tip and the film’s
surface, which eventually transmits only a minor part of the signal that spreads omnidirectionally
from the point of origin. Also the fixing procedure of the sensor itself is an issue, as its weight can
interfere with the correct movement of the tip. In addition, such mounting makes manipulation
during tip’s change more difficult. Alternatively, the AE sensor can be directly placed on the sample
surface. This approach benefits from its high sensitivity and easy implementation on pre-existing
experimental setups. It should be noted that this is a preferable approach nowadays. The mounting
position must be chosen appropriately as contact of the sensor with the tip must be avoided. On the
other hand, the contamination of sample surface with the used adhesive is undesirable and may
be considered as one of the biggest drawbacks. Since both abovementioned approaches possess
substantial shortcomings, the use of AE methods in scratch testing has been only marginal and mostly
devoted only to very specific case studies, some of which are listed below.

For example, research on AlN coated stainless steel by Choudhary [75] was focused on the use
of the AE method as an indicator of a coating’s cracking during the scratch test without use of any
complex signal analysis. Similar use of the method concerning only the amplitude of the AE signal
as a signalization of changes in material was used in bone toughness analysis by Kataruka [82] and
research on several types of ceramics coatings (TiB2, TiN, Al2O3-SiO2-Cr2O3, CrN) by Ishikawa [83],
Bhansali [84], Sekler [85], and Jensen [51].

A more sophisticated approach focusing on energy (wavelet transform) rather than amplitude of
the AE signal was adopted in Piotrkovsky’s research related to scratch test behavior of commercial
galvanized coatings [86,87], grit scratch tests on aerospace alloys by Griffin [88–90], as well as a different
type of tests on reinforced concrete by Sagasta, Zitto, and Piotrkovsky [91,92]. Research on deformation
processes during scratch tests of molybdenum and tungsten by Zhou [93] also uses analysis of more
complex outputs of the AE record. The deformation response of TiN thin films and the underlying Si
substrate under sliding indentation was investigated by Benayoun [53] or Shiwa [94]. To reveal the
substrate deformation, the film was chemically etched [94]. The combination of Focused Ion Beam
(FIB) cross-sectioning of the residual groove and the AE was used to study the effect of substrate
surface finish on the scratch induced failure mechanism of TiN on WC-Co substrate by Yang et al. [54].

It is not surprising, that the amount of data obtained from AE is massive. One of the solutions to
handle the analysis of such an amount of data is the use of artificial neural networks [70,90].

Acoustic Emission Signal

The amplitude and frequency of AE events are functions of sample’s material properties and
geometry, and also depend on the source of AE. The complete record of the AE signal represents a large
amount of data that may be inappropriately sizeable and too detailed for basic determination of critical
events representing various types of film–substrate failure. It is more common to use a time compressed
AE record, a so-called Envelope (see Figure 1a), that can be directly compared with the depth change
record and the microscopic image of residual scratch groove. To visualize the dynamic of gradual
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damage of the tested material, one can choose the amplitude threshold and trace the number exceeding
in full time resolution in the form of Cumulative counts (see Figure 1b). A full-resolution record of
a specific AE event corresponding to the failure event occurring during the scratch test is called the Hit
(see Figure 1c). It is defined by the amplitude and time thresholds. Using the Fourier transformation,
a Hit’s spectrum can be obtained (see Figure 1d). In addition to the hit’s shape, its frequency spectra
may be considered as a possible “fingerprint” of a particular type of failure mode in the film–substrate
system [63].

 

Figure 1. Parameters obtained from an acoustic emission (AE) analysis. (a) Compressed signal of
complete AE record in form of the Envelope with (b) tracked exceedances of chosen amplitude threshold
in form of the Cumulative counts. (c) Full time resolution AE event called Hit with its threshold described
and (d) exported Spectrum.

3. Instrumentation and Methods

3.1. Acoustic Emission Setup

The acoustic emissions were detected using the ZEDO system (Dakel, Prague, Czech Republic)
with the 10 MHz signal sampling rate allowing detections of AE signal variations with sub-microsecond
resolution. The high dynamic range of the ZEDO system brings the possibility to register and analyze
both the strong AE signals (complete breakage of the film) as well as weak AE signals originating from
the small initial cracking. The AE record synchronized with the depth-change record allows accurate
assignment of individual AE events to the microscopically observable failures in the residual scratch
or the events in depth change record.

The samples were loaded on the special AE sample holder of our own design with the inbuilt
high-sensitivity piezoelectric sensor and the dedicated preamplifier. Its design reflects the needs of
high sensitivity and universal applicability and addresses the need of simple sample manipulation
and avoiding the surface contamination by adhesive. Samples can be easily fixed to the holder using
traditional cold or warm bonding (glue or wax, respectively).

3.2. Scratch Test Setup

The scratch tests were performed using the fully calibrated NanoTest instrument (MicroMaterials
Ltd., Wales, UK) with the diamond cono-spherical Rockwell indenter with an actual radius of 9 μm.
Samples were fixed on the special AE holder using a low temperature wax. In fact, the AE holder
resembles the regular holder, except for the cable transferring the electric signal to the AE main unit
(see Figure 2).
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Figure 2. (a) Comparison of sample holders: traditional passive 5 cm × 5 cm specimen holder from
duralumin (left) and the AE sample holder with built-in acoustic emission sensor and pre-amplifier
(right). (b) Implementation of the AE holder into the NanoTest instrument.

During the ramped-load scratch tests the load on the indenter was linearly increased until the
maximum of 500 mN. The experiments were performed as a 3-pass test, where the initial topography
pass with very low topography load of 0.02 mN was followed by on-load scratch, after which came
the final topography pass scanning the worn profile. The residual scratch groove was thoroughly
explored using the laser scanning confocal microscope OLS LEXT 3100 (Olympus, Tokyo, Japan).
The cross-sections of the residual scratch groove were made using the FEI Quanta 3D (Hillsboro, OR,
USA) Dual-Beam SEM/FIB system with a Ga+ ion source. Each test was repeated at least five times for
sufficient data statistics and sample homogeneity. The evaluation of the instrumented scratch test was
carried out based on a combination of three methods: (i) the depth change record, (ii) residual scratch
imaging, and (iii) the acoustic emissions record.

4. Advanced Scratch Test Evaluation

The strength of the simultaneous AE detection during the scratch test supplementing the
traditional methods will be demonstrated for a-SiCxNy (y ≥ 0) films magnetron sputtered on silicon
substrates. These SiC and SiCN films, depending on actual structure and composition, can possess
high hardness [95], resistance to chemicals and abrasion even at high temperatures [96,97], as well high
radiation resistance [98]. This excellent combination of physical and chemical properties makes them
a very promising candidate for protective high temperature coatings [56,99,100]. It is especially the
doping capability that allows tailoring of physical and material properties. For example, the imposed
brittleness of the pure SiC can be partially suppressed by incorporation of N into the SiC structure.
Besides, the band gap can be tuned by N content [101]. Since the a-SiC and a-SiCN films are often
used in structural applications, their durability (including adhesion and cohesion) is of the highest
importance and hence it has been studied extensively even in situ at elevated temperatures [102–104].

4.1. Combined Approach—Dynamic Revealed

A typical example, where the traditional approach lead to the incorrect determination of critical
loads, can be instructively presented on two scratch tests performed on the SiC thin film (see Figure 3).
A microscopic image of the first test’s residual groove shows gross spallation beginning at the point
marked by number “2”, see Figure 3a. Small cracks inside the residual groove were detected with
difficulty using higher magnification (not shown here) in the earlier stages starting from the point
labeled by number “1”. However, the acoustic emission record (see Figure 3b) shows an abrupt
amplitude increase in the 25th second, indicating that the very first cracking in the film–substrate
system (LC1) occurred sooner than expected from the microscopic observation (marked by number “1”
in Figure 3a). Besides, analysis of the depth change record reveals, that point “2”—considered as the
onset of the gross spallation—is determined incorrectly, see Figure 3c. While the red curve representing
the final topography indicates onset of the film failure already around the 340th micrometer of the
track, the blue on-loaded scratch curve abruptly drops later, around the 380th micrometer. Taking all
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of these pieces of information into account, the dynamic of the film damage can be revealed and the
onsets of the film–substrate failures can be evaluated correctly. In this particular case, film spallation
occurs in the 380th micrometer (now marked as LC2) both in the forward direction and even partially
backward until the point “2”.

Similarly to the previous example, relying solely only on the microscopic analysis (Figure 3d)
inevitably leads to the misleading assumption that large area film delamination occurred at the point
marked “1” and spread until the point “2”. However, the depth change record analysis shows different
dynamics of the film’s failure, see Figure 3f. It is important to note that on-load depth as well as final
depth records must be considered. The course of blue curve (on-load), representing the evolution of
the tip penetration depth with an increasing normal load, increases linearly with a load until a sudden
drop to a depth of around 8 μm occurs at 320th micrometer of the track, also labeled as the point “2”.
On the other hand, the red curve representing final topography profile shows surprising information:
the depth curve drops abruptly to a depth of two microns around the 180th micrometer (point marked
“1”) and remains steady until point “2”. Based on previous findings, it can be correctly determined
that film delamination occurs at the moment of reaching point “2” (now designated LC2), where the
film delaminates significantly in the reverse direction until point “1”. The last piece of information for
full understanding of the failure dynamics is provided by the acoustic emission record. A single peak
can be seen around 17th second of the AE record caused by the single crack in the film (see Figure 3e,
position corresponds with the point “1” from the microscopic image Figure 3d). Its origin stems from
a local growth defect on the film surface actually revealed in the initial topography (see green curve
in Figure 3f). The backward spallation of the film, which detached at point “2” (=LC2), was therefore
stopped by this crack. The most interesting part in AE record can be seen around 22nd second, where
signal amplitude rises again. Subsequent comparison with the microscopic record (see Figure 3d)
points out cracking initiated at the film–substrate interface, which was still at the time covered by the
coating (as explained above). The onset of this substrate cracking is assigned to the critical load LC1.

Since the position of LC1 from this second scratch actually matches the LC1 in the first scratch,
it can be concluded that substrate cracking below the still adhering film is indeed the very first failure
event in all tested film–substrate systems. All this was revealed only through the combined use of the
three evaluation techniques of ramped scratch test.

 

Figure 3. Advanced analysis of two ramped scratch tests on 00SiC sample with (a,d) the microscopic
records, (b,e) the acoustic emissions records and (c,f) depth change records.

4.2. Extended Approach—Failure Type Revealed

The information content obtained from the scratch test and its reliability can be further enhanced
via analysis of the residual groove by SEM-EDX mapping. The strength of such a complex approach
can be manifested on the a-SiCN thin films annealed in air. It is well known that SiCN films with higher
N content are prone to oxidation, especially at higher temperatures above 1000 ◦C, where the SiOx
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oxidation layer is formed [105]. This is another instructive example of how the sole visual observation
may be misleading in terms of evaluation of scratch test.

Typical residual scratch groove for the SiCN film with the N content of 36 at % is shown in
Figure 4. At the first glance, using only microscopic evaluation one may conclude that coating seems to
be scratched through in the area highlighted by the violet rectangle, while the first critical load LC1 is
practically undetectable even if combined with the depth change record. Subsequent detailed analysis
based on the depth profiling of the 3D high resolution confocal microscope image and especially the
electron microscope (see Figure 4d,e, respectively) revealed the penetration of the oxide SiOx surface
layer only (thus marked LCox), while the remaining unoxidized SiCN film remained intact. The exact
point of scratching through the oxide layer was confirmed using electron microscopes’ EDS mapping
technique [106] as can be seen from Figure 4e, where the green arrow indicates the direction of the
linear mapping profile inside the residual groove; the corresponding spectra are shown below. The blue
dashed line of oxygen signal drops exactly at the point where SiOx is scraped off. Another detail from
the latter part of scratch track (see Figure 4d) shows the further evidence of the detached SiOx layer
even with its thickness evaluation. Perpendicular profile using calibrated confocal microscope shows
a sharp transition between the SiOx layer and the free surface of the SiCN film. Step measurement
indicates thickness of SiOx layer of t0 = 100 nm. The coating itself proved to be unharmed since its
plastic deformation at the deepest point of the residual groove is tr = 400 nm, which still does not
reach the full coating thickness of 2.6 μm. Moreover, the acoustic emission record clearly shows signal
increase around 33th second. This is probably the very same failure mode caused by the film–substrate
interface cracking, as described in the previous case on SiC samples (shown in Figure 3) and evidenced
in the FIB-milled longitudinal cross-section. The lateral and median cracks are clearly identified in
the film and substrate as can be seen in Figure 5. A detailed inspection of the SEM image shows no
evidence of through-thickness cracking as all the cracks were stopped within the film. This may be
related to the compressive stress in the films [56]. The initial cracks occurrence coincides well with the
critical load LC1 obtain from the AE record. With the increasing load, the cracking in both the film as
well as the substrate is more pronounced as shown on the perpendicular cross-section, see Figure 5.

 

Figure 4. Detailed analysis of selected scratch test on sample SiCN with an oxidized surface using
(a) microscopic record, (b) the acoustic emission record and (c) the depth change record. Detail (d) shows
profile measurement of SiOx oxide film thickness and detail (e) shows the oxide SiOx film first
penetration using the SEM-EDS linear mapping.
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Figure 5. SEM images of the Focused Ion Beam (FIB) milled on the SiCN film for the(a) longitudinal
cross section in the area of Lc1 with (b,c) details and (d) the perpendicular cross section of the final part
of the residual scratch groove with (e,f) two successive cross-sections.

4.3. AE as a Tool for First Failure Detection

The strength of the AE method in terms of the very first failure detection during the scratch
test is clearly manifested by the comparison of values of critical loads evaluated by in situ AE and
visual observation methods for SiC and SiCN thin films, see Figure 6. The as-deposited as well as
air annealed films (700, 900 and 1100 ◦C) were explored. The primary goal was to test the effect of
annealing temperature on tribological properties of these films with potential use for high temperature
protective purposes. Introduction of nitrogen into the SiC structure led to the improvement of scratch
resistance of originally deposited and also annealed coatings. However, the main finding in the context
of combined scratch test evaluation described in this article is that the sensitivity of acoustic emissions
exceeded the visual microscopic method in all cases. Critical loads obtained by the AE method were
always lower (=detected sooner) than the microscopic ones. In extreme case the difference in the
critical load values reaches 22%.

The use of the AE method as a complementary technique has been proved to be an important
step forward in enhancement of the reliability and accuracy of the scratch test evaluation. However,
the AE may go far beyond just identification of the very first cracking. The high sampling frequency of
modern AE hardware units allows the recording of the AE signal with sub-microsecond resolution.
As a result, the individual AE hits representing the particular physical events (cracking, chipping,
delamination, etc.) in the film–substrate system can be subjected to a thorough analysis in time as
well as frequency domain. Applying such an enhanced approach, it is possible to distinguish between
various types of failures. Figure 7 illustrates the difference between the hit representing cracking in the
SiC film only occurring at low load and the combined SiC film and underlying Si substrate cracking.
The corresponding frequency spectra confirm the different response of the film–substrate system at
different loads. Since various types of material failure are frequency dependent it is possible to online
monitor and even classify the material/device/component deterioration that further emphasizes the
beneficial role of AE method.
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Figure 6. Sum of critical loads of the tested set of samples obtained through the acoustic emission
evaluation and the traditional microscopic evaluation of residual scratch. Results show that AE method
detected initial failure sooner in all cases.

 

Figure 7. Detailed evaluation of specific observed AE hits. Firstly the microscopic record (a) was
compared with the envelope of AE record (b). Then detailed evaluation in form of hit visualization
(c) and hit’s spectrum (d) of two AE events belonging to the lone film crack (marked “1”) and jointly
cracking of substrate and film (marked “2”). Note the different axis scale in both spectra (d).

5. Conclusions

The importance of the combined evaluation of the scratch tests on thin films was presented. In this
combined approach, the standardly used visual observation of the residual groove and the depth
change record were correlated with the simultaneous acoustic emission (AE) record. The illustrative
examples were presented for the SiC and SiCN thin films deposited on Si substrates.
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It was shown that proper analysis of the AE signal and its correlation with standard techniques
can significantly increase the informative value of the scratch test. As a result, more reliable conclusions
about the material response to external loading can be drawn. The present combined scratch/acoustic
emission test evaluation has provided an excellent insight into the physical behaviour of SiC and
SiCN films on silicon substrates during the single asperity scratching contact simulated by the
diamond indenter.

The AE method provides unique information that enables the elucidation of the dynamics of the
material failure with the potential to differentiate between the film and substrate cracking even at
nano/micro scale. The use of AE in scratch testing is especially beneficial in the case of nontransparent
thin films, where the AE signal can reveal subsurface cracking. Ignoring and/or neglecting the internal
cracking may dramatically affect the scratch test results/findings. When they are used as input
parameters into finite element modeling then the simulation findings can be distorted. Besides, it was
shown that AE always detects critical loads sooner than visual observation.
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Abstract: In this study, a multilayered AlCrN coating has been employed as a protective layer for
steel used in tribo-corrosive conditions. The coating was deposited by a lateral rotating cathode
arc PVD technology on a AISI 316L stainless steel substrate. A ratio of Al/(Al + Cr) was varied
from 0.5 up to 0.6 in the AlCrN layer located above Cr adhesion and gradient CrN interlayers.
A Raman spectroscopy and potentiodynamic polarization scan were used to determine the resistance
in tribo-corrosive (3.5 wt % NaCl) conditions. Correlation between sliding contact surface chemistry
and measured tribological properties of material was supported with static corrosion experiments.
The corrosion mechanisms responsible for surface degradation are reported.

Keywords: multilayered AlCrN coating; Raman spectroscopy; tribo-corrosion; sliding wear

1. Introduction

One of the problems in the industrial application of moving bodies concerns the mechanical
interaction between sliding surfaces and surface chemical reactions or corrosion occurring in reactive
environments such as an aqueous media. A simplified description of tribo-corrosion phenomenon is
related to a material transformation process due to simultaneous corrosion and wear taking place at
contacting surfaces in relative motion [1].

Corrosion resistance is one of the most important factors to be taken into consideration
for manufacturing metal products, as the formation of rust can have a devastating impact on
the performance. Protection of the metal surfaces with physical vapour deposited coatings is a
widely used technique. It could be assumed that such treatment will be even more relevant in future
due to boosting of 3D metal printing technologies (additive manufacturing) [2]. Reliable lifetime
prediction for a component used in an aqueous corrosive environment requires the identification of
corrosion failure modes. Such failure modes can be pitting (if halide ions are present), stress-corrosion
caused cracking by hydrogen embrittlement and corrosion fatigue [3].

The effect of mechanical stimulation on chemical degradation of materials and, vice-versa,
the influence of corrosion on the mechanical response of contacting materials are of great
concern for modern technologies including power generation, marine, and offshore industries.
Materials properties, surface transformations, and electrochemical reactions are important aspects to be
considered during materials selection for any specific application as cumulative effects of mechanical
and chemical factors can result in unexpected behaviour and catastrophic loss of integrity. However,
the chemo-mechanical mechanisms of tribo-corrosion are not yet well-understood and are extremely
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complex as they involve a great number of parameters [1,4–6]. A realistic evaluation of materials
reliability is further hindered by the experimental difficulties in process characterization. Moreover,
the overall rate of material degradation is rarely the sum of just corrosion and wear but is influenced by
multiple reactions and transformations that take place during tribo-corrosive interactions. Therefore, an
attempt to use Raman spectroscopy as a non-destructive and relatively fast method for understanding
processes of tribo-corrosion is of potential benefit [7].

Nowadays the use of protective coatings containing carbon, oxygen, or nitrogen (e.g., carbides,
nitrides, carbonitrides, or oxynitrides) is considered to be a practical method for improvement of the
performance of metals and alloys [8–10]. Transition metal nitrides ensure the high hardness, acceptable
wear, and corrosion resistance when applied as physical vapour deposited (PVD) coatings to enable
application under aggressive environments [11,12]. Dominating phase transition changes from cubic
to hexagonal have been found in AlxCr1−xN by increasing x up to about 0.71 [13]; however, this
value has not been strictly defined.

In many cases, a ceramic coating cannot be applied directly to an SS substrate due to insufficient
bonding efficiency. As the result of this, intensive delamination of a coating can take place. It is
especially harmful, if emission of Cr containing particles takes place that can oxidize into a toxic
and cancerogenic Cr(VI) [14]. Accordingly, an adhesive interlayer with as possible similar lattice
parameters can be applied. In such situation, a process of inter-diffusion between coating and
substrate may occur. Cohesive energy densities or solubility parameters should match according to
thermodynamic considerations to attain good bonding between a substrate and an adhesive layer [15].
A combination of Fe and Cr satisfy these conditions as both have bcc structures. It is well known that
specific interactions between the components enable blending the miscible materials [16]. The ideal
work of adhesion properties of the Cr(100)/Fe(100) and Cr(110)/Fe(110) abrupt interfaces has been
predicted to be about 5.4 J·m−2. Endothermic intermixing occurs at the interface of Cr film and
Fe substrate, exhibiting a very strong adhesion caused by strong covalent bonding in addition to
metallic cohesion and nearly lack of strain [14]. Intermixing causes a favourable concentration gradient
transition zones distinguished by thermodynamic compatibility of a substrate-coating system [17].

Herein, the tribo-corrosive processes occurring at multilayered AlCrN PVD coatings deposited
over stainless steel (SS) substrate demonstrating an applicability of Raman spectroscopy for
determination of corrosion products and possible coating failures under static and tribologically
initiated conditions is reported.

2. Materials and Methods

2.1. Materials

Austenitic conventional (produced by casting and rolling) SS AISI 316L (UNS S31603, dimension:
25 mm × 15 mm × 5 mm) supplied by Outokumpu (Helsinki, Finland) was used as the substrate
material for the compositions described. Selected Fe based SS typically contains Cr (17.2 wt %) C
(0.02 wt %), Ni (10.1 wt %) and Mo (2.1 wt %) according to properties provided by the producer.
A small concentration of several other elements like Si, P, S, Mn, and N can be detected during
elemental analysis.

An arithmetical mean roughness of the substrates Ra ≤ 0.02 μm was reached using a Phoenix 4000
(Buehler, Lake Bluff, IL, USA) polishing system by applying SiC papers (Buehler) down to grade P4000
(MicroCut S, Buehler). Substrates were cleaned with an isopropanol for 50 min in an ultrasonic bath and
then sputter-cleaned in a chamber with argon plasma with the bias voltage of 850 V at 425 ◦C for 1 h.
Chromium adhesive and gradient CrN interlayers were used in order to provide sufficient adhesion of
the AlCrN coating to the substrate. The structure of alternating layers with an Al/(Al + Cr) ratio of 0.6
and 0.5 was produced by varying the Cr cathode arc current, [5]. The adhesion of the coating to the
substrate was characterised as class 1 according to VDI 3198. The thickness of the AlCrN coating was
established as 3 μm and the thickness of the Cr/CrN interlayer was about 0.3 μm (Kalotest method by
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BAQ GmbH KaloMAX ball cratering device according to EN1071-2007). The deposition temperature for
the substrate was 450 ◦C. The schematic representation of the coating described is given in Figure 1a.
A dominating cubic CrN phase was confirmed by XRD in the structure of the AlCrN PVD coating after
deposition, as demonstrated in Figure 1b (minerals with similar XRD signals are indicated). The main
properties of the coating are listed in Table 1.

(a) 
 

(b) 

Figure 1. A schematic illustration of the multilayered AlCrN PVD coating on the stainless steel
substrate (a); and XRD (made by Rigaku Ultima IV, Tokyo, Japan) diffractogram of AlCrN PVD coating
deposited onto stainless steel AISI 316L substrate, indicating a dominating cubic CrN phase in the
coating (b).

Counter-body balls of yttria-stabilized tetragonal zirconia (YSZ, 95% ZrO2, 5% Y2O3, Tosoh/Nikkato,
Tokyo, Japan) were used in this research. The main properties of the balls are listed in Table 1.

Table 1. Properties of coating and ball materials.

Properties AlCrN YSZ

Hardness at 20 ◦C, GPa 30.6 ± 2.8 [5] * 10.5 **
Fracture toughness KIC, MPa·m0.5 6.4 [18] 6.0 **
Young's modulus of elasticity, GPa 585 ± 54 [5] * 210 **

Thermal conductivity 20 ◦C, W m−1·K−1 1.5 [19] 3 **
Max service temperature, ◦C 900 [20] 1200 **

Density, kg·m−3 – 6000 **
Thermal diffusivity, ×10−6·m2·s−1 – 0.9 [21]

Diameter, mm – 10

Notes: * Property from coating from the same production line; ** Properties are provided by producer.

2.2. Characterization of Materials

Surface morphology was studied using a scanning electron microscope (SEM) Hitachi TM1000
(Tokyo, Japan) equipped with an energy-dispersive X-ray source (EDS).

Raman spectral analysis was performed at room temperature using a high resolution micro-Raman
spectrometer (Horiba Jobin Yvon HR800, Kyoto, Japan) equipped with a multichannel charge-coupled
device (CCD) detection system. The device was set in the backscattering configuration. An Nd-YAG
induced laser (λ = 532 nm) with a spot size of 10 μm in diameter was used for excitation. The results
were obtained with laser beam powers of 2.8 mW (factor of filter was 0.0912) and 15.8 mW (factor
of filter was 0.5147). The laser beam power was kept unchanged for all test materials (including
transferred material). Crystal phases of the AlCrN PVD coating were detected by X-ray diffractometer
(XRD) Rigaku Ultima IV (Tokyo, Japan). Obtained results were compared with measurement results
from X-ray diffractometer Bruker D5005 AXS (Billerica, MA, US). A monochromatic CuKα radiation
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in 2θ scan mode was applied. Commercially available database ICDD-PDF-4+2016 was used for the
identifications of crystal phases.

2.3. Evaluation of Coating Reliability

Selected laboratory-scale experimental methods and approaches for improvement of reliability
of the AlCrN PVD coating on the steel substrate for use in aggressive environments are listed in
Table 2. The selection was done according to applicability for determination of coating reliability under
static and tribologically influenced conditions. Visual observation, imaging techniques (optical, SEM,
2D or 3D profiling), ball cratering, adhesion or scratch testing are mainly suitable for preliminary
estimation of properties and prediction of performance while electrochemical or tribo-corrosive tests
(accompanied with electrochemical measurements) provide the possibility for tracking the performance
of materials In-Situ. To great extent, only Raman spectroscopy can assist in an evaluation of the
composition of a thin layer formed during tribological testing of material.

Table 2. Applicability of different methods for laboratory evaluation of various aspects of reliability of
coatings intended for corrosive tribo-applications.
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Preliminary evaluation + + + ++ +++ +++ +++ +++ + NCH ++ ++ +++

Wear or corrosion rate - + + +++ +++ NCH NCH NCH ++ +++ - - -

Destruction
mechanisms + + ++ ++ +++ NCH NCH + + ++ + +++ ++

Elemental or phase
composition of thin

tribo-layer
- - -

SE NCH NCH NCH NCH - 0 0 - +++ -

Elemental or phase
composition of thick
(≈>1 um) tribo-layer

- 0 +
BSE NCH NCH NCH NCH - 0 0 ++ +++ ++

In-Situ measurement of
corrosion intensity

and/or evolution of
coating damage

0 0 NCH NCH NCH NCH NCH NCH +++ +++ - - +

Notes: “+” is showing how useful could be the equipment (+ min, ++ average, +++ max); “-” means that equipment
is rather not useful; “0”–only qualitative estimation or indirect conclusion; NCH–not considered here; SE and
BSE–Secondary electron and Backscattered electrons of SEM; * Assisted with potentiostat/galvanostat.

2.3.1. Potentiodynamic Polarization Test

The typical three-electrode cell was used with the Pt counter-electrode (CE) with a working surface
area of 2 cm2 and the saturated calomel reference electrode (SCE). Potentiodynamic polarization
measurements were performed in a 3.5 wt % NaCl aqueous solution to estimate the influence of the
microdefects (micropores and macrodroplets) detected by SEM, Figure 2a. The corrosion current
density (icorr) was measured at room temperature to evaluation corrosion reaction kinetics. A corrosion
potential (Ecorr calc) was calculated from the intercept on Tafel plot. Pristine SS substrates, as well as
coated substrates, were tested.
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Specimens were isolated with a nonconductive tape and the remaining exposed surface area
of about 1 cm2 was used as working electrodes (WE). Autolab PGSTAT30 galvanostat–potentiostat
with general purpose electrochemical system (GPES) software (Metrohm Autolab B.V., Utrecht, The
Netherlands) was employed for data recording. Open circuit potential (OCP) stabilization was done by
immersing the samples into 3.5 wt % NaCl solution for either 10 min or 24 h before the test to estimate
the change in polarization resistance. The limits of positive scanning linear sweep voltammetry were
set from −0.7 up to 0 V for the coatings and from −0.8 up to 0 V for the substrate. Scanning rate
was selected 5 mV·s−1. Software NOVA (version 2.1.2, Metrohm Autolab B.V.) was used to analyse the
Tafel plot. Penetration rate CR (the thickness loss per unit of time mm·year−1]), protective efficiency
P i [%], porosity F [%] of the coating, the polarization resistances of the substrate and coating-substrate
systems Rpm and Rp [Ω·cm−2] were calculated according to ASTM G59-97e1-Standard Test Method
for Conducting Potentiodynamic Polarization Resistance Measurements [22].

2.3.2. Tribo-Corrosion at Open Circuit Potential

Tribo-corrosion experiments were carried out using universal materials tester (UMT-2) from CETR
(Bruker, Billerica, MA, US) in a reciprocating mode (amplitude 1 × 10−3 m, frequency 1 Hz). The counter
ball was located above the specimen and, therefore, wear debris tend to remain in a wear scar. All tests
were done in ambient atmosphere environment (temperature 20 ± 2 ◦C, relative humidity 50% ± 5%).
The specimens were fixed in the electrochemical cell installed on the reciprocating table as shown
in Figure 2b. The electrochemical cell was filled with 50 mL of 3.5 wt % NaCl aqueous electrolyte
solution. A level of a liquid of 1 cm above the tribological contact was provided. The specimen
was connected to the potentiostat as WE. Standard Ag/AgCl as RE and Pt as CE were utilized in
the three-electrode mode. EmStat3+ potentiostat and PSTrace software (PalmSens BV, Houten, The
Netherlands) was used for data recording and processing.

An exposed surface area of 1 cm2 was left by isolating the remaining surface of specimens with a
nonconductive tape. Exposed surfaces were cleaned step-by-step with acetone, ethanol and then dried
before applying electrolyte. The material was immersed in the liquid for 1 h before test without data
recording for preliminary stabilization. Recorded data for coated and uncoated materials were divided
into three periods: (1) Stabilization (1000 s); (2) tribo-corrosion (7200 or 43,200 s that corresponds to
2 or 12 h); and (3) passivation (1000 s). The load was 1 kg (9.8 N) during 7200 or 43,200 s tests and
3 kg (29.4 N) during 7200 s tests. The initial maximum Hertzian contact pressure was either 1.31 or to
1.88 GPa for 1 or 3 kg tests, respectively.

 
(a) (b) 

Figure 2. Surface defects on the as-deposited AlCrN coating on the stainless steel AISI 316L substrate
were detected in a SEM micrograph (a); and a schematic illustration of reciprocating tribo-corrosion
test setup (b).
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3. Results and Discussion

3.1. Potentiodynamic Polarization Test of Statically Corroded Uncoated and Coated SS AISI 316L

The Tafel plots and calculated potentiodynamic polarization results of the SS substrate and the
coated specimens are presented in Figure 3 and Table 3, respectively. The Ecorr calc and icorr of the bare
AISI 316L after 10 min of immersion were found to be −0.423 V vs. SCE and 1.9 μA·cm−2, respectively.
Ecorr calc shifts toward more positive value (to about −0.340 V vs. SCE) after applying the AlCrN PVD
coating on the SS substrate. About 1.2 times lower icorr was measured as compared to the AISI 316L,
reaching improvement in the protective efficiency (Pi) by 15.9%.

  
(a) (b) 

Figure 3. Potentiodynamic polarization curves (Tafel plots) of uncoated and AlCrN PVD coated AISI
316L specimens indicating corrosion potential: (a) after 10 min immersion; (b) after 24 h immersion.

Table 3. Potentiodynamic polarization of uncoated and coated specimens.

Material

Potentiodynamic Polarization Measurements (From NOVA) Calculation Results

Corrosion
Current
Density

Polarization
Resistance

Calculated
Corrosion
Potential

Tafel Slope Tafel Slope
Corrosion

Rate
Protective
Efficiency

Porosity

icorr Rpm, Rp Ecorr calc |βa| |βc| CR Pi F

[μA·cm−2] [Ω·cm−2] [V] [V·Decade−1] [V·Decade−1] [mm·Year−1] [%] [%]

AISI 316L, 10
min 1.9 1.43 × 104 −0.423 0.718 0.069 2.0 × 10−2 – –

AlCrN/AISI
316L, 10 min 1.6 3.76 × 104 −0.340 0.399 0.212 1.7 × 10−2 15.9 29

AISI 316L, 24 h 22.1 1.71 × 103 −0.669 0.312 0.121 2.3 × 10−1 – –

AlCrN/AISI
316L, 24 h 0.05 2.33 × 106 −0.153 0.488 0.517 4.9 × 10−4 99.8 0.002

A significant passivation of the AlCrN PVD coated sample was found after immersion for 24 h.
Ecorr calc significantly shifts toward a positive value (−0.153 V vs. SCE) and icorr was found to be ≈30
times lower (0.05 μA·cm−2) as compared to the coating after 10 min immersion. The icorr was also
found being ≈40 and ≈450 times lower as compared with the tested substrate after 10 min and 24 h
immersion, respectively.

Decrease in CR down to 4.9 × 10−4 mm·year−1 and F down to 0.002% for the AlCrN PVD coated
sample was detected after 24 h immersion. It confirms a hydrolyzation reaction with the AlN on the
surface and inside the pores. One of possible reaction is known as the Bowen’s model [23] reporting
degradation of the AlN in an aqueous medium. In the present work, the reaction passivates as the AlN
is embedded into a monolithic dense coating and the reaction occurs only on the surface. Corrosion
products such as an amorphous aluminium monohydroxide (AlOOH(amorph)) and a crystalline
aluminium hydroxide (Al(OH)3(crystal)) form an additional passivation layer. Increased Pi up to
99.8% confirms the inertness of transition metal (e.g., Cr) nitrides [24].
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3.2. Tribo-Corrosive Wear Test of Uncoated and Coated SS AISI 316L

Evolution in OCP before, during and after the short (2 h) wear tests of the bare and coated SS
are presented in Figure 4a. Loss of protective oxide film developed on the surface of the bare SS was
continuously observed during the whole stabilization period (1000 s) before starting the wear test.
OCP shifts towards negative values from about −0.400 down to about −0.680 V vs. Ag/AgCl
during stabilization.

Sharp shifting towards more negative values of OCP was measured at the beginning of wear test.
Stabilized OCP value of about −0.780 V vs. Ag/AgCl remains practically unchanged until the end of
the test. A sharp increase in coefficient of friction (CoF) from about 0.10 up to about 0.74 in the first
1200 s of the wear test (running-in period) indicates a rapid formation of a wear track representing a
removed protective oxide layer and an enlarging tribocontact area. Instability in CoF was observed as
a fluctuation from 0.70 to 0.74, exhibiting arrangement of the tribosystem (second running-in period).
A slightly higher, but stable CoF of about 0.79 was measured after 2600 s of the test running, which
indicates reaching a steady-state regime.

Some fluctuations in OCP from −0.230 to −0.160 V vs. Ag/AgCl were observed with the AlCrN
PVD coated steel before wear test. These fluctuations are related to the solution penetration into the
pores, other defects presented on the surface of the coatings, and reaction with the available AlN,
causing a formation of the passive layer that consists of Al-based reaction products. Simultaneous
evolution during the first 1600 s and stabilization in OCP and CoF values of about −0.210 V vs.
Ag/AgCl and 0.58 were observed corresponding to the running-in and the steady-state regime,
respectively. At these particular conditions, neither failure nor observable degradation of the coating
was detected.

The test duration was increased up to 12 h with the application of 1 or 3 kg load as shown in
Figure 4b. The fluctuations in OCP from −0.320 up to −0.250 V vs. Ag/AgCl were generally observed
with the AlCrN PVD coated steel before wear test initiation, Figure 4b. Evolution of CoF during a
running-in period (about 4000 s from the beginning of wear test) is similar to the evolution of CoF
at 1 and 3 kg loads. An increase in CoF was measured from 0.42 up to the steady-state value of 0.69.
A second CoF stabilization period was observed after about 21,000 s of test running, changing CoF to
the final steady-state value of 0.65 (1 kg) and 0.62 (3 kg).

A passivation effect of the coated specimen was detected during the test under 1 kg load. The OCP
slightly changed from −0.240 up to a more positive value of −0.150 V vs. Ag/AgCl. A rapid change
to more negative OCP value of −0.300 V vs. Ag/AgCl was detected after 9000 s of sliding. It can be
explained by an increased rate of a continuous mechanical destruction of the passivating layer. A slight
passivation effect occurs after about 25,000 s as OCP was measured to be changing from −0.300 up to
the final steady-state value of −0.280 V vs. Ag/AgCl.

Sharp shifting in OCP toward more negative values from −0.240 down to −0.440 V vs. Ag/AgCl
was observed after the first 3300 s of the test under 3 kg load as shown in Figure 4b. This value
remained stable for about 18,000 s of sliding indicating an inability of corrosion products to create a
stable passivation layer under this load. However, the critical failure of the coating was recognized
after about 18,000 s of the test run. The OCP was measured to be almost continuously shifting towards
negative values from −0.440 down to about −0.700 V vs. Ag/AgCl at the end of the test.

It was also found that passivation effect of the immersed AlCrN coating occurs after about 45,400 s
of static oxidation as demonstrated in Figure 5. The stabilized OCP is more positive than during
tribo-corrosion tests (Figure 4b).

No typical iron based oxides on the pristine surface of the SS AISI 316L were found in the
Raman spectra, Figure 6a. However, the Raman peak of Cr2O3 with a low intensity at 310 cm−1

indicates the development of the oxide layer at the ambient conditions. An increase in intensities of
peaks collected from the area of a wear scar of the pristine SS points out to the formation of a thick
layer of iron-based oxides and hydroxides [7]. A broad peak was observed in a range between 680
and 700 cm−1 indicates the presence of the corrosion product Fe3O4, Figure 6a. It should be noted
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that almost identical spectrum was obtained even after 24 h of static sample expose into the NaCl
solution. Well-pronounced broad peaks appear in the spectra of the AlCrN PVD coated SS at 300,
690–706, 1000 and 1331–1388 cm−1, Figure 6b. These peaks belong to the vibration of Cr and N ions
and their intensities decrease after immersion in the 3.5 wt % NaCl solution for 12 h. The peak at
1000 cm−1 disappears, but a broad peak at 1331–1388 cm−1 turns into new peaks of low intensities as
demonstrated in Figure 6b. It could be explained by the low and medium intensity combination of
Raman active modes and overtones of α-Cr2O3 on the surface of coated material [25].

  
(a) (b) 

Figure 4. Chronopotentiometry results to show comparison in evolution of CoF and open circuit
potential (vs. Ag/AgCl) of uncoated and the AlCrN PVD coated AISI 316L samples during short (2 h)
(a); and extended (12 h) tribo-corrosion test of coated AISI 316L sample (b).

Figure 5. Chronopotentiometry result to show evolution of open circuit potential (vs. Ag/AgCl) of
AlCrN PVD coated AISI 316L sample in the 3.5 wt % NaCl solution (static test duration–86,400 s/24 h).

  
(a) (b) 

Figure 6. Raman spectra illustrates vibration modes and oxides on pristine surface of AISI 316L and
in a wear scar after 2 h (1 kg) tribo-corrosion wear test (a); and observed changes of intensities and
shifting of peaks on coated specimens before and after 12 h immersion; and after extended (12 h)
tribo-corrosion wear tests in 3.5 wt. NaCl % under 1 and 3 kg loads (b).
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The typical grooves in the wear scar of the AISI 316L SS after the short tribo-corrosion test are
demonstrated in Figure 7a. Several areas of the CrN rich interlayers and micro-droplet inclusions were
exposed during an extended (12 h) tribo-corrosion test under 1 kg load, Figure 7b. Several areas of the
uncovered CrN interlayer and extensive cracking in the middle region were found after the extended
wear test under 3 kg load, Figure 7c. EDS analysis indicated a critical decrease in an atomic content
of Al and appearance of elements typical for AISI 316L in the delaminated areas. The simplified
schematic illustration of the static and dynamic corrosion processes is made based on the results
obtained, Figure 8. The overview assignment of the Raman peaks of the uncoated and AlCrN coated
SS AISI 316L before and after the corrosion and tribo-corrosion tests are presented in Table 4.

   
(a) (b) (c) 

Figure 7. SEM micrographs show grooves inside wear scars after short (2 h) tribo-corrosion test with
AISI 316L (a), and defects after extended (12 h) tribo-corrosion tests with AlCrN coated AISI 316L
specimens under 1 kg (b), and 3 kg loads (c). Double arrowed line shows reciprocating sliding direction;
elemental analysis was done with EDS inside and close to the marked area.

 

Figure 8. Simplified schematic illustration indicates main processes on the surface and in the wear scar
during static corrosion and 12 h tribo-corrosion tests. A period when damage of interlayer or substrate
took place in case of 1 or 3 kg tests, respectively is indicated. A ball is shown only for illustration
without scaling. Mainly released cations are indicated.
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Table 4. Assignment of Raman peaks before and after corrosion and tribo-corrosion tests.

Material Test
Peak Position

[cm−1]
Peak Assignment

Peak
Intensity

Peak
Configuration

Comments

AISI 316L

As received 310 Cr2O3 Low Sharp Slight oxidation after
polishing

24 h static
immersion 680–700 Fe3O4/γ-Fe2O3 Low Broad Development of Fe based

oxides and hydroxides

Tribo-corrosion
2 h, 1 kg 680–700 Fe3O4/γ-Fe2O3 Low Broad Development of Fe based

oxides and hydroxides

AlCrN PVD
on AISI 316L

As deposited

300 TA mode-vibration of
Cr ions High Broad Cubic CrN structure

690–706
A+O optic

mode-vibration of N
ions

High Broad Cubic CrN structure

1000 2 O-second order
transition Low Broad Cubic CrN structure

1331–1388 2 O-second order
transition Low Broad Cubic CrN structure

12 h static
immersion

300 TA mode-vibration of
Cr ions High Broad *

690–706
A+O optic

mode-vibration of N
ions

High Broad *

1000 2 O-second order
transition Low Broad *

1331–1388 - Low Sharp Possible formation of Al
based corrosion products

Tribo-corrosion
12 h, 1 kg

300 TA mode-vibration of
Cr ions Low Broad *

690–706
A+O optic

mode-vibration of N
ions

Low Broad *

Tribo-corrosion
12 h, 3 kg

300 TA mode-vibration of
Cr ions Low Broad Formation of corrosion

products

690–706
A+O optic

mode-vibration of N
ions

Low Broad Formation of corrosion
products.

Note: * Intensity decreases due to the formation of amorphous AlOOH [22].

4. Discussion

The reaction and the subsequent passivation effect in the 3.5 wt % NaCl solution can be attributed
to the formation of a very thin and mainly amorphous layer on the surface of the AlCrN coating [26].
This layer consists mainly of AlOOH(amorph), which foremost is a result of the reaction between H2O
and AlN on the surface of the coating (including pinholes, gaps between microdroplet inclusions, etc.).
The reactions are more intensive on the more defected areas of the surface. The applied incident powers
of Nd-YAG induced laser (λ = 532 nm) of the Raman spectrometer checked from 0.05 up to 22 mW
was not appropriate enough to detect this thin amorphous oxide layer due to massive side effects
such as noise and/or weak signals. The CoF measurements in the conditions of the tribo-corrosive
reciprocating sliding test demonstrate even lower final value at the ultra-high load (3 kg) as compared
to the same test at a load of 1 kg. It indicates an intensive forming of a quite soft abrasive body
of severely hydrolysed surfaces of the AlCrN-based wear debris (self-lubrication) at the extreme
conditions as schematically shown in Figure 8. Self-lubrication effect provided by the hydrolyzation
reaction with AlN can provide an improved reliability as a protective factor in a short period of
overloading situations. It leads to significantly increased lifetime of coating in underwater conditions
in addition to a high resistance to corrosion due to a presence of the interstitial compound of CrN.

It was found that the AlCrN coating is performing sufficiently better than TiCN or TiAlN coatings
deposited onto the same SS substrate and tested by authors under the same tribo-corrosive conditions
that indicate its higher reliability as the coating for protection of a soft steel substrate that can be
produced by 3D printing (additive manufacturing technology) [2]. These TiCN and TiAlN coatings
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failed during 2-h sliding test with 1 kg load while the AlCrN coating was providing sufficient resistance
up to the end of 12-h test with 1 kg load and failed only after 20,000 s of sliding with 3 kg load.

5. Conclusions

The multilayered AlCrN hard coating with the Cr adhesion and the gradient CrN interlayer
was deposited on the SS substrate AISI 316L in a dominating cubic CrN structure by LARC PVD.
The protective efficiency of the gradient AlCrN PVD coating increases up to 99.8% indicating a
passivation layer developed through Al-based reaction products due to the reduced penetration rate of
the corrosive media. The presence of surface defects (pinholes, inclusions, etc.) does not significantly
affect the failure of coating in static corrosive conditions.

Tribo-corrosion tests performed in 3.5 wt % NaCl solution allows evaluation of the coating
reactivity due to the AlN passivation effect combined with the presence of Al-based corrosion products.
Change in OCP from −0.18 down to −0.3 V vs. Ag/AgCl after about 2 h-long sliding test under
1 kg load is related to the unprotected layer of Cr rich gradient CrN interlayer due to the partially
lost layer of the AlCrN. An appearance and evolution of severe damages in the coating causes OCP
shifting down to −0.42 V vs. Ag/AgCl at the beginning of sliding test under 3 kg load, indicating
a mechanically initiated reaction with free Al from the AlN and free Cr from the AlCrN and CrN
interlayer. The CoF of the coated samples remains about 25% lower (about 0.6) even after partial
degradation as compared to the pristine SS under threefold lower load, indicating a reliability of the
coating in tribo-contact even after a loss of chemical protection.
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Abstract: The potential of the combination of hard and soft coating on elastomers was investigated.
Diamond-like carbon (DLC), molybdenum disulfide (MoS2) and composite coatings of these two
materials with various DLC/MoS2 ratios were deposited on four elastomeric substrates by means
of the magnetron sputtering method. The microstructures, surface energy of the coatings, and
substrates were characterized by scanning electron microscopy (SEM) and contact angle, respectively.
The chemical composition was identified by X-ray Photoelectron Spectroscopy (XPS). A ball on disc
configuration was used as the model test, which was performed under dry and lubricated conditions.
Based on the results from the model tests, the best coating was selected for each substrate and
subsequently verified in component-like test. There is not one coating that is optimal for all substrates.
Many factors can affect the coatings performance. The topography and the rigidity of the substrates
are the key factors. However, the adhesion between coatings and substrates, and also the coating
processes, can impact significantly on the coatings performance.

Keywords: DLC; MoS2; coating; elastomer; seals

1. Introduction

Coating is one of the approaches that can improve the tribological properties economically.
In recent years, the development of the coating methods has opened up new possibilities to enhance
the surface properties. Coatings can be generally divided into “soft coatings” and “hard coatings” [1].
Soft coatings, including soft metal (e.g., lead, indium) and lamellar solids (e.g., graphite and
molybdenum disulfide (MoS2)), provide good shearing characteristics and thus result in a reduction
of friction. Hard coatings (e.g., diamond-like carbon (DLC), titanium nitride (TiN)) can improve
protection against wear and present low wear rates.

The unique properties of elastomers, such as low modulus of elasticity, high Poisson’s ratio, and
high degree of resilience with low hysteresis, make elastomers very suitable for the application as seals.
However, high and erratic friction under dry and starved lubrication conditions could increase the
friction and wear rates. As a consequence of surface damage, the lifetime of seals can be shortened
greatly [2]. An approach to reduce the friction under dry and starved lubrication conditions is to deposit
DLC on rubber. A lot of studies, from deposition techniques to DLC composition on various rubber
materials, such as nitrile butadiene rubber (NBR), hydrogenated nitrile butadiene rubber (HNBR),
fluoroelastomer (FKM), and ethylene propylene diene monomer rubber (EPDM), has been done by a

Coatings 2018, 8, 267; doi:10.3390/coatings8080267 www.mdpi.com/journal/coatings133
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Japanese group of Nakahigashi [3,4], Takikawa et al. [5–7], a Dutch group of Pei and Bui et al. [8–12],
and other researchers [13,14]. MoS2 as a solid lubricant is mostly employed with hard surfaces
(e.g., metals, ceramics) [15–17]. As to the combination of the two coatings, Wang et al. [18] has
deposited MoS2 on Steels with a supporting DLC film and it showed the MoS2/DLC compound
film reduced the friction force in humid environment. Recently, Zhao et al. [19] has deposited the
MoS2/DLC multilayer coatings on Si wafer and steel in high humidity for aerospace industries and it
showed a moderate improvement of the tribological properties. The influence of space irradiation on
MoS2/DLC composite film on Si and steel was investigated by Wu et al. [20]. It showed a reduction of
the wear rate after irradiation, which could be related to the increase of hardness. Noshiro et al. [21]
has studied the friction properties of sulfide/DLC coating with a nanocomposite or –layered structure
on Si wafer, which shows better tribological properties than DLC film. Previous work has focused
only on either the composite MoS2/DLC coating on metals or DLC and MoS2 separately as coating on
elastomers. Therefore, more work is needed to investigate the potential of application of composite
coatings on elastomers.

In this research, the tribological properties of DLC, MoS2, and combined coatings of MoS2 and
DLC were investigated on four elastomers. Coated elastomers were tested in model tests and after that
the results were verified in component-like tests. The influence factors of tribological behaviors are
discussed. The aim of this study is to investigate the potential of tribological application of composite
coatings of MoS2 and DLC on elastomeric substrates for industrial seals, especially under starved
lubrication conditions. In addition, the study provides a guideline to evaluate the coatings.

2. Experimental Details

2.1. Test Materials and Coatings

Four classical sealing materials were tested; i.e., fluoroelastomer (FKM), nitrile butadiene rubber
(NBR), hydrogenated nitrile butadiene rubber (HNBR), and thermoplastic polyurethane (TPU).
Among these four elastomers, FKM is the softest material, having a shore—a hardness of 84; followed
by NBR (85) and HNBR (86). Due to its special chemical composition, TPU is the hardest material with
a shore—A hardness of 95. For ball on disc tests, the samples were 20 mm × 20 mm square rubber
sheets with a thickness of 2 mm, which were produced by the compression molding process. However,
slight differences could be found on the surface under the microscope among TPU, HNBR, and FKM.
For TPU a totally different molding die was used and the surface was polished. This is explained in
more detail in Section 3.1.1 (microscopic analysis). For ring on disc tests, special samples were used,
which are structurally similar to seals [22]. In order to remove contamination on the substrate and also
inside the rubber (e.g., plasticizers [23]), all of the samples were cleaned using the standard cleaning
procedures [9]. The difference between set and actual values can be explained with sputtering duration
(Table 1). As a result of about three times longer sputtering duration time of the DLC 300 nm than the
DLC 150 nm, the actual thickness of the DLC 300 nm is over three times thicker. The thickness of MoS2

coating is proportional to the sputtering time. The thickness varied due to the influence of different
sputtering parameters.

Table 2 shows the material and thickness of the investigated coatings. Five different materials
(i.e., DLC, MoS2, and three hybrid combinations of DLC and MoS2 with various proportions) were
deposited as coatings on the substrates. These two materials were not combined as multilayers, but
rather in a composite. The proportion of MoS2 in the composite increases from Hybrid_A to Hybrid_C.
Based on our previous work, the set value of 300 nm was selected as the standard thickness for the
coatings and the set values of the thickness were defined based on the deposition rate [24]. In order to
investigate the influence of the thickness on the tribological properties, 150 nm thick coatings were
also obtained through controlling the deposition process time. In order to measure the thickness,
several samples were partially covered with tapes during the coating process. After removing the
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tapes, the thickness was measured with a contact stylus profilometry (Dektak 150 surface profiler,
Veeco, Plainview, NY, USA).

In order to improve the adhesion of the coatings, prior to deposition a pre-treatment process was
carried out by using a high vacuum experimentation bell jar system (Leybold Univex 450, Leybold
Vacuum GmbH, Cologne, Germany) [25,26]. Substrates were fixed on the rotary table (ϕ = 560 mm)
with a distance of 12 mm to the target.

The cylindrical pulsed laser deposition (PLD) evaporator was used as a target. The pre-treatment
was performed at 3 kV DC acceleration voltage with 15 sccm Ar and 5 sccm O2 gas flow. The chamber
pressure was around 8.8 × 10−4 mbar. After pre-treatment, the coatings were deposited by means
of the pulsed DC magnetron sputtering method. A graphite target (electrographite, 99.5% purity)
was used as a sputtering source for DLC coatings. For MoS2 its purity is 99.5%. Both targets were
purchased from Sindlhauser Material GmbH (Kempten, Germany).

The parameters of the pre-treatment and deposition process are shown in Table 1. For pure DLC
film, the ratio of C2H2/Ar was 0.19, due to the existence of C2H2, a-c: H film was generated [27,28].
For the hybrid coatings, only Ar was used as a source gas [28]. For the hybrid coatings, graphite
and MoS2 were ejected individually from two sputtering sources. Different hybrid variants were
generated by varying sputter power. Remarkably, differences of the micro-structures can be observed
on the coating when the substrates were deposited at different temperatures [29]. To avoid the thermal
influences on substrates and coating processes, the pre-treatment and deposition processes were
performed under constant ambient temperature (23 ◦C). However, due to plasma flow the temperature
of the sample surface can increase up to 40 ◦C. After the deposition process, the samples were stored
in Petri dishes in a box.

An optical microscope (Stereo Microscope SZX 12, Olympus, Tokyo, Japan) was employed to
analyze the wear scars of the counterparts. The surface roughness was measured in three different
regions of each sample with a three-dimensional focus variation microscope (InfiniteFocus, Alicona,
Graz, Austria). The surface morphology and wear tracks of coated rubber were characterized with a
scanning electron microscope (SEM, VEGA-II, TESCAN, Brno, Czech Republic).

In order to characterize the chemical composition of the coatings, X-ray photoelectron
spectroscopy (XPS) analysis were carried out using a Thermo Scientific spectrometer with a
micro-focused monochromatic Al Kα source (1486.6 eV, Thermo Fisher Scientific Inc., Waltham, MA,
USA). All measurements were conducted with the radiation source operated at 12 kV and a beam
current of 1.16 mA in a high vacuum below 10−7 mbar. A hemispherical analyzer was applied to detect
the accelerated electrons. The electrons were collected from a spot area of 300 μm, which is vertical
to the analyzer. To prevent charging and electron charge compensation of the samples, a flood gun
was used.

Survey scans were acquired within an energy range of 0–1350 eV using a pass energy of 200 eV,
a step size of 1.0 eV, a dwell time of 50 ms, and 2 scans. High resolution scans were obtained using a
50 eV pass energy, 0.1 eV step size, a dwell time of 50 ms, and 8 scans. For C 1s, Mo 3d and S 2p, binding
energy ranges and total number of energy steps are as follows: 279–298 eV, 181 steps; 222–240 eV,
181 steps; 157–170 eV, 181 steps; respectively.

The spectra were referenced to the alkyl C 1s photoelectron peak at 284.8 eV, characteristic of the
alkyl moieties (C–C/C–H). Peak positions for qualitative analysis are consistent with the corresponding
assignment positions found in literature [30].

Spectra were analyzed using the Thermo Avantage software (Version 5932). The ratio of
Lorentzian/Gaussian is 0.3. A standard Shirley background is used for the reference samples spectra.
The spectra were fitted with Powell algorithm with a convergence of 10−6. The maximum error for
peak energy and full width at half maxima (FWHM) is ±0.1 eV. The sensitivity factors (SF) used for
calculation are provided by the equipment supplier.
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The determination of surface energy was carried out in a self-developed contact angle device.
Distilled water and diiodomethane were applied as liquids to determine the polar and dispersive
part of the surface energy, respectively. For each measurement, a drop of 2.5 μL volume was used.
Each measurement was repeated three times. Owens et al. [31], Rabel [32] and Kaelble [33] method
was applied for calculating the surface energy.

2.2. Test Procedures

The tribological properties were investigated by means of model tests and component-like tests.
The model tests were performed on a micro tribometer with a ball on disc configuration (UMT-2,
Bruker, Billerica, MA, USA). The development of the sample geometry for the component-like test
was reported by Hausberger [22]. The tests were performed on a precision rotary tribometer (TE-93,
Phoenix Tribology Ltd., Kingsclere, UK). Each test was repeated three times. All of the tests were
conducted at room temperature (22 ◦C) with a relative humidity of 50% ± 10%. About one month after
the coating process, the tribological tests were performed.

2.2.1. Ball on Disc Tests

Commercial 100Cr6 stainless steel balls of 6 mm diameter (HRC 60–62) were used as counterparts.
The counter body slid on the elastomer at 100 mm/s with 1 N normal load. The radii of the run tracks
were 5 mm and 7.5 mm. The total length of the tracks was 3.143 × 105 m. In order to obtain a better
understanding of the function of the coatings, the tests were performed under dry and lubricated
conditions. For the lubricated tests, approximately 7 mg Mobil SHC Grease 460WT (Viscosity of Oil,
ASTM D 445 [31] cSt @ 40 ◦C = 460) was smeared equally over the whole surface [32]. The average
thickness of the grease can be calculated. Its amount was chosen so that the thickness of the grease
layer was approximately 0.02 mm.

2.2.2. Ring on Disc Tests

Ring-shaped counterparts of 34CrNiMo6 were used in the ring on disc test. They possessed an
average roughness (Ra) of 0.035 μm. The ring-like sample was so constructed that there was only a line
contact between the sample and counterpart [22]. The tests were conducted with 50 N normal load
at room temperature (23 ◦C) and the speed of revolution was 118 rpm. The aim of this research is to
improve the tribological properties of seals under starved lubricated conditions. In order to simulate
starved lubrication condition in component-like tests, approximately 2 mg Mobil SHC Grease 460WT
was smeared on the contact edge of the samples. For uncoated samples the tests lasted 168 h. For the
coated samples, the tests were stopped automatically when the abort condition was reached. The abort
condition was set according to the coefficient of friction of the uncoated samples. The principle of the
ring on disc test is illustrated in Figure 1.

Figure 1. Principle of ring on disc test on TE-93.
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The counterpart was fixed on the counterpart holder. The load, which was produced by a
pneumatic pump, acted on the sample through the thrust bearing and counterpart. An electric motor
was mounted on the top of the machine and drove the sample against the counterpart in a rotational
movement. The torque, which was generated through friction, was measured by a torque sensor.
Furthermore, the temperature near the contact area and in the middle of the counterpart was also
measured during the test.

3. Results and Discussion

3.1. Characteristics of Coatings

After deposition the thickness of coatings was measured. The chemical composition was
investigated with XPS measurements. The microstructures of the surfaces were analyzed with
roughness and compared among different substrates. Furthermore, the surface energy of the substrates
and coatings were identified.

3.1.1. Thickness of the Coatings

For each coating, the thickness was measured at six different positions of the two samples.
Table 2 shows the set and actual average thickness. The difference between set and actual values can
be explained with sputtering duration (Table 1). As a result of about three times longer sputtering
duration time of the DLC 300 nm than the DLC 150 nm, the actual thickness of the DLC 300 nm is
over three times thicker. The thickness of the MoS2 coating is proportional to the sputtering time.
The thickness varied due to the influence of different sputtering parameters.

As reported in [7], the application of C2H2 accelerates the deposition rate, which leads to a higher
thickness than the set value.

3.1.2. Chemical Composition

The chemical composition, the assigned peak energies, full width at half maxima (FWHM),
and sensitivity factor (SF) of each peak are given in Table 3 and were obtained with XPS analysis.

Table 3. Spectral fitting parameters.

Elements Bonds Peak Energy (eV) FWHM (eV) SF Al [34] Ref.

C 1s
C–C/C–H 284.8 1.4

1.0
[33]

C–O 286.0 2.1 [33]
–COO 288.4 2.5 [33]

Mo 3d
MoS2 229.0 2.0

5.6
[33,35]

MoO3 232.8 1.5 [33,35]

S 2p S2− 162.0 1.4
1.1

[33,36]
S2

2− 163.6 1.4 [37,38]

S 2s – 226.4 2.2 1.4 [38,39]

In Table 4, the chemical composition of each coating is listed. In order to avoid the influence of
the different elastomeric substrates, coatings were deposited on silicon for the XPS analysis.

In both DLC coatings, the portion of C 1s is about 90% with no detectable silicon signal
corresponding to a homogeneous carbon layer formation. The dominating carbon species are C–C/C–H
bonds at 284.8 eV (Figure 2a) which are unambiguous assigned to the atomic structure of the used DLCs.
The beneficial properties of DLC in tribology depend mainly on the similar hardness and Young’s
modulus as diamonds [28,40]. Besides, C–O and –COO signals were also found and are attributed to
the surface oxidation during the coating process and storage [41] and is in good agreement with the
results obtained in [42].
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Table 4. Chemical compositions (C, O, Mo, S, and N) of the coatings.

Sample

Composition (%)

C O
Mo

S N MoS2/MoO3 S/Mo
MoS2 MoO3

300 nm DLC 90.1 9.9 – – – – – –
150 nm DLC 89.5 10.5 – – – – – –
300 nm MoS2 22.4 13.6 13.0 3.5 26.5 21.1 3.7 1.6
150 nm MoS2 27.4 15.3 12.1 3.7 24.5 17.0 3.2 1.6

300 nm Hybrid_A 75.2 13.4 1.3 1.3 3.5 5.3 1.0 1.3
300 nm Hybrid_B 60.3 16.5 2.5 2.8 6.7 11.3 0.9 1.3
150 nm Hybrid_B 56.1 17.0 2.5 3.3 6.7 14.5 0.7 1.2
300 nm Hybrid_C 38.4 21.6 2.6 5.7 8.2 23.5 0.5 1.0

In pure MoS2 coatings, the high nitrogen and carbon amounts are attributed to atmospheric
contaminations (CO2, hydrocarbons, N2, etc.) during sample transport or storage or manufacturing
of the samples. However, the S 2p doublet at 162.0 eV (ΔeV = 1.18) in combination with the doublet
at 229.0 eV and 232.1 eV is unambiguous assigned to MoS2 (Figure 1c,d). A second doublet in the
Mo 3d spectra is attributed to Mo with environment as in MoO3 [43]. On the subject of oxidation of
molybdenum disulfide to molybdenum (VI) oxide, different reports were found [15,44]. In general,
the oxidation rate is extremely low at ambient temperature and in the absence of a high concentration
of moisture [15]. The oxidized layer at the outmost surface appears to protect the bulk material from
further oxidation. However, different oxidation rates at ambient condition were investigated, and it was
found the crystallite orientation plays an important role in the oxidation process [45]. Oxidation leads
to a higher friction coefficient, enhanced wear rate, and hence a shorter wear life [36,46]. The ratio of
MoS2/MoO3 in the reference coatings indicates that oxidation had occurred but the major portion is
still MoS2. For the hybrid samples (Figure 2d–f), the amount of MoS2 is increased from Hybrid_A
to Hybrid_C. As a result, the ratio of total S/Mo decreases from Hybrid_A (1.3) to Hybrid_C (1.0).
The higher the concentration of MoS2, the higher the oxidation rate and as a result the lower the
MoS2/MoO3 ratio. It is suggested that the increase of MoS2 amount in the coatings accelerates the
oxidation rate and is highest for the Hybrid_C sample.

The S 2p spectrum appears as two overlapping doublets. This means, different types of sulfur
ligands, such as bridging terminal S2

2−, and bridging S2− species exist in the coating [37]. In addition,
our results were in agreement with Benoist et al. observations as a higher oxygen content lead to a
decrease in the S2− sulphur component whereas the S2

2− pair increase [43].

Figure 2. Cont.

139



Coatings 2018, 8, 267

Figure 2. X-ray photoelectron spectroscopy (XPS) spectra: C 1s of diamond-like carbon (DLC) coatings
(a) and hybrid coatings (d); Mo 3d of MoS2 coatings (b) and hybrid coatings (e); S 2p of MoS2 coatings
(c) and hybrid coatings (f).

3.1.3. Microscopic Analysis

The uncoated substrates, except HNBR, were analyzed with a microscope and presented in a
previous work [24]. Generally, on a macroscopic level the uncoated HNBR, NBR, and FKM possess
similar parallel, strip-like structures, whereas TPU presents completely different structures. Due to the
different physical properties of elastomers, especially elasticity and viscosity, which can have an effect
on the flow properties in the molding process, they behaved differently during the processing [47].
Although uncoated HNBR and FKM show similar macrostructures, on the microscopic level utterly
different microstructures can be observed. The surface of uncoated HNBR is relatively smooth but
with some small debris. However, the surface of uncoated FKM is much rougher and with dense
particles. This can also be explained with Ra and Rz. In spite of the very similar Ra value of uncoated
HNBR and FKM, the Rz value of uncoated FKM is more than 30% higher than that of uncoated HNBR
(Table 5).

Table 5. The average roughness (Ra), mean roughness depth (Rz) of uncoated samples.

Parameter FKM HNBR NBR TPU

Ra (μm) 1.00 1.03 0.61 0.44
Rz (μm) 6.74 5.59 3.69 3.98

The surface of uncoated TPU was full of small strips. However, the strips were not as neatly
arranged as those of HNBR and FKM. Also, compared to HNBR and FKM, the strips on TPU were
much narrower and shallower. Another difference, which must be mentioned, is that, except for the
strips, there were almost no small debris or particles on uncoated TPU.

In this section, for each substrate two coatings have been chosen and discussed. The two coatings
were so chosen that, regarding the substrate, one of them showed the best tribological performance
and the other showed the worst in the dry and lubricated ball on disc tests. In addition, one thin
coating for HNBR was chosen to analyze the influence of the thickness.
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The strip-like structures on the surface, which can be observed in Figure 3a, were produced
because of the compression molding process. Not only can these structures be found in HNBR, but
also in FKM and NBR. Figure 3c shows one other position from the same sample as Figure 3a. Not like
the rough surface in Figure 3b, flake-like structures with small debris can be observed in Figure 3d.
Moreover, cracks can be observed on the surface. As reported by Takikawa and Pei, cracks are typical
surface structures of DLC coated rubber [5,12,29].

  

  

  

  

  

 

Figure 3. With 300 nm (a,c) and 150 nm DLC (e) coated hydrogenated nitrile butadiene rubber (HNBR);
with 300 nm Hybrid_A coated HNBR (g), fluoroelastomer (FKM), (i) and nitrile butadiene rubber
(NBR) (o); with 300 nm MoS2 coated FKM (k), NBR (m) and thermoplastic polyurethane (TPU) (s);
with 300 nm DLC coated TPU (q). High magnification (b,d,f,h,j,n,p,r,s,t) are shown to the right side of
the respective low magnification (500×).
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Compared with the 300 nm DLC coating, the 150 nm DLC coating looks smoother on the
whole. However, small particulates can be observed on the surface (Figure 3f). Figure 3g shows
the microstructures of 300 nm Hybrid_A on HNBR. Scaly microstructures were observed and they
look similar to the DLC coating to some degree (Figure 3b). As previously mentioned, Hybrid_A is a
composite coating, which possesses the least MoS2 among the three hybrid coatings. However, a small
amount of MoS2 changed the microstructures considerably. The gaps between each piece of debris are
smaller and the coating is noticeably smoother. This can be attributed to the much lower hardness
of MoS2 compared to DLC [15,48]. It seems that MoS2 lowered the average hardness. Therefore, the
coating can be better suited to the substrates roughness.

Comparing Figure 3h,j shows that the coating roughness was influenced to some extent by the
substrate properties. Moreover, under high magnification, small holes can be identified on FKM with a
300 nm Hybrid_A coating (Figure 3j). That means the coating did not totally adhere to the substrate.
This can be caused by the lower wettability of FKM compared to HNBR (details in Section 3.1.5).
Small holes can also be observed on MoS2 coated FKM (Figure 3k). However, the coating from MoS2

looks much finer and smoother than the hybrid coating.
Generally, the surfaces of coated NBR are smoother compared to coated HNBR. Also, it should be

emphasized that almost no debris could be found on the surface after coating. Moreover, as can be
observed in Figure 3o, cracks which were caused by the removal of the sample from the deposition
chamber, are rather neatly arranged on the surface, either parallel or perpendicular to the original
microstructure of the substrate.

For TPU samples, they do not have the strip-like, neatly arranged microstructures like other
substrates (Figure 3q,s). Because of its shallower and sparser microstructures, the roughness of the
TPU substrate is correspondingly lower. Like the previous comparison, MoS2 coated TPU is also finer
and smoother than the DLC coated TPU (Figure 3s).

From the above comparisons, several influence factors that contribute to the coating
microstructures were found and discussed. Firstly, the substrate topography is one of the most
important influence factors for the coating microstructure. That is because of the smaller thickness
(150–300 nm) compared to the roughness of the substrate (Table 5). Secondly, the composition of the
coating plays an important role as well. Generally, on DLC or DLC-included coating small debris
can be observed. In comparison with DLC, the MoS2 coating is finer and smoother. Thirdly, the
coating microstructures can be influenced by the material properties of the substrates in several ways.
Coatings on a substrate like FKM, which has a lower wettability, show a higher possibility that the
coating becomes porous and loose. Thermal properties (e.g., thermal expansion coefficient and thermal
conductivity), are also influence factors. As shown in Table 6, FKM expands the most among the four
materials, when the temperature increases by a given degree. This can lead to the scaly coating, which
can be observed in Figure 3i,k.

Table 6. Thermal parameters of used materials.

Parameter FKM HNBR NBR TPU

Coefficient of thermal expansion (10−6/K) 191 166 165 160
Thermal conductivity (W/(m·K)) 0.24 0.15 0.26 0.06

However, the importance of these factors depends to a large extent on the ambient conditions of
the coating process. In addition, the microstructure of the coatings is also affected by the deposition
condition. For DLC coating, a-c: H was produced by using a plasma of Ar and C2H2, while for other
coatings, only Ar was used. Generally, the coatings prepared with C2H2 look smoother than those
without C2H2. This is in good agreement with the results in [7].
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3.1.4. Surface Roughness

The surface roughness of the coated samples was affected by the substrate surface and also the
microstructures of coatings, which can be changed by removing the samples from the deposition
chamber (Figure 3o). In addition, the surface microstructure can also affect the adherence of the
coating [49]. Generally, a rougher surface can have a better adhesion with coating because more
bonding connections can be created. However, the scale of dimensions of the surface microstructures
must be less than the film thickness [50]. As can be seen from Figure 4, uncoated substrates have
different degrees of roughness. FKM and HNBR possess a similar roughness (Ra ≈ 1.0 μm), while TPU
and NBR have an appreciably lower roughness value. As mentioned previously, two different molding
dies were used to produce samples, one for FKM, NBR, and HNBR, the other one for TPU. Moreover,
the surface microstructure can be affected by additives, which could come up on the surface.

Figure 4. Surface roughness (Ra) of uncoated and coated substrates.

As can be seen from Figure 3a,e, the HNBR with 150 nm DLC is smoother than that with 300 nm
DLC. However, for the other three materials with DLC coating, the thickness does not play an
important role in the surface roughness. Compared to the uncoated FKM, the roughness of 300 nm
MoS2 coated FKM was reduced drastically, whereas the roughness of DLC-containing coatings on
FKM was increased to varying degrees. This could be attributed to the larger difference between DLC
and substrates in hardness and brittleness [48]. The DLC coatings with a very low thickness could be
broken into fractures easily, when the coated samples are removed from the deposition chamber with
a small deformation. However, this phenomenon was not found on other materials. For hard material
TPU, no obvious differences could be identified in roughness. On the one hand, due to its different
processing, its surface is smoother than other materials. On the other hand, higher hardness prevents
its deformation by removal.

3.1.5. Surface Energy

One of the conditions for good wetting is that the surface tension of the substrate is higher than
that of the still liquid coating material [51]. To eliminate the influences of substrates, coatings were also
deposited on silicon. As shown in Figure 5, uncoated Si and coated Si possess higher surface energies
than the other four substrates. Surface roughness plays an important role for the surface energy [52].
For four elastomeric substrates, surface energies were increased to varying degrees after coating. On
the one hand, through comparison of the microstructures before and after deposition, it can be found
that it changed significantly. Although the mean roughness (Ra) of the substrates had not been changed
in a very large way, the microstructures were totally modified after the coating process. This leads to a
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modification of the surface energy. On the other hand, from the perspective of the material, the surface
energy of elastomer substrates [53], DLC and MoS2 are also different. These two factors together affect
the difference of the surface energy after coating.

Compared with an uncoated elastomer, silicon shows a much higher surface energy in both polar
and dispersed parts. After coating silicon shows a similar surface energy to the elastomers. Generally,
FKM has almost the lowest surface energy in all coatings. Except for the influence of its chemical
structure, the surface microstructure of uncoated FKM is different from HNBR and NBR. Comparing to
HNBR, which has a similar mean roughness (Ra), FKM is much rougher and dense particles can be
seen on the surface [24]. The film thickness has only a limited effect on surface energy.

Figure 5. Surface energy of uncoated and coated substrates.

3.2. Tribological Tests

In order to study the potential of DLC/MoS2 coatings on elastomers for tribological applications,
the coatings were firstly tested in the model test under dry and lubricated conditions, so that the
coatings could be evaluated comprehensively. Subsequently, the best and worst coatings were selected
and investigated under starved lubrication condition in component-like tests.

3.2.1. Coefficient of Friction

The coefficients of friction (COF) for uncoated and coated elastomers in dry and lubricated ball
on disc sliding tests are shown in Figure 6. Under dry sliding ambient conditions, almost all of the
coatings bring an advantage to the tribological properties. In particular for HNBR, with 300 nm DLC
coating, the COF was reduced from 0.99 to 0.18 by 82%. For NBR the frictional reduction, which the
300 nm DLC or Hybrid_A coating brought, was also significant; approximately 74%. For FKM and
TPU, the decrease was not so appreciable. What was interesting was that for TPU the COF was slightly
brought down by 300 nm Hybrid_B coating. The values of these measurements are in good agreement
with the values reported in the literature [3,12,54]. However, when the thickness of the coating was
reduced to 150 nm, the COF increased by 11%, compared to the uncoated TPU. This can be explained
by microscopic analysis. As can be observed in Figure 7, the 150 nm coating was already severely
damaged (Figure 7b) and the elastomeric substrate had direct contact with the counterpart during
the test, while the thick variant was still intact (Figure 7a). That means for this coating, the thickness
plays an essential role with respect to the tribological properties. However, the thickness cannot bring
a significant difference in every case. That depends on several factors, for example, the hardness
of the substrate, the coating material, and the adherence of coating material on the counterpart, the
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microstructures of the surface, the adherence between coating and substrate, lubrication conditions
and so on. Adhesion and deformation are the two most important mechanisms that are responsible for
the frictional behaviors of elastomers [55,56]. The high friction of uncoated HNBR and NBR under dry
conditions show that not only deformation, which can be related to the relatively low hardness, but also
adhesion, which can be seen as a dissipative stick-slip process on molecular level, are influential factors
for the dry frictional behaviors [57–60]. This is in good agreement with Rabinowicz’s studies, which
indicated that low ratios of surface energy/hardness are associated with better surface interactions
and also less adhesion [61,62]. Moreover, because of the high friction more dynamic energy would be
expected to be transformed into heat, which could lead to an increase of temperature. Based on this
conjecture the material’s hardness will reduce with a higher temperature so that it could experience a
higher wear rate [63].

 
(a) (b) 

  
(c) (d) 

Figure 6. Coefficient of friction of uncoated and coated elastomers in dry and lubricated ball on disc
sliding tests: (a) FKM; (b) HNBR; (c) NBR; (d) TPU.

Figure 7. Microscopic images of wear tracks: (a) 300 nm Hybrid_B coated TPU; (b) 150 nm Hybrid_B
coated TPU.

Under lubricated conditions, the differences of COF among various coatings were not as evident
as in dry tests. The lubricant has no significant impact on the COF. One reason for this is that lubricants
facilitate the stick-slip process on the molecular level to some extent. Therefore, the adhesion part for
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friction can be decreased [64]. As to the deformation part, it was assumed to stay on a similar level as
under dry conditions in two aspects. One aspect is that the lubricant film is very thin on the contact
area hence the stiffness of the film is negligible. The other aspect is that the COF of various coatings
is similar.

It should be noted that in some cases the lubricant even brought a slight, negative impact on the
tribological properties for DLC coated HNBR and NBR. This can be explained with two main reasons.
One important aspect is that because of the high viscosity of the grease used, more energy would
be needed to overcome the fluid friction [64,65]. The COF under dry conditions was extremely low.
In this case, the benefit of the lubricant was less than its disadvantage. That means more energy was
needed to overcome the resistance, which was brought by the lubricant.

Based on the results of the ball on disc tests under dry and lubricated conditions, the best coatings
were chosen and verified in the component-like test (ring on disc). For FKM with Hybrid_A coating,
its dry COF is slightly lower (2.5%) than Hybrid_B 300 nm. However, its lubricated COF is about
13% higher than Hybrid_B 300 nm. For HNBR with Hybrid_A coating, it is clear that MoS2 brings
a negative effect for the tribological performance. In the dry tests, the coatings with pure MoS2 or
high content of MoS2 (Hybrid_B and Hybrid_C) were broken after the tests. Therefore, these coatings
were not taken into consideration for the selection. In addition, as references, uncoated substrate and
the worst coatings were also tested. The best and worst coatings are presented in Table 7. As can
be seen from this table, the soft coating MoS2 provides the best tribological properties for the softest
material FKM, whereas the hard coating DLC is the best choice for the hardest material HNBR, only
among FKM, NBR, and HNBR. For NBR, which has a middle hardness, a hybrid coating is better than
other coatings. Because of its totally different surface structures, TPU was not comparable with the
other elastomers.

Table 7. The best and worst coating for each material from ball on disc tests.

Material Best Coating Worst Coating

FKM 300 nm MoS2 300 nm Hybrid_A
NBR 300 nm Hybrid_A 300 nm MoS2

HNBR 300 nm DLC 300 nm Hybrid_A
TPU 300 nm MoS2 300 nm DLC

For the ring on disc tests an abort condition was set up so that when the coating was worn or
damaged, the test would be stopped immediately. As abort condition, an average COF of the uncoated
substrate under stable running conditions was employed. As shown in Figure 8, at the beginning of
the tests, for HNBR and TPU the COF of the best and worst coatings were almost at the same level.
However, the COF of the uncoated substrate kept at a constant level after the running-in phase with a
higher value, while the COF of the worst coating started to increase gradually. After just several hours,
the friction was raised to the same level as the uncoated substrate. Compared to the worst coating, the
best variant lasted significantly longer until the COF reached the abort condition. This means that the
coating failed with increasing test time. Therefore, for HNBR, NBR, and TPU the trends of validation
show a good correspondence with the results from the ball on disc tests. However, for FKM with the
best coating, after the loading phase, its COF was already slightly over the abort condition, which
represents the COF of uncoated FKM. It was found that the coating was already damaged. This implies
that the combination of soft coatings like MoS2 and soft substrate like FKM is inappropriate for this
line contact. Because of its low hardness, FKM showed a strong local deformation under line contact.
According to Archard’s wear law for adhesive wear [66], wear volume is inversely proportional to the
hardness of a substrate. By this situation, in which the contact area is relatively small, the soft coating
on a soft substrate could be worn quickly.
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(a) (b) 

 
(c) (d) 

Figure 8. Comparison of the COF: uncoated and coated in Ring on disc test. (a) FKM; (b) HNBR;
(c) NBR; (d) TPU.

3.2.2. Wear

The SEM images (Figure 9) show the wear track of the 300 nm DLC coated HNBR after a dry
ball on disc test. It is evident that in the majority of the run area, the surface got smoother. The DLC
coating was slightly pressed down due to the normal load and the microstructures were plastically
deformed because of the tangential traction, which was generated by the sliding motion. Some piles of
small crystal-like fragments can be found on the run track (Figure 10g). DLC is a very hard material
and the thickness of the coating is just 300 nm. That means that when the counter body slid over the
surface, both the elastomeric substrate and the coating experienced a deformation. The difference is
that the substrate deformed viscoelastically and the coating showed a plastic deformation. Meanwhile,
the cracks of the coating can also be ascribed to the enormous difference in hardness between the
two materials.

Two positions of the wear track of 300 nm Hybrid_A coated HNBR were shown in Figure 9c,e.
Particles can be observed in the troughs, which were located between every two peaks. White particles
(Figure 3a,f) can be MoO3, the oxidation product of MoS2, which has a negative effect on the
performance [15,36]. As shown in Table 4, in hybrid coatings, MoO3 possesses larger portion than
MoS2. According to [67], when less than 30% of the MoS2 converted to MoO3, wear performance is
still good. However, when it is greater than 50%, the wear behavior gets poor. As can be seen from
Figure 3a,g, a part of the particles were generated during the coating process. Particles were also
generated through dynamic motion in crack area. All of these particles were collected during the test
in the trough. As can be observed in Figure 9d, some of the particles were pressed on the surface when
the ball slid over.

From the same coating and substrate, sheet-like wear particles are visible in Figure 9e,f.
This phenomenon can be attributed to surface fatigue [68]. Due to the repeated plastic deformation,
sheet-like particles were gradually generated and separated from the coating.
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Figure 9. SEM micrographs: wear track of 300 nm DLC coated HNBR (a) and 300 nm Hybrid_A coated
HNBR (c,e). Related areas are marked and shown with high magnification (b,d,f).

Compared to the 300 nm Hybrid_A coating on FKM before (Figure 3i) and after (Figure 10a)
the test, a great number of cracks was generated during the test. This can be related to the dense
particle-like microstructures of uncoated FKM. When the porous and loose coating was pressed by
the counter body, it deformed more heavily and easily than other coatings. Besides, due to its lowest
hardness among the four elastomers, the deformation of FKM is the largest. These two reasons could
explain this phenomenon.

Figure 10. Cont.
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Figure 10. Scanning electron microscope (SEM) micrographs: wear track of 300 nm Hybrid_A coated
FKM (a), 300 nm MoS2 coated FKM (c), 300 nm DLC coated TPU (e,g), and 300 nm MoS2 coated
TPU (h). Related areas are marked and shown with high magnification (b,d,f).

Not like the 300 nm Hybrid_A coating, no obvious alteration could be found on the 300 nm MoS2

coating after 10,000 cycles. Only the contact area was pressed and subsequently crushed into small
pieces (Figure 10c). This can be attributed to the S–Mo–S sandwich structure of MoS2, which facilitates
the sliding motion on its surface [15].

The wear track of 300 nm DLC coated TPU (Figure 10e,f) presented very similar microstructures
as MoS2 coated FKM. That means only the DLC coating in the contact area was pressed into small
pieces. However, plenty of wear particles, which are around 1 μm, were found close to the edge of the
run track (Figure 10g). In some areas, they were piled up together. At the beginning of the test, the
DLC coating was pressed into small pieces. However, some of the small particles that were detached
from the substrate, rolled down from the sides to the middle of the groove. More and more particles
were gathered on the lane with more cycles. At this moment, the particles were pushed out of the lane
when the counter body slid over. Still quite a number of particles were found on the track after the test.
Apparently, the dynamic movement of these small particles has influenced the tribological behavior to
some extent. This can explain why DLC is the best coating for TPU under lubricated conditions but
presented worse tribological properties than MoS2 in dry tests. There is a strong possibility that under
lubricated conditions the wear particles can be carried out of the track by grease. This is also one of the
main functions of a lubricant [69].

Because of its low hardness and good shear characteristics no obvious particles were found on
the MoS2 coated TPU. Slight abrasive wear can be observed on the surface (Figure 10h). This is also
one of the major wear processes on polymers [70]. Due to its special properties and good adherence on
TPU, 300 nm MoS2 shows the best tribological properties in dry tests.

4. Conclusions

The concept of the combination of hard and soft coatings on elastomers has been investigated.
In this research, DLC was taken as an example of a hard coating and MoS2 as a soft coating. It was
proven that this concept can be used to improve the tribological properties of elastomers, especially
under starved lubrication condition. There is not one coating that is optimal for all substrates.
For different rubber substrates, the coating should be chosen individually, based on the substrate,
coating properties, and their interaction. For a rubber substrate with low rigidity like FKM, soft
coatings like MoS2 present better tribological properties than hard coatings like DLC. This is attributed
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to the good shear characteristics and good deformation properties of MoS2. Meanwhile, for a substrate
with a higher rigidity like HNBR, a hard coating like DLC is a better option. For NBR, whose rigidity
is between FKM and HNBR, a hybrid coating is the best choice. It possesses both advantages of hard
and soft coatings. For TPU, due to its totally different microstructures, a different wear mechanism
was discussed. For a hard substrate with a smooth surface, MoS2 presented a better performance
than a hard coating because the small particles of the hard coating can bring disadvantages during
sliding motions.

Through the observation of microstructures on uncoated and coated surfaces the influence of the
surface roughness and surface energy on tribological properties was investigated. The low surface
energy of substrate leads to a porous and loose coating. As a consequence, the tribological properties
could be adversely influenced.

The concept of the combination of hard and soft coatings will open new fields for the use of
coatings in tribological applications on elastomers. Our data rule out the possibility that the application
of DLC/MoS2 as a coating can improve the tribological properties of elastomeric seals, especially
under dry or insufficiently lubricated conditions. This finding is promising and should be explored
with different combinations of even more than two coatings.
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