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Abstract Two cold spray coatings, one pure Cu and the

other a Cu–MoS2 composite coating, were studied for their

tribology performance in dry air. It was demonstrated that a

small amount of MoS2 (1.8 ± 0.99 wt%) could signifi-

cantly decrease coefficient of friction (CoF) from around

0.7 (Cu coating) to 0.14–0.15. MoS2 patches on the wear

track exhibited a lower local CoF, and the main velocity

accommodation mechanism was shearing MoS2-containing

debris. Even though the coating wear rates were high in the

early sliding (8.61–12.8 nm/cycle in penetration depth

during the first 100 cycles), slow wear (0.12–0.22 nm/cy-

cle) over the subsequent sliding was observed. It was also

found that the presence of MoS2 helped to achieve high

endurance of the first steady-state CoF. The dynamics of

the process, material transfer, and phase transformation

were examined using scanning electron microscopy,

energy-dispersive X-ray spectroscopy, and Raman spec-

troscopy. The MoS2 patches developed on the wear track

and the counterface served as reservoirs to replenish MoS2

in the contact and became depleted with sliding. Cross-

sectional microstructure revealed by electron channeling

contrast imaging technique showed a layer of sliding-in-

duced microstructure, 3–5 lm thick for the Cu–MoS2

coating, and 10–30 lm thick for the Cu coating.

Keywords Cold spray � Metal matrix composite �
Friction � Wear rate � MoS2 � Subsurface microstructure

1 Introduction

MoS2 is a well-known solid lubricant and produces some of

the lowest friction coefficients ever measured in vacuum

and dry gas environments, where it also shows a long

sliding life and low overall wear rates (�1 nm/cycle) [1–

3]. Therefore, composite materials consisting of dispersed

MoS2 in a metal matrix have received interest for their

improved tribological performance [4]. Silver, iron,

molybdenum, copper, and other metals and alloys have

been used as metallic matrices and have been processed by

sintering and hot-pressing with MoS2, producing self-lu-

bricating dry bearing materials where the friction coeffi-

cients vary in a range of 0.04–0.26 depending on MoS2

concentration [4–6]. However, when MoS2 exceeds a cer-

tain concentration, wear resistance decreases as well

because of mechanical property losses. Dhanasekaran et al.

[5] found optimized friction and wear resistance with no

more than 3 % MoS2 content. For coating applications,

thermal spray is one of the most frequent technologies.

WC–Co/MoS2–Ni coatings showed improved friction

compared to their metal matrix. Yet mechanical properties

such as hardness and fracture toughness also decreased

with MoS2 content. The wear rate starts to climb once the

MoS2 exceeds 5 wt% [7, 8]. Similarly, improved friction

was observed in thermal-sprayed WC–Co/Cu–MoS2 coat-

ings with MoS2 concentration up to 12 wt%, but the 8 wt%

MoS2 coating showed the optimized wear rate [9].

In addition, the above manufacturing processes, for both

bulk and coating materials, inevitably cause high-temper-

ature-induced decomposition of MoS2 and/or other phase

transformations that could be detrimental for tribological

performance [4, 6, 10]. Brittle compounds of Cu2S and

CuMo2S3 were commonly observed in sintered Cu–MoS2

composites, causing MoS2 to be ineffective as a solid
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lubricant and thus resulting in high friction and wear [6,

10].

Cold spray is a relatively new coating deposition process

where particles are fed to a de Laval nozzle, undergo

acceleration to supersonic velocities (500–1200 m/s) and

impact onto a substrate. In this process, the gas is preheated

to temperatures below the melting temperature of sprayed

materials [11–13]. Since high temperature is not involved,

it is ideally applied for heat-sensitive materials such as

solid lubricants and oxygen-sensitive materials like copper

[11, 14, 15]. However, up to now only a few studies have

been devoted to exploring the tribological behavior of

metal-solid lubricant composites fabricated by cold spray

[16, 17].

In the present study, cold spray was applied to develop a

Cu–MoS2 composite coating using admixed feedstock. Its

tribological behavior was studied under dry sliding. Post-

test observations including morphology and composition

analysis on the wear tracks and counterfaces were con-

ducted in order to better understand its friction mecha-

nisms. The endurance of the first steady-state friction was

also examined, with emphasis placed on the role of MoS2.

2 Experimental

2.1 Cold Spray and Coating Characterization

A commercially available cold spray system (PCS800,

Plasma Giken, Japan) was used to fabricate one Cu coating

and one Cu–MoS2 composite coating using the same

deposition conditions. A spherical Cu powder (Tekna

Advanced Materials Inc., d50 = 26 lm) and a flake-like

MoS2 powder (Climax, d50 = 30 lm) were used as feed-

stock (Fig. 1). For the composite coating, a mixture of

95 wt% Cu and 5 wt% MoS2 was mechanically mixed for

1 h. Nitrogen was used as the process gas, and the gas

pressure and preheat temperature were maintained at

5 MPa and 800 �C, respectively. Grit-blasted AA6061

aluminum alloy plates were used as substrates and were

preheated up to around 170 �C immediately before coating

deposition by traversing the spray gun over the substrate

with the heated gas jet only, i.e., without feeding any

powder. Preliminary studies indicated that a preheated

substrate reduced porosity and enhanced deposition effi-

ciency for the composite coating. The gun traverse speed

was set at 60 mm/s, and the standoff distance at 40 mm.

Cross sections of the coatings were prepared by grind-

ing, polishing, and a final step of vibratory polishing using

colloidal silica (0.05 lm) for 3 h. MoS2 concentration

within the composite coating was measured by image

analysis through pixel count using ten scanning electron

microscope (SEM) images with a magnification of 10009.

2.2 Sliding Wear Tests

Sliding wear tests on both pure Cu and Cu ? MoS2 com-

posite coatings were conducted in dry air (0 % relative

humidity) at room temperature (21–24 �C) using a custom-

built reciprocating tribometer [18]. Friction forces were

measured using a piezoelectric sensor at a sampling rate of

800 Hz. Polycrystalline a-Al2O3 balls of 6.35 mm diame-

ter were used as counterfaces and were loaded with a

normal load of 5 N onto the coatings. All sliding tests were

performed at a speed of 2 mm/s and a track length of

4 mm. Most of the tests were conducted up to 1000 cycles.

In order to examine the intermediate state and endurance of

the first steady state, short and long tests to 100 and 3000

cycles, respectively, were also conducted.

2.3 Analysis of Wear Tracks and Counterfaces

After sliding wear tests, a Wyko NT8000 non-contact

optical profiler was used to obtain surface topography,

from which cross-sectional profiles of wear tracks were

extracted. The depth of the wear tracks were subsequently

obtained and used to calculate wear rate in terms of the rate

of penetration depth in nm/cycle. An excess of 30 cross

sections were extracted from each wear track in order to

minimize the uncertainty in wear rate calculation.

The wear track morphologies were studied by a cold

field emission SEM (Hitachi, SU-8230, Japan), and ele-

mental composition was revealed by energy-dispersive

X-ray spectroscopy (EDX). An inVia Raman microscope

(Renishaw, UK) equipped with an Ar? ion (k = 514.5 nm)

laser source was used to identify phase composition on the

wear tracks and counterfaces. Subsurface regions of the

wear tracks were studied by cutting them transversely to

the sliding direction using a lubricated slow-speed preci-

sion diamond sectioning blade, followed by cold-mounting,

mechanical grinding and polishing, and finally Ar? ion

milling. Using a photodiode semiconductor BSE detector,

electron channeling contrast imaging (ECCI) observations

were carried out to reveal grains and other defects.

3 Results

3.1 Cold-Sprayed Coatings

A cross section of the as-sprayed Cu–MoS2 composite

coating shows dark contrast around the particles (Fig. 1a),

which was identified as MoS2 by EDX mapping (Fig. 1b).

As shown in Fig. 1a, where region A contains more MoS2

than region B, local MoS2 content varies throughout the

coating. The average MoS2 concentration was measured as

1.8 ± 0.99 wt%.
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As revealed by microhardness tests on regions of vary-

ing MoS2 concentration (Fig. 1c, d), higher local MoS2

content led to much lower local hardness because of par-

ticle de-bonding. This implies bonding strength between

particles was weak due to the presence of MoS2. Over the

range of local MoS2 concentrations found within the

composite coating, in addition to the hardness measure-

ment of the pure Cu coating, the hardness decreased lin-

early with MoS2 concentration (Fig. 2).

3.2 Average Friction

The average friction coefficient (CoF) versus cycle

numbers is shown in Fig. 3, where Cu–MoS2 and Cu

coatings exhibited different friction behavior. Cu–MCu–

MoS2 coating showed a much lower CoF overall. After a

short run-in stage of around 50 cycles (see the inset),

where CoF decreased slightly, then increased gradually,

and eventually stayed constant between 0.14 and 0.15, the

Cu coating showed a continuous increase in CoF over the

first 400 cycles until reaching the steady-state value of

roughly 0.7.

3.3 Morphology and Local Friction Measurements

Figure 4a shows a top-down observation on the Cu–MoS2

wear track after a 100 cycle test. It reveals dark contrast

throughout the whole wear track. In Fig. 4d, an EDX map

Fig. 1 a Cross-sectional

morphology; b EDX maps of

the distribution of Cu, Mo, and

S of the rectangle area; c,

d indents of microhardness tests

on the corresponding regions

denoted as A and B in (a)

Fig. 2 Microhardness varies with MoS2 concentration: microhard-

ness linearly decreased with MoS2 concentration and pure Cu coating

shows the highest hardness

Fig. 3 Average coefficient of friction versus cycle number of cold-

sprayed Cu–MoS2 and Cu coatings. Inset is a closer view of the

beginning of CoF versus cycle number for Cu–MoS2 coating
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of the dark contrast region shows that it corresponds to Mo-

rich zones that are indicative of MoS2. According to the

Mo count distribution, the brightest areas have the highest

MoS2 content, which might be particle boundaries origi-

nally (Fig. 1a, b). Around those bright areas, lower counts

of Mo were detected. Figure 4e is a closer view of the

morphology of such a zone, where MoS2 was observed as

fine debris. Sliding grooves were found in the region that

was not covered by the debris. Figure 4c plots spatial

friction at the 100th cycle with values fluctuating between

0.11 and 0.135. It also shows some zones exhibiting lower

friction. Topography of the wear track is shown in Fig. 4b,

which exhibited wavy boundaries and local variations in

the track depth. The deeper zones showed lower local

friction, as seen in Fig. 4b, c, and that was due to the

presence of MoS2 patches (Fig. 4a).

After 1000 cycles, as shown in Fig. 5a, the wear track

became relatively uniform and the MoS2 patches seen in

the 100-cycle wear track were not found. Instead, a rela-

tively homogeneous distribution of Mo was observed by

EDX map (Fig. 5d), indicating MoS2 tended to be evenly

distributed during sliding. In Fig. 5e, the powdery mor-

phology suggests MoS2 manifested as fine debris and could

be further mixed over sliding. Nevertheless, the wear track

depth still locally varied, and it was found that the deeper

zones tended to exhibit a lower coefficient of friction

(Fig. 5b, c).

For the pure Cu coating, the wear track after a 100 cycle

test exhibited a relatively uniform feature including mor-

phology (Fig. 6a, d) and topography (Fig. 6b). A closer

view of the wear track (Fig. 6d) shows continuous sliding

grooves parallel to the sliding direction. In terms of pen-

etration depth, compared to the Cu–MoS2 wear track, the

Cu wear track was more uniform and shallower (Fig. 6b).

The spatial friction along the wear track at 100 cycles,

shown in Fig. 6c, did not show the pattern obtained in the

Cu–MoS2 coating. At 1000 cycles, uniform features such

as wear track morphology and topography were observed

(Fig. 7a–c, respectively). Continuous sliding grooves par-

allel to the sliding direction were observed exclusively in

the wear track (Fig. 7b), yet extruded wear debris was

found along both track boundaries (Fig. 7a). It is worth

noting that a uniformly distributed fluctuation in friction at

1000 cycles was observed, which was probably due to

surface roughness-induced vibration.

3.4 Wear

Inhomogeneous wear tracks were generated in the Cu–

MoS2 composite coating (Figs. 4b, 5b), where deeper

zones corresponded to higher MoS2 concentrations with

poor mechanical properties (Fig. 2). To explore variations

in the coating performance due to local MoS2 concentra-

tion, the wear track was divided into two classes based on

Fig. 4 Top-down view of the Cu–MoS2 wear track after a 100 cycle

test. a Overall morphology; b wear track topography, where the

rectangles indicate deep zones (denoted as D); c spatial friction along

the wear track at the 100th cycle; d an EDX map of the white

rectangle in (a); e a closer view of the wear track morphology. Refer

to the scale bar in a for a, b, and c. SD indicates sliding direction
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the local depth, and wear rates for each class were calcu-

lated separately. As shown in Fig. 4b, the rectangles

labelled ‘‘D’’ identified deep zones; other areas were

shallow zones (noted as ‘‘S’’ afterward). D zones, with

sliding up to 1000 cycles, shown as rectangles in Fig. 5b,

were defined as the areas where wear track depth was

greater than those D zones at 100 cycles. The evolution of

the wear track depth of ‘‘D’’ and ‘‘S’’ zones as well as that

of the pure Cu coating is shown in Fig. 8, where wear track

depth increased with MoS2 content and cycle number. At

100 cycles, D zones, which have more MoS2, generated the

deepest wear track of around 1.28 lm in average, while

0.86 lm deep for the S zones, where less MoS2 was found.

The pure Cu coating shows the shallowest wear track of

roughly 0.20 lm in depth. Similarly, at 1000 cycles, D

zones formed the deepest wear track, followed by S zones

and finally the pure Cu coating. Subsequently, wear rates

were calculated in terms of rate of penetration depth, as

shown in Table 1. After the first 100 cycles, the Cu–MoS2

coating was worn faster. A higher wear rate

(12.8 ± 3.41 nm/c) occurred in D zones followed by S

zones (8.61 ± 3.15 nm/c), while the pure Cu coating

showed mild wear of 2.04 ± 0.31 nm/c. However, during

the subsequent 900 cycles, D and S zones showed very low

and similar wear rates, indicating wear rate became inde-

pendent of the original MoS2 inhomogeneity. Moreover,

the wear rates of the Cu–MoS2 coating were as low as that

of the pure Cu coating, yet contained a higher fluctuation,

as evidenced by their higher standard deviation.

3.5 Raman Spectra on the Counterfaces and Wear

Tracks

Figure 9a shows micrographs of the counterface mating

with the Cu–MoS2 coating after 100 cycles. Compacted

wear debris adhered to the left and right edges of the

contact, as expected in reciprocating sliding. Using Raman

spectroscopy, the debris was identified as containing MoS2;

two characteristic peaks at around 400 cm-1 were detec-

ted, as seen in Fig. 9c. However, at the center of the con-

tact, MoS2 was not detected. MoS2 is a very Raman active

compound, where researchers commonly observe peaks

even for very thin layers of a few nanometers [19]. Thus,

while one can see flakes of debris attached to the coun-

terfaces in Fig. 9a, b, no evidence was found for a signif-

icant presence of MoS2 attached to the central contact of

the counterface. At 1000 cycles, more wear debris maybe

loose, collected mostly at the up and down edges of the

contact (Fig. 9b). Raman analysis showed the presence of

both MoS2 and Cu2O (Fig. 9d). The Cu2O was identified

by the peaks at low and high Raman shift range (below 300

and above 600 cm-1) [20]. The compacted MoS2-

Fig. 5 Top-down view of the Cu–MoS2 wear track after a 1000 cycle

test. a Overall morphology; b wear track topography, where the

rectangles indicate deep zones (denoted as D); c spatial friction along

the wear track at the 1000th cycle; d an EDX map of the white

rectangle in (a); e a closer view of the wear track morphology. Refer

to the scale bar in a for a, b, and c. SD indicates sliding direction
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Fig. 6 Top-down observation

of the Cu wear track after the

100 cycle test. a overall

morphology (dashed lines

indicate wear track boundaries);

b wear track topography;

c spatial friction along the wear

track at 100 cycles; d a closer

view of the wear track. Refer to

the scale bar in a for a, b,

and c. SD indicates sliding

direction

Fig. 7 Micrograghs of top-down view of the Cu wear track after the

1000 cycle test. a Overall morphology, where the white arrows

indicate extruded wear debris; b a closer view of the white rectangle

in (a); c typical wear track topography; d spatial friction along the

wear track at 1000 cycles. SD indicates sliding direction
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containing wear debris found at 100 cycles was removed,

and no MoS2 was detected by Raman at the left and right

edges of the contact. Figure 9e presents a Raman analysis

on the corresponding wear tracks at 100 and 1000 cycles.

MoS2 was found in the patches mentioned previously in

Fig. 5, which was consistent with the EDX map (Fig. 5d).

Weak peaks corresponding to Cu2O were also detected at

such spots. At 1000 cycles, no MoS2 but only Cu2O peaks

were obtained from the wear track.

For the Cu coating, Fig. 10 shows micrographs of the

counterfaces and Raman analysis on both counterfaces and

wear tracks. At 100 cycles, Cu color wear debris adhered at

the contact (Fig. 10a), but no Raman active phases were

detected (Fig. 10c). That indicates the transfer of Cu debris

to the slider at the beginning of sliding. At 1000 cycles, a

lot more wear debris was deposited at the periphery of the

contact (Fig. 10b) and was identified as Cu2O by Raman

spectroscopy (Fig. 10d). It is worth noting that even though

some of the wear debris looks like Cu, the surface might be

oxidized as Cu2O peaks were always detected. At the

contact, however, most debris was still Cu (Fig. 10d).

Raman analysis on the wear tracks, as shown in Fig. 10e,

exhibited no Cu2O formation at 100 cycles, yet oxidation

took place over subsequent sliding as Cu2O was detected at

the 1000 cycle wear track.

3.6 Endurance of the First Steady-State Friction

In order to examine the endurance of the first steady-state

of these two coatings, long tests of 3000 cycles were

conducted. The average CoFs of Cu–MoS2 and Cu coat-

ings, plotted versus cycle number in Fig. 11, went beyond

the steady-state and toward higher values of roughly 0.19

and 0.95, respectively. The rectangles in Fig. 11 show the

endurance of the low friction, which was defined as the

number of sliding cycles that the average CoF started

climbing beyond the first steady-state values. The Cu–

MoS2 coating was able to endure up to around the 2250th

cycle, whereas the Cu coating only stayed stable for

approximately 1000 cycles. That indicated that the Cu–

MoS2 coating was able to withstand much more sliding

cycles and thus achieve enhanced endurance of the first

steady-state friction.

3.7 Sliding-Induced Microstructural Features

To study the role of MoS2 on microstructural evolution over

sliding, cross sections of the wear tracks were examined by

the ECCI technique. Figure 12 shows the subsurface

microstructure of Cu–MoS2 coating after 3000 cycles. In

the lower part of Fig. 12a, microstructure of original as-

sprayed coatings was visible. It was highly deformed, as

featured by deformation bands and tangled dislocations.

Detailed microstructural features of as-sprayed coating

were described elsewhere [21]. The initial cold spray par-

ticle boundaries were visible and shown as fine cracks

within the matrix (Fig. 12a). The upper part of the micro-

graph showed near-surface microstructure that consists of a

mechanically mixed layer (MML) and dynamic recrystal-

lization layer (DRX). Interestingly, the MML appeared as

islands, in which a mixture of ultrafine grains (UFG) and

large grains (LG) were observed in a lamellar structure with

fine cracks between the thin layers (Fig. 12b). The dark

contrast in the UFG Cu was identified as rich in oxygen,

indicating that oxidation occurred during sliding, which was

consistent with the Raman spectroscopy observation. In the

DRX layer, slightly relaxed microstructures were observed,

as evidenced by an absence of deformation bands and tan-

gled dislocations that showed in the as-sprayed

microstructure. However, no significant grain growth was

found. The depth of the sliding-induced microstructure

varied in a range of 3–5 lm.

In contrast, a cross-sectional microstructure of Cu wear

track after 3000 cycles shows dramatically different fea-

tures (Fig. 13). The border of the sliding-induced

microstructure was wavy and extended to a greater depth

ranging from 10 to 30 lm. It also consists of the top layer

of a MML, and a DRX layer underneath. In the MML, both

UFG Cu and LG Cu were observed, as well as flakes of

Fig. 8 Wear track depths of deep (D) and shallow (S) zones of Cu–

MoS2 and Cu coatings after the 100 and 1000 cycle tests. Minus error

bars are omitted for visual simplicity

Table 1 Mean wear rates

Coatings Wear rate (nm/cycle)

0–100 cycles 100–1000 cycles

Cu–MoS2 (D) 12.8 ± 3.41 0.22 ± 0.47

Cu–MoS2 (S) 8.61 ± 3.15 0.12 ± 0.55

Cu 2.04 ± 0.31 0.26 ± 0.22

Tribol Lett (2016) 62:9 Page 7 of 12 9
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oxides (Fig. 13b). However, unlike the Cu–MoS2 wear

track, this MML did not show a fine lamellae configuration

but a mixture of the above microstructures. Moreover, the

MML was less coherent, as evidenced by a large amount of

cracks (Fig. 13b). Some cracks were found to penetrate

into the DRX layer (Fig. 13b). The DRX layer was more

visible and exhibited relaxed and coarsened grains

(Fig. 13a). Compared to the as-sprayed microstructure,

dramatic grain growth was observed in the DRX layer and

the grains seemed ‘‘clean’’ inside, indicative of an absence

of defect contrast (Fig. 13b). This suggests low defect

densities and thus well-developed recrystallized grains.

4 Discussion

In the present study, a cold-sprayed Cu–MoS2 coating and

Cu coating were subjected to dry sliding wear testing. The

above results revealed that even though the MoS2 con-

centration was only 1.8 ± 0.99 wt%, it was able to

decrease the average friction coefficient significantly (from

around 0.7 to 0.14–0.15). Furthermore, the local friction

distribution combined with chemical analysis demonstrated

that higher MoS2 content zones generated lower local

friction of 0.11–0.12 (Figs. 4a, c, 5a, c). In those zones,

MoS2 was shown as fine debris and mixed with Cu and/or

Cu2O (Figs. 4e, 5e, 9e).

The mechanism for low friction in a metal–MoS2

composite was expected to be slightly different from that

found in blanket films of MoS2 made by physical vapor

deposition (PVD) or similar methods [1] [22–24]. The

main feature of these latter coatings is to form transfer

films on the counterbody, which leads to MoS2 sliding

versus MoS2 and friction coefficients in the range of

0.02–0.06 in dry air at similar test conditions to those

performed here [1]. Thus, while we found a significant

friction reduction due to the presence of MoS2, the mech-

anisms for this reduction were modified due to the presence

of the Cu. The first noticeable difference was the lack of a

transfer film observed at 100- and 1000-cycle tests (Fig. 9a,

b). With only 1.8 wt% MoS2 in the coating, any transfer

films that did form were readily removed and redeposited

onto the wear track. This was due to the interactions of

MoS2 with the wear track, which was primarily Cu—a very

different contact condition compared to sliding on a PVD

coating with a constant source of MoS2. With the interac-

tions of the metal, the transfer films were unstable and

continuously removed, ultimately resulting in MoS2 pat-

ches on the wear track that were expanded over sliding

(Figs. 4d, 5d).

Fig. 9 Micrographs of the counterfaces mating with the Cu–MoS2

coating after a 100 cycles and b 1000 cycles. Transferred patches and/

or debris were found outside the contact, indicated as black arrows.

Their Raman spectra were shown in (c) and (d), respectively.

e Raman spectra taken from the wear track. White arrows indicate

sliding direction
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Using the two-term friction model that is commonly

employed to combine two velocity accommodation

mechanisms with an assumption that interaction between

the friction mechanisms is negligible [25], the total friction

can be written as:

l ¼ lint þ lfracture ð1Þ

where lint is friction from interfacial sliding and lfracture is

the friction from fracture. Dvorak et al. [26] proposed a

similar model for taking account of two friction mecha-

nisms in MoS2. In our study, the low MoS2 content in the

coating and the absence of a persistent MoS2 transfer film

on the counterface indicate that interfacial sliding between

MoS2 and MoS2 did not occur to any great extent. The

process by which the transfer films were removed and

deposited back to the wear track as powdery MoS2 was

primarily related to the fracture of MoS2. So the velocity

difference was mostly accommodated by fracturing of

MoS2 third bodies. Therefore, lint % 0, and l % lfracture.

Uemura et al. [27] demonstrated that fracture-dominated

friction was 3–4 times higher than interfacial sliding (i.e.,

lfracture % 3.5*lint). Also, Dvorak et al. [26] showed that

the friction induced by interfacial sliding in dry air (i.e.,

l % lint) under a wide range of contact pressure

(0.41–1.39 GPa) was below 0.05. Thus, based on the

results of Uemura and Dvorak, an estimate of fracture-

induced friction indicated that it should be roughly 0.18 or

below. This estimate was in a good agreement with the

present study, where the friction of the high MoS2 zones

Fig. 10 Micrographs of the counterfaces mating with the Cu coating

after a 100 cycles and b 1000 cycles. Transferred patches and/or

debris were found on the counterfaces and their Raman spectra were

shown in (c) and (d), respectively. The black line in (d) indicates

Raman spectrum from the contact, while the red one the debris

outside the contact. e Raman spectra taken from the wear track. White

arrows indicate sliding direction (Color figure online)

Fig. 11 Average coefficient of friction versus cycle number on cold-

sprayed Cu–MoS2 and Cu coatings. Rectangles indicate the cycle

numbers where CoFs go beyond the first steady-state values

Tribol Lett (2016) 62:9 Page 9 of 12 9
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was 0.11–0.12. This analysis helped to understand how low

friction can be observed with MoS2 through a primarily

fracture-based process instead of interfacial shearing.

However, the elevated friction compared to an interfacial

sliding mechanism must also partly be due to the occur-

rence of some metallic friction, evidenced by sliding

grooves at the zones with little/no MoS2 (Fig. 4e), and

oxidation (Fig. 9e).

The pure Cu coating shows high friction throughout the

wear tracks (Figs. 6c, 7c). Continuous sliding grooves

parallel to the sliding direction were found in both 100 and

1000 cycle wear tracks (Figs. 6d, 7d). That could be due to

abrasive wear induced by the Cu debris in the contact area

of the counterfaces, as well as hard asperities of the

counterfaces. Accompanied with oxidation, the velocity

difference was accommodated by shearing within Cu and/

or Cu2O, which introduced higher shear strength and thus

higher friction. A similar material transfer process was

observed previously in Cu bulk material in dry air [28].

Even though the presence of MoS2 produced lower CoF

zones, they, as well, introduced deeper wear tracks even

after a short sliding period such as 100 cycles and therefore

caused a higher wear. A MoS2-induced mechanical prop-

erty loss could be the main reason as it contributed to a

poor ability to withstand high contact pressures and high

wear. This has been observed elsewhere in self-lubricating

composites. Dhanasekaran et al. [5] showed a 3 wt%

addition of MoS2 to Fe–C–Cu alloy achieved optimized

friction and wear resistance, while 5 wt% MoS2 caused

high wear due to decreased strength. Kato et al. [6] found

consistently decreased hardness and wear resistance with

MoS2 content higher than 10 vol% in copper–tin-based

composites.

Lower wear was observed over subsequent sliding and

became independent of initial MoS2 inhomogeneity, which

could be due to buildup and depletion of MoS2 patches in

the contact. In the early sliding, due to mechanical mixing

and material transfer, MoS2, originally accumulated along

Fig. 12 a Micrograghs of cross section of the Cu–MoS2 wear track

after a 3000 cycle test. The hollow arrows denote MML, and the

dashed line the border of the sliding-induced microstructure and as-

sprayed microstructure. b A closer view of the sliding-induced

microstructure. SD indicates sliding direction

Fig. 13 a Micrograghs of cross section of the Cu wear track after a

3000 cycle test. The hollow arrows denote MML, the dashed line the

border of the sliding-induced microstructure and the as-sprayed

microstructure. b A closer view of the sliding-induced microstructure.

SD indicates sliding direction
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particle boundaries, formed patches on the wear track

locally (Fig. 4a). Some MoS2 was transferred onto the

counterface and collected at the left and right edges of the

contact (Fig. 9a). As sliding proceeded and the contact area

extended, the MoS2 patches on the counterface were trap-

ped back to the sliding contact and served as reservoirs to

replenish MoS2 loss. However, with oxidation and further

mixing with Cu over sliding, the local MoS2 concentration

decreased gradually, as evidenced by the fact that it was

too low to be detected by Raman (Fig. 9e) even though it

was still visible by EDX technique (Fig. 5d). This also

implies MoS2 underneath the wear track might not be able

to be brought up to the sliding contact, which could be due

to the low concentration of MoS2 but also due to the

generally low wear rate of the coatings at the test condi-

tions studied here. A similar process was found in previous

studies on MoS2 coatings. Wahl et al. [1] have shown how

worn MoS2 debris can be redistributed to the sliding con-

tact as transfer film and/or tribofilm, as well as the

important role of lubricant replenishment process on a final

long period of low wear rate in a MoS2 coating even

though an initial rapid wear takes place.

The presence of MoS2 helped to maintain the first

steady-state friction for a longer period of time (Fig. 11)

and to stabilize wear track morphology (Figs. 12, 13).

Kovalchenko et al. [10] have demonstrated that endurance

depends on solid lubricant content and the transition point

delays with MoS2 content. In the present study, cross-

sectional microstructures of the wear tracks allow better

understanding of the influence of MoS2 on the improved

endurance of the low friction. In both coatings, sliding led

to changes in the microstructure and phase composition.

For the Cu–MoS2 wear track, sliding induced a cohesive

lamellae MML with fine cracks and a shallow DRX layer

3–5 lm deep, where a decrease in defect density was

observed but no significant grain growth. However, for the

Cu wear track, sliding introduced large cracks within the

MML. The DRX layer penetrated into the coating as deep

as 10–30 lm, and substantial grain growth was found in

the DRX layer. There were several possible reasons for

those significant differences. First, it could be primarily

related to the stress field induced by shearing. Rupert et al.

[29] demonstrated in a nanocrystalline Ni–W alloy that

subsurface microstructural evolution such as grain growth

and grain boundary relaxation is mainly produced by local

shear stress. In the present study, for the Cu–MoS2 coating,

generation of MoS2-containing debris on the wear track

separated the initial contact, and friction force was subse-

quently carried by the debris. Therefore, stress imposed

onto the underlying material could be very low. In contrast,

when rubbing against the pure Cu coating, as discussed

previously, shearing occurred mostly within the subsurface

of the wear track by plastic deformation, which could cause

a strong stress field comparing to the lubricated case. The

stress field calculated by numerical approach also demon-

strated that the von Mises stress beneath the contact, which

plays an important role in deformation-induced

microstructural change [30], and increases with friction

[31]. This could interpret the difference in subsurface

microstructures of those two coatings. Moreover, frictional

heating might play a role as well. Yao et al. [28] have

demonstrated that sliding tests performed within liquid

nitrogen do not induce grain growth within the DRX layer

compared to that under room temperature. When rubbing

against the Cu–MoS2 coating, less heat was generated at

the contact due to its low friction, and it was not surprising

that no significant microstructural change in the subsurface

occurred. In addition, mild oxidation occurred in the Cu–

MoS2 wear tracks even after a long term sliding of 3000

cycles, while much heavier oxidation in the pure Cu wear

tracks (Figs. 12, 13). This seems also due to the influence

of MoS2, which is found to be able to shield the underneath

material from interaction with environment [32]. In gen-

eral, due to the presence of MoS2, minor changes in sub-

surface microstructure and phase transformation were

found in the Cu–MoS2 wear track compared to Cu wear

track.

5 Conclusions

A Cu–MoS2 composite coating was fabricated by cold

spray, and its dry sliding wear performance was studied

and compared to a Cu coating. The Cu–MoS2 coating

exhibited much lower overall friction coefficient, with

local friction controlled by local MoS2 concentration. The

velocity difference was primarily accommodated by frac-

turing of MoS2 third bodies.

The MoS2-rich zones caused high wear at the beginning,

which could be due to its decreased hardness. However,

low wear rates (0.12 and 0.22 nm/c in average) were found

throughout the whole wear track over the subsequent

sliding, independent of local MoS2 content, that could be

due to a MoS2 replenishment and depletion process during

sliding.

The presence of MoS2 also contributed to the enhanced

endurance of the first steady-state friction in the Cu–MoS2

coating. The friction started climbing at around 2250

cycles, while the Cu coating stayed stable only up to

roughly 1000 cycles.

Cross-sectional micrographs of the wear tracks revealed

that minor modifications in terms of subsurface

microstructure and phase transformation occurred in the

Cu–MoS2 coating compared to the Cu coating after 3000

cycles. It was found in the Cu–MoS2 wear track, there was

a cohesive lamellae MML with fine cracks and a shallow

Tribol Lett (2016) 62:9 Page 11 of 12 9
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DRX layer 3–5 lm deep. Even though a decrease in dis-

location density was observed in the DRX layer, no sig-

nificant grain growth took place. However, sliding

produced a wavy and deep MML and DRX layer in the Cu

coating. A large amount of cracks and oxides were found in

the MML and significant grain growth in the DRX layer.

Those differences could be related to a sliding-induced

stress field and frictional heating.
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