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Abstract Frictional performance of molybdenum disul-

fide (MoS2) particles sprayed on a substrate is investigated

in a ball-on-disc tribometer. The ability of large (*2 lm)

and small (*50 nm) particles to generate low-friction

transfer film is investigated with a view to elucidate the

requirement for film formation. Particle migration, particle

stability in the contact region, oxidation potential, and

particle adhesion to the substrate are explored within a span

of operating parameters; normal load, and sliding velocity.

It is found that the larger particles are able to migrate to the

contact to raise a homogeneous but nonuniform low-friction

transfer film that flows plastically to yield large contact

areas, which aid in wear protection. Within the present load

and speed range, the inability of small particles to stay in the

contact region and undergo basal slip militates against the

formation of a low-friction transfer film.

Keywords MoS2 � Nanotribology � Raman spectroscopy �
Transfer film � Friction � Solid lubricant

1 Introduction

Layered materials such as graphite, MoS2, and WS2

(platelets of the 2H polytype) are used both as solid

lubricants [1, 2] and as additives in liquid lubricants [3, 4].

A liquid such as oil or water perform well as a lubricant in

the hydrodynamic regime where the viscosity of the liquid

controls friction. The load bearing capacity of most liquids

is limited and their performance is impaired in the

boundary regime where direct contact occurs between

mating parts promoting high friction and wear. Organic

boundary lubricant additives may be used to functionalize

the mating parts to prevent direct contact. The other

option is to use solid lubricant such as graphite or metal

dichalcogenides, which have high thermal stability and

good load bearing property [5–16]. These materials gen-

erally have a layered structure, which shear easily under

traction to yield low frictional forces. The low friction of

both graphite and metal dichalcogenides is usually due to

interplanar mechanical weakness, intrinsic to their crystal

structures [17–20]. Metal dichalcogenides of the form MX2

(M = W, Mo; X = S, Se) have a characteristic anisotropic

layered structure, with M–X atoms covalently bonded in

planar hexagonal arrays with each M atom surrounded by a

trigonal prism of X atoms. Strong covalent forces bind M

and X atoms within a lamella, whereas adjacent lamellae

interact through relatively weak van der Waals forces. The

unit cell has hexagonal symmetry and includes two adja-

cent lamellae (2H arrangement). This graphite like struc-

ture is considered to be responsible for the lubricative

properties of these materials, because the weak inter-

lamellar bonding facilitates the shear when the direction of

sliding is parallel to the planes of the material.

Under the action of a shear force, intracrystalline slip

occurs in the weak interplanar regions. This mechanism is

responsible for the formation of smooth transfer films by

wear. The new surfaces, created by separating the weakly

bonded sandwiches can easily slide back and forth over one

another (by intercrystalline slip), thereby providing lubri-

cation. Coatings of Mo and W dichalcogenides were

reported to be effective solid lubricants [21], which exhibit a

prolonged wear life. The tribological properties were shown

to be highly sensitive to the atmosphere due to chemical

reactions with oxygen and water under shearing conditions
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[22, 23]. While the low friction of metal chalcogenide solid

lubricants is often explained by the facile shear of the

c-planes of the 2H lattice, this mechanism cannot explain

their unusually long wear life, which has been attributed to

transfer of the solid lubricant to the opposite surface via

‘third body’ generator processes (processes that involve

materials generated within the sliding contact [24–27]).

Unfortunately, pure 2H–MoS2 powders, however, has a

short lifetime and considerably higher friction when it is

used in humid, oxygen containing environments. The 2H

platelets tend to stick to the mating metal components

through the reactive dangling bonds on the prismatic edges.

This leads to their rapid annihilation through burnishing and

oxidation. It has been reported that both friction and wear

increase with decreasing size of the 2H platelets [28, 29].

This observation is in agreement with the suggestion that

dangling bonds mediate friction in metal dichalcogenides:

as the average size of the platelets decreases, the total sur-

face area and hence the amount of dangling bonds on the

reactive surface increases. In the past few years, inorganic

fullerene-like (IF) supramolecules of metal dichalcogenide

MX2 (M = Mo, W; X = S), materials with structures clo-

sely related to nested carbon fullerenes and nanotubes have

been synthesized [30, 31]. Recent experiments showed that

IF possesses lubricating properties superior to those of 2H

platelets in a wide range of operating conditions due to its

chemical inertness and to the hollow cage structure, this

leads to high elasticity and may allow the particles to roll

rather than slide in appropriate loading regimes. However,

the effect of the inorganic fullerene-like materials as

boundary lubricant decreases at high loads and sliding

velocities and this has been attributed to the presence of

voids and defects in the IF and the aggregation of the

nanoparticles in the ambient humidity [29]. Also it has been

reported that for low load, the IF material outperformed the

2H platelets, whereas at high load, the performance of the

2H lubricant is better than that of the IF [29, 32]. However,

at high pressure applications [33], outer layers of these IF

particles exfoliate and from in situ Raman spectra mea-

surements it is shown that at a Hertzian pressure of 1 GPa,

the IF particles transform to 2H particles.

The purpose of the present work is to come to an

understanding as to what are the principal materials and

process requirements that optimize the performance of

these solid lubricant particles. One of the main issues

involved in the use of nanoparticles in liquid suspension, as

a lubricant is the ability of these particles to migrate into

the region of contact. If these particles roll or shear easily

when captured in contact the expected frictional forces are

low. The size of the particles, their adhesion to the mating

solid surface, the viscosity of the fluid, the normal load,

and sliding velocity are factors, which may be expected to

play roles in the transport of these particles to the region of

contact. Once in this region a particle has to stay there to

allow shear. This requires the particle to be anchored to the

solid surface by force of adhesion. Once sheared there may

be a process of transfer film formation on both the surfaces.

If that happens subsequent low stress sliding may take

place between the two halves of the particle or between

films transferred to the substrate and the counterface. The

interaction may also release debris, which goes on to the

sliding track on pressing, especially if they are able to

adhere to the solid substrate, a low shear coating may form

on the substrate: while very big particles may have prob-

lems getting into the narrow confines of the contact, if the

original particles or the debris are too small they may be

swept away from the region of contact or they may get

easily oxidized and loose their antifriction property. Thus,

particle size, thermal stability, adhesion properties, and

load become important parameters, which should dictate

the performance of these layered solid lubricant particles.

When the particles are suspended in liquid, on sliding

some migrate to the substrate. The particles now situated

on the substrate provide a reservoir of soft matter on the

surface. This matter intervenes between the mating asper-

ities and the substrate to transmit power and dissipate

energy. In this article, we investigate the process by

spraying a reservoir of soft matter on the substrate and

explore the process of the resulting tribology. MoS2 par-

ticles are sprayed on a steel substrate and we track their

transport, availability for shear at contact and formation of

transfer film/coating, by sliding a steel ball on the sprayed

particles, under dry conditions. We seek thereby explana-

tion for the effects of particle size and normal load on

tribology of these particles.

2 Experimental Details

2.1 Materials

Polycrystalline EN-31 steel (carbon 1%, manganese 1.1%,

silicon 0.1%, phosphorus 0.05%, sulfur 0.05%, chromium

1%, rest iron) is used as substrates in our experiments. The

layered MoS2 particles were procured from Alfa Aesar

MA, USA (2 lm avg. particle size, bigger particle) and

lower friction lubricants, M. K. Impex, Canada (50 nm

avg. particle size, smaller particle). Hexadecane ([99%,

Sigma-Aldrich) is used as the base oil for lubricated tri-

bology (particles suspended in hexadecane).

2.2 Preparation of Samples for AFM

and Microtribometry Tests

A suspension of 20 mg of MoS2 particles is prepared in

10 mL n-hexane (99.8% pure, s.d. fine chemicals limited,
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Mumbai) solution and sonicated for 15 min. For the LFM

experiments, a drop (2% w/v) of polymethyl methacrylate

(PMMA, Mol. Wt. *495,000) dissolved in chloroform

(CHCl3, 99% pure, S.D. fine chemicals limited, Mumbai) is

poured on the on the 10 mm 9 10 mm 9 0.5 mm square

p-type silicon wafer (100) substrate (R.M.S. of surface

roughness = 0.2–0.3 nm) and spin coated at a rotational

speed of 400 rpm. Then, the particle suspension was poured

on the PMMA layer and spin coated. Then, the sample is

heated to 150 �C in an oven so that the PMMA layer melt

and act as an adhering layer for the MoS2 particles. This is

done carefully to ensure that, except for a small region at the

bottom, the particle remains uncovered by the PMMA.

The EN-31 steel was machined and ground to give

sample dimensions, 30 9 10 9 5 mm3. The samples were

then polished using 220, 320, 400, 600, 800, 1,000, 1,200

and 1,500 grit silicon carbide papers. After polishing, the

samples were rinsed in acetone (AR Grade, s d fine-chem,

India) and then disc was polished using diamond paste of

grade 1–3 lm followed by 0.5 lm. The polished samples

were cleaned by ultrasonication in acetone to remove all

polishing debris. The MoS2 were spin coated onto the steel

substrate from a suspension in n-hexane and were stored in

a desiccator prior to subjecting them to dry tribological

characterization. For the lubricated tribology, microtribo-

metric experiments were done by placing a 25 ll of MoS2

particle suspension in hexadecane ([99%, Sigma-Aldrich)

on the steel substrate. After the dry tribological tests, the

samples were stored in a desiccator for further spectro-

scopic and microscopic characterization of the tracks cre-

ated in the nanotribometer.

2.3 Tribological Tests

Two types of tribological tests were carried out: (1) lateral

force microscopy (LFM) (Explorer AFM, Thermo Micro-

scope, Santa Barbara, USA)—Si3N4 tips of 20-nm tip

radius mounted on a cantilever of stiffness 0.15 N/m were

used to generate a mean Hertzian pressure range of 1.35–

5.3 GPa; (2) nanotribometer (CSM Instruments, Switzer-

land)—2-mm diameter 100Cr6 steel ball mounted at the

end of a normally loaded cantilever was used to generate a

mean Hertzian pressure range of 200–1200 MPa.

2.4 Atomic Force Microscopy

Adhesion and LFM experiments were performed using

an Explorer AFM (Thermo Microscopes, Santa Barbara,

U.S.A.) with Si3N4 cantilevers (Veeco, USA) that have

pyramidal tips of a nominal end radius of 20 nm, under

ambient condition (21 �C, relative humidity 35–45%). A

V-shaped cantilever (normal force constant, 0.15 Nm-1)

was used to measure normal and lateral forces. All the tips

were cleaned in a UV chamber (Bioforce Nanosciences,

USA) for 20 min before use. For friction force measurement,

as already reported earlier [31], we considered the difference

in lateral force images recorded in the forward and reverse

scans, and we report here an average of this difference. The

lateral force was recorded using 1 lm 9 1 lm scan area.

2.5 AFM Cantilever Calibration

We used a straightforward finite element (FEM) based

technique [34] to estimate the torsional or lateral stiffness of

the ‘V’-shaped cantilever that is used here. This method does

not require a ‘multiple cantilever’ (where one cantilever is of

rectangular geometry) (Green et al. [35]), additional mass

(Cleveland et al. [36]) or a well-defined scanning geometry

(wedge calibration method [37]). The normal sensor (NR)

response (A/m) is recorded from the repulsive part of the

force distance curve. Known the normal cantilever stiffness

(N/m) from the manufacturer and the current geometry

during an experiment we estimate the normal force.

Writing an angular response AR = NR 9 L, where L

is the length of the cantilever, the twist angle / is recorded

as LRA/AR, where LRA is the twist current. Known the

real geometry of the cantilever (from scanning electron

microscopy (SEM) images) and the material properties of

the cantilever, the FEM (ABAQUS) is used to determine the

torsional stiffness T//. The torque T is estimated for known

/. For the present cantilever, the manufacturer specifies the

normal stiffness = 0.15 N/m. The FEM estimation gives

T// = 1.6 9 10-9 Nm/rad. The ratio of (T//)/Normal

stiffness = 10-8 m2/rad compares with those reported by

Green et al. who used the Sader method (2.2 9 10-8 m2/rad)

and that formulated by Cleveland et al. (2.3 9 10-8 m2/rad)

to calibrate ‘V’-shaped cantilevers.

2.6 Microtribometry (MTR)

Tribological experiments were carried out in the range

20–700 mN using a nanotribometer (CSM Instruments,

Switzerland). The nanotribometer is composed of three

stepper motors (two in X- and Y-axis linked to pin-on-disc

module and one in Z-axis linked to measuring head). The

cantilever was mounted on the measuring head. A 2-mm

diameter steel ball (rms (root mean square) roughness *
1–2 nm) is attached to the end of the cantilever. Before

attachment, the steel ball was cleaned in acetone using an

ultrasonic bath. Two optical sensing mirrors placed near to

the cantilever head, perpendicular to each other (X- and

Z-axis), to measure the displacement of the cantilever

during sliding against the substrate. The friction coefficient

was determined during sliding by noting the deflection of

the cantilever in both horizontal and vertical planes. All

measurements were carried out in reciprocating mode
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under ambient conditions (relative humidity: 35–45%,

temperature: 295 K).

2.7 NTR Track Analysis

To explore the status of the particle in the slid track of the

NTR, the samples were subjected to further investigation.

Microscopic features of the samples were obtained using

scanning electron microscopy (SEM, FEI, Sirion). Section

distributions of the elements was performed with energy

dispersive spectroscopy (EDS). Surface roughness was

characterized using WYKO NT1100 optical profiling sys-

tem. The effective field of view was 610 lm 9 464 lm at

109 effective magnifications. The roughness parameters

were measured using Veeco (vision32) software.

Resonance Raman spectra were recorded at room tem-

perature using a standard backscattering geometry applied

with Renishaw inVia reflex micro Raman spectrometer.

Excitation wavelength of 785 nm was produced by a near

IR diode laser source capable of supplying 300 mW of

power. Several locations of each sample were probed to

ensure reproducibility of the data. In order to prevent

damage to the samples, different optical filters were used to

reduce the incident power. The spectrometer was calibrated

by Si line at 520 cm-1.

3 Results

3.1 Sliding Experiments

3.1.1 Friction

The well-known friction modification properties of MoS2

are utilized in practical applications by suspending the

particles in oils and greases [5–16]. What is of interest to a

lubrication designer is the selection of particle size. A

reduction in size on the one hand may facilitate a better

distribution and transport of the particle in the medium. On

the other hand, a size reduction may give rise to agglom-

eration [38, 39] and easy oxidation [40], phenomena, which

are known to be detrimental to tribology [38, 39] as they

enhance both friction and wear. Figure 1 reports microtri-

bometric experiments done in a ball-on-flat configuration,

the contact lubricated by MoS2 suspended in hexadecane

oil. It is clearly seen that over a wide range of speed and

load, the friction coefficient recorded with a liquid lubri-

cant carrying large 2 lm size particles is significantly

lower than that carrying small 50 nm particles. Higher

loads and higher velocities are also seen to consistently

yield lower frictional coefficient. This article is devoted to

explore the rationale of these effects.

To aid this investigation, we simplify the problem first

by conducting dry tribological experiments on particles

sprayed on a steel substrate. Figure 1 clearly shows that the

trends observed in lubricated sliding are identically repro-

duced in the dry experiments. That being so, it provides an

opportunity to seek mechanistic explanations for particle

level deformation in tribology by conducting the experi-

ments without any liquid lubricants. To follow this

exploration, we go one more step further and conduct

scratch experiments on single 20 lm particles and a 20-lm

agglomerate consisting of small 50 nm particles.

Figure 2 shows the SEM images of large (2 lm average

size) and small (50 nm average size) particles. The large

particles are seen to be well differentiated from each other.

Figure 2b shows lamellar structure of the large particle,

each lamella has a 50–60 nm thickness. Figure 2c shows

the agglomerated state of the small particles. The agglom-

erate diameters are found to vary between 1 and 20 lm.

The friction properties of individual particles on a sub-

strate were measured in the LFM configuration (contact

pressure in GPa regime). The LFM performed using a sil-

icon nitride (Fig. 3a) and Si tip (Fig. 3b) showed the friction

of a large particle (the tip moves parallel to the basal plane)

to be always less than that of the small particle. The LFM

Fig. 1 Comparison in friction

from MTR studies of the MoS2

particles in air (coating) and in

liquid medium (suspended in

HD) for sliding speed 0.02,

0.5 cm/s and normal load 20,

500 mN. The MTR studies are

done in a ball-on-flat

configuration using 2-mm

diameter steel ball and polished

steel flats
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experiment showed that even when the contact is limited to

within a small area (100 9 100 nm2 on a 2 9 2 lm2 par-

ticle surface) at more than 100 nN normal load the whole

top surface of the particle slips as a slab against the lower

part of the particle. A detailed account and analysis of single

particle scratching of a large MoS2 particle is presented

elsewhere [41].

Figure 4 shows the friction coefficients observed in

microtribometer experiments in the ambient. In these

experiments, it is observed that the friction coefficient

corresponding to the large (2 lm) MoS2 particles is con-

sistently lower than that corresponding to the 50 nm par-

ticles, over a wide range of speed and load. The coefficient

of friction at the highest speed roughly corresponds to that

obtained in the AFM experiments, this suggests that when

MoS2 exists as a transfer film on the substrate the traction

in a microtribometer experiment also induces basal slip.

3.1.2 Examination of the Slid Track

3.1.2.1 2 lm MoS2 Particles Figure 5 shows that the large

particles (as sprayed) are uniformly distributed, while the

small particles stay in an agglomerated configuration, with

agglomerates separated from each other, on the substrates.

Figure 6a shows that after one cycle of sliding, particles

are moved by the ball such that there are, groups of particles

at the two ends of the track, particles at about one-third of the

width distance from the right edge and particles at the left

Fig. 2 SEM micrograph of a 2 lm, b large lamellar, c 50-nm MoS2 particle

Fig. 3 LFM friction-load characteristics of bigger and smaller MoS2

particle in ambient condition

Fig. 4 Friction versus pressure

(normal load) data from MTR

studies of the (a) 2 lm and (b)

50 nm MoS2 particles spin

coated on steel substrate for

sliding speed of 0.02, 0.1, and

0.5 cm/s

Tribol Lett (2010) 37:313–326 317

123



edge. The particles displaced toward the left edge are

undeformed particles of about 400–600 nm height (Fig. 7a).

Particles at the two ends are also the original particles while

the ones at one-third width distance from the edge are par-

ticles, which have been sheared, to a height of about 50 nm,

and compacted together to start to form a film over a 100-lm

band. The rest of the substrate is abraded by the ball.

The situation changes dramatically after 100 cycles

(Fig. 6b) of sliding. Loose particles are still scattered at the

two extreme turn-around edges (Fig. 7b). The abrasion

marks (Fig. 6a) disappear completely. With reference to

Fig. 7b, we note that the strip of particles, which form at

one-third distance from the edge as seen in Figs. 6a and 7a,

now consolidate into a film of 100-nm height and 150-lm

width in the mid-cross-sectional region of the substrate. On

both sides of this region, particles appear to simply fill the

abrasion marks, which are no longer seen optically but the

roughness of abrasion is reproduced. The film we observe

in Figs. 6b and 7b forms by further shear and compaction

of the 50 nm debris (Fig. 6a) generated by shearing of the

original particles and drawing in the particles from the

reservoirs (Fig. 7b) situated in zones near the four edges

and shearing them. As the coverage of the substrate by the

film increases the coefficient of friction decreases from

0.14 after cycle 1 to 0.1 at cycle 100. Such a mechanism of

film formation has been suggested earlier [26, 27].

The physical stability of MoS2 particles, original and

sheared, appears to be much influenced by the velocity of

sliding. When the sliding velocity is high, the MoS2 par-

ticles do not appear to have enough time to escape out of

the contact, as succession of asperities make contact at

short intervals. This helps to generate a low-friction

transfer film on the substrate by the mechanism suggested

above. When the speed is low, the particles can get pushed

out of this contact before the next asperity has time to make

contact. This leads to denudation of the substrate of MoS2

particles. Figure 8a, b shows a film profile across and along

the track when the speed is 0.5 cm/s. The corresponding

profiles (Fig. 9a, b) generated at 0.02 cm/s shows a large

wear crater. Sprayed MoS2 particles thus have the ability to

not only give rise to low-friction sliding, they also protect

the substrate from metallic wear.

Fig. 5 3D profilometry images

account the particle distribution

on the steel substrate for the

(a) 2 lm and (b) 50 nm MoS2

particles

Fig. 6 3D images of the NTR

tracks (100 mN, 0.5 cm/s) on

steel substrate for both the

particles after 1 and 100 cycles.

Arrows indicate the sliding

directions. The respective track

length (L) and width (W) is

specified in the figure
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3.1.2.2 50 nm MoS2 Particles When the substrate is

sprayed with 50 nm particles, Fig. 6c shows a few

agglomerates at the end of the track. The registered friction

coefficient at the end of one cycle is 0.24. Few polishing

marks and particles are seen on the substrate, which

appears to be covered by a very thin film (optically trans-

parent). The friction coefficient of 0.24 is well below that

of a pure metal-to-metal contact. The friction coefficient

does not change after 100 cycles, the corresponding sub-

strate shows clear polishing marks, a few agglomerates at

one end of the track, a fine distribution of particle/film at

the other end, and a thin (*15 lm) strip of particles at the

center of the track where the contact pressure is the highest.

We believe that a film transferred to the counterface ball

rubs partially on the grooves made by polishing and par-

tially on the thin film of MoS2. This gives rise to moderate

friction, which is lower than metal-to-metal friction (*0.4)

but higher than that obtained (0.1) when the substrate is

fully covered by a MoS2 film, as in the case when the

substrate is sprayed with 2 lm MoS2 particles.

We believe that at first contact the loose agglomerates

break up into 50 nm diameter particles. On sliding even at

the highest test speed a large number of particles are swept

away out of the substrate leaving a substrate largely devoid

of particles. Such extensive displacement takes place

because the particles do not adhere well to the substrate and

are perhaps easily oxidized. The high speed contact is seen

in Fig. 6d to trap some third body material at the center of

contact in a *15 lm width strip. Such a strip is not seen

when the speed is low. This narrow third body may indeed

provide some frictional protection where the normal load

and sliding speed are high. It is important to note that the

coverage of the substrate by the 50 nm particles improves

substantially when the normal load is increased at constant

speed; compare Fig. 6d with Fig. 10b. This reduces the

friction from 0.28 to 0.16 (Fig. 4). Reducing the sliding

speed from 0.5 to 0.02 cm/s at 500 mN normal load

Fig. 7 The Z height profiles of

the generated tribofilm as a

function of time for the a 2 lm,

1 cycle, b 2 lm, 100 cycles, and

c 50 nm MoS2 particles

Fig. 8 The Z height profiles of the generated tribofilm in X (along the

track) and Y (across the track) direction for 2 lm MoS2 particles at

high-speed condition (500 mN, 0.5 cm/s)

Tribol Lett (2010) 37:313–326 319

123



increases friction coefficient from 0.16 to 0.24, this clearly

happens as the small 50 nm particles are swept away

extensively from the contact at the low speed as observed

by comparing Fig. 10b and c.

3.1.3 Wear Resistance

Basal slip of MoS2 particle promotes low friction and the

fact that such slip occurs in the transfer film (Figs. 3 and 4)

[7, 42] explains the low frictional response of a MoS2 film

or when the particles are in liquid suspension. A more

difficult question to answer is why does MoS2 provide wear

protection to the substrate when sprayed on a solid sub-

strate. First, when the ball slides on the film, the film

material, i.e., MoS2 is removed by basal slip—this gener-

ates the debris, some of which are retained on the track and

some of course leave the track. The debris on the track (see

Figs. 6a and 10a) forms a reservoir, which on sliding

replenishes the worn film disallowing any metal-to-metal

contact. We, however, believe that the anti-wear action of

MoS2 is a little more involved. Figure 10a shows that

compared to an initial Hertzian contact diameter of 40 lm,

the track with MoS2 film has a width of about 200 lm. This

happens because the film is in a plastic state. Figure 11a

shows pile up in a deformed film confirming its plasticity.

The plastic film in this case indicates a reduction in contact

pressure by about six to seven times. The wear of the film

is substantially reduced due to the fall in contact pressure

and the scope for deformation and consequent wear of the

substrate is also reduced correspondingly. In contrast to the

Fig. 9 The Z height profiles of the generated tribofilm in X (along the

track) and Y (across the track) direction for 2 lm MoS2 particles at

low-speed condition (500 mN, 0.02 cm/s)

Fig. 10 SEM micrograph of the NTR tracks of a 2 lm MoS2, b 50 nm MoS2 particles with 500 mN load and 0.5 cm/s sliding speed, c 50 nm

MoS2 particles with 500 mN load and 0.02 cm/s sliding speed

Fig. 11 Cross-sectional profile

of the track (100 mN, 0.5 cm/s)

formed with the a 2 lm and

b 50 nm MoS2 particles

320 Tribol Lett (2010) 37:313–326
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response of the 2-lm MoS2 film, the track formed by an

inadequate film, when 50 nm particles are sprayed, has a

width of about 100 lm and a groove in the track of about

40 lm width (Fig. 11b). The corresponding contact pres-

sures are high enough to deform the substrate. Such

deformation is a prerequisite for the wear of the substrate.

We report below a detailed Raman Spectroscopic anal-

ysis of the transfer film and the third body generated on the

substrate by sliding the steel ball on sprayed MoS2

particles.

3.2 Raman Spectroscopy:

There are four key first-order Raman active modes in MoS2

[43, 44], designated as E1g (286 cm-l), E2g
1 (383 cm-1), A1g

(408 cm-l), and E2g
2 (32 cm-1). The first three modes are

due to vibration of atoms within a S–Mo–S layer. The fourth

mode, E2g
2 , is associated with the vibration of a MoS2 layer

against neighboring layers and is called the rigid-layer

mode. In backscattering experiments on a surface perpen-

dicular to the c-axis, the Eg
2 (286 cm-1) mode is forbidden.

The observed Raman spectra (Fig. 12) for the bulk MoS2 is

well matched with that observed previously (Table 1)

except the E2g
2 mode at 32 cm-1. The low frequency E2g

2

mode might not be clearly resolved by the present spec-

trometer with a relatively low energy laser source.

To identify the species on the track we perform Raman

spectroscopy of some particles outside the track and some

spots (Fig. 13) on the track. The spectrum of isolated 2-lm

particles on the track (1 in Fig. 13a) and that of 50 nm

particles inside the track (2 in Fig. 13b) are very similar to

the bulk spectrum of MoS2 (Fig. 12). When this is a film

present on the substrate, the reflection from the substrate

modulates the spectrum of the film in reducing intensity

from that obtained from single particle MoS2 (Fig. 13a).

The intensity reduces with decreasing film thickness. For

the 2-lm particle track the film thickness was found to be

80–100 nm at position 2 and 40–50 nm at position 3. Rel-

atively sharp peaks are, therefore, seen (Fig. 13c) for the

thicker films at Raman shifts of 188, 240, 380, 408 cm-1,

peaks at the same shifts occur in the bulk MoS2 samples

(Table 1, Fig. 12), of course with much greater intensity.

This suggests that the tribo-film on the track uphold the bulk

MoS2 configuration. Some of the peaks obtained at spots

(3 in Fig 13a, c) where the film thickness is 30–40 nm occurs

at the same shifts as that at spots of greater film thickness but

this happens at lower intensities (Fig. 13c). The tracks cor-

responding to the 50-nm particle size do not in general reflect

the bulk spectrum. Figure 6d shows a thin strip of material at

the center of the track after 100 cycles of sliding. A Raman

spectrum of this strip do not exhibit any characteristic peak of

the bulk sample but a peak at 285 cm-1.

The above discussion indicates that there is a MoS2 film

of varying thickness on the track made using 2 lm parti-

cles. The maximum thickness of the film (*90 nm) on the

track is always significantly less than the average thickness

(*300 nm) of the particles sprayed on the track. This and

the spectral analysis suggest that the sheared particles

constitute the track and the particles are chemically the

same as the original sprayed MoS2 particles. In contrast, no

MoS2 material either as a film or as a particle is found on

the track made by rubbing the sprayed 50 nm agglomerate.

3.3 Adhesion Studies

The major difference in tribology between sprayed large

(2 lm) and small (50 nm) particles may be attributed to the

difference in their physical characteristics. As discussed in

the introduction for a film to form, the original and shearedFig. 12 Raman spectrum of bulk MoS2 at room temperature

Table 1 Comparison between the reported Raman spectra [44] with

the observed spectra for bulk MoS2

Reported Raman

shift (cm-1) [44]

Raman

mode

Observed Raman

shift (cm-1)

Raman

mode

32 E2g
2 148.3 A

150 A 187.4 B

188 B 237.2 LA (M) [43]

286 E1g 382.1 E2g
1

383 E2g
1 405.7 A1g

408.3 A1g 452.7 C

450.2 C 566.3 2Elg

567.3 2Elg 598.5 D

596 D 632.6 9

750 2E2g
1 750.7 2E2g

1

778 E 777.8 E

816.7 2Alg 818.7 2Alg

The italic values are the observed main characteristic Raman shifts for

the bulk MoS2 particle at room temperature
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particles have to stick to the substrate and the counterface

ball. If they do not, they are easily swept away out of contact,

on sliding and no slip is possible unless at least one face of a

particle is anchored. Tribological contact generates heat. In

the ambient experiment, this promotes oxidation. If the

particles on the substrate get heavily oxidized [2] their tri-

bological performance is impaired, as basal slip, which is the

fundamental antifriction mechanism, is inhibited. Adhesion

of the particles to the substrate also deteriorates if the

unsaturated bonds at the edge of the particle collect oxygen

from the environment. Noting as above the superior tribol-

ogy of the large MoS2 particles, we study the adhesion and

their thermal stability of the large and the small particles.

Adhesion is investigated by recording AFM force

curves. The pull-off force extracted from the force curve of

an AFM experiment where a Si3N4 tip is brought to and

retracted from a single particle after contact is shown in

Fig. 14. The adhesion of 2-lm particle to the SI3N4 tip is

seen to be greater than that for the 50-nm particles. The

small particles when sprayed on the surface agglomerates

(Fig. 5b). We thus determined the pull off force of two

particles: (1) a 20-lm size particle and (2) a 20-lm

agglomerate of 50 nm particles. Figure 15a, b shows AFM

image of both the particles. Figure 15c shows that the pull

off force between the Si3N4 tip and the single particle is

considerably higher than that of the tip with the agglom-

erate (Fig. 15d). These results are only indicative as the

AFM contact is between SiO2 and MoS2 and not that

between iron oxide and MoS2 as it would in the micro-

tribometer experiments reported above. The results indicate

that the smaller particle when sprayed on the substrate stay

there loosely and are unlikely to adhere strongly to a

sliding track. Figures 6d and 10c infact show a large col-

lection of 50 nm agglomerates being pushed out of contact

to the edge of the track by the sliding ball.

3.4 Thermal Stability of MoS2 Particles

In air, MoS2 oxidizes to MoO3 or more complex metal

oxides. TGA analysis of the particles (Fig. 16) shows the

oxidation potential of the 50-nm particle to be significantly

higher than that of the 2-lm particles. The smaller particles

Fig. 13 Raman spectra of the shaved particle and generated tribofilm on the NTR track formed by a 2 lm, b 50 nm MoS2 particles. The

respective tracks images are shown below with the analyzed spots marked in circles
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in contact may thus be expected to become oxidized early

and loose their property to adhere to the steel surface, a

condition necessary for their lubricity. The thermal stabil-

ity of the MoS2 under ambient conditions was examined by

TGA, and its weight loss curve is shown in Fig. 16. The

weight decrease of 2 lm particles starts at around 400 �C

and is completed by 600 �C. The change represents its

thermal decomposition and the *20% weight loss in this

temperature range is consistent with a conversion of MoS2

to MoO3 and gaseous SO2 as reported previously [2, 45,

46]. This oxidation of MoS2 by heating in air is believed to

be dependent not only on temperature, but also on the

particle size and availability of air [40]. For the 50 nm

MoS2 particle used in this study, the thermal decomposi-

tion starts at temperature 250 �C and we observe *30%

weight loss in the 250–500 �C temperature range. The

oxidation temperatures for the two particle sizes used in

our study are in line with the reported values of similar

sized WS2 particles [29].

4 Discussion

In this article, we have attempted to elucidate some of the

basic requirements for lubrication by layered particles. We

have done this by examining the contrasting performance

of two particles of the same chemistry and crystallography

but set apart by their two orders difference in size. We

carry out ball-on-disc tribology on loosely situated parti-

cles on a ground steel substrate.

Fig. 14 AFM normalized pull-

off force histogram of the

smaller and bigger MoS2

particles. Adhesion values are

normalized by dividing the

adhesion forces with the tip end

radius

Fig. 15 AFM normalized pull

off histogram of the c layered

and d aggregated MoS2

particles. The respective particle

AFM images are shown above

(a, b)
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When the particles are uniformly distributed on the

substrate (Fig. 5), the first pass (Fig. 6a) removes some of

the particles and pushes them into reservoirs at the turn-

around or side edges of the track. In the denuded part of the

track, it abrades the substrate. In the central region of the

track where the contact pressure is the highest, the particles

stay adhered to the substrate and are sheared. The debris

generated move either to the reservoir or stay in the central

part. This process presupposes that under high pressure the

particles are able to adhere to the substrate and are not

being swept out as it happens in the lower pressure regions

and also when the particle size is small. The adhesion

experiments we report (Figs. 14, 15) indicate that the big

monolithic particles have an ability to adhere to oxides,

whereas the agglomerate or the small particles, which may

emerge from the fractured agglomerate, do not. This ability

of the particle to stay in contact is crucial to tribology, we

believe that the adhesion to the substrate for MoS2 is a

necessary condition but not a sufficient one. After an

asperity makes contact with a single particle and shears it,

the interaction may deflect the sheared particles away from

the path of the next asperity if the latter does not make the

contact soon enough. Thus, if the sliding speed is low,

particles do not stay on the surface and the substrate is

denuded of particles to promote metal-to-metal contact and

wear (Figs. 8, 9). The friction coefficient is also therefore

observed to be high when the sliding speed is low.

Increasing the normal load appears to enhance the ability of

the particle to stay on the substrate (Fig. 1) and reduce

friction. There may be more than one reason for this effect

and we intend to pursue this further in future using in situ

Raman spectroscopy assisted tribology. In a previous arti-

cle [41], we have reported that increasing the normal load

shears slabs of increasing thickness, when a 20-lm particle

is subjected to a shear traction, slip shear stress, however,

remains insensitive to normal load. Thus, at high loads,

high volumes of MoS2 slabs are available to undertake

generation and regeneration of transfer films over long

sliding distances such that the incidences of metal-to-metal

contact is reduced. Further, at high loads, the big slabs

subjected to large contact pressures may flow and slip

further at the substrate to enhance film coverage. Both

these effects may contribute to the lowering of coefficient

of friction by increasing the normal load as observed in

Figs. 1, 4 as well as the lowering of wear as observed in

Fig. 8. Without a consistent basal plane slip such mecha-

nisms may not be available to 50 nm agglomerates. When

the poorly dispersed agglomerates are on the substrate,

their low adhesion to the substrate and the small size

appear to encourage deflection of the particle away from

contact even at high sliding speeds.

Beyond the first pass, the sliding process builds on the

initial strip of 50-nm sheared particles in the central region

of the substrate. Particles from the reservoir (Figs. 6b, 10a)

are drawn into the contact dynamically to increase the

height, width, and length of this central region (Figs. 7b,

8). By the time 100 cycles of sliding are over, the maxi-

mum height increases to about 100 nm and the particles are

uniformly (as seen optically) smeared over the whole track.

The Raman spectroscopy of this track (Fig. 13) establishes

that the track now consists of materials, which are chem-

ically the same as the original MoS2 particle. In conjunc-

tion with profilometry, the spectroscopy however

establishes that the film, which forms on the track is non-

uniform in thickness, thickest in the central region and

thinnest (Fig. 13) at the edge of the track. It is also seen

(Fig. 8) that at the turn-around regions where the sliding

velocity is low, the film is thin. Thus, a crown-shaped film

forms on sliding of 2 lm MoS2 particles.

How does the film form? We have not examined the

counterface ball in any detail but have observed transfer

films on it throughout the experimental duration. We

believe that the particle in the substrate track and the

counterface are perpetually sheared exposing the basal

plane. The fact that the friction coefficient observed in the

microtribometer experiment (Fig. 4) is of the same order as

that observed when a basal slip was engineered in a LFM

experiment on a single MoS2 particle (Fig. 3), suggests that

all activities on the track are due to basal slip of the MoS2

particles. Wahl et al. [27] on the basis of their in situ Raman

tribometry of deposited MoS2 come to the same conclusion.

The slip transfers part of a particle to the counterface, which

when further sheared comes to the track and pressed along

with the particles already on the track and drawn from the

reservoir of loose particles, form the film. The shape of the

film on the track appears to be strongly influenced by

the profile of pressure distribution on the counter face ball

and the velocity profile along the track.

One of the most important finding of this present study

is the ability of this original loosely sprayed particles to

Fig. 16 Thermogravimetric (TGA) profiles of 2 lm and 50 nm MoS2
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promote wear resistance to the substrate. Once the film

forms, though nonuniform in thickness and shape over the

track, it appears to be remarkably homogenous. Under

traction, the film deforms in a state of plasticity (Fig. 11).

The plasticity expands the contact area (Fig. 10) to the

point that the contact pressure is reduced significantly to

discourage subsurface deformation of the substrate and the

resulting wear. While most of the track is covered by the

protective film, incidence of metal-to-metal contact espe-

cially in the very high-pressure region cannot be ruled out

(viz, see the very rough region at the middle of the track in

Fig. 8a). The heat generated by traction can oxidize the

particle, this may be deleterious to the formation of a

uniform film. Our thermal stability study shows that the

large MoS2 particles are thermally stable (Fig. 16) and are

not prone to oxidation at modest temperatures. We thus

expect a stable and protective nonuniform MoS2 film to

form on the steel surface when uniformly distributed loose

particles on steel surface are rubbed by a steel ball.

The ability of a particle to migrate to and to stay at the

contact appears to be the principal requirements for good

tribological performance of the layered dichalcogenides.

Within present tractional conditions, it is this consider-

ation, which distinguishes the tribology of large and small

MoS2 particles. While this may be true, we believe that the

behavior of very small particles in tribology is not fully

understood. These particles if allowed to migrate and stay

at contact are likely to give rise to very thin (transparent)

sheared slivers. These slivers may be chemically active to

react with the substrate and the counterface to yield com-

pounds, which may be tribologically useful. We have some

indication of this from the present work where we note

friction coefficients for 50 nm particles, which are signif-

icantly lower than that of metal-to-metal contact despite

the fact that most of the particles appear to have been swept

away by sliding. The Raman spectroscopy results indeed

suggest that these slivers may contain a new reaction

product on the track, created by sliding of sprayed 50 nm

particles. This compound and its properties need to be

explored in the future. Present work thus indicates the

possibility of obtaining good tribological property with

nanoparticles where such particles may be made useful by

enhancing the sliding speed and the contact pressures.

5 Conclusion

Molybdenum disulfide nanoparticles are sprayed on a

smooth steel substrate and slid against a steel ball. The

ability of the particles to form a low-friction transfer film

on the substrate is found to be crucially related to their

ability to stay at the contact. This ability is further related

to their size, their adhesion to the substrate, oxidation

potential as well as on operating parameters such as normal

load and sliding velocity. These factors influence the for-

mation of a nonuniform homogeneous film when the par-

ticles are large (2 lm), the film under traction is plastic.

Large contact areas are generated to modulate contact

pressures to provide wear protection. The small 50 nm

particles are unable to migrate to the contact under traction

to undergo basal slip, the mechanism necessary for the

formation of debris and the film. The friction of the small

particles is therefore found to be, within the present range

of load and speed, significantly higher than that observed

for the large particles.

In this work, we also observe a strong effect of normal

load on coefficient of friction, especially when large 2-lm

monolithic MoS2 are sprayed on the steel substrate and slid

against a steel ball. We suggest that this happens because

the thickness of the slabs sheared at contact increases with

normal load. This aids the formation of a stable transfer

film as well as it enhances the coverage of the substrate by

the MoS2.
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