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ABSTRACT. Protecting interacting surfaces of mechanical systems against friction and wear have a wide range 
of industrial applications. Viscosity is the supreme property of any lubricant which overpowers viscous drag in 
hydro-dynamically lubricated mechanical systems. The dispersion stability of NiO-nanolubricants is achieved by 
ultrasonication technique. The detailed study of the viscosity of NiO nano-flakes dispersed in SN500 lubricants 
with weight fraction of 0.25-1.5% was performed in the temperature between 40-90 °C. The results show that 
increasing the weight fraction of NiO nano-flakes resulted in consistence viscosity increment. Further, the 
measured viscosity is compared with different concentration and temperature dependent theoretical models. On 
the basis on experimental viscosity data a theoretical correlation is recommended to predict the viscosity of NiO-
nanolubricants with less than 5% margin of deviation. 
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INTRODUCTION 
 
Protecting interacting surfaces of mechanical systems against friction and wear have a wide 
range of industrial applications. Lubricants are designed to provide a protective film that 
condenses friction and wear of interacting surfaces in relative motion, protect them against 
corrosion and reduce the consumption of energy. The requirements of good liquid lubricants are 
the resistance to low foaming tendency, aging, oxidation, good load-carrying capacity and 
significant viscosity-temperature behavior [1]. The enhanced viscosity of liquid lubricants will 
increase the ability of the oil film to stick for longer time period providing a superior protection 
against friction and wear [2]. 

Further application of nanotechnology measures a new passive way to explore this topic in 
detail. Researchers have proven that nanoparticle dispersions into the water or liquid lubricants 
not only have the advantages of superior thermo-physical properties, but also provide enhanced 
tribological properties due to the decrease in friction coefficient and superior anti-wear 
possessions [3]. The nanoparticles has increased relative surface area and quantum effects which 
significantly alter the physical, optical, electrical, chemical magnetic and mechanical behavior 
of liquid lubricants when it is homogeneously dispersed [4]. Many authors utilized 
nanotechnology to enhance the viscosity of liquid lubricants [5-13].  

Generally, viscosity decreases with increasing the temperature for all types of liquid 
lubricants, nanofluids and nanolubricants. Nanolubricants are colloidal dispersions of 
nanometer-sized materials (1-100 nm) such as nanoparticles, nanotubes, nanorods, nanofibers, 
nanosheets and nanowires into conventional liquid lubricants [14]. Nanolubricants were initially 
industrialized to decrease engine wear through the “ball bearing” effect [15]. The type of 
nanoparticle, shape, size and the amount of surfactant used affects the thermo-physical 
properties of any nanolubricants [16]. Ijam et al. [17] experimentally investigated the thermo-
physical properties of grapheme oxide nano-sheets suspended indeionized water/ethylene glycol 
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(DW/EG) with a weight fraction of 0.01–0.10% and temperature of 25–45 oC. The  results show 
that the viscosity of 0.10 wt.% DW/EG nanofluid is enhanced by 35% due to the dispersion of 
graphene oxide nano-sheets compared to the base fluid at 20 oC and it is reduced by 48% with 
increasing the temperature in the range of 20-60 oC [17]. Attari et al. [18] studied the effects of 
temperature and mass fraction of NiO, TiO2, ZnO, Fe2O3 and WO3 nanoparticles on viscosity of 
nanolubricants and their experimental results show that the increment of temperature decreases 
the viscosity of the nanolubricants [18]. On the contrary, Chen et al. [19] reported that the 
relative viscosity is independent of temperature due to insignificant Brownian diffusion in 
comparison to convection in high shear flows [19]. 
 For the same nanoparticle aspect ratio and size, the consequence of the non- spherical 
particles on the viscosity was superior in comparison to the spherical nanoparticles [20]. In this 
study, viscosity of NiO-nanolubricants were experimentally examined with the weight 
fraction of (0.25–1.5)% and temperature in  between (40–90) oC in  absence of surfactants. The 
NiO nano-flakes were prepared by sol-gel technique. The chemical constituents, size and 
morphology were evaluated by EDS, XRD and SEM. Different weight fractions of NiO-
nanolubricants were prepared by dispersing NiO nano-flakes into SN500 lubricant. The 
dispersion stability of NiO-nanolubricants is achieved by ultrasonication technique. The 
viscosity of SN500 lubricant and different concentrations of NiO-nanolubricants is estimated 
using Brookfield LVDVE digital viscometer. The measured viscosity of NiO-nanolubricants is 
being compared with the predicted values acquired from the existing additive concentration and 
temperature dependent theoretical models. 
 

EXPERIMENTAL 
 
Preparation and characterization of NiO flakes 
 
The NiO flakes were synthesized through sol-gel method in which sodium hydroxide is mixed 
with nickel acetate tetrahydrate at room temperature [21-22]. The solution is agitated 
continuously for 2 hour and then it is dried in a furnace at 500 oC for 2 hours. The EDS 
spectrum, XRD spectrum and the SEM morphology of the resulting dark green powder is shown 
in Figure 1. 

The EDS spectrum of the sol-gel by-product is represented in Figure 1(a) which confirms 
the presence of Ni and O-atoms in the lattice without any impurities. The XRD pattern of NiO 
particles is shown in Figure 1(b) the distinct diffraction peaks which is in accordance with the 
standard JCPDS No-65-5745 [23-32]. The diffraction peaks are indexed with (111), (200), 
(220), (311), (222) and (400) respective planes with the lattice constant value of 4.1788 Å. It 
confirms that the prepared NiO particles have face center cubic (FCC) structure and any other 
secondary phase related peaks is not observed. Further, the crystallite size of the NiO particles is 
estimated from the dominant peak using Scherrer formula [33]. The calculated value is 72.97 
nm and the nano-crystalline morphology of NiO is studied by SEM (Figure 1(c) and Figure 
1(d)).  The particles have quite flat surface texture and the morphology of NiO particles appears 
as flakes which are stacked one above the other due to great surface energy.  
 
Preparation of NiO-nanolubricants  
 
The NiO nano-crystalline flakes of size 72.97 nm were dispersed into SN500 lubricant by digital 
probe sonication at room temperature. The preparation footsteps of NiO-nanolubricant with 
different additive concentration are as follows: 250 mL of SN500 lubricant is taken in a 300 mL 
beaker. Required weight percentage of NiO nano-crystalline flakes of size 72.97 nm is dispersed 
into SN500 lubricant at room temperature. Continuously sonicate at 20 kHz for 20 min by the 
digital probe ultrasonicator. 
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Figure 1. Characterisation of NiO flacks, (a) EDS spectrum, (b) XRD spectrum and (c) SEM 

morphology. 
 
Viscosity measurements 
 
The viscosity of SN500 lubricant and different concentrations of NiO-nanolubricants is 
estimated using Brookfield LVDVE digital viscometer, USA. It is a rotating type viscometer in 
which the torque required to turn the fluid medium is calibrated to the viscosity of liquid at a 
known spindle speed. 

RESULTS AND DISCUSSION 
 
The viscosity of the SN500 lubricant and NiO-nanolubricants are investigated in temperature 
range of 40 oC to 90 oC and weight fraction of (0.25–1.5)%. The viscosity of NiO-
nanolubricants is examined with different weight fraction as shown in Figure 2. It is found from 
the graph that the viscosity is enhanced almost linearly with increasing all weight fractions of 
NiO nano-flakes. This enhancement is due to the large surface area of NiO nano-flakes which 
increases the effort to resist the moment of the molecules of SN500 lubricant and elevates the 
internal shear stress during fluid movement. This resistance is more at higher weight fractions of 
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NiO nano-flakes in SN500 lubricant. Hence, the viscosity increases with increasing the weight 
fraction under the same size of NiO nano-flakes. Further, the increase in concentration of NiO 
nano-flakes in SN500 lubricant leads to more interaction between them in the unit volume of 
NiO-nanolubricants. The NiO have large surface area which has large effect on the suspension 
viscosity under increased solid phase volume fraction due to the dispersion of solid additives.  

At low nano-flakes concentration, interaction between the dispersed nano-flakes is less and 
the probability of interaction and contact among the dispersed additives is less as it has enough 
gaps to overcome the large surface energy. The increase in the concentration enhances the 
probability of interaction between them and surface area plays vital role in it. The interaction 
develops agglomeration which may have lamellar structured oil molecules-additive materials 
and agglomerated NiO nano-flakes. It increases the flow resistance and the possibility NiO 
nano-flakes to settle down. 

 
 
Figure 2. The viscosity of nanolubricants with different weight fraction of NiO nano-flakes. 
 
The percentage of viscosity enhancement of NiO-nanolubricants is estimated by the following 
formula: 
 
Viscosity enhancement =       (1) 
 
 
The percentage of viscosity decrement of SN500 lubricant and different concentrations of NiO-
nanolubricants is estimated by the following formula: 
 
Viscosity decrement =    (2) 
 

Further, the enhancement in viscosity of SN500 lubricant due to the dispersion of nanomaterials 
has been reported by other authors. For example, Maheswaran et al. [34] studied the viscosity of 
garnet-SN500 lubricant oil nanofluid with a volume fraction of (0.25-0.75)% and temperature 
range from 30 oC to 75 oC. They reported a dramatic enhancement of dynamic viscosity at 75 °C 
from 16.40 cP to 32.93 cP due to the dispersion of 0.75 wt% of garnet nanoparticles [34]. The 
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relationship between the additive concentration and the functional temperature of different 
additive concentration of NiO-nanolubricants is shown in Figure 3. 

 

Figure 3. Effect of temperature on the viscosity NiO-nanolubricants. 
 

Figure 3 demonstrates the relationship of the kinematic viscosity of the NiO-nanolubricants 
and the temperature at different weight fractions. It depicts that the viscosity of SN500 lubricant 
and NiO-nanolubricants falls exponentially with increasing temperature. For example, the 
viscosity of SN500 lubricant is diminished quickly by 34.44%, 58.51%, 62.36%, 65.03% and 
67.42% when the temperature was increased from 40 oC to 90 oC, in successive steps of 10 oC 
each time. The viscosity of 0.25 wt% of NiO-nanolubricant falls quickly by 33.61%, 54.57%, 
57.86%, 61.27% and 66.14% during the same temperature range. The increment in temperature 
causes the weakening of intermolecular adhesion forces, affect the particle migration, decreases 
the internal shear stress and diminishes the average intermolecular forces of SN500 lubricant 
and different concentrations of NiO-nanolubricants. Also, it deteriorates the forces between sub-
atomic molecules as the temperature get increases. The weakening of intermolecular adhesion 
forces enhances the probability of interaction between the NiO nano-flakes in SN500 lubricant 
where increase in concentration results in more interaction between them due to surface energy 
and the Brownian motion of the homogeneously dispersed nano-flakes.  

Hence, the viscosity of NiO-nanolubricants and its dispersion stability with time and 
measured temperature range are the significant parameters for any heat transfer and lubrication 
application. The increase in nanoparticle concentration causes an attraction between the NiO 
nano-flakes, which results with time clustering and thus inhomogeneity in the prepared NiO-
nanolubricants at high temperature and high nanoparticle concentrations. At low temperature 
and low nano-flake  concentration,  the  strong  intermolecular  strength resists  additive-additive  
interaction which  overcomes  the possibility of agglomeration and sedimentation. Therefore, the 
viscosity of SN500 lubricant and all concentrations of NiO-nanolubricants decrease with 
increasing operating temperature. The relationship between the additive concentration, 
functional temperature and viscosity enhancement of different additive concentration of NiO-
nanolubricants are shown in Figure 4. At 40 oC the viscosity of SN500 lubricant enhances from 
75.2 cP to 82.1 cP, 92.5 cP, 96.3 cP, 99.2 cP, 103.5 cP and 106.4 cP due to the homogeneous 
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dispersion of 0.25 wt.%, 0.50 wt.%, 0.75 wt.%,1 wt.%, 1.25 wt.% and 1.50 wt.% of NiO nano-
flakes, respectively, in which the obtained viscosity enhancement is 9.18%, 23%, 28.06%, 
31.91%, 37.62% and 41.49%. This phenomenon was particularly expected at high solid phase 
volume fraction. 

 

Figure 4. Viscosity enhancements of NiO-nanolubricants. 
 

Further, the experimentally measured viscosities of NiO-nanolubricants are compared with 
the theoretical equations proposed by other investigators. In theoretical perspective, the 
thoughtful understanding of viscosity of nanolubricants is a challenging task as it does not 
behave precisely the similar to the ordinary two-phase fluid. Einstein [35] proposed a theoretical 
correlation to approximate the viscosity of a fluid containing low concentration of spherical 
particles as below: 

µnf = µbf (1 + 2.5 Φ)                       (3) 

Hatschek [36] developed the following model to estimate the viscosity of two-phase systems 
comprising up to 40% concentration of dispersed particles. 

µnf = µbf (1 + 4.5 Φ)                       (4) 

Batchelor [37] reported a theoretical correlation (Equation) to calculate the viscosity of 
nanofluids by considering the effect of Brownian motion of the homogeneously dispersed 
nanoparticles. 

µnf = µbf (1 + 2.5 Φ + 6.2 Φ2)                     (5) 

Nguyen et al. proposed the following theoretical Arrhenius type correlations for computing the 
viscosity of Al2O3-nanofluids [38]: 

µnf = µbf × 0.904e0.1483Φ                      (6) 

µnf = µbf (1 + 0.025 Φ + 0.015 Φ2)                         (7) 
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Nguyen et al. proposed the following theoretical Arrhenius type correlations to determine the 
viscosity of CuO-nanofluids [38]: 

µnf = µbf (1.475 - 0.319 Φ + 0.051 Φ2 + 0.009 Φ3)               (8) 

Ijam et al. [17] developed a theoretical correlation with less than 2% of standard deviation to 
estimate the nanoparticle concentration dependent viscosity of graphene oxide nano sheets-
DW/EG nanofluids based on the fitting with the experimental data: 

µnf = µbf (1 + 343 Φ)                       (9) 

Wang et al. [39] proposed a theoretical correlation to estimate the nanoparticle concentration 
dependent viscosity of nanofluid: 

µnf = µbf (1 + 7.3 Φ + 123 Φ2)                   (10) 

Pak and Cho have experimentally investigated the viscosity of Al2O3 and TiO2 nanofluids and 
they summarized the following particle size and concentration dependent viscosity equation 
[40]: 

µnf = µbf (1 + 39.11 Φ + 533.9 Φ2)                       (11) 

Tseng and Lin developed the following expression to predict the viscosity of TiO2 nanofluids 
based on experimental data fitting [41]: 

µnf = µbf × 13.47e35.98Φ                       (12) 

According to the Einstein theoretical model, Roscoe et al. developed a nanoparticle 
concentration dependent equation to estimate the viscosity of nanofluid [42]: 

µnf = µbf (1-Φ)-2.5                        (13) 

Redhwan et al. investigated the thermos-physical properties of SiO2-polyalkylene glycol 
nanolubricants and proposed a theoretical equation to estimate their viscosity in the temperature 
range of 303K to 353K [43]: 

                     (14) 

The experimentally obtained temperature dependent viscosity of NiO-nanolubricants has been 
compared with the theoretical equations proposed by other investigators. Nguyen et al. proposed 
the following theoretical correlation to estimate the viscosity of nanofluids by considering the 
influence of nanoparticle concentration and operating temperature [44]: 

µnf = µbf (1.1250 – 0.007 T)                   (15) 

Yiamsawas et al. proposed the following correlation to compute the viscosity of the EG-water 
mixture [45]: 

µnf = µbf (0.0003 T2– 0.0461 T +2.3775)                (16) 

Zawawi et al. reported the following correlation to determine the nanoparticle concentrations 
and temperature dependent viscosity of nanolubricant with ±5% of standard deviation [46]: 

                          (17) 

Esfe et al. investigated the rheological behavior of ZnO-MWCNT/10W40 engine oil nanofluids 
at the temperatures between 5–55 °C. They proposed the following correlation to forecast the 
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dynamic viscosity of nanolubricants in terms of nanoparticle concentration, temperature and 
dynamic viscosity [47]: 
 
 

  (18) 

 
The margin of deviations of the predicted viscosity values are determined by the following 
equation. 

             (19) 

The experimentally obtained viscosity values are compared with the following theoretical 
correlations Einstein [35], Hatschek [36], Batchelor [37], Nguyen et al. [38], Ijam et al. [17], 
Wang et al. [39], Pak and Cho [40], Tseng and Lin [41], Roscoe et al. [42], Redhwan et al. [43], 
Yiamsawas et al. [45], Zawawi et al. [46] and Esfe et al. [47] as shown in Figure 5. 

It is clear from the Figure 5 that the above theoretical correlations failed to provide an 
accurate estimation for the measured viscosity of NiO-nanolubricants due to difference in 
measurement techniques, surface chemistry, morphology, and shear rate, etc., especially when 
the solid phase volume fraction reached above 0.5wt%, and the margin of deviations becomes 
prominent. The viscosity values estimated by Einstein [35], Hatschek [36], Batchelor [37], Ijam 
et al. [17], Wang et al. [39], Pak and Cho [40], Tseng and Lin [41], Roscoe et al. [42] and 
Redhwan et al. [43], theoretical correlations show anomalous hike. These models determined 
the viscosity values based on the weight fraction of dispersed nano-flakes, while ignoring other 
parameters such as particle size, operating temperature, particle shape, density even the effect of 
Brownian motion is not taken into consideration. Hence, it becomes highly necessary to build 
the theoretical model which can consider and can account for the effect of other factors that 
affects the viscosity.  

The temperature dependent theoretical correlations are reported by Nguyen et al. [38], 
Yiamsawas et al. [45] and Zawawi et al. [46]. In these correlations the effect of nanoparticle 
weight fraction is not considered. Nguyen et al. [38] reported a theoretical correlation to 
estimate the viscosity of CuO-nanofluids. The viscosity value obtained by this equation 
decreases with increment of the weight fraction of NiO nano-flakes. At 40 °C, the margin of 
deviations of the predicted viscosity values by Zawawi et al. [46] is 4.7% whereas it increases 
with the increase of weight fraction. The margin of deviations of the predicted viscosity values 
by Esfe et al. [47] varies from 4.38% to 9.96% when the weight fraction of the NiO-
nanolubricants changes from 0.25 wt% to 1.50 wt% at 40 °C temperature whereas it varies from 
5.5% to 2.8% when the weight fraction of the NiO-nanolubricants varies from 0.25 wt% to 1.50 
wt% at 50 °C temperature.  

Hence, the theoretical correlation of Esfe et al. [47] can be used to predict the viscosity of 
NiO- nanolubricants up to 0.50 wt% of NiO nano-flakes and up to 50 °C temperature. 
According to the comparison, the margin of deviations of the predicted viscosity values by 
Zawawi et al. [46] is less than 5% when the weight fraction of the NiO-nanolubricants varies 
from 0.25 wt% to 1 wt% in the measured temperature range. Hence, this model was used for 
estimating the viscosity of the NiO-nanolubricants because of its better agreement with the 
experiment data. 
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Figure 5. The viscosity of nanolubricants predicted by different theoretical models. 
 

CONCLUSIONS 
 
In this study, the factors that affect the viscosity were discussed which includes temperature, 
particle size, shape and aspect ratio of the dispersed particles. The NiO nano-flakes are prepared 
by sol-gel technique. The chemical constituents, size and morphology are evaluated by EDS, 
XRD and SEM. Different weight fractions of NiO-nanolubricants were prepared by dispersing 
NiO nano-flakes into SN500 lubricant. The viscosity results showed that increasing the weight 
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fraction of NiO nano-flakes resulted in significant viscosity enhancement and it was further 
compared with different theoretical models. The theoretical correlation of Zawawi et al. [46] 
can be used to predict the viscosity of NiO-nanolubricants up to 0.25 wt% of NiO nano-flakes 
and up to 40 °C temperature. The theoretical correlation of Esfe et al. [47] can be used to predict 
the viscosity of NiO-nanolubricants up to 0.50 wt% of NiO nano-flakes and up to 50 °C 
temperature whereas the theoretical correlation of Zawawi et al. [46] can be used to predict the 
viscosity within less than 5% of margin of deviation. 
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