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Abstract
Sustainable use of vegetable oil as a base fluid inminimum quantity lubrication (MQL) strategy formachining advancedmaterials is
promising but limited due to their low thermal conductivity and viscosity. This paper presents the results of experimental inves-
tigation for enhancing viscosity and thermal conductivity of high oleic soybean vegetable oil (HOSO) usingAl2O3,MoS2, and TiO2

nanoparticles (30 nm particle size and 0.5–4.0% wt. concentration) inclusion to form nanofluids at temperature ranging from 25 to
70 °C for use in vegetable oil-based nanofluids-MQL machining of difficult-to-cut metals. The result shows that viscosity and
thermal conductivity of HOSO increase with increase in nanoparticle weight concentration, but there is a decrease in suspension
stability of the nanofluid. Also, viscosity of HOSO nanofluids decreases with increase in temperature, but thermal conductivity
increases with increase in temperature, while for the base HOSO, it decreases with increase in temperature. This is a very significant
positive observation especially for difficult-to-cut materials that generate high heat that need to be conducted away from the cutting
zone. Thermal conductivity and viscosity were enhanced up to 55% (using MoS2 at 70 °C and 4% wt. concentration) and 11.5%
(using TiO2 at 50 °C and 3.5% wt. concentration), respectively. The Brownian motion of the nanoparticles and liquid-solid
interlayer interfaces are responsible for this behavior of the nanofluid thermal conductivity, while nanoparticle thickening and
entangle mechanismwere responsible for the behavior of the nanofluid viscosity. This implies that lower oil flow rate can be applied
during machining of Inconel-718 due to increased viscosity and thermal conductivity to obtain optimal machining performance,
lower power consumption, and reduce negative impact on the environment.
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1 Introduction

Materials researchers are always looking for means to provide
tougher materials used in engineering applications. These ad-
vanced materials need to be machined to their desired shape
for specific applications. Cutting tools used during machining
experience increased heat due to high friction and cutting
forces generated at the cutting zone causing thermal softening
of the cutting tool material, rapid tool wear, and shorter tool
life. These adverse effects on the cutting tools also lead to
reduced performance of the machined part due to reduced
surface integrity such as high residual stresses and poor sur-
face finish. Cutting fluids are used to improve surface integ-
rity. The cutting fluid acts as a lubricant to reduce friction and
as a coolant to cool the temperature at the cutting zone.
Environmentally unfriendly conventional emulsion coolant
(CEC) is the most effective cutting fluid for machining ad-
vanced materials like Inconel-718, titanium alloy, and
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compacted iron graphite used in aerospace, nuclear, and auto-
motive industries. Viscosity and thermal conductivity of fluids
used in these applications are of utmost importance to re-
searchers and manufacturers and determine the suitability of
the cutting fluid. Theoretical models have been proposed for
determining these intrinsic properties, but these properties are
best obtained by experimental investigation [1–3] due to the
limitation of available models.

Nanofluids have been proposed to be effective medium for
transferring heat in applications such as heat exchangers, solar
energy, and geothermal energy. Nanofluid is the suspension of
nanoparticles in a base fluid to improve thermal conductivity
of the base fluid. The base fluid predominantly reported in the
literature is water, but vegetable oil is attracting a lot of interest
due to its advantages over water. The nanoparticles could be
metallic or non-metallic, and the nanofluid so formed could be
conventional nanofluid (single type of nanoparticle of the
same average size) or hybrid nanofluid (multi-type of nano-
particles of same or different average sizes). Pryazhnikov et al.
[4] studied thermal conductivity of nanofluids using different
volumes up to 8% concentrations of SiO2, Al2O3, TiO2, ZrO2,
and CuO and diamond nanoparticle of varying sizes up to
150 nm at room temperature and using water, ethylene glycol,
and engine oil as base fluids. After comparing their results
with existing models, they concluded that thermal conductiv-
ity coefficient at room temperature is dependent on nanopar-
ticle volume percentage, size, and property of the base-fluid.
Asadi et al. [5] studied the effect of adding hybrid nanoparti-
cles (MgO-MWCNT) to engine oil to form nanofluid. They
showed that by increasing hybrid nanoparticle mass concen-
tration to 2% and increasing temperature to 50 °C, thermal
conductivity can be enhanced by 65%. Omrani et al. [6] stud-
ied thermal conductivity and viscosity of multi-walled carbon
nanotubes with different length and outer diameter sizes using
a volume fraction of 0.05% and deionized water as base fluid.
The result showed an enhancement of 36% and 5.5% in the
thermal conductivity and viscosity, respectively.
Chandrasekar et al. [7] investigated thermal conductivity and
viscosity of aluminum oxide/water nanofluid using 43 nm
nanoparticle size at room temperature experimentally and the-
oretically. Nanofluid at different volume percentages was pre-
pared using a microwave-assisted chemical precipitation
method and dispersion using a sonicator. It was observed that
thermal conductivity and viscosity increased with volume
concentration. Turgut et al. [8] investigated the effect of
TiO2 nanoparticles with deionized water as base fluid on ther-
mal conductivity and viscosity measurement of the formed
nanofluid. The result showed an increase in thermal conduc-
tivity of 7.4% at a volume concentration of 3% at a tempera-
ture of 13 °C. They also observed that the increase in viscosity
was higher than that predicted using Einstein model. Vajjha
and Das [9] experimentally investigated thermal conductivity
of aluminum oxide, copper oxide, and zinc oxide nanofluids

using ethylene glycol and water mixture ratio 60:40 as base
fluid. They also compared their results with those obtained
using various existing models and observed that the results
do not exhibit good agreement. Corcione [10] showed that
effective thermal conductivity and dynamic viscosity of
nanofluids are dependent on the size of the nanoparticle, base
fluid, volume fraction of nanoparticle, and application temper-
ature. These factors make it very difficult to use existing vis-
cosity and thermal conductivity models to theoretically deter-
mine the effective thermal conductivity and viscosity of dif-
ferent nanofluids.

Emulsion coolants are formed by mixing soluble mineral-
based oil with water and applied using pressure pumps to
supply a large volume of the emulsion coolant at a rate usually
from 300 to 3000 l/h to the cutting zone, which provides the
necessary lubrication and transfer of heat away from the cut-
ting zone when machining, especially difficult-to-cut mate-
rials [11]. The frequent use of emulsion coolant has an adverse
effect on the environment, machine operators, and the econo-
my. Mineral resources are non-renewable, proper disposal of
used emulsion coolant is difficult and very expensive, and
machining operators with respiratory and skin diseases have
been known to be associated with constant exposure to min-
eral oil-based emulsion cutting fluids. The application of
nanofluid in machining using emulsion coolant as base fluid
is not feasible due to the large amount of fluid that is needed,
the filtration system used during emulsion coolant application,
and suppling the nanoparticle to the cutting zone will not be
sustainable. Chetan et al. [12] investigated the application of
alumina powder, colloidal solution of silver, and sunflower oil
in water for use as nanofluid in turning process. They ob-
served that nanoparticle affects the contact angle, surface ten-
sion, droplet size, and spreadability of the fluid which also
reduce tool wear and cutting forces. The present need for
sustainable, renewable, biodegradable, and environmentally
friendly cutting fluids has been at the forefront of research in
machining for decades. The use of vegetable oil has found its
niche in machining materials such as mild steel and aluminum
alloys in the form of minimum quantity lubrication (MQL).

MQL is the application of a small amount of oil supplied to
the cutting zone with the aid of pressurized air to form atomized
molecules of oil in the air. In MQL machining, the air pressure
breaks a precise amount of oil into droplets. The aerosol applied
to the cutting zone via a nozzle forms a lubricating film, inhibits
friction and heat growth, and flushes the chips away from the
cutting zone. These methods have been very effective in ma-
chining soft materials like mild steel and aluminum alloys. In
cutting difficult-to-cut metals, problems are still experienced
due to large amount of heat generated when machining mate-
rials like Inconel-718, compacted graphite iron, and titanium
alloy. Recent studies have tried to solve such problems using
cryogenic MQL [13–15], the application of cryogenic fluid in
combination with MQL, or replacing pressurized shop air with
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chilled air. These procedures are associated with hardening of
the materials and further increase cutting forces and tool break-
age due to sudden cooling.

Sidik et al. [16] conducted a review of nanofluid applica-
tion in MQL, and it was observed that most application has
been on soft materials like steel, aluminum, and pure titanium;
the base fluid has been deionized water, ethyl-glycol, and ester
oil. Behera et al. [17] investigated the spreadability of metal-
working fluid using aluminum oxide and different surfactants
in deionized water during turning. The improvement in ma-
chinability was observed to be due to the spreadability of the
nanofluid. Yuan et al. [18] investigated the influence of cop-
per, silicon carbide, and diamond nanoparticles in different
vegetable oil for use as nanofluid in end-milling of aluminum
alloy using MQL application. It was observed that the
nanofluid show an improvement compared to dry machining
by lowering cutting force and surface roughness. Li et al. [19]
investigated the influence of graphene oxide nanofluid
(graphene oxide suspended in commercially available syn-
thetic ROCOL oil) on cutting temperature in machining
Ti6Al4V. The result showed that the addition of nanoparticles
reduced the cutting temperature and friction force.

Vegetable oils comprise mainly fatty acids that are either
saturated or unsaturated. Saturated fatty acids have higher
melting temperatures and most times solid at room tempera-
ture, while unsaturated fatty acids have low melting tempera-
tures and tend to be liquid at room temperature. The viscosity
and thermal conductivity of fluids used as load carrying fluid
in moving parts and cooling medium in thermal applications
are very important properties of the fluid. During machining
of difficult-to-cut materials, the fluid in the cutting zone is
subjected to shear stress and heat deformation due to shearing
during chip formation. Viscosity and thermal conductivity of
fluids are dependent on the shear rate and temperature. When
machining difficult-to-cut metals such as Inconel-718, lower
cutting speeds are used, and high cutting temperatures are
generated compared to the not difficult-to-cut metals such as
aluminum and steel. In MQL machining, the pressure and
flow rate are very low compared to conventional emulsion
flood cooling, therefore, the need to supply fluids with en-
hanced viscosity without inhibiting the fluidity of the fluid.
A recent study shows that increasing oleic (unsaturated) fatty
acids composition in soybean, vegetable oil can enhance the
viscosity of soybean oil but not the thermal conductivity [20].

From the above literature reviewed, knowledge of the ef-
fect of nanoparticles on intrinsic properties of vegetable oil for
use in machining difficult-to-cut metal is lacking and needs to
be investigated. To enhance thermal conductivity of base veg-
etable oil for use in machining and understand its properties,
AlO3, TiO2, and MoS2 nanoparticles of 30 nm nanoparticle
size were added and uniformly suspended in high oleic soy-
bean oil (HOSO) to form AlO3/HOSO-, TiO2/HOSO-, and
MoS2/HOSO nanofluids to investigate the effect of type of

nanoparticle of the same nanoparticle size, weight concentra-
tion, temperature on shear stability, suspension stability, vis-
cosity, and thermal conductivity before their application in
MQL machining of difficult-to-cut metals. Nanofluid-MQL
or minimum quantity nano-lubrication is the application of
MQL with nanoparticles in the base fluid.

High oleic soybean oil has been shown to have the poten-
tial to replace mineral oil-based conventional emulsion flood
coolant as a cutting fluid in the form ofMQL application [21].
Modifying the fatty acid content of soybean oil is one method
of increasing the viscosity of soybean oil. The method in-
volves reducing the saturated fatty acid and polyunsaturated
fatty acid contents which are solid at room temperature and
have high oxidation rate, respectively. The method increases
viscosity, oxidation stability, and shear stability without
inhibiting the fluidity of the fluid. The influence of nanopar-
ticles on rheological properties of nanofluid (viscosity and
thermal conductivity) using high oleic soybean oil (HOSO)
as base fluid has never been investigated, and most nanofluid
study reported in the literature used water, engine oil, or ethyl-
glycol as base fluids in other applications such as heat transfer
fluids, most of which are limited to room temperature.

This study investigated the influence of three types of
nanoparticles (titanium oxide (TiO2), M molybdenum disul-
fide (MoS2), and aluminum oxide (Al2O3)), varying nanopar-
ticle weight concentration from 0.5 to 4%wt., and temperature
range (25 to 70 °C) on shear stress, viscosity, thermal conduc-
tivity, and suspension stability of HOSO using the same
30 nm nanoparticle size in high oleic soybean vegetable oil
as base fluid for potential use in nanofluids minimum quantity
lubrication (nMQL) machining of difficult-to-cut materials.

2 Materials and method

2.1 Preparation of nanofluids

High oleic soybean vegetable oil (HOSO) was selected as a
base fluid for comparative evaluation of three nanofluids
based on our recent comparative study of high oleic soybean
oil (HOSO), low oleic soybean oil (LOSO), Acculube 2000,
and conventional emulsion flood coolant (CEFC) that showed
the outstanding performance and potential of HOSO as cutting
fluid for machining Inconel-718 using minimum quantity lu-
brication. Titanium oxide (TiO2), molybdenum disulfide
(MoS2), and aluminum oxide (Al2O3) nanoparticles were se-
lected based on extensive literature review due to their com-
patibility with difficult-to-cut metals like Inconel-718 and
their insolubility in the base vegetable oil. Uniform average
nanoparticle size of 30 nm was selected based on the reported
data in the literature on the effect of nanoparticle size that
shows improvement in rheological properties of nanofluids
with decrease in particle size, and 30 nm is the lowest
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nanoparticle size that can be obtained across all nanoparticles
investigated from nanoparticle manufacturers. The nanoparti-
cle size of 30 nm was kept constant for all three nanoparticles
to eliminate the influence of nanoparticle size on the result of
the experiments. High oleic soybean oil was supplied by
Archer Daniels Midland, USA. The nanoparticles used in
the study were purchased from NANOSHEL, in the UK.

The varying weight percentage of nanoparticles from 0.5,
1, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0% and high oleic soybean oil
were weighed using Torbal analytical balance with 0.0001 g
accuracy. Each high oleic soybean oil with a measured weight
percentage of nanoparticle was mixed mechanically and
placed inside an ultrasonic bath for 2 h to disrupt the attraction
between similar matter (liquid and solid) and further enhance
solid-liquid mixture. After sonication, the mixture is mechan-
ically mixed once again before each test is carried out.

2.2 Shear stress-shear rate and viscosity test

DHR II Rheometer from TA instrument was used to conduct
the viscosity and shear stress-shear rate experiments on the
HOSO base fluid and on the nanofluids as shown in Fig. 1.
The DHR II was calibrated before each experiment using
XHATCH – 40 mm parallel plate and Peltier plate. The ex-
periments were conducted only after the calibration inertia,
geometry inertia, friction, and gap temperature were within
manufacturers’ recommendation using a 700 μm gap and
35μm trim gap offset (5% of the gap) to ensure proper loading
and correct filling of the sample. The shear rate range was

selected based on a preliminary test with HOSO base fluid
using 0 to 100 1/s shear rate range. The temperature of the
HOSO base fluid and nanofluid for each test was set using the
environment control temperature for DHR II from 25 to 70 °C.
For each shear rate, the corresponding shear stress is obtained.
The shear stress versus shear rate data were plotted, and the
plots were then used to obtain the viscosity for the nanofluids
and base fluid for a Newtonian fluid [20].

2.3 Thermal conductivity test

Thermal conductivity tests of the HOSO base fluid and
nanofluids were conducted using a Thermtest TLS-100
portable thermal conductivity meter with ASTM and
IEEE standards [20]. The transient line source meter uses
a 100-mm needle sensor consisting of a thin heating wire
and temperature sensor. The sensor was completely
inserted into the sample tube placed in a water bath for
varying temperature range from 25 to 70 °C; water bath
heater was set to measurement temperature and allowed to
stabilize; aluminum foils were used to control evaporation
and cooling of the samples during thermal conductivity
measurement, and experiments were conducted only when
TLS-100 temperature sensor stabilizes. A constant current
source was used to deliver heat to the sample, and the
temperature rise is recorded over a period. Each measure-
ment was repeated twice, and the average reading was
used for results analysis.

Fig. 1 Photograph of the experimental setup for rheology study using DHR-II
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2.4 Suspension stability test

The suspension stability test of the nanofluids was done by
physically monitoring the settling of the nanoparticles in the
nanofluid over time. A camera was used to capture a picture of
the physical state of the nanofluid, which was used for the
analysis of the nanofluid suspension stability.

3 Results and discussion

3.1 Shear stress vs shear rate

A sample of the shear stress vs shear rate plots for HOSO base
fluid, Al2O3/HOSO-, TiO2/HOSO-, and MoS2/HOSO
nanofluids for 0.5 wt.% and 4.0 wt.% concentrations are
shown in Figs. 2 and 3, respectively. The shear stresses were
measured for shear rates ranging from 0 to 100 1/s. The shear
stress vs shear rate plot of HOSO base fluid and all three
investigated HOSO nanofluids (Al2O3/HOSO-, TiO2/
HOSO-, and MoS2/HOSO nanofluids) for all nanoparticles,
weight concentrations, and temperature showed similar linear
trend typical for Newtonian fluid. As shown in Fig. 2 for 0.5
wt.%, shear stress increases linearly with increase in shear rate
and decreases with increase in temperature for all three
nanofluids. It is also observed that the shear stress of the
nanofluids is more affected by temperature than by the type
of nanoparticle. At shear rate of 100 1/s, nanofluids with 0.5
wt. % nanoparticle concentration generated shear stresses of
5.76, 5.62, and 5.70 Pa for TiO2/HOSO, Al2O3/HOSO, and
MoS2/HOSO nanofluids, respectively, at room temperature
and 1.49, 1.44, and 1.47 Pa at 70 °C. All nanofluids showed
similar shear stress, and the percentage increases were

approximately equal compared to the base fluid, while the
change in shear stress was observed to drop significantly
due increase in temperature. At higher wt. % concentration
as shown in Fig. 3, the proportionality of shear stress and shear
rate is affected by type of nanoparticle and test temperature. It
is observed that HOSO-based nanofluid using TiO2 nanopar-
ticles has the highest shear stress and percentage increase from
that of the base fluid. At 100 1/s shear rate, shear stresses of
6.53, 5.9, and 5.96 Pa were obtained for TiO2/HOSO, Al2O3/
HOSO, and MoS2/HOSO nanofluids, respectively, at room
temperature and 1.66, 1.47, and 1.53 Pa at 70 °C. This is likely
due to the mechanism behind functionality (association and
entanglement and thickening mechanism) [22] on the type of
nanoparticle and temperature as the wt. % concentration in-
creases. Shear stress of HOSO nanofluids using TiO2, MoS2,
and Al2O3 nanoparticles as additives increases comparatively
to HOSO base fluid as nanoparticle wt. % concentration in-
creases for a given shear rate and temperature. It can also be
seen that TiO2/HOSO nanofluid gave the highest shear stress
followed closely by both MoS2/HOSO and Al2O3/HOSO
nanofluids. The shear stability of HOSO is not affected by
the addition of nanoparticles for the range of wt. % concen-
trations and temperatures studied. The R square values were
all above 0.99, showing a strong linear relationship between
the shear stress and shear rate.

3.2 Viscosity and viscosity enhancement of base fluid

The plots of viscosity versus temperature of HOSO base fluid
and HOSO nanofluids are shown in Figs. 4, 5, and 6 for
Al2O3/HOSO, TiO2/HOSO, and MoS2/HOSO nanofluids, re-
spectively. The shear stress vs shear rate plots show a pattern
like that of Newtonian fluids; therefore, viscosities were de-
termined from the plots. Viscosities of HOSO base fluid and

Fig. 2 Shear stress vs shear rate of HOSO and Al2O3/HOSO, TiO2/
HOSO, and MoS2/HOSO nanofluids at 0.5 wt.% conc. and temperature
from 25 to 70 °C

Fig. 3 Shear stress vs shear rate of HOSO base fluid and Al2O3/HOSO,
TiO2/HOSO, and MoS2/HOSO nanofluids at 4.0 wt. % conc. and
temperature from 25 to 70 °C
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HOSO nanofluids were calculated using Eq. (1) for all shear
stress vs shear rate line plots, for all three nanofluids at all
nanoparticle wt. % concentration and temperature. The figures
show that viscosity for HOSO base fluid and all three
nanofluids decreases exponentially with the increase in tem-
perature. Nanofluids with higher nanoparticle concentration
show significant increase in viscosity compared to those with
lower nanoparticle concentration and HOSO base fluid. The
viscosity of Al2O3/HOSO, TiO2/HOSO, and MoS2/HOSO
nanofluids and HOSO base fluid at room temperature shows

significant difference compared to those at 70 °C. This is
likely due to the weakening of the solid-liquid interaction
and reduction of the liquid shear stress leading to lower thick-
ening and entanglement mechanism. Also, a significant dif-
ference is observed in the plots due to wt. % concentration
increase at room temperature, and the differences decrease as
temperature rises to 70 °C for TiO2/HOSO, compared to
Al2O3/HOSO and MoS2/HOSO.

Viscosity enhancement of HOSO base fluid using TiO2,
MoS2, and Al2O3 nanoparticles as additives to the base fluid

Fig. 4 Viscosity vs temperature
for HOSO and Al2O3/HOSO
nanofluid from 0.5 to 4.0 wt.%
conc.

Fig. 5 Viscosity vs temperature
for HOSO and TiO2/HOSO
nanofluid from 0.5 to 4.0 wt.%
conc.
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to form nanofluids is shown in Fig. 7 for 1.0 and 3.5 wt. % in
nanoparticle concentrations. The viscosity enhancement of
HOSO base fluid was calculated using Eq. (2) for nanoparti-
cles and wt. % concentration at temperature range from 25 to
70 °C. An increase in wt. % concentration of nanoparticles
leads to an increase in viscosity enhancement. Maximum vis-
cosity enhancement of HOSO base fluid was obtained by
using TiO2 nanoparticles as additives which gave 11.5% and
8% enhancement at 3.5 and 1.0 wt. % concentration,

respectively, at 50 °C, followed by using MoS2 which gave
9.14% and 4.44% enhancement at 3.5 and 1.0 wt. % concen-
tration, respectively, at 40 °C and 50 °C, and least enhance-
ment occurred when Al2O3 nanoparticle was used as additives
in the base fluid which gave 7.5% and 3.1% at 3.5 and 1.0 wt.
% concentration, respectively, at 50 °C. Figure 7 shows an
increase in viscosity enhancement for a given wt. % concen-
tration with an increase in temperature up to 50 °C and de-
creases with further increase in temperature. This can be

Fig. 6 Viscosity vs temperature
for HOSO and MoS2/HOSO
nanofluid from 0.5 to 4.0 wt.%
conc.

Fig. 7 Viscosity enhancement vs
temperature of HOSO base fluid
using 1 and 3.5 wt. %
nanoparticle concentration
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explained by a combination of association and entanglement
mechanism, thickening mechanism, solid-liquid interaction,
and reduction of the liquid shear stress.

σ ¼ μγ ð1Þ

Enhancement %ð Þ Δμ
�
μ ¼ μnanofluid−μbase fluid

μbase fluid
� 100 ð2Þ

(σ is the shear stress (Pa), γ  is the shear rate (1/s), and μ is the
dynamic viscosity (Pa. s).)

3.3 Thermal conductivity and thermal conductivity
enhancement of base fluid

The plots of thermal conductivity vs temperature e are
shown in Figs. 8, 9, and 10 for Al2O3/HOSO-, TiO2/
HOSO-, and MoS2/HOSO nanofluid, respectively.
Equation (3) shows how thermal conductivity is obtained
for both the based fluid and nanofluids. From the figures,
thermal conductivity of HOSO base fluid decreases with a
rise in temperature while that of nanofluids increases with
a rise in temperature and an increase in nanoparticle
weight concentration. The structure of fatty acid in
HOSO and Brownian motion of free moving particles
can be used to explain the above trend observed. HOSO
acts as a heat sink, and temperature rise tends to break the
fatty acid structure rather than moving the molecules,
while in HOSO nanofluid, the movement and collision
of free moving nanoparticles lead to energy transfer.
Also, temperature rise decreases the viscosity of HOSO
making it easier for nanoparticles to move within the

layers of HOSO in the nanofluid. The increase in the wt.
% concentration increases clustering and bombardment of
nanoparticles increasing heat transfer. It was observed that
maximum thermal conductivity occurs at the maximum
test temperature and nanoparticle wt. % concentration.
Thermal conductivity was observed to be 0.275 w/mK
for Al2O3/HOSO-, 0.271 w/mK for TiO2/HOSO-, and
0.276 w/mK for MoS2/HOSO nanofluids at 70 °C and
4.0 wt. % concentration. Thermal conductivity enhance-
ment of HOSO nanofluid compared to the base fluid with
an increase in temperature and nanoparticle wt.% concen-
tration was obtained from Eq. (4) is shown in Fig. 11. The
plot shows that increasing nanoparticle wt.% concentra-
tion increases the Brownian motion and collision of the
particles and further enhances thermal conductivity of the
nanofluids. Also, rise in temperature decreases viscosity
of nanofluids and weakens the friction within the HOSO
layers, thus causing an increase in the enhancement of
nanofluid thermal conductivity. It was observed that ther-
mal conductivity of HOSO can be enhanced to approxi-
mately 55% at temperature of 70 °C and by increasing the
nanoparticle up to 4.0 wt. % concentration.

k ¼ q

4πa
ð3Þ

Enhancement %ð Þ Δk�
k ¼

knanofluid−kbase fluid

kbase fluid
� 100 ð4Þ

(k is the thermal conductivity (w/mK), q is the quantity of heat
supplied, and a is the slope of temperature rise over a loga-
rithm time.)

Fig. 8 Thermal conductivity vs
temperature for HOSO and
Al2O3/HOSO nanofluid from 0.5
to 4.0 wt.% conc.
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3.4 Suspension stability

The nanoparticle suspension stability is shown in Fig. 12, for
Al2O3/HOSO-, MoS2/HOSO-, and TiO2/HOSO nanofluid
using 0.5, 2.0, and 4.0 wt.% concentration, respectively. The
nanoparticles were observed to be stable for all weight con-
centrations up to 1 h except for TiO2-HOSO at 4.0 wt.%
concentration. It was also observed that nanoparticle suspen-
sion stability decreases with an increase in wt.%

concentration. This trend can be possible due to the larger
mass in the nanofluid, causing nanoparticles to push through
the base fluid layers and agglomerate easily. Al2O3/HOSO
nanofluid was stable for up to 3 days and started agglomera-
tion for larger weight concentration. MoS2/HOSO nanofluid
maintained its stability and started agglomerating after 1 week
and completely settled at 2 weeks. MoS2 showed longer sta-
bility in HOSO compared to Al2O3, and TiO2 showed the
lowest stability in HOSO.

Fig. 9 Thermal conductivity vs
temperature for HOSO and TiO2/
HOSO nanofluid from 0.5 to 4.0
wt.% conc.

Fig. 10 Thermal conductivity vs
temperature for HOSO andMoS2/
HOSO nanofluid from 0.5 to 4.0
wt.% conc.
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4 Conclusions

This study investigated shear stress vs shear rate, viscos-
ity, thermal conductivity, and suspension stability of three
vegetable oil-based nanofluids using high oleic soybean
oil (HOSO) as the base fluid and Al2O3, MoS2, and TiO2
nanoparticles of same 30 nm average nanoparticle size at
varying weight concentration (0.5–4% wt.) and tempera-
ture range from 25 to 70 °C, for use as cutting fluids in
nanofluid minimum quantity lubrication (nMQL) machin-
ing of difficult-to-cut metals. The resulting nanofluids are
designated as TiO2/HOSO, MoS2/HOSO, and Al2O3/
HOSO nanofluids. From the results, the following conclu-
sions are made.

1. Shear stress vs shear rate plots of TiO2/HOSO, MoS2/
HOSO, and Al2O3/HOSO nanofluids show increasing
linear trend typical of Newtonian fluids for all tempera-
ture range and percentage weight concentration
investigated.

2. Shear stress of TiO2/HOSO, MoS2/HOSO, and Al2O3/
HOSO nanofluids decreases exponentially with increase
in temperature.

3. TiO2/HOSO nanofluid generates the highest shear
stress followed by MoS2/HOSO, Al2O3/HOSO, and
HOSO base fluid in that order for all temperature
and nanoparticle wt.% concentration; and shear
stress increases with increase in nanoparticle wt.
concentration, the highest increase occurring at room
temperature (25 °C).

4. Viscosity of TiO2/HOSO, MoS2/HOSO, and Al2O3/
HOSO nanofluids and HOSO base fluid decreases ex-
ponentially with increase in temperature, and they in-
crease with increase in nanoparticle % wt. concentration
from 0 to 4% wt.

5. Viscosity of HOSO base fluid can be enhanced using
TiO2, MoS2, and Al2O3 nanoparticles as additives to
form nanofluids.

6. Maximum viscosity enhancement of HOSO base flu-
id is obtained by using TiO2 nanoparticles as addi-
tive to provide up to 11.5% and 8% enhancement at
3.5% wt. and 1% wt. concentration, respectively, at
50 °C; MoS2 nanoparticles can provide up to 9.14%
and 4.44% enhancement at 3.5% wt. and 1% weight
concentration at 50 °C, respectively, while Al2O3

nanoparticles provide the least enhancement of
7.5% and 3.1% at 3.5% wt. and 1% wt. concentra-
tion, respectively, at 50 °C.

7. Thermal conductivity of TiO2/HOSO-, MoS2/HOSO-,
and Al2O3/HOSO nanofluids increases with increase in
temperature and nanoparticle wt. concentration, while
thermal conductivity of HOSO base fluid decreases with
increase in temperature. This is very significant positive
observation especially for machining difficult-to-cut
metals that generate high heat that need to be conducted
away from the cutting zone.

8. Maximum thermal conductivity occurs at 70 °C and 4%
wt. concentration for all three nanofluids investigated.

9. Maximum thermal conductivity enhancement of HOSO
base fluid is obtained by using MoS2 nanoparticles as

Fig. 11 Enhancement of thermal
conductivity vs temperature of
Al2O3/HOSO, TiO2/HOSO, and
MoS2/HOSO nanofluid for 1.0 to
3.5 wt.% conc.
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additive which provides up to 55% enhancement at 70
°C and 4% wt., followed by Al2O3/HOSO and then
TiO2/HOSO nanofluids.

10. Maximum thermal conductivities obtained were 0.276,
0.275, and 0.271 for MoS2/HOSO-, Al2O3/HOSO-, and
TiO2/HOSO nanofluids, respectively, at 70 °C and 4%
wt. concentration.

11. Since of significant interest is enhancement of ther-
mal conductivity of HOSO vegetable oil, MoS2/
HOSO nanofluid is recommended followed by
Al2O3/HOSO nanofluid and then TiO2/HOSO
nanofluid.

12. MoS2 nanoparticle remains stable in high oleic soybean
oil for about 2 weeks, and it is more stable compared to
Al2O3 nanoparticle and TiO2 nanoparticle which exhibit
the lowest suspension stability in HOSO. The increase in

nanoparticle weight concentration leads to poor suspen-
sion stability of the nanofluid.

13. To further enhance viscosity and thermal conductivity of
high oleic soybean oil, the authors propose to investigate
MoS2, Al2O3, TiO2, and graphene nanofluids by extend-
ing nanoparticle weight concentration up to 8%.
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