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Abstract This work concerns rheological and fric-

tional behaviour of lubricating oils containing platelet

molybdenum disulfide (MoS2) nanoparticles (average

diameter *50 nm; single layer thickness *3 nm).

Stable nano-MoS2 lubricants were formulated and

measured for their rheological behaviour and tribo-

logical performance. Rheological experiments

showed that the nano-MoS2 oils were non-Newtonian

following the Bingham plastic fluid model. The

viscosity data fitted the classic Hinch–Leal (H–L)

model if an agglomeration factor of 1.72 was intro-

duced. Tribological experiments indicated that the use

of MoS2 nanoparticles could enhance significantly the

tribological performance of the base lubricating oil

(reduced frictional coefficient, reduced surface wear

and increased stability). Scanning electron micros-

copy, laser confocal microscope and x-ray energy

dispersive spectroscopy analyses suggested that the

reduced frictional coefficient and surface wear be

associated with surface patching effects. Such patch-

ing effects were shown to depend on the concentration

of MoS2 nanoparticles, and an effective patching

required a concentration over approximately 1 wt%.

The increased stability could be attributed to the

enhanced heat transfer and lubricating oil film strength

due to the presence of nanoparticles.
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Introduction

Friction provides a driving force for many physical

processes including rolling, shaping and cutting

(Childs and Steadman 1977). Friction also causes

energy and material losses during these processes. The

use of lubricants is the most effective way to reduce

these undesirable effects. Lubricants can be broadly

divided into three categories of solid, liquid or gas

(Stachowiak and Batchelor 2011). The most com-

monly used lubricants are liquid-based lubricating oils

made from a base oil and various additives (Le Suer

1965). The additives play a crucial role to the

performance of lubricating oils in terms of anti-

corrosion, wear resistance and anti-oxidation (Wang

et al. 2006). Lubricating oils containing a small

amount of nanoparticles are also termed as nanofluids
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(Choi and Eastman 1995), and a considerable amount

of work has been carried out over the last decade on

heat transfer aspects of such fluids (Eastman et al.

2001; He et al. 2007; Das et al. 2008). Recent years

have also seen an increased amount of work on the use

of nanoparticles to reduce surface friction and surface

wear; see for example Xu et al. (1996), Lee et al.

(2007), (2009), Hwang et al. (2011) and Reeves et al.

(2013). These studies investigated the effects of size

(Reeves et al. 2013), morphology (Hwang et al. 2011)

and concentration (Lee et al. 2007) of nanoparticles on

tribological behaviour. Nanoparticles used in these

studies include metals, metal oxides and carbon

allotropes. Qiu et al. (2001) studied the tribological

performance of oils containing Ni nanoparticles. They

showed that the presence of the nanoparticles reduced

the diameter of surface wear scar by 31 % and

decreased the friction coefficient by 26 %. Hu and

Dong (1998) investigated the effect on the lubricating

behaviour of the addition of TiO2 nanoparticles to a

base lubricant oil. They observed the existence of an

optimal nanoparticle concentration of below 1 wt%.

Several mechanisms have been proposed to explain

the effects of nanoparticles on the friction and wear

resistance. These include formation of films due to

particle deposition (Qiu et al. 1999), ball bearing of

nanoparticles between frictional surfaces (Xu et al.

1996) and surface patching (Liu et al. 2004).

As a commonly used solid lubricant with good

thermal stability and corrosion resistance, MoS2 has

found a wide range of applications (Savan et al. 2000).

Several studies have been performed on the use of

MoS2 as an additive of lubricating oils, including

fullerene- and sphere-like MoS2 nanoparticles and

micro- and nano-sized MoS2 slices (Huang et al. 2005;

Hu et al. 2009, 2010; Zhu et al. 2011). However, little

has been done on the rheological and thermal behav-

iour of oils containing MoS2 nanoparticles, or their

effects on the tribological performance. Our early

studies showed that the use of MoS2 nanoparticles

could enhance thermal conductivity and heat dissipa-

tion of lubricating oils (Wan et al. 2013). In this paper,

we report the use of platelet MoS2 nanoparticles as an

additive of lubricating oils. Lubricating oils with

different concentrations of MoS2 nanoparticles are

fabricated, and their rheological and tribological

behaviour are investigated. Our results show that the

addition of MoS2 nanoparticles leads to a significant

improvement on the tribological performance of the

oil when the particle concentration is over 1 wt%,

whereas little change is observed to the oil viscosity at

temperatures over about 30 �C. Attempts have also

been made to interpret the experimental observations.

Experimental

Preparation and characterization of nano-MoS2 oil

samples

Commercial lubricating oil (SE 15W-40, Sinopec

Lubricants, China) and analytical reagent grade plate-

let-like MoS2 nanoparticles (Beijing DK Nano S and

T, China) were used to formulate the nano lubricants.

The MoS2 nanoparticles had an average diameter of

*50 nm and a single layer thickness of *3 nm.

Span80 (chemical reagent grade, Tianjin Fuchen

Chemical Reagent Ltd, China) was used as the

dispersant for the formulation to ensure suspension

stability. For all nano-MoS2 containing samples, a

mass ratio of Span80 to MoS2 nanoparticles of 1:1 was

used. The formulation process involved mixing the

base oil, the nanoparticles and the dispersant with a

high shear homogenizer (Model T18, IKA, Germany).

The mixer was operated at 7,500 r/min, and the mixing

time was 30 min for all samples. Using the above

method, nano-MoS2 oils containing 0.1, 0.5, 1.0, 2.0

and 5.0 wt% were prepared for the work and they were

denoted as M01, M05, M1, M2 and M5 for subsequent

discussion, respectively. The stability of the nano-

MoS2 oils was characterized through the settling

method, and no sedimentation was observed within

two weeks after the preparation. The morphology of

the MoS2 nanoparticles was analyzed by a JEM-2100

transmission electron microscopy (TEM). Figure 1a

shows a TEM image of the particles. One can see that

the MoS2 nanoparticles have a platelet-like structure

with a fairly uniform particle size distribution. The

size distribution of MoS2 nanoparticles in the sample

M1 was also analyzed by the dynamic light scattering

method (Zetasizer Nano ZS, Malvern, UK). Figure 1c

shows the results, which indicates an average particle

diameter of 49.21 nm. This is larger than the equiv-

alent particle diameter of single nanoparticles indi-

cated by the TEM analyses. This is due to

agglomeration of the nanoparticles due to van der

Waals force. More discussion will be done late.

A PANalytical X-ray Diffractometer (XRD) was used
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to examine the crystal structure of MoS2 nanoparticles.

Figure 1b shows the results. The diffractive peaks at

14.4�, 32.7�, 39.5�, 49.8� and 58.4� in the figure

correspond, respectively, to the diffraction of (002),

(100), (103), (105), (110) planes of MoS2 crystals.

Rheological and tribological experiments

The rheological behaviour of the nano-MoS2 oils was

measured by an Anton Paar MCR302 rheometer over a

temperature of 20–90 �C and a shear rate between 0.1

and 1,000 s-1. Each sample was tested at least five

times, and an average of the results was used for the

analyses. The tribological experiments were per-

formed using a frictional testing machine (Model

MSG-10G, Shandong, China). A disc-on-disc config-

uration was used, and the frictional pairs were made of

No. 45 stainless steel consisting of 97.53–98.91 % Fe,

0.42–0.50 % C, 0.17–0.37 % Si, 0.50–0.80 % Mn,

0.25 % Cr, 0.30 % Ni and 0.25 % Cu. The load,

rotational speed and test duration were 1,500 N, 500 r/

min and 180 s, respectively. Each of the frictional

experiments was repeated at least three times from

ambient temperature, and the averages of them were

taken for analyses. A Mahr profilometer (Marsurf PS1,

Germany) was used to measure linear roughness of the

testing samples, whereas the 3-dimensional (3-D)

surface topography of the samples was measured with

an Olympus laser confocal microscope (LEXT

OLS4000, Japan). Surface morphology and elemental

distribution of the surfaces were analyzed using a

Zeiss Auriga scanning electron microscopy (SEM)

and an energy dispersive X-ray spectrometer (EDS).

Results and discussion

Rheological behaviour of nano-MoS2 oils

It is well known that the temperature of a frictional

system changes with time on stream. This is likely to

affect the rheology of the lubricating oil, leading to

changes in the flow and the film thickness of the oil,

and hence the tribological performance. We first look

at the viscosity–temperature relationships of the nano-

MoS2 oils. Figure 2a shows the dynamic viscosity of

the base oil and nano-MoS2 oils as a function of

temperature. One can see that the shear viscosities of

the base oil and nano-MoS2 oils decrease rapidly with

increasing temperature. The addition of nanoparticles

changes the viscosity of the oil particularly at low

temperatures of 20–30 �C. For extremely dilute

Fig. 1 TEM image (a), XRD pattern (b) of MoS2 nanoparticles

and size distribution of MoS2 nanoparticles in sample M1(c)
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suspensions (samples M01 and M05), the viscosities

are strangely lower than the base oil at 20–30 �C.

Exact mechanisms for such unusual observation need

further investigation. However, the platelet-like struc-

ture of the nanoparticles and associated lubricating

effect may have contributed to the decrease of the

viscosities (Chen et al. 2008). At high concentrations

and low temperatures, enhancements of viscosity of

1.16, 2.36 and 6.05 % are observed, respectively, for

samples M1, M2 and M5. At temperatures over 30 �C,

the viscosity difference between the base oil and nano-

MoS2 oils becomes vanishingly small due to a

combined effect of the Brownian motion and convec-

tion (Chen et al. 2007).

Attention is now paid to the relationship between

the shear stress and shear rate of the nano-MoS2 oils.

Figure 2b shows the results for sample M1. One can

see that the shear stress relates to the shear rate in a

linear manner at all temperatures studied. However,

the linear relationships at different temperatures do not

extend to the origin, indicating that the nano lubricants

are non-Newtonian but following the Bingham plastic

fluid model (Bingham 1916-1917). A further inspec-

tion of the data shows that, for a given temperature, the

slope of the lines changes little over the whole range of

the shear rate investigated (0.1–1,000 s-1), indicating

little shear dependence (Astarita and Marrucci 1974).

The results for other nano-MoS2 oils are similar,

which suggest that the nano-MoS2 oils could be used

at high shear frictional conditions.

The data of nano-MoS2 oils at the low temperature

of 20 �C are further investigated by comparing with

classic theories for suspension viscosity. The first

theory on the effect of particle concentration on

suspension viscosity is due to Albert Einstein (Einstein

1906, 1911):

lnf;Einstein ¼ 1þ 2:5uð Þlf ; ð1Þ

where lnf;Einstein is the effective suspension viscosity,

u is the particle volume fraction and lf is the base fluid

viscosity. This equation is only applicable to dilute

suspensions of non-interacting rigid spherical parti-

cles. A number of equations have subsequently

developed for predicting the suspension viscosity

under different conditions. Among these is the Hinch–

Leal (H–L) equation for dilute suspensions of oblate

spheroid particles (Hinch and Leal 1972):

Hinch�Leal Equation: lnf;H�L

¼ 32

15p

� �
ulf

p

� �
þlf ; ð2Þ

where lnf;H�L is the effective suspension viscosity, u
is the particle volume fraction and p is the shape factor

of suspending particles. Figure 3 compares the exper-

imental data with the above two equations, where the

shape factor is calculated on the basis of single layers

of MoS2. One can see that the Einstein equation

underestimates the measured viscosity, whereas the

H–L equation gives an overestimation. The reasons for

the deviation are identified in the following. First,

MoS2 nanoparticles used in this work are platelet

shaped, and the Einstein equation and H–L equation

are developed, respectively, for spherical and oblate

spheroid particles. Second, both the Einstein and the

H–L equations work for non-interacting particles,

whereas MoS2 nanoparticles are expected to be

(a)

(b)

Fig. 2 Dynamic viscosity as a function of temperature (a) and

relationship between shear stress and shear rate for Sample M1

at different temperatures (b)
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interacting due to interparticle forces in the suspen-

sion. As the shape of MoS2 nanoparticles is closer to

the oblate shaped particles, efforts have been made to

analyse the data using the H–L equation and consid-

ering the interparticle interactions. Due to the van der

Waals force, the platelet MoS2 nanoparticles tend to

stack to form multilayer aggregates as illustrated in the

inset of Fig. 3 (Dallavalle et al. 2012). On this basis,

we assume that MoS2 nanoparticles form aggregates in

the form of stacks of single layer of MoS2 nanopar-

ticles. These aggregates are further assumed to have

the same number of layers with the same height and

diameter. The shape factor, p, in Eq. 2 can then be

calculated and hence the effective viscosity as a

function of the shape factor (and the layer number).

We find that, under the conditions of this work, a

corrected shape factor of p
0 ¼ 1:72p fits the experi-

mental data very well as shown by the solid line in

Fig. 3. Here, p
0 ¼ 1:72p implies that, on average, the

aggregates of MoS2 nanoparticles have 1.72 layers. As

a result, the H–L equation could be modified to give

lnf;H�L ¼
32

15p

� �
ulf

1:72p

� �
þlf : ð3Þ

Tribological performance of nano-MoS2 oils

Figure 4a compares the tribological performance of

the base oil and nano-MoS2 oils. One can see that the

frictional coefficient of the base oil decreases with

time in the first 30 s. This followed by a rapid increase

at time = 40 s. The increase in the frictional

coefficient with time could be attributed to the

temperature increase due to friction. As discussed

above, an increase in temperature decreases the oil

viscosity, which leads to the thinning of the lubricant

oil film, and hence direct contact of the frictional pairs

and the friction coefficient increase. The picture for

the nano-MoS2 oils is very different. The tested

samples can be divided into three groups: Group 1

(M01), Group 2 (M05) and Group 3 (M1 and M2).

These are discussed in the following.

• Group 1 (M01)—the friction coefficient of this

group of samples is always higher than that of the

base oil particularly in the first 80 s. After 80 s, the

friction coefficient of M01 is only slightly higher

and closely follows the trend of the base oil.

Although there are MoS2 nanoparticles, due to

very low concentration, they are unable to prevent

the direct contact of the frictional pairs; see late for

more discussion.

Fig. 3 Calculated and measured viscosity of nano-MoS2 oils

with different concentrations (The inset shows aggregation of

the MoS2 particles)

(a)

(b)

Fig. 4 Friction coefficients of base and nano-MoS2 oils as a

function of time (a) and linear roughness of frictional surfaces

for the base and nano-MoS2 oils (b)
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• Group 2 (M05)—overall, the friction coefficient of

this group of samples is lower than that of the base

oil and Group 1 samples over the testing duration.

However, serious fluctuations are observed in the

friction coefficient, which could cause instability

in longer operating durations. In addition, there is

an increasing trend with time.

• Group 3 (M1 and M2)—the friction coefficient of

this group of samples shows a slow and steady

decreasing trend with increasing time, which

despite higher than that of the base oil in the

initial stage, becomes lower after 60–70 s and

much lower after 80–100 s.

The above discussion suggests the existence of a

critical nanoparticle concentration above which

improved frictional performance can be achieved;

and for MoS2 nanoparticles, this concentration is

approximately 1 wt%. The effects of particle concen-

tration may also be partially associated with heat

transfer as the presence of nanoparticles enhances the

thermal conductivity of the base oil (Wan et al. 2013).

This is supported by experimentally observed temper-

ature rise of the nano-MoS2 oils in the frictional

experiments, which are 52.5, 49.5, 47.6 and 43.3 �C,

respectively, for M01, M05, M1 and M2 samples. The

corresponding viscosity (obtained from Fig. 2a) is

0.025, 0.027, 0.029 and 0.033 Pa s, respectively, for

M01, M05, M1 and M2. The high viscosity values of

M1 and M2 could have contributed to the observed

tribological stability (Heidenkummer et al. 1991).

Figure 4b shows the linear roughness of the fric-

tional surfaces tested with the base oil and the nano-

MoS2 oils. The first bar on the left is the linear

roughness before testing with the base oil. The linear

roughness of the frictional surfaces before testing with

nano-MoS2 oils is similar and is, therefore, not shown

in the figure for conciseness. As expected, due to the

polishing effect (Furey 1961), the linear roughness of

all samples is decreased after tests. The linear

roughness of the tested surface with the base oil is

much lower than that with M01, but is slightly higher

than that of M05. The linear roughness of the tested

surfaces with M1 and M2 are similar, which is

considerably lower than that of the tested surfaces

with other oil samples. These results agree well with

the friction coefficient results discussed above.

Further discussion of the results

A schematic illustration of the effect of MoS2 nanopar-

ticles on a friction process is given in Fig. 5. The base oil

tends to form a thin layer of oil film on the frictional

surface (Fig. 5a). With the addition of MoS2 nanoparti-

cles, deposition of the particles on the frictional surface

would occur (Winer 1967). The structure of the deposited

layers may depend on the particle concentration. At low

particle concentrations (e.g. M01 and M05), the amount

of MoS2 nanoparticles is insufficient to form a low

frictional surface (Fig. 5b). These nanoparticles could

deposit on edges and corners of the surface structures,

leading to an even rougher surface. This is supported by

the experimental results of M01 and M05 (Fig. 4a). As

particle concentration increases, the rough surface

features could be effectively filled (patched) by the

deposited nanoparticles (Fig. 5c), leading to a reduced

friction coefficient. This is supported by the data for M1

and M2 samples shown in Fig. 4a. Similar results have

also been observed by Lu et al. (2007). Although our

experimentally observed phenomena are similar to the

observations of Lu et al. (2007), they proposed a

mechanism based on the roller bearing effect of

nanoparticles, whereas we proposed the surface patching

effect of nanoparticles as we believe platelet shaped

particles are less likely to roll on the friction surface.

To validate the proposed patching mechanism,

3-dimensional morphologies of the frictional surfaces

before and after the frictional tests are measured and

the results are shown in Fig. 6a1–c1. One can see clear

ridges of about 4 lm height on the surface before the

frictional tests (Fig. 6a1). The surface becomes

smoother with ridge height reduced to about 2 lm

after frictional tests with the base lubricating oil

(Fig. 6b1). The surface roughness is further reduced to

\1 lm after testing with M1 (Fig. 6c1). These

Fig. 5 A schematic

illustration of deposition of

MoS2 nanoparticles on

surfaces under different

particle concentrations
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Fig. 6 3-D morphology, elemental distribution and SEM

images of the surfaces before and after tests: (a1) and (a2)–

before tests; (b1) and (b2)–after tests with the base oil; (c1) and

(c2)–after tests with sample M1. All of the scale bars in SEM

images are 50 lm
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observations agree with the proposed patching

mechanisms.

Elemental distributions on the frictional surfaces

are also measured to further validate the proposed

patching mechanism. The results are shown in

Fig. 6a2–c2. One can see the existence of common

elements of Fe, C, Si, Cr, Mn, Ni and Cu before and

after the frictional tests. These are from the No. 45

stainless steel. The existence of O is likely to be from

decomposition of the base oil during the test (Qi et al.

2012). Additional elements of Mo (0.58 wt%) and S

(0.47 wt%) are found on the surface tested with M1

(Fig. 6c2), indicating the deposition of the MoS2

nanoparticles during the frictional process. The insets

in Fig. 6a2–c2 are SEM images of the surfaces, which

show that the roughness agrees with the 3-D mor-

phology as shown in Fig. 6a1–c1.

Conclusions

We prepared lubricant oils containing platelet MoS2

nanoparticles and studied their rheological behaviour

and tribological performance. Both the base oil and

nano-MoS2 oils are non-Newtonian, showing the Bing-

ham plastic fluid behaviour with the viscosity decreas-

ing with increasing temperature. The viscosity data

fitted the classic H–L model if an agglomeration factor

of 1.72 was introduced. Tribological experiments

indicated that the use of MoS2 nanoparticles could

enhance significantly the tribological performance of

the base lubricating oil. SEM, laser confocal microscope

and x-ray energy dispersive spectroscopy analyses

suggested that the enhanced tribological performance

be associated with surface patching effects. Such

patching effects were shown to depend on the concen-

tration of MoS2 nanoparticles and an effective patching

required a concentration over *1 wt%.
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