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Abstract. Flow behaviour of lubricants largely depends on their rheological properties which in turn strongly influence
their lubrication capabilities and ultimately the machine life. Modern chemistry plays a great role in the synthesis of
nano-additives that help in enhancing the rheological and tribological properties of the lubricants. In the present study,
the rheological and tribological studies of MoS2 nanofluids are presented in order to determine their flow behaviour and
lubrication capabilities. For studying the effect of MoS2 nanoparticles on the flow behaviour and lubrication capabilities of
lubricants, two commercially available blended synthetic engine oils of SAE grades 5W-40 were selected. MoS2 nanoparticles
were synthesized by hydrothermal methods. Surface modification of the synthesized MoS2 nanoparticles was performed
before blending them with the base lubricants in 0.1, 0.15 and 0.2% concentrations. Standard ASTM and IS procedures
were used to determine physicochemical properties and tribo-performance behaviour of oils, respectively. The rheological
parameters of MoS2 nanofluids were determined using a rheometer. The study reveals that tested MoS2 nanofluids behaved
as non-Newtonian lubricants with shear thinning behaviour at all tested temperatures and exhibited viscoelastic behaviour
at small-shear rates. As a result of this anti-wear property showed a significant enhancement up to 20% for 0.2% MoS2
indicating better anti-wear properties of MoS2 nanofluids. However, a marginal reduction in friction for the tuning of 4%
observed for 0.2 wt% of MoS2 nanoparticles in the tested lubricants indicates that finished products have little scope to
improve anti-friction properties under the influence of the already present additives.
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1. Introduction
The synthesis of novel nanomaterials and their use as lubricant
additives for improving flow behaviour and lubrication capabilities in various industrial applications has drawn attention
of the researchers in the recent past. A comprehensive review
in this regard highlights the use of inorganic nanoparticles
and their stable dispersion in liquid hydrocarbons for tribological applications [1]. Surface modification techniques have
been employed for synthesizing organic–inorganic nanoparticles as lubricant additives and their tribological properties
were studied accordingly. Addition of nanoparticles in the
lubricant was reported to reduce wear and enhancement
in load-carrying capacity [2]. WS2 and MoS2 inorganic
nanoparticles and fullerene-like nanomaterials were synthesized and their tribological properties as solid lubricants were
studied. They were reported to reduce friction coefficient,
wear rate and enhance the load-bearing capacity of friction pairs [3]. In this process other nanoparticles such as
CeF3 , Cu, Pd, rare-earth nanoparticles, Ag, etc. were also
synthesized and tested for their lubrication capabilities [4–
8]. Metal oxide nanoparticles such as TiO2 , SiO2 , SnO2
complex particles, NiMoO2 S2 , etc. were also synthesized
and tested for their tribological behaviour and reported to
exhibit encouraging results [9–11]. Tribological behaviour
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of the nanoparticle lubricant blends depends largely on their
rheological behaviour [12].
A study of flow and deformation behaviour of highmolecular weight fluids in general is the scope of rheological
studies [13]. Rheological behaviour of the synthesized silica nanoparticles as lubricant additives has been studied
recently. They were reported to exhibit improved dispersibility along with enhanced viscosity [14]. Silver colloid nanoparticles were synthesized and blended with distilled water and
the nanofluid suspension thus formed exhibited viscosity
enhancement [15]. The thermophysical properties of Al2 O3 −
SiO2 /PAG nanofluids for the refrigeration system were studied and it was reported that a composite nanoparticle lubricant
blend behaved as the Newtonian one in the tested range of temperatures and volumes [16]. ZnO nanoparticles suspended in
water were synthesized using a probe ultrasonication technique. The nanoparticle blend thus formed reported to exhibit
temperature independent relative viscosity up to 35◦ C [17].
Some studies of the synthesis of nanoparticles and blending
them with lubricants for studying their tribological and rheological behaviours were also carried out. Lubricants blended
with platelet MoS2 nanoparticles were tested for tribological
and rheological properties and reported to exhibit enhanced
tribo-performance along with non-Newtonian behaviour [18].
Nanodiamond dispersed lubricants were also studied for their
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rheological and tribological behaviour and the lubrication
mechanism was explained [19]. The synthesis of multi-walled
carbon nanotube nanoparticles was carried out and they were
blended with ionic liquids for studying their rheological and
tribological properties [20].
After conducting a literature survey, it was revealed that
there exist very few studies to date in which synthesis of
nanoparticles, their blending with lubricants and study of
rheological and tribological properties were carried out for
establishing correlation between them. Hence, we propose
the rheological and tribological study of MoS2 nanoparticlebased synthetic engine lubricants for improved flow and
lubrication performance.
2. Experimental
2.1 Lubricant selection
Two-synthetic finished commercial engine lubricants
(diesel/gasoline) coded as C1 and C2 of SAE grade 5W-40
have been considered for the present study.
2.2 Synthesis of surface-modified MoS2 nanoparticles
The MoS2 nanoparticles were synthesized using a hydrothermal method by chemical treatment of ammonium heptamolybdate, citric acid and sodium sulphide followed by
surface modification of thus synthesized MoS2 nanoparticles
using oleic acid. Ammonium heptamolybdate was dissolved
in 20 ml distilled water at room temperature. Subsequently
citric acid and finally aqueous solution of sodium sulphide
were added to the reaction mixture. Initially, the greenish
coloured reaction mixture was changed to reddish orange
colour. This reaction mixture was continuously stirred and
then transferred to an autoclave for hydrothermal treatment.
The reaction mixture was hydrothermally treated overnight.
After the completion of the reaction time the black solid was
retrieved. Finally, the isolated product was dried in an oven at
60◦ C. The synthesized MoS2 nanoparticles have a sheet-like
structure, therefore, they were first exfoliated in dimethylformamide in a round bottom flask and then oleic acid was added
to the reaction mixture. After the completion of the reaction
time, the oleic acid-functionalized MoS2 nanoparticles were
isolated by centrifugation. The synthesized MoS2 nanoparticles were characterized by transmission electron microscopy
(TEM) analysis. The TEM analysis clearly reveals that
MoS2 nanoparticles possess a layered structure. The separation between the two-successively placed MoS2 layers is
∼0.5636 nm. The elemental mapping of MoS2 shows the
uniform distribution of Mo and S elements in the synthesized
MoS2 nanoparticles.
2.3 Synthesis of MoS2 nanofluids
The surface-modified MoS2 nanoparticles were blended
with base lubricants in different weight percentages. In the
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present study, the nanofluid blends were prepared by adding
functionalized 0.1, 0.15 and 0.2% w/w of MoS2 nanoparticles
by weight in the base fluids. The nanofluid blends thus prepared were then stirred and agitated using a magnetic stirrer
and ultrasonication techniques. Ultrasonication was continued for an hour and a stable dispersion of the nanofluid
was prepared. Nanofluid blends thus prepared were observed
periodically over a period of 28 days for separation and settlement of nanoparticles. Further, the dispersion stability of
the nanofluid was assessed through a UV–visible spectrophotometer. The physical observation revealed that there is no
settling of nanoparticles in the prepared nanofluids during the
observed period. Therefore, this technique produces homogeneous and stable nanofluids.
2.4 Lubricant characterization
The selected lubricants and their nanoparticle blends were
characterized for their physicochemical, rheological and tribological behaviour. Physicochemical characteristics showcase the inherent properties of lubricants; the rheological
investigations test the flow behaviour, while tribological
investigations determine the lubrication capabilities of lubricants in terms of antifriction and anti-wear performance
behaviour.
2.4a Physicochemical characterization: The base fluids
and the synthesized nanofluids were characterized for their
physicochemical properties using different laboratory techniques. Standard test procedures proposed in ASTM and
Bureau of Indian Standards (BIS) were used to measure the
physicochemical properties such as density, viscosity, viscosity index, sulphated ash, total acid number (TAN) and total
base number (TBN) for determining qualitative information
about the nanofluids. TAN gives an idea of the acidic impurities present in the lubricant that may lead to corrosion of
the components while TBN shows the capability of the lubricants to neutralize acids produced in the course of the normal
use of oil. Anti-wear additives and detergents present in the
oil enhance the performance of the oil and carry metallic
elements that are measured by sulphated ash. The physicochemical properties provide the basic qualitative information
on the products selected while the rheological and tribological behaviours provide the information on the performance
of the lubricants. The TAN measures the presence of organic
and strong inorganic acids in the oil and is an indicator of oil
oxidation that may lead to corrosion of the components. TBN
being the measure of basic components represents the ability of oil to neutralize acids produced in it during normal use.
Similarly, sulphated ash represents the amount of metallic elements derived from the detergent and anti-wear additives of
the oil. The additive packages contain elements like calcium,
magnesium, zinc, molybdenum, phosphorus, etc. that help in
enhancing the performance of the engine oil.
Trace metal analysis also determines the presence of metallic elements present in anti-wear additives, extreme pressure
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(EP) additives and detergents present in the oil and are also
useful for heat transfer purposes. Trace metal analysis was
carried out using inductively coupled plasma atomic emission spectrometer; model: PS 3000 UV (DRE), Leeman Labs
Inc. (USA) to measure the presence of Zn, Mo and P in the
oil.
2.4b Rheological studies of base lubricants and nanofluids: Viscoelastic behaviour of fluids depends on rheological
parameters such as shear stress, shear viscosity, shear strain,
etc. Dependency of shear viscosity with a shear rate for determining viscoelastic behaviour has been investigated using
M/s. Anton Paar Austria make RHEOPLUS/32 MCR 301

Figure 1. Rheometer: (a) setup and (b) concentric cylindrical
geometry (DG 26.7).
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shown in figure 1a. The rheometer capable of performing
rheological studies in rotational or oscillatory mode consists
of an EC motor with a torque range of 10–200 mNm. The
experiments have been performed using concentric cylinder
geometry DG 26.7 as shown in figure 1b. The space between
the concentric cylinders was filled with the lubricant to be
tested and the inner cylinder was rotated with the help of a
spindle at the desired speed. Different sets of experiments
were performed to determine the variation of shear viscosity and shear stress with a shear rate. The variations of shear
stress and shear viscosity with a shear rate were observed in
the temperature range of 30−50◦ C with 400 data points.
2.4c Tribological studies of base lubricants and nanofluids:
Lubrication capabilities of the lubricants can be determined
by studying their tribological properties. Four-ball tribo-tester
(FBT) was used for evaluating anti-friction and anti-wear
properties of the lubricants and nanofluids with standard
testing conditions as mentioned in ASTM D: 4172B. FBT
consists of four-ball sliding geometry as shown in figure 2a.
The four balls made up of AISI chrome alloy standard steel
No. E-52100, grade 25 extra polish have a diameter of
12.7 mm each and are assembled in a tetrahedron with bottom
three balls fixed in the ball pot as shown in figure 2b, while
the fourth ball shown in figure 2a is mounted on the vertical shaft and is free to rotate at a predefined spindle speed.
Thin film is formed by the lubricant between the lower fixed
balls and the rotating top ball in the ball pot. Contact friction is
recorded throughout the test duration. The wear scar diameter
(WSD) measured by using an industrial apochromatic stereo
zoom microscope after the culmination of the wear test determines the contact wear. Each wear test is repeated and WSD
is measured for all the three-bottom balls along two mutually
perpendicular axes, hence, providing 12 readings for given

Figure 2. (a) Four-ball sliding geometry and (b) bottom balls in the tetrahedron.
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oil. The average of the 12 readings is reported as the WSD.
Test conditions of the tribological test as per ASTM D: 4172B
are given in table 1.
3. Results and discussion
3.1 Dispersion stability of MoS2 nanofluids
Figure 3a and b shows the UV–vis spectral absorbency of
the MoS2 nanofluids over a span of 28 days. It is obvious
from figure 3a that there is no intensity peak of absorbency
Table 1.

Test conditions of tribological test ASTM D: 4172B.

Load
Lubricant temperature
Speed
Test duration

392.4 N
75◦ C
1200 rpm
1h

(2020) 43:19

for the base fluid over the wavelength range of 310–340 nm.
While for MoS2 nanofluids the maximum absorbency is
observed over the range of 320–325 nm. Different intensities of the maximum absorbency over that range show the
presence of different concentrations. It is obvious that for
0.2% MoS2 nanoparticles present in the base oil, the intensity
of the maximum absorbency is the highest and decreasing
order is maintained for 0.15 and 0.10% w/w concentrations,
respectively. Figure 3b shows the plot between the maximum
absorbency and time over a period of 28 days. It is clear from
the plot that the maximum absorbency drops marginally to
about 1.4 from 1.6 i.e. 12.5% for 0.25% MoS2 nanofluids.
Similarly for 0.15% MoS2 nanofluids it drops to about 1.39
from 1.45 i.e. about 4.14% and for 0.1% MoS2 nanofluids
the drop is from 1.4 to about 1.38 i.e. a fall of about 1.43%.
So, it is obvious from present observations that smaller the
concentration of nanoparticles more stable is the dispersion
of nanofluids and vice versa.

Figure 3. Dispersion stability of MoS2 nanofluids: (a) intensity of absorbance and (b) maximum absorbance.
Table 2.

Physicochemical properties of base oils and their nanoblends.
Lubricant code

Sl. No.
1
2

3
4
5
6

Characteristic property
Density at 15◦ C (g cm−3 )
Kinematic viscosity
(mm2 s−1 )
at 40◦ C
at 100◦ C
Viscosity index (VI)
TAN (mg KOH g−1 )
TBN (mg KOH g−1 )
Sulphated ash wt%

C1
0.865

83.68
13.28
162
2.13
14.41
0.80

C1 + 0.2% MoS2
0.866

83.86
13.35
161.4
2.05
14.38
0.85

C2
0.853

79.82
13.05
166
2.00
14.41
1.10

C2 + 0.2% MoS2
0.851

79.11
13.15
168.5
1.98
14.39
1.15
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Trace metal analysis of the base lubricants.
Element (mg l−1 )

Sl. No.
1
2

Lubricant code

Zn

Mo

P

C1
C2

907.10
924.60

1.00
<1.00

857.90
877.90

3.2 Physicochemical properties of the lubricants and their
nanoparticle blends
The results obtained for the physicochemical properties, rheological and tribological studies for the lubricants and their
corresponding nanofluids are discussed below.
The physicochemical properties of the lubricants and their
nanoparticle blends as obtained from the standard tests are
given in table 2. Blending of 0.2% MoS2 nanoparticles in
base fluids does not change the characteristic properties of
base fluids and hence, the nanofluids are also useful for the
similar applications as the base fluids. Nanoparticle blending in the base fluids can lead to lowering of TAN and TBN
values as observed. However, minor changes in the values of
density may be attributed to the instrumental/measurement
errors.
3.3 Trace metal analysis of the lubricants
Trace metal analysis of the base lubricants is shown in
table 3. It is obvious from the table that the tested-synthetic
lubricating oils have high concentrations of Zn and P with
values as high as 924.60 and 877.90 mg l−1 respectively for
C2 while almost negligible Mo with value less than or equal to
1 mg l−1 . The influence on tribo-performance behaviour and
EP behaviour of the lubricants is attributed to the presence of
these elements.
3.4 Rheological behaviour of lubricants and their
nanofluids
Flow curves shown in figure 4 represent the rheological
properties of tested lubricants coded as C1 and C2 with
respect to dependency of shear viscosity with a shear rate
at 30, 40 and 50◦ C for lubricants and their nanofluids with
0.1 and 0.2% MoS2 nanoparticles, respectively. Both the
shear viscosity and shear rate are taken on a logarithmic
scale. Figure 4a–c shows the variation of the shear viscosity and shear rate for the base lubricants C1 and C2 and
their nanoblends with 0.1 and 0.2% w/w MoS2 nanoparticles at 30, 40 and 50◦ C, respectively. It is obvious from
the curves that shear viscosity decreases with rise in temperatures for both the base lubricant samples and their
nanofluids. It is the normal behaviour of all the engine oils.
It also shows that adding a small amount of MoS2 nanoparticles does not alter the rheological behaviour of lubricants

Figure 4. Variation of the shear viscosity and shear rate
for: (a) C1 , C2 , (b) C1 + 0.1%, C2 + 0.1% MoS2 and
(c) C1 + 0.2%, C2 + 0.2% MoS2 .

with respect to temperature. At a given temperature shear
viscosity decreases with rise in the shear rate for lubricating oils and their nanofluids showing that shear thinning
behaviour persists with the nanofluids in the same manner
as observed in base oils. However, sudden abruptness in
the curves for the shear rate nearly 10 s−1 shows the introduction of viscoelasticity across the lubricant samples. It
shows that the lubricants and their nanofluids exhibit similar flow behaviour in terms of temperature and low-shear
rates.
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Figure 5. (a) Friction and (b) wear behaviour for the nanofluids of C1 and C2 oils.

Table 4.

Comparison of the observed rheological and tribological properties.
Performance characterization
Rheological
Shear viscosity (Pa-s) at shear rate 1000

Sl. No.
1
2
3
4
5
6

Lubricant code
C1
C1 + 0.1% MoS2
C1 + 0.2% MoS2
C2
C2 + 0.1% MoS2
C2 + 0.2% MoS2

at

30◦ C

0.107
0.10
0.106
0.105
0.0934
0.105

at

40◦ C

0.0713
0.0672
0.0699
0.0692
0.0627
0.0691

at

s−1

50◦ C

0.0501
0.047
0.0486
0.048
0.044
0.0482

3.5 Tribological behaviour of lubricants and their
nanofluids
Lubrication capabilities of lubricants are determined by their
tribo-performance behaviour which is evaluated in terms of
their anti-friction and anti-wear behaviour. Figure 5a shows
the variation in the coefficient of friction with the concentration of MoS2 nanoparticles present in the lubricants C1
and C2 . The coefficient of friction at the end of the test
for the base oils has been recorded to be 0.0890 for lubricant C1 and 0.0881 for lubricant C2 . Blending of MoS2
nanoparticles in varying concentrations has resulted in reduction in kinetic friction. In the case of lubricant C1 , friction
decreases for 0.1% concentration of MoS2 nanoparticles with
a value of 0.0866, however for 0.2% concentration, friction increases marginally with a value of 0.0877 though in
both the cases kinetic friction is lower than the value for
the base lubricant. In the case of lubricant C2 , the friction
decreased monotonically though marginally for the 0.10 and
0.20% concentrations of MoS2 nanoparticles having values
0.0868 and 0.0851, respectively. The lower influence of MoS2

Tribological

Shear stress (Pa) at shear rate 1000

s−1

at 30◦ C

at 40◦ C

at 50◦ C

COF

WSD

107
100
106
105
93.4
105

71.3
67.2
69.9
69.2
62.7
69.1

50.1
47
48.6
48
44.1
48.2

0.0890
0.0866
0.0877
0.0881
0.0868
0.0851

0.3906
0.3468
0.3450
0.4458
0.3776
0.3568

nanoparticles on COF may be attributed to the presence of
additive package in the base lubricant. The lower weight percentage of MoS2 nanoparticles may also be the reason for the
same.
Figure 5b shows the anti-wear behaviour of the lubricants recorded in terms of the WSD. The lubricants C1 and
C2 have a WSD of 0.391 and 0.446 mm, respectively. The
blending of MoS2 nanoparticles in varying concentrations
has resulted in reduction in WSD for both the lubricants.
The WSD decreased monotonously though with varying
degrees on increasing the concentration of MoS2 nanoparticles. The lowest values of WSD observed are 0.345 and
0.357 mm for the lubricants C1 and C2 at 0.10 and 0.20%
concentrations of MoS2 nanoparticles respectively. With an
increase in the percentage of the nanoMoS2 lubricants as
the nanoparticles help in improving the film forming capability. For the lubricant C1 , the highest friction reduction
was reported for 0.20% of nanoMoS2 concentration with
11.67% decrease while for 0.1% concentration it was 11.21%.
For C2 with 0.1 and 0.2% nanoMoS2 a decrease in WSD
is 15.30 and 19.96%. It is obvious from the observation
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that MoS2 nanoparticles have exhibited good anti-wear
properties.
The rheological and tribological properties of the lubricants
coded C1 , C1 + 0.10% MoS2 , C1 + 0.20% MoS2 , C2 , C2 +
0.10% MoS2 and C2 + 0.20% MoS2 have been presented
in a tabular form in table 4. It has been observed that shear
stress and shear viscosity exhibit monotonous decrement with
temperature at a shear rate of 1000 s−1 indicating temperatureinduced shear thinning.

4. Conclusion
In the present research work, functionalized-MoS2 nanoparticles were blended with commercially available synthetic
engine oils in 0.10, 0.15 and 0.20% w/w concentrations. The
influence of blending nanoparticles with the oils on the rheological and tribological properties was studied and it has
been concluded that nanofluids exhibited dispersion stability
of over one month for all the concentrations studied. However, no alteration in physicochemical properties has been
observed as the concentration of nanoparticles in the blend
was considerably low. All the tested lubricants exhibited shear
thinning behaviour at any given temperature and viscoelasticity in the low-shear rate region. A negligible influence
on the anti-friction behaviour and a significant influence on
anti-wear behaviour for the tuning of 20% for 0.20% w/w
MoS2 blend is the hallmark of the study. It shows that MoS2
nanoparticles exhibited good anti-wear properties than antifriction properties in the finished products. Out of the selected
lubricants, MoS2 nanoparticle blends with C2 exhibited better
anti-friction and anti-wear behaviour as it contained a better
additive package.
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