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Abstract: Efficient and effective lubricants have great application prospects in the manufacturing
industries. Minimum quantity lubrication (MQL) machining with low flow rate of nanolubricants
is investigated for cooling and lubrication during the process. This paper investigates the charac-
terization of graphene-mixed aluminium oxide (G-Al;O3) hybrid nanomixture spent lubricants for
MQL machining purposes. The main advantage of this method is to reduce the disposal lubricants to
develop high-performance cooling-lubrication by using nanolubricants of G-Al,O3 nanoparticles
in different volume composition ratios at a constant 1.0% volume concentration in a base liquid
mixture of 40% spent lubricants. Before conducting the measurements of the nanolubricants’ thermal
conductivity and dynamic viscosity, the nanolubricants were homogenous and stable. The tribo-
logical performance of all ratios was evaluated by using a four-ball wear tribotester machine. The
thermal conductivity peak value for the G-Al,O3 hybrid nanolubricant was obtained and the highest
enhancement, up to 29% higher than the base liquid solution, was obtained. The dynamic viscosity
variation for all ratios was lower than the 40:60 ratio. The properties enhancement ratio suggests that
G-AlyO3 hybrid nanolubricants with 1.0% volume concentration aid in the heat transfer, especially for
ratios of 60:40 and 20:80. The lowest coefficient of friction (COF) for a ratio of 60:40 was obtained to be
0.064, with 45% enhancement as compared to the base liquid solution. In conclusion, optimum ratios
for G-Al,O3 hybrid nanolubricants were determined to be 20:80 and 60:40. Regarding the properties
enhancement ratio, the combination of enhanced thermophysical and tribological properties had
more advantages for cooling lubrication application.

Keywords: spent lubricant; four-ball wear test; thermal conductivity; dynamic viscosity; G-Al,O3
hybrid nanolubricants

1. Introduction

The use of lubricants in manufacturing industry is inevitable, which contributes
between 10 and 17% of the total machining cost [1], while the increment of at least 1.2%
of the total world consumption of lubricants with 38 million tons of oil equivalent will
be consumed over the next decade [2]. For example, the European Union alone has been
consuming about 320 million tons of lubricant in recent years, and 85% of lubricants ended
up as total loss applications [3]. Hence, recycling spent lubricants with better cooling
lubrication and heat transfer performance is crucial in the machining process system.
A variation in the type of nanomixtures and approaches to improve the heat transfer
performances was investigated by researchers [4-7]. Some investigation research related
to engineering fields, such as a cooling-lubrication system and heat exchanger, showed
that nanomixtures are capable of enhancing the heat transfer characteristics of industrial
tools [8-10]. Nanomixtures considering stable conditions for nanoparticles suspension
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with sizes no larger than 150 nm are randomly dispersed in a base liquid [11]. Only
in recent years has the investigation of hybrid nanomixtures been more focused on the
tribological characteristics and thermophysical properties in terms of dynamic viscosity
and thermal conductivity [12-16]. Akilu et al. [17] revealed that the hybrid nanomixtures
were considered as a combination of several types of nanoparticles suspended in a heat
transfer liquid to achieve a homogeneous stable liquid solution.

Dynamic viscosity is an important parameter that affects the coefficient of heat transfer
and heat dissipation performance [18]. A study by Ho et al. [19] found that the MEPCM-
Al,O3 nanomixtures showed enhancement with the increase in volume concentration of the
nanoparticles suspended in base solution. Esfe et al. [20] investigated a hybrid nanomixture
with water-based Ag-MgO composites nanoparticles, and they found that the dynamic
viscosity increased with the increase in nanoparticles concentration. Bahrami et al. [14]
used Fe-CuO hybrid nanoparticles base ethylene glycol-water with a volume ratio of 80:20
to study rheological behavior. They measured for a concentration volume of 0.05-1.50%
and temperature of 30-50 °C. The results indicated that nanomixtures in low-volume
concentrations of nanoparticles performed as a Newtonian fluid, but the shear thinning sit-
uation occurred in higher nanoparticle volume concentrations and behaved non-Newtonian.
Soltani et al. [21] also measured the dynamic viscosity of MgO-MWCNT nanomixtures
with volume concentration ranges of 0.1-1.0%. They studied the dynamic viscosity in the
temperature range of 30-60 °C and found that the nanomixtures exhibited Newtonian fluid
behavior. The effect of experimental temperature was investigated and was found to be
more significant for nanomixtures at higher concentrations.

The thermal conductivity enhancement is contributed to by a few factors, such as
temperature, nanoparticle volume concentration and size, and the stability of nanomixtures.
An investigation by Baghbanzadeh et al. [22] measured hybrid SiO,—-MWCNT nanomix-
tures, showing thermal conductivity enhancement with the increment in nanoparticles
concentration, while the thermal conductivity of the nanomixture in a high nanoparticle
volume concentration was found to have a minimum enhancement. The bigger percentages
of MWCNT in the hybrid nanomixtures provided a better effect in thermal conductivity as
compared to SiO, nanoparticles. Another study by Jana et al. [23] investigating the volume
concentration of 1.4% AulNP nanomixtures showed a thermal conductivity enhancement
up to 37% compared to water. Suresh et al. [24] evaluated the thermal conductivity of
Al,O3-Cu suspended in water based nanomixtures and found the effect of thermal con-
ductivity augmentation to be approximately 12% with the increase in the nanoparticle
concentrations. An investigation by Kumar et al. [25] measured Zn-Cu nanoparticles in
various base liquids, such as paraffin oil, plant oil, and SAE oil. Their findings showed that
the thermal conductivity of Zn-Cu in plant oil provided a maximum enhancement of 53%
as compared with the others. Another study of MEPCM-Al;O3 nanomixtures in thermal
conductivity was performed by Ho et al. [19]. They reported that the thermal conductivity
increased by approximately 4% with the nanoparticle volume concentration.

Nanolubricants for tribological properties have recently attracted attention for scien-
tific investigation and application. The significance of using hybrid nanoparticle composi-
tions is that they exhibit better tribological properties than single-component nanoparti-
cles [26]. Luo et al. [27] demonstrated the tribological properties of the lubricant hybrid
TiO,-Al,O3 nanoparticles using the friction test. The hybrid nanoparticles’ stability in the
lubricants base enhanced the friction coefficient with 0.1% concentration. Furthermore, it
was found that the TiO;,-Al,O3; nanoparticles established better anti-friction properties as
compared to pure TiO, or Al,O3 nanoparticles. In another paper, Alimirzaloo et al. [28]
used Al,O3-CuO hybrid nanoparticles in paraffin-based lubricants. They observed that the
tribological properties significantly improved by 41% with a nanoparticles concentration of
0.8% as compared to conventional lubricants. Cheng and Qin [29] described the tribological
properties of a graphene-based lubricant using the friction test and the results showed a
40-60% reduction in coefficient of friction. A similar study was conducted using graphene
suspended in SAE20W-50 motor oil or ethylene glycol base liquid from another paper [30].
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They evaluated that a reduction of 60-80% in wear rate and the minimum value of the
friction coefficient was 0.057 with a 0.5% concentration of graphene nanoparticles.

Therefore, the need to investigate the thermo-physical properties and friction param-
eter of hybrid nanolubricants is essential. These are crucial to investigate the behavior
and measure the factors affecting the hybrid nanolubricants properties which lead to the
enhancement in heat dissipation and lubrication performances. Hybrid nanolubricants
with graphene exhibited excellent friction performance and are capable of improving ther-
mal conductivity. Cheng and Qin [29] investigated graphene-based grease for friction
performance and found that it could reduce the friction coefficient up to 60%. Their result
indicated that graphene adsorbs on the surface of metal and acts as protective coating.
Hajjar et al. [30] concluded that graphene nanosolution dispersed in water without any
surfactant showed a thermal conductivity enhancement of approximately 47% just by using
ultrasonication. To the best of the authors” knowledge, the study on the effect of hybrid
ratios for two types of nanoparticles suspended in mixture is limited in the literature. In the
present study, the various hybrid ratios of G-Al,O3 hybrid nanolubricants were carried out
to emphasize the effect on thermo-physical properties and friction parameter with nanopar-
ticle volume concentration at a level of <1.0%. Finally, optimum hybrid ratios are suggested
by considering the enhancement ratio of G-Al,O3 hybrid nanolubricants for application in
a minimum quantity cooling lubrication (low flow rate) system in machining process.

2. Materials and Methods
2.1. Preparation of G-Al,O3 Hybrid Nanolubricants

Two different types of nanoparticles were used in the preparation of nanolubricants.
The nanolubricant was dispersing with nanoparticles of aluminum oxide (Al,O3) with
average particle size of 13 nm; and graphene nanosheets with 5 nm thickness, were procured
from Sigma-Aldrich Research Nanomaterials, Inc., Burlington, MA, USA. The present work
studied the nanolubricants in base liquid mixture of spent lubricant to ethylene glycol
(EG) in mixing volume ratio of 40:60 by directly synthesizing the graphene and Al,O3
nanoparticles in a constant volume concentration of 1.0% with two-step preparation method.
The experiments were conducted at four hybrid ratios nanoparticles (G-Al,O3) of 20:80,
40:60, 60:40 and 80:20. The characteristics of graphene, Al,O3; nanoparticles and spent
lubricant/EG mixture are presented in Table 1.

The spent lubricants were prepared in-house from recycling operation to remove the
foreign contaminates, such as dirt and metal chips, while the EG was bought commercially.
The recycling step involved solid particles filtration operation which could be accomplished
through the application of filter paper and filter funnel to remove dirt and contaminated
particles, as illustrated in Figure 1. The filter paper in sheet form was used to remove solid
contaminates from the fluid. The mesh sizes of ordinary filter paper were 20 to 100 microns,
depending on the particulate size produced during the manufacturing stage. A mesh
finer than 20 microns can lead to product components being stripped from the fluid and
should, therefore, be avoided [31]. Previous works of the present research group found
that a base liquid composition ratio of 40:60 spent lubricant/EG mixture applicable as
the cooling-lubrication medium [18] attained good heat transfer and reduced machining
zone temperature. Equation (1) was used for dispersion of nanoparticles into base liquid
mixture in volume concentration (%). The nanolubricant in 1.0% volume concentration was
prepared as the first sample for both graphene and Al,Os nanolubricants with a 40:60 ratio
(spent lubricant/EG). Then, the dilution process was conducted with the calculation by
Equation (2), where V is known to synthesize the nanolubricant samples at several hybrid
ratios in the volume concentration of 1.0%. The other research studies applied the same
dilution method as presented in the literature [8,31,32].

x 100 1)
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Table 1. Properties of graphene, Al,O3 and spent lubricant/EG mixture.
Property Graphene Al, O3 Spent Lubricant/EG
Size, nm - 13 -
Color Black White Yellowish + White
Thickness, nm 5 - -
Density, kg/m3 2200 4000 -

—® Filter sheet

Residue
(Metal chips)

> Filter funnel

Filtrate
(Spend lubricants)

Tripod stand

Figure 1. Physical recycling operation of spent lubricants.

The characterization of single Al;O3 and graphene nanoparticles were undertaken,
respectively, by field emission scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM) imaging techniques, which was also commonly utilized by other
researchers [33,34]. Figure 2a presents the FESEM image for single Al,O3 nanoparticles
with magnifications of 300,000 x. According to the FESEM images, the average diameter
of single Al;O3 nanoparticles is evaluated to be approximately 13 nm spherical size. TEM
was utilized to evaluate the uniformity suspension of G-Al,O3 nanoparticles in base liquid
mixture, as shown in Figure 2b. The average Al,O3 nanoparticle size dimension was much
smaller as compared to the graphene nanoparticles. Hence, Al,O3; nanoparticles could
occupy space between the nanoparticles of graphene. Therefore, the two nanoparticles
coordination and organization manner strongly depend on the hybrid ratios that describe
the presence of each nanoparticle in the final solution. This phenomenon contributed to the
reduction in space between the bigger nanoparticles, hence benefitting the thermal conduc-
tivity. Furthermore, the dynamic viscosity was predicted to be improved by different hybrid
ratios. In order to investigate the different characteristics of the two hybrid nanoparticle
distributions, the recent study evaluates the effect of the nanoparticles hybrid ratio on the
relative dynamic viscosity, effective thermal conductivity and friction coefficient reduction
of G-Al,O3 hybrid nanolubricants.
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Figure 2. Images for single Al,O3 nanoparticles and G-Al,O3 hybrid nanolubricants. (a) FESEM
result of dry Al,O3 nanoparticles; (b) TEM image for G-Al,O3 hybrid nanoparticles.

2.2. Stability of G-Al,O3 Hybrid Nanolubricants

The hybrid nanolubricant was prepared by an ultra-sonication process to improve
the stability of the nanoparticles suspension and reduce the nanoparticles agglomeration
size [35]. A sample of 250 mL was subjected for ultrasonication for a certain time period
to achieve good stability. According to Yu et al. [36], a nanomixture was determined to
be homogenous and stable if the volume concentration or suspended nanoparticle size
remained constant. Visual sedimentation was observed for each sample just after two weeks
of preparation. The sedimentation observation for G-Al,O3 hybrid nanolubricants is as
shown in Figure 3a. Figure 3b shows that the G-Al,O3 hybrid nanolubricants were observed
to be stable after two weeks of preparation. The stability of hybrid nanolubricants was also
evaluated using an ultraviolet-visible (UV-Vis) spectrophotometer. The absorption and
the scattering of UV light were evaluated by comparing the penetrating light intensity of
G-Al,O3 hybrid nanolubricants with 40:60 (spent lubricant/EG) base liquid mixtures [37].
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(b)

Figure 3. Four different hybrid ratios of G-Al,O3 nanolubricants after two weeks of preparation for

visual sedimentation. (a) First day; (b) after two weeks.

2.3. Thermal Conductivity Measurement

Thermal conductivity of G-Al,O3 hybrid nanolubricants testing samples was mea-
sured through the KD2 Pro Property Analyzer (Decagon Devices), as illustrated in Figure 4.
The experimental setup followed the standard of ASTM D5334. The thermal properties of
liquid mixture were measured by the device for applying the transient line heat source.
The thermal conductivity measurement was conducted in the temperature range from 30
to 80 °C. The water bath was used to maintain a constant temperature within an accuracy
of 0.1 °C during the measurements. The KD2 Pro thermal sensor was validated with
glycerin as the standard thermal conductivity verification liquid, which was delivered by
manufacturer. A resulting value of 0.286 W/m-K within an accuracy of £2% was attained.
The thermal conductivity measurement was repeated three times within a 15 min interval
time before the next reading for each data set, and the average value was considered. This
is to minimize the measurement error of free convection with different temperatures along
the sensor which is in direct contact with the hybrid nanolubricants testing samples [38].
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Figure 4. Schematic of the thermal conductivity measurement.

2.4. Dynamic Viscosity Measurement

Dynamic viscosity of G-Al,O3 hybrid nanolubricants samples were measured under
the Brookfield Circulating Water Bath Ultra Programmable Rheometer as shown in Figure 5.
The rheometer’s applicable range of measurement is from 1 to 6,000,000 mPa-s. A hybrid
nanolubricant sample of 16 mL was poured into a cylindrical container and attached to the
rheometer. The dynamic viscosity of the testing sample was measured by several spindle
rotational speeds and data was collected by a RheoCal program. The measurement sample
of dynamic viscosity was conducted for a temperature range from 30 to 80 °C. The tem-
perature of a testing sample was controlled by a circulating water bath. The measurement
was repeated three times and the average value was considered. The apparatus setup was
validated using a 40:60 EG base liquid mixture at different temperatures and compared with
existing data in the literature [39]. Moreover, the measurements of thermal conductivity
and dynamic viscosity were conducted for G-Al,O3 hybrid nanolubricants.

LVDV-II >

ultra-theometer

G-ALO, hybrid
nanolubricants
Circulating

water bath

gooooooooo
gooooooooo
gooooooooo
gooooooooo
pooooooooo

Figure 5. Schematic of the dynamic viscosity measurement.

2.5. Tribological Characteristics Measurement

The measurements of tribological properties of all G-Al,O3; hybrid nanolubricants
samples were performed using a four-ball wear tribotester (Ducom TR-30 L) machine by
following the ASTM D4172 standard. The variation of friction coefficient at the rubbing
interface of four chrome steel balls in AISI 52100 standard with a diameter of 12.7 mm,
a hardness value of 62 HRC, and extra polished of grade 25, was evaluated. Figure 6
shows the schematic experiment of a steel ball that was fastened on a collector, while
the other three stationary balls were clamped together in the pot and then covered with
approximately 10 mL of hybrid nanolubricant sample for each test. The experimental
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procedures followed the ASTM D4172 standard by conducting the experiment for one hour
while maintaining a rotation velocity of 1200 r/min, and under a load of 392 N at a constant
temperature of 75 °C [40]. The four-ball tribology test was conducted by rubbing process
to evaluate the friction coefficient of the hybrid nanolubricants sample. Equation (3) was
implemented by Windcom Data software through a specific data acquisition system from
the four-ball wear tribotester, and the results of the friction coefficient were analyzed and
displayed on a desktop. In Equation (3), the dimensionless friction coefficient is i ¢, and the
radial distance between the rotation axis to the center of the contact surface on the lower
balls, 7 is 3.67 mm.
Tr-\V/6

®)

________________________ G-Al0s hybrid

------ nanolubricants
Top steel ball

(rotates)

----------------- ' Three

B stationary
"""""" Ny steel balls

Figure 6. Schematic of the steel balls assembly for the four-ball wear test measurement.

3. Results and Discussion
3.1. Stability of G-Al,O3 Hybrid Nanolubricants

The stability of the G-Al,O3 hybrid nanolubricant was further determined by the
absorbance ratio, A, as presented in Figure 7. The A, indicates the ratio of final absorbance,
A refers to a specific sedimentation time towards the initial absorbance, and A, refers to
that of the reference fluid (base liquid mixture). In the sedimentation period, the ideal ab-
sorbance ratio is obtained when A, is closer to 1 or 100%, which shows an excellent stability
of hybrid nanolubricants sample. Few researchers [41,42] have used UV-Vis spectrometry
to carry out experimental investigation on engineering-fluid stability. Absorbance ratios
of G-AlOj3 hybrid nanolubricants for different ultra-sonication and sedimentation time
periods were measured regularly over 336 h for a specific wavelength of 550 nm. A time
period of 2 h ultra-sonication achieved stable samples for four samples in various ultra-
sonication time periods from 0 to 3 h. Samples attained an absorbance ratio of more than
70% for up to two weeks of sedimentation period. However, the poor stability condition
for samples without ultra-sonication and for a 0.5 h ultra-sonication time were determined
to be unstable as the absorbance ratio was smaller than 25% and 40% after two weeks,
respectively. Here, the condition of samples started to deteriorate with sedimentation
time. Sharif et al. [41] and Habibzadeh et al. [43] also suggested a typical method of mea-
surements for optimum stability conditions. Therefore, the UV-Vis spectrophotometer is
capable of determining the stability of the dispersion of suspended hybrid nanoparticles in
lubricant samples. The preparation of samples with 2 h ultra-sonication time periods was
executed for measurements of thermal conductivity, dynamic viscosity, and tribological
characterization of G-Al,O3 hybrid nanolubricants in several hybrid ratios.
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Figure 7. Absorbance ratio for different ultra-sonication time periods.

3.2. Thermal Conductivity of G-Al,O3 Hybrid Nanolubricants

The thermal conductivity was validated with a correlation process of the present
results as compared to ASHRAE [44] for a 60% ethylene glycol (40:60) aqueous mixture.
The validation results for the thermal conductivity measurements were obtained in a similar
increasing pattern in the same temperature ranges using the KD2 Pro Thermal Analyzer, as
depicted in Figure 8a.

Figure 8a shows the thermal conductivity for 1.0% volume concentration of various
G-Al,O3 nanoparticle hybrid ratios at several temperatures. The thermal conductivity
of all hybrid ratios G-Al,O3 nanolubricants significantly increased with temperature as
compared with their base liquid mixture. The hybrid ratio of 20:80 G-Al,O3 nanolubricants
obtained the highest thermal conductivity in all temperature ranges. Nevertheless, the
ratio of 60:40 (G-Al,O3) provided slightly better thermal conductivity as compared to the
40:60 (G-Al,O3) lubricant sample due to the possibility of nanoparticles agglomeration
since within the cluster, heat could transfer rapidly in volume fraction of conductive phase
in order to increase thermal conductivity [45]. Meanwhile, the thermal conductivity of
the ratio 80:20 hybrid nanolubricant was found to be the lowest among the hybrid ratios
and temperatures researched. The results showed that better thermal conductivity of
the G-Al,O3 hybrid nanolubricant was contributed to by higher percentages of Al,O3
nanoparticles, as shown in Figure 8b. According to the present work, hybrid ratios of
nanoparticles lead to thermal conduction improvement due to two nanoparticles of different
sizes and the quantity of the smaller nanoparticles suspend in the mixture. The diameter
size of Al,O3 nanoparticles is approximately 13 nm and it is smaller than the graphene
nanoparticles; thus, the Al,O3 nanoparticles play a significant role in thermal conduction by
occupying the empty space between the bigger graphene nanoparticles, as observed from
the TEM image in Figure 2b. The random and excellent suspension of the two nanoparticles
in the hybrid liquid sample mixtures enhances the thermal conductivity by the increment of
contact area among the molecules. Hence, it induced greater heat transfer rates throughout
the collision of nanoparticles through Brownian motion [46].

The effective thermal conductivity of G-Al;O3 hybrid nanolubricants and its related
augmentation is presented in Figure 8c. The results show that the effective thermal con-
ductivity increases as the Al,O3 nanoparticles ratio in nanolubricant samples is increased,
except for the ratio of 60:40 where it is slightly better than the ratio of 40:60 (G-Al,O3) at
temperatures higher than 50 °C. The effective thermal conductivity of the G-Al,O3 hybrid
nanolubricant was inversely proportional to the concentration ratio of graphene particles
for each set of temperatures, except the ratio of 60:40 (G-Al,O3) after 50 °C. Temperature sig-
nificantly contributes to the effective thermal conductivity percentages. Furthermore, at an
operating temperature of 80 °C, the maximum enhancement was evaluated to be enhanced
by approximately 29% for a hybrid ratio of 20:80 (G-Al,O3) nanolubricants. This is probably
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due to more kinetic energy being converted at high temperatures to increase the interaction

of nanoparticles between each other in the free Brownian motion solution [46,47].
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Figure 8. Experimental thermal conductivity of G-Al,O3 hybrid nanolubricants. (a) Variation of

thermal conductivity with temperatures; (b) variation of thermal conductivity with hybrid ratios;

(c) thermal conductivity enhancement of G-Al,O3 hybrid nanolubricants.
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3.3. Dynamic Viscosity of G-Al,O3 Hybrid Nanolubricants

Figure 9 presents the shear stress versus shear rate in the range of 60 <y < 150 s~! for
hybrid ratios of 80:20 and 20:80 of G-Al,O3 nanolubricants at temperatures of 30 °C and
80 °C, respectively. The measured data show that the shear rates against shear stress linearly
increase at temperatures of 30 °C and 80 °C in Figure 9a,b, respectively. The data examined
showed that the G-Al,O3 hybrid nanolubricants behaved as Newtonian fluids within the
temperatures studied. The dynamic viscosity of hybrid 80:20 G-Al,O3 nanolubricants is
lower than the ratio of 20:80 for both temperatures, as presented in Figure 9a,b. This can be
due to variation in the amounts of nanoparticles of graphene and Al,O3 in hybrid ratios of
80:20 and 20:80 (G-Al,O3). A similar finding was also observed by Hamid et al. [48] for
510,—-TiO; nanofluids. They found that the SiO,-TiO, nanofluids obtained Newtonian fluid
behavior for the ratio of 50:50 at temperatures of 50 °C and 30 °C. Dynamic viscosity was
validated by comparing the collected results with ASHRAE [45] for the 60% ethylene glycol
mixture. The validation viscosity results were in acceptable trend with ASHRAE data for a
similar range of temperatures, as illustrated in Figure 10a. Based on the evaluated results,
the base liquid of the spent lubricant/EG (40:60) mixture fits closely with the ASHRAE
trend of pattern, and the dynamic viscosity decreased exponentially with the temperatures.
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Figure 9. Shear stress versus shear rate for various G-Al,O3 hybrid nanolubricants. (a) Shear stress
against shear rate at temperature of 30 °C; (b) shear stress against shear rate at temperature of 80 °C.
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Figure 10a demonstrates the dynamic viscosity of nanolubricants of several G-Al,O3
hybrid ratios for nanoparticles having a volume concentration of 1.0% within a temperature
range from 30 to 80 °C. The dynamic viscosity exponentially decreased with temperatures
for all hybrid ratios, which followed the pattern of the base liquid mixture trend. This is
probably due to the temperature increments weakening intermolecular interactions between
the molecules, thus decreasing the dynamic viscosity value [49]. The dynamic viscosity of
hybrid ratios of 80:20, 60:40 and 20:80 (G-Al,O3) was lower as compared to the value of the
40:60 ratio for all temperatures. Figure 10b presents the dynamic viscosity variation with
the percentages of hybrid ratios for graphene and Al,O3 nanoparticle intensities in some
mixture lubricants. The nanoparticles hybrid ratio of 40:60 produced the highest data of
dynamic viscosity from 30 to 80 °C. The dynamic viscosity of the testing sample slightly
decreased with the lower content of Al,O3 nanoparticles. The discrepancy in hybrid ratio
of graphene and Al,O3; nanoparticles in the lubricant mixture contributed to the various
interactions of those nanoparticles with base liquid mixture [50]. Furthermore, the effects
of temperature on the dynamic viscosity for all hybrid ratios of G-Al,O3 nanolubricants
are reduced by the increasing temperature; this was confirmed by other researchers [50,51].

The variation of relative dynamic viscosity of G-Al;O3 hybrid nanolubricants with
temperature is depicted in Figure 10c. According to the figure, all hybrid ratio samples
attained the maximum value in relative dynamic viscosity at a temperature of 80 °C. The
dynamic viscosity relative ratio of 40:60 (G-Al,O3) increased from 30 to 50 °C, then the ratio
remained constant at temperatures of 60-80 °C. Furthermore, the ratios of 20:80 and 80:20
also attained a similar pattern in relative dynamic viscosity with approximately 22% en-
hancement for temperatures up to 50 °C, and the results were significantly improved for a
temperature range of 60-80 °C. The maximum increment of 40:60 hybrid ratio is approxi-
mately 40% as compared to the base liquid mixture at temperature of 80 °C. Nevertheless,
the relative dynamic viscosity smoothly increased with the increasing of temperature for
the hybrid ratio of 60:40 (G-Al,O3). This revealed that the relative dynamic viscosity dis-
tribution for all hybrid ratio samples was below the 40:60 ratio throughout the studied
range of temperatures. The fluctuation data did not show any specific trend at different
hybrid ratios. This behavior is related to several shearing flow resistance effects due to two
types of nanoparticles that have different particles sizes and structures in various hybrid
ratios [39].
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Figure 10. Experimental dynamic viscosity of G-Al,O3 hybrid nanolubricants. (a) Variation of dy-
namic viscosity with temperature; (b) variation of dynamic viscosity with hybrid ratios; (c) variation
of relative dynamic viscosity for different hybrid ratios.

3.4. Friction Coefficient (COF) Assessment for G-Al,O3 Hybrid Nanolubricants

Figure 11 presents the distribution of friction coefficient with the rubbing time for all
nanolubricant samples of different hybrid ratios in 1.0% nanoparticle volume concentra-
tion. The lubrication effect occurred during the four-ball wear test within the boundary
lubrication state [52,53]. The general behavior of fluid cooling lubrication is shown as a
function of velocity, viscosity, contact area and load, according to the Stribeck curve [40].
As the viscosity was inversely proportional to the lubricants” temperature, film thickness
might decrease and cause a shift along the Stribeck curve into the boundary lubrication
effect. The presence of nanoparticles at different concentrations interacts with the steel
surface structures [54].

Figure 11a shows the results of tribological experimentation for different G-Al,O3
hybrid nanolubricant samples with hybrid ratios of 20:80, 40:60, 60:40 and 80:20 in a
1.0% volume concentration condition. The ratio of 60:40 (G-Al,O3) obtained the lowest
friction coefficient values among all the hybrid ratios in time periods of 3600 s of experiment.
The maximum enhancement of the friction coefficient value was evaluated at a hybrid
ratio of 60:40 of G-Al,O3 hybrid nanolubricants with a 45% reduction as compared to the
base liquid mixture, as presented in Figure 11b. The collected data showed that the greater
percentage of graphene particles contribute to the smaller value in friction coefficient of the
G-AlyO3 hybrid nanolubricants. This is because adhesion of graphene on an atomically
smooth surface and the ease of shear on its tight packed structure provided excellent
tribological properties with a significant reduction in friction [30]. Mungse and Khatri [55]
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proved that the film formed by graphene nanoparticles on the friction surface reduced the
friction coefficient by approximately 14%.
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Figure 11. Variation of friction coefficient of G-Al,O3 hybrid nanolubricants. (a) Friction for nanolu-
bricants of various hybrid ratios after the four-ball tribotest; (b) friction enhancement of G-Al,O3
hybrid nanolubricants.

3.5. Comparison with the Literature

Figure 12a presents the effective thermal conductivity correlation study between
present data with the results from Esfe et al. [20], Nabil et al. [39], Harandi et al. [50],
and Ahammed et al. [56]. The present study achieved an enhancement in thermal con-
ductivity of G-Al,O3 hybrid nanolubricants by 20-30% compared to the base mixture.
Nabil et al. [39] demonstrated an investigation of thermal conductivity for SiO,-TiO,
nanomixtures with 50:50 ratio in a water-EG base liquid mixture. They measured en-
hancements in thermal conductivity of 10-25% higher than the base liquid mixture, which
is approximately 7% less than the present study at 80 °C and 1.0% nanoparticle volume
concentration. Ahammed et al. [56] used water-based Al,Os-graphene nanoparticles as
nanomixtures. They reported that the effective thermal conductivity of nanomixtures
with 0.1% nanoparticle concentration was at least 15% higher than the water base liquid
mixture at a temperature of 50 °C. Furthermore, Esfe et al. [20] used Cu-TiO, nanomixtures
for 1.0% nanoparticle concentration at an unknown ratio through a water-EG mixture as
the base liquid solution. Their enhancement of thermal conductivity was approximately
15% higher than that of the present study at temperature 60 °C. Harandi et al. [50] de-
termined that the thermal conductivity augmentation percentage for nanomixtures of
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Al;O3-G was higher than that of the MWCBT-Fe3Oy, even at lower nanoparticle volume

concentrations of 0.8%.
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Figure 12. G-Al,O3 hybrid nanolubricants compared with the literature in terms of friction and
thermo-physical properties. (a) Thermal conductivity comparison; (b) dynamic viscosity comparison;

(c) comparison of friction improvement.

Figure 12b exhibits the relative dynamic viscosity of the collected present results
with 1.0% volume concentration as compared to others at 0.1% and 0.5% concentrations.
Ahammed et al. [56] conducted a study of dynamic viscosity for Al;O3-graphene nanopar-
ticles suspended in a water base. The relative dynamic viscosity in their experiments
were higher than the present data for temperatures of 30-50 °C, and more than double
as compared to the present data at temperatures of 30 °C and 40 °C. Nabil et al. [39]
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demonstrated dynamic viscosity measurements of 50:50 ratio TiO,-5iO, nanomixtures for
a 0.5% nanoparticle concentration. They obtained the highest relative ratio of 1.35 at a
temperature of 40 °C. The present data showed lower relative dynamic viscosity ratios
for temperatures between 30 and 60 °C, which were then 1.22 and 1.29 at temperatures
of 50 °C and 60 °C, respectively, as compared to this paper. Sundar et al. [57] reported
that the magnitude of relative dynamic viscosity or thermal conductivity enhancement
depends on the types of nanoparticles and base liquid mixtures. These were observed and
are illustrated in Figure 12a,b.

The coefficient of friction reduction by the present data with a 1.0% volume concentra-
tion of 60:40 hybrid ratio (G-Al,Os3) attained the highest percentage of 45% as compared
to others as presented in Figure 12c. Luo et al. [27] used Al;O3-TiO; hybrid nanomixtures
with 0.1% concentration for friction test measurement. Their results showed a 16% lower
coefficient of friction than that obtained by Mungse and Khatir [55], who used GO nanomix-
tures with a 0.1% concentration, but 6% higher as compared to the results obtained by
Pena-Paras et al. [58], who used CuO-Al,O3 nanoparticles with a 2.0% concentration. Fur-
thermore, the present data resulted in better anti-friction characteristic with 30%, 14% and
8% as compared to CuO-Al,O3 (2.0% concentration) nanoparticles, Al,O3-TiO; (0.1% con-
centration) nanoparticles and GO (0.1% concentration) nanoparticles, respectively. Accord-
ing to Ali et al. [26], the friction of graphene on rubbing surfaces depends on the strength
of the graphene adhesion to the atomically smooth or rough surface.

3.6. Properties Enhancement Ratio

G-Aly O3 hybrid nanolubricants with a good combination assessment for dynamic
viscosity and thermal conductivity could be determined by the properties enhancement
ratio. This was calculated using Equation (4), which is the increased ratio of relative dynamic
viscosity divided by the relative thermal conductivity of base liquid mixtures [48,59].

PER = (pr — 1)/ (kefs — 1) 4)

According to Garg et al. [59], the dimensionless values of PER are located in the area
below 5 for good heat transfer, while the area above 5 did not help heat transfer. Figure 13
illustrates the PER for the G-Al,O3 hybrid nanolubricants in the temperature range from 30
to 80 °C. The hybrid ratios of 20:80 and 60:40 fall below the line of area 5 value PER, but few
points were above the line for temperatures of 70-80 °C. Meanwhile, the PER was higher
than the value 5 for 40:60 and 80:20 ratios, were not good heat transfer liquids and are not
suggested for cooling lubrication application. Therefore, the minimum quantity cooling
lubrication (MQCL) system will be enhanced using the advantages of G-Al,O3 hybrid
nanolubricants with ratios of 60:40 and 20:80 in cooling the temperature of mechanical parts.

7520 Ratio [G-ALO,]

= = 80:20

:'t ® 60:40 a

T A 40:60 N a A

5 151 20:80

R

-~ |

S [

E [

= 10 4

@ L

£ e °

g A

g 54 ? *

3 L]

g

5

=3

2

-9 0 T T T T T T
30 40 50 60 70 80

Temperature, 7 ['C]

Figure 13. Properties enhancement ratio against temperature for several hybrid ratios.
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4. Conclusions

The thermo-physical properties, such as thermal conductivity and dynamic viscosity,
and tribological characteristics of 1.0% G-Al,O3 volume concentration hybrid nanolubri-
cants were investigated for four hybrid ratios through temperatures from 30 to 80 °C.
Samples prepared by a 2 h ultra-sonication process were observed to obtain maximum sta-
bility, whereby the absorbance ratio was above 70% after a two-week sedimentation period.
The highest percentage of relative dynamic viscosity was obtained by the 40:60 hybrid ratio
with a 30% increment. Meanwhile, the average effective thermal conductivity enhancement
of the sample was approximately 1.25 times for hybrid ratio 20:80 (G-Al,O3) in the ranges
of temperatures measured. By comparing with other ratios, the hybrid ratio 60:40 provided
the maximum improvement of up to 45% in the coefficient of friction reduction. In terms of
the properties enhancement ratio, it is estimated that the hybrid ratios of 20:80 and 60:40
had given adequate aid in heat dissipation through the combination of thermal conduc-
tivity augmentation and relative dynamic viscosity as compared to other hybrid ratios.
Further experiments and investigations on the performance of introducing G-Al,O3 hybrid
nanolubricants into the MQL system in machining application are required to extend the
present study.
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