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Abstract New engine lubricating oils based on nanotechnology have emerged with significant

capabilities. In this study, the viscosity of SN 500 HVI/MgðOHÞ2 lubricating nanofluid was

recorded for analysis in solid volume fractions (SVF) of 0-1.5% with different shear rates (range

of 650 to 13,250 s�1) at temperatures in the range of 5–60 �C. The MgðOHÞ2 nanoparticles were

modified with oleic acid. Nanoparticle functional groups were identified by Fourier transform infra-

red spectroscopy (FT-IR), morphology was examined by field emission scanning electron micro-

scopes (FESEM), before and after modification. The prepared nanofluid was stable for up to

20 days at room temperature and no sediment was observed at rest. The non-Newtonian behavior

for this nanofluid was proved in experiments of all samples with different SVFs. The rheological

data of the new nano-lubricant stated that with the increase of MgðOHÞ2 nanoparticles in the base

oil, the viscosity increases and the increase of temperature has a negative effect. Based on the

recorded SN 500 HVI/MgðOHÞ2 nanofluid viscosity data (with changes in effective factors: temper-

ature, shear rate and SVF), a surface response modeling was performed and a relation for viscosity

prediction was presented with R2 > 0:99.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The main and most important task of engine oil is lubrication, reduc-

ing friction and improving engine efficiency (Guo et al., 2020). Friction

and wear are the cause of mechanical failure (about 80%) (Ren et al.,

2020). Forming a layer of oil with a suitable thickness reduces the wear

of different engine parts to a minimum (Cui et al., 2020). Nano scale

additives to oil have recently been considered as one of the most

promising solutions to improve the tribological properties of oils due

to their anti-wear and anti-friction properties (Ali et al., 2019). For
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example, spherical nanoparticles act as very small bearings when

placed between two surfaces, reducing friction, wear and temperature

(Wu et al., 2021). The use of various mineral nanoparticles has been

reported as lubricant additives such as Ag, Ni, Pd and Au, etc.

(Yang et al., 2020). However, limited research has focused on the tri-

bological properties of nanoparticles in lubrication (Gu, 2018).

Research shows that the optimum concentration of most nano-

additives in base oils is between 0.2% and 2% (Hatami et al., 2020).

Tribological enhancement is generally defined in three types of mech-

anisms including chemical reaction (Song et al., 2019), physical depo-

sition (Asadi et al., 2018), and self-repair (Mahara and Singh, 2020). In

other words the nanoparticles disperse in lubricating oils to form nano-

lubricants (Sharma et al., 2018). Nano-lubricants easily reach the

desired area, so lubrication with them is effective (Liu et al., 2017).

The nanoparticles in the oil cover the lubricated area and prevent wear

(Xie et al., 2016). New lubricants synthesized with nanotechnology

prevent direct wear of engine components (Peng et al., 2009). So,

nanoparticle-containing lubricants prevent destructive friction between

surfaces, and if the surface of objects is not polished, the nanoparticles

polish the surfaces over time by placing them on the surface (Xie et al.,

2021). Therefore, researchers are looking to engineer and optimize

nanoparticles that provide high-pressure tolerance, extreme friction,

and abrasion resistance in lubrication (Desai et al., 2021).

The demand for new lubricants is increasing day by day (Kanojia

et al., 2021). Consumers have found that using new nanofluid-based

lubricants that can withstand high pressures at different temperatures

is cost-effective because it reduces wear and increases engine life and

keeps the engine running longer and does not need to be repaired

(Mohan Rastogi et al., 2020). Another important purpose of using

nanofluid oils is to reduce vibration due to component friction, which

in turn reduces engine noise (Shahnazar et al., 2016).

Therefore, nanoparticles in lubricating oils is a new approach to

achieve this goal. At the nano-scale, materials have distinct properties,

the most important unique feature of nanoparticles that can be used in

the lubrication industry is their very high surface area (Hatami et al.,

2020). The properties of materials such as reactivity or mechanical

behavior depend on the surface atoms. Therefore, the presence of

nanomaterials in the oil affects the surface properties (Wang et al.,

2020). Peng et al. (2010) investigated the effect of SiO2 nanoparticle

size as an additive on the tribological performance of paraffin oil

and their findings showed that surface-modified SiO2 nanoparticles

with oleic acid increased the tribological performance of the lubricant.

In a similar study, Li and Zhu (2003) used oleic acid to modify the SiO2

surface. Their results showed that the reaction mechanism between

SiO2 nanoparticles and oleic acid is esterification. However, much

research is needed to investigate and introduce nanoparticle-based

lubricating oils that have special abilities to increase the stability and

durability of engine mechanical components.

In this study, the viscosity of SN 500 HVI/MgðOHÞ2 lubricating

nanofluid in different conditions of temperature, concentration and

shear rate was investigated. This lubricant containing nanoparticles

was studied at different temperatures. The effect of the concentration

of nanoparticles in the base oil on the viscosity was recorded at differ-

ent shear rate. MgðOHÞ2 nanoparticles have unique properties in terms

of heat transfer. MgðOHÞ2 nanoparticles have been used in various

studies as a major flame retardant component (Meng et al., 2018); In

addition, this material is environmentally friendly (Chen et al., 2015;

Kavusi and Toghraie, 2017).

However, so far no comprehensive research has been done on this

substance as an additive to the base oil. The MgðOHÞ2 nanoparticles

have been considered as one of the nanoscale additives that researchers

have not used in their studies to investigate its effect on lubricating

base oil, while extensive studies have been performed on other

nanoparticles such as MgO, these studies are further reported in three

subjects: investigation of viscosity (Mahfouz, 2020) and rheological

behavior (Hasan et al., 2019), heat transfer and, performance of diesel

engines (Asadi et al., 2018). In a study, Asadi et al. (2018) used this

substance as an additive to oil to study nanofluid heat transfer param-
eters. Ruhani et al. (2019b, 2019a) studied the effect of volume fraction

and temperature on the viscosity of hybrid nanofluids ZnO�Ag

(50%–50%)/water and silica–ethylene glycol/Water. Their results

showed that the convection heat transfer coefficient is affected by vis-

cosity. Also, Increasing the thermal conductivity of fluids is conceiv-

able by increasing the volume fraction of nanoparticles (He et al.,

2020; Rostami et al., 2020; Soltani et al., 2020). In general, with

increasing temperature, the viscosity of nanofluid decreases and with

increasing the volume fraction of nanoparticles, the viscosity increases

(Boroomandpour et al., 2020; Hasan et al., 2019; Toghraie et al.,

2019).

The SN 500 HVI engine oil has been less studied as one of the

engine lubricants. Therefore, in the present study, lubricating nano-

fluid was prepared by mixing MgðOHÞ2 nanoparticles in SN 500

HVI lubricating oil and the positive effect of the presence of nanopar-

ticles was investigated.

2. Experimental

2.1. Material

The SN 500 HVI oil was purchased from Sepahan Oil Com-

pany. The SN 500 HVI oil is a base oil that is obtained from
solvent refining and de-waxing processes and is sold as Grade
I base oils. This base oil was selected for the addition of

nanoparticles and tribological study due to the production vol-
ume and having desirable chemical and physical properties.
The physical and chemical properties of the base oil are given
in Table 1. The MgðOHÞ2 nano-particle (particle size

< 100nm), oleic acid (Technical grade, 90%) and, n-heptane
99% were purchased from Sigma-Aldrich.

2.2. Nanoparticle surface modification

The oleic acid modification enables nanomaterials to exhibit
higher anti-wear properties that can be used as a new lubricant

and tribological material for the vehicle (Gu, 2018). Chen and
Zhu (2017) examined the tribological properties of different
molar ratios of oleic acid to CuS and found that when the

molar ratio of oleic acid to copper sulfide was 2:1, lubricating
oil additives could improve the anti-wear properties of the base
oil by up to 50%.

Nanoparticle surface modification was performed with
oleic acid. The method of surface modification experiments
followed based on the results of previous studies (Chen and
Zhu, 2017; Kang et al., 2008). First, 5g of MgðOHÞ2 nanopar-
ticles were mixed with 250ml of n-heptane at 28�C and stirring
speed of 600rpm for 30min; then 50ml of oleic acid was added
slowly and stirred for 30min. Second, the mixture was sub-

jected to ultra-sonication at a frequency of 44kHz and a power
of 1200W for 90min at 80�C (3min run and 1min rest); n-
heptane evaporated and oleic acid was fixed on the surface

of the MgðOHÞ2 nanoparticles. Third, the nanoparticle mix-

ture in oleic acid was centrifuged at 4000 rpm for 1 h. The
supernatant was removed and the residue mass was washed

with n-heptane 3 times at room temperature. Finally, the mod-
ified MgðOHÞ2 nanoparticles were dried at 80�C for 120min.

2.3. Nanofluid preparation

The nanofluid was prepared by mixing different amounts of
nanoparticles in the base oil.



Table 1 Physical and chemical properties of base oil.

Base oil Viscosity at 40 �C (mm2 s�1) Viscosity at 100 �C (mm2 s�1) Viscosity index (VI) Pour point (�C) Flash point (�C)

SN 500 HVI 85–102 10.5–11.2 90 �6 245
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To prepare nanofluid with different concentrations, the
mass of nanoparticles was calculated based on Eq. (1)

(Hemmat Esfe et al., 2017):

SVF% ¼
WMgðOHÞ2
qMgðOHÞ2

h i

WMgðOHÞ2
qMgðOHÞ2

h i
þ WSN500HVI

qSN500HVI

h i � 100 ð1Þ

where WMgðOHÞ2 and WSN500HVI were the masses of the

MgðOHÞ2 nanoparticles and SN500HVI oil, respectively. Also,

qMgðOHÞ2 and qSN500HVI were the density of the MgðOHÞ2
nanoparticles and SN500HVI oil, respectively. The effect of

surfactant on mass and density is negligible. In order to the
preparation of nanofluid: first, the mixing (MgðOHÞ2-Oil SN

500 HVI) was performed using a magnetic stirrer at 600rpm

and 80�C for 30min, then the mixture was homogeneous and
stable by ultra-sonication (20kHz, 1200W) for 10min at 80�C
with 3min run and 1min rest.

2.4. Characterization

The morphology of the MgðOHÞ2 nanoparticles, before and
after surface modification, were studied using FE-SEM (TE-

SCAN, Czech). The functional groups of the MgðOHÞ2
nanoparticles were identified with FT-IR spectra in the

450� 4000cm�1, using a C88731 spectrophotometer (Perkin
Elmer Co., Germany). The effect of oil containing nanoparti-
cles to prevent wear was investigated using a pin-on-disc test

(TSN-WTC-02, TSN Co., Iran) according to standard ASTM
G99. Nanofluid rheological properties were recorded using a
rheometer (MCR Rheometers 301, BROOKFIELD, USA),

following the standard ASTM G77-05. The turbidity of the
base oil and the oil containing the nanoparticles were investi-
gated with a turbidity meter (TUB-430, GONDO Co.,
Taiwan).

3. Results

3.1. Characterization of nanoparticles

The FE-SEM of MgðOHÞ2 nanoparticles was shown in Fig. 1a.

The average size of MgðOHÞ2 nanoparticles was found at

about 100 nm (in the range of 50–150 nm) using Image J soft-
ware. Based on the results in Fig. 1b, the particle size did not

change after surface modification.
Fig. 1c shows the functional groups of nanoparticles before

and after surface modification. The sharp and intense peaks at

3697 and 3476 cm�1 are attributed to the stretching of AOH
(Dong et al., 2010; Yan et al., 2009). The peaks at 1406 and

1635 cm�1 are assigned to the AOH and MgAOH bond bend-
ing vibration, respectively (Kailasa and Wu, 2012). The small

peaks at 2925 and 2853 cm�1 correspond to the asymmetric
stretching vibrations of aliphatic groups (ACH2A)n. In the

nano-MgðOHÞ2/Oleic acid, the band at 1745 cm�1 is related

to stretching vibration of C‚O in a carboxylic acid (Zahir
et al., 2019). The tender band of surface adsorbed hydroxyl
groups reveals the presence of oleic acid molecules on the sur-

face of magnesium hydroxide by substituting hydroxyl groups
(Yan et al., 2009).

3.2. Nanofluid stability

Nanofluid stability means that the distribution of nanoparti-
cles in the oil is uniform and homogeneous. An innovative

method was used to evaluate the stability of nanofluid. In this
method, a glass tube with a diameter of 2 cm and a length of
10 cm was used. Measuring turbidity in fluids is a method of
assessing physical quality; The stability of a nanofluid is

directly related to the stability of turbidity (Linke and
Drusch, 2016). According to Fig. 2a, the nanofluid with
SVF of 1.5% was introduced into the tube at temperature

of 30 �C (an oven was used to keep the temperature con-
stant), and in the stationary state, the turbidity of the nano-
fluid was measured at both the top and bottom of the tube

(Zawawi et al., 2017). The difference between the two mea-
sured turbidity means that the nanofluid is not stable. If the
difference between the two measured turbidity is close to

zero, it means that the nanofluid is stable. This method is
more accurate than the ‘‘direct visualization” method
(Hemmat Esfe and Mosaferi, 2020) and can be analyzed
quantitatively. Also, this method is much simpler than the

‘‘measurement of density changes” method. The turbidity of
nanofluid samples was measured for 120 consecutive days.
The results showed that all samples were stable at all temper-

atures after 25 days. Fig. 2b compares the stability of the
samples after 30 days.

3.3. Nanofluid behavior

To study the behaviors of nanofluid, the fluid interactions were
investigated by shear stress. Newtonian fluid behavior is
observed when the relationship between shear stress and shear

rate is linear. Therefore, in the diagram of shear stress vs. shear
rate, the curve has a constant slope, and viscosity is not depen-
dent on shear rate changes (Gundarneeya and Vakharia,

2021). If the viscosity of a fluid is not constant and depends
on changes in shear rate, this fluid will be non-Newtonian.
The rheological behavior of a non-Newtonian fluid is not in

accordance with Newton’s law (Kanojia et al., 2021). To iden-
tify and study the non-Newtonian behavior of a fluid, experi-
mental data can be fitted into an experimental relation

(Singh et al., 2021). The Ostwald–de Waele power law is used
in an algebraic relation to fit experimental data and study fluid
behavior (Hemmat Esfe et al., 2017) his relationship is given in
Eq. (2) (Hemmat Esfe et al., 2017):

sxy ¼ mðcxyÞn ð2Þ
A relation for calculating the superficial viscosity is

extracted using the power law. This relationship is expressed

in Eq. (3) (Sepyani et al., 2017):



Fig. 1 FE-SEM images of MgðOHÞ2 nanoparticles (a) before and (b) after modified with oleic acid. (c) FTIR spectra of MgðOHÞ2
nanoparticles and modified MgðOHÞ2 nanoparticles with oleic acid.
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Fig. 2 Schematic of nanofluid stability test by turbidity mea-

surement method (a), Quantitative examination of turbidity

changes at the top and bottom of tubes containing SN 500 HVI/

MgðOHÞ2 nanofluids for 50 consecutive days (b).
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l ¼ s
c
¼ mðcÞn�1 ð3Þ

In Eqs. (2) and (3): s, c and l are shear stress, shear rate
and, dynamic viscosity, respectively; n is the power law index.

Also, the constants m and n are calculated by plotting the
Fig. 3 Power-law index of SN 500 HV
shear stress curve versus the shear rate. n < 1 indicates the
quasi-plastic behavior of the fluid, in Newtonian fluids n ¼ 1
and, when n > 1, fluid has dilatant behavior. For nanofluids

that were prepared in this study with different SVFs, a
power-law index was plotted against a temperature range of
10–60 �C as shown in Fig. 3. As shown in Fig. 3, the ‘‘n”

parameter is smaller than one, so the nanofluids produced here
behave as non-Newtonians of the pseudo-plastic type, to be
more precise: ‘‘shear-thinning” type. The effect of temperature

on nanofluid behavior showed that the non-Newtonian prop-
erties of the nanofluid increased with increasing temperature.
The nanofluid flow containing MgðOHÞ2 nanoparticles

between the components of a mechanical system is a layered
motion (Layers over each other).

Viscosity is affected by changes in both temperature and
SVF. Fig. 4a-f shows the viscosity changes of the nanofluid

with changes in the shear rate for different temperatures. In
nanofluid rheological tests with the lowest SVFs, the recorded
viscosity was lower than that of the base oil viscosity. This

result showed the same result for all temperatures. Therefore,
nanoparticles act like ball bearings, causing fluid layers to
move more smoothly (easier slipping) over each other. In addi-

tion. This evidence suggests that the viscosity of the nanofluid
is strongly influenced by the shear rate; In other words, the
behavior of the nanofluid is non-Newtonian. Also, comparison

of recorded viscosity changes with increasing temperature at
different SVFs showed that the viscosity changes did not fol-
low a specific pattern.

3.4. Study of nanofluid viscosity at different temperatures and
SVFs

The performance of lubricating oils depends on their chemical

and physical nature. The nanofluids prepared by adding
nanoparticles have improved properties and provide effective
lubrication. In addition, the nanoparticles in the base oil

reduce the destructive effects of friction and wear on mechan-
ical parts. Therefore, lubricating oils increase the service life of
the mechanical parts by minimizing wear between surfaces.

The viscosity of the oils in the hydrodynamic films produced
I/MgðOHÞ2 nanofluids at 10–60 �C.



Fig. 4 The viscosity SN 500 HVI/MgðOHÞ2 nanofluids with changes in the shear rate at 5 �C (a),15 �C (b), 30 �C (c), 40 �C (d), 50 �C (e)

and 60 �C (f).
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in the lubrication changes in response to temperature changes.
The flow of fluid is layered on top of each other, the quantity
of viscosity is defined as the force of friction between adjacent
layers of fluid on top of each other that slide and flow in rela-
tion to each other. Increasing the temperature weakens the
intermolecular forces in the nanoparticles and base fluid mole-



Fig. 5 The viscosity of SN 500 HVI/MgðOHÞ2 nanofluids with changes in temperature (a), the viscosity of SN 500 HVI/MgðOHÞ2
nanofluids with changes in SVFs (b), the relative viscosity of SN 500 HVI/MgðOHÞ2 nanofluids with changes in temperature (c) and, the

viscosity change of SN 500 HVI/MgðOHÞ2 nanofluids with changes in SVFs (d) at a constant shear rate.
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cules, which reduces the viscosity of the nanofluid. Increasing
the temperature increases the mobility of the molecules. The
bonds and gravitational forces weaken due to the increase in

temperature. Therefore, with increasing temperature, the
mobility of nanoparticle molecules and base oil molecules
increases and the intermolecular forces weaken, which reduces
the viscosity of the nanofluid. The viscosity of each fluid

changes for a variety of reasons, including the addition of dif-
ferent materials or changes in temperature, so oils that are
essentially low in viscosity or whose viscosity decreases with
Table 2 Values of independent variables at different levels of CCD

Independent variable Symbol Levels

-a

SVF (%) b 0

Temperature (�C) h 5

Shear rate ðs�1Þ c 650

Response

Viscosity ðmPa:sÞ lnf
changes in chemical and physical conditions require less force
to flow. Because the amount of flow resistance force (friction
force between fluid layers) is low.

The curve of changes in nanofluid viscosity vs. temperature
(15–60 �C) was plotted (at a constant shear rate) in Fig. 5a.
The increasing temperature reduced the viscosity of the nano-
fluid. As the temperature increased, the mobility of the mole-

cules increased, and thus, as the molecules moved away from
each other, resulting in a decrease in intermolecular gravity,
the viscosity of the oil stream decreased. Fig. 5b shows the
.

�1 0 +1 +a

0.3 0.75 1.2 1.5

16 32.5 49 60

3204 6950 10,696 13,250



Table 3 The design of the experiments and results.

Run Actual level of factors Responses

Viscosity ðmPa:sÞ
b h c lnf Actual lnf Predicted Residual

1 0.75 32.5 650 95.45 97.46 �2.01

2 0.75 32.5 6950 75.12 75.87 �0.7493

3 0.75 32.5 6950 75.86 75.87 �0.0093

4 0.75 32.5 6950 75.21 75.87 �0.6593

5 1.5 32.5 6950 75.24 77.05 �1.81

6 0.75 32.5 13,250 86.32 83.81 2.51

7 1.2 16 10,696 191.51 195.66 �4.15

8 0.3 49 3204 41.82 38.02 3.8

9 0.75 32.5 6950 76.46 75.87 0.5907

10 0.75 32.5 6950 76.51 75.87 0.6407

11 0.3 49 10,696 35.85 34.46 1.39

12 0 32.5 6950 62.42 60.11 2.31

13 0.3 16 10,696 166.44 171.82 �5.38

14 0.75 5 6950 311.77 302.87 8.9

15 0.75 60 6950 32.64 41.04 �8.4

16 1.2 16 3204 206.59 208.34 �1.75

17 0.75 32.5 6950 75.97 75.87 0.1007

18 1.2 49 3204 39.34 34.32 5.02

19 1.2 49 10,696 35.38 31.76 3.62

20 0.3 16 3204 181.52 185.5 �3.98

8 M. Mokarian, E. Ameri
changes in nanofluid viscosity against SVFs at a range of tem-

peratures of 15–60 �C and a constant shear rate of 6634 s�1.

Increasing the SVF increases the number of nanoparticles
in a constant volume of the base oil. As the nanoparticles
approach each other, the gravitational forces of the van der

waals between all nanofluid molecules increase, causing the
nanoclusters to grow. Increasing the nanoclusters increases
the viscosity. The lubrication is on the verge of a performance

mutation, with the advent of nanotechnology and the proper-
ties of new nanomaterials. New nanoparticle lubricants reduce
friction between engine components, reduce heat generation,
protect parts from wear, eliminate wear waste, and save fuel

for engines. Fig. 5c shows the changes in relative viscosity
against different temperatures at the constant shear rate

(6634 s�1) for different SVFs. Relative viscosity decreased in
all nanofluid samples (different SVFs) due to temperature
increase. Fig. 5d shows the changes of the nano-lubricant vis-
Table 4 ANOVA for response surface quadratic model for nanoflu

Sum of Squares Degree of freedom

Model 1.010E + 05 9

b 346.10 1

h 82757.01 1

c 225.10 1

bh 352.32 1

bc 0.5050 1

hc 51.16 1

b2 95.73 1

h2 16631.25 1

c2 392.72 1

Residual 290.10 10

Cor Total 1.013E + 05 19
cosity vs. SVFs changes, at different temperatures and con-

stant shear rate (6634 s�1). At low SVF values, the distance

between the MgðOHÞ2 nanoparticles suspended in the base

oil is large compared to the conditions where the SVF is high,
so the nanofluid viscosity is low because the nanofluid layers

slide easily together. The highest decrease in viscosity was
observed at SVF of 0.1% and temperature of 60 �C. As the
concentration of MgðOHÞ2 in the nanofluid increases, the col-

lisions between the oil molecules and the nanoparticles
increase. Increased collisions, cause an increase in the slip resis-
tance of the nanofluid layers; therefore, the viscosity of the

nanofluid increases. At SVF of 1.5%, the effect of increasing
the temperature from 30 to 60 �C was shown a positive effect
on increasing the viscosity (Viscosity enhancement at 60 �C
more than viscosity enhancement at 50 �C and 40 �C). Also,
the maximum increase in viscosity was observed at SVF of
1.5% at temperature of 15 �C.
id viscosity.

Mean Square F-value p-value

11218.03 386.70 < 0.0001

346.10 11.93 0.0062

82757.01 2852.73 < 0.0001

225.10 7.76 0.0193

352.32 12.14 0.0059

0.5050 0.0174 0.8976

51.16 1.76 0.2137

95.73 3.30 0.0993

16631.25 573.30 < 0.0001

392.72 13.54 0.0043

29.01



Fig. 6 Comparison of experimental and predicted responses (a), Diagnostics andmodel graphs for viscosity: residuals versus predicted (b).
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4. Proposed correlation

The Design-Expert software was used to provide a relationship

to predict viscosity (Mahfouz, 2020). The experiments were
designed based on central composite design (CCD) in the stan-
Fig. 7 Desirability ramp for the numerical optimization of affecting

tracks (b).
dard response surface method (RSM). Table 2 shows the
ranges as well as the coded and un-coded levels of the variables

considered in this study. The software suggested an experi-
ments pattern with 20 runs, Table 3 shows runs and the result
of each batch process.
factors on the process response (a). FE-SEM photographs of wear
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According to experimental results and its predicted
(Table 3), the quadratic model was selected for response, that
this model proposed by the software. This model was

expressed by Eq. (4):

lnf ¼ 75:87þ 5:03b� 77:84h� 4:06c� 6:64bh

þ 0:2513bcþ 2:53hc� 2:58b2 þ 33:97b2 þ 5:22c2 ð4Þ

A positive sign against each term of the Eq. (4) indicates a

synergistic effect and the negative sign indicates a synergistic

effect on the response surface ðlnfÞ. The R2 values for model

equations were 0.997, the adjusted R2 and predicted R2 were
0.995 and 0.978, respectively with difference less than 0.2.
The analysis of variance (ANOVA) helps to check the accu-

racy and validity of the proposed model. According to Table 4,
based on ANOVA, the models for lnf was highly significant
with F-value 386.70; p-value < 0.0001. Therefore, these models

are acceptable for the predicted results and optimization of the
factors affecting the nanofluid viscosity. The actual responses
versus predicted responses in Fig. 6a shown approximately a
linear relationship with partial variation. According to

Fig. 6b, the externally studentized residuals versus the pre-
dicted response has been distributed above and below the x-
axis with unusual structure and no obvious pattern. The max-

imum and minimum differences between the data obtained
from calculations and the data obtained from experiments is
�4:146, which indicates that the predicted data are reliable

and the relationship presented to predict the behavior of the
nanofluid lubricant prepared in This research is appropriate.
5. Study of surface wear morphology

Based on experimental results and the viscosity prediction
model, the SVF was optimized to reduce the viscosity at the

highest temperature and shear rate. Fig. 7a shows the ramp
of this optimization. Based on the popularity of this optimiza-
tion (Desirability = 1), the effect of 1.2% SVF on surface wear
was studied using FE-SEM imaging of the disk surface and

comparison with wear in the control sample (lubrication with
oil without nanoparticles). In the pin-on-disc test, the operat-
ing conditions were as follows: power: 1200 W, speed:

300 rpm, temperature: 28 �C, time: 10 min, disk diameter: 5
cm, disk thickness: 6 mm, disk weight: 40 g, pin diameter: 5
mm, pin length: 5 cm, pin head curvature: 10� and, 10 drops

of lubricant fluid; according to ASTM G 99 standard. The
obvious changes in the wear of the pin on the disc are shown
in Fig. 7b for two samples of lubricating oil (I: pure base oil,

II: oil containing MgðOHÞ2 nanoparticles). Due to direct fric-

tion at the joint boundary between the pin and the steel disc,
dense scratches and deep furrows were observed in the sample

in which the pure base oil was used as lubricating oil. When
nano-particles are added, the MgðOHÞ2 can be transferred to

the surface, filling fine grooves and smoothing the surface

(forming a protective film during the rubbing process) (Roy
et al., 2019). It can be inferred that the presence of nanoparti-
cles can prevent the direct contact of friction surfaces (He
et al., 2021).
6. Conclusion

In this study, the tribological properties were investigated with and

without oleic-acid modified MgðOHÞ2 nanorods as lubricant additives
in SN 500 HVI oil. Experiments were performed at different tempera-

tures, SVFs and shear rates. The results proved that this new nanofluid

has a non-Newtonian behavior. The addition of modified MgðOHÞ2
nanoparticles to the base oil was so stable that no sediment was

observed after 20 days at rest. The optimum SVF in additive nanopar-

ticles to base oil is much lower than 2%. Because the results showed

that by increasing the SVFs in the base oil, strong intermolecular

attraction is created, nano-clusters grow and consequently nanofluid

viscosity increases. Increasing the temperature increases the mobility

of the molecules and as a result weakens the intermolecular forces of

the nanoparticles and the base oil molecules, which leads to a decrease

in the viscosity of the nanofluid. As the nanofluid (SN 500

HVI/MgðOHÞ2 nanoparticle) temperature increased, the non-

Newtonian behavior intensified. The mentioned interactions are of

positive importance for the use of MgðOHÞ2 nanoparticles in the field

of tribology and the design and operation of high-performance

MgðOHÞ2-based nano-lubricants.
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