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KEYWORDS ABSTRACT

Vegetable oil-based semi-solid lubricants are preferred in
applications where environmental pollution is a major
concern (soil or water pollution). The motive of the
current study is to formulate and assess the rheological
and tribological behavior of rice bran oil lithium-based
bio-grease. The effect of various concentrations of
thickener (lithium stearate) and hexagonal boron nitride

Dropping point nanoparticles on rheological properties of RBOG is
Rice bran oil grease studied. The thickener is added in a concentration of 4
h-BN wt. %, 10 wt. %, and 16 wt. %. The hexagonal boron nitride
Oscillatory experiment nanoparticles are added in a concentration of 1 wt. %, 2
Herschel-Bulkley model wt. %, and 3 wt. %. The rheological properties studied are
Modular compact rheometer viscosity, shear stress, storage modulus, loss modulus, and

yield stress. Anton Paar Rheometer MCR-102 is used to
evaluate the rheology of the grease. The experimental
results reveal that the RBOG without nanoparticles depict
the maximum COF whereas, RBOG + 3 wt. % h-BN depict
the minimum COF. Further, the addition of h-BN
nanoparticles in RBOG has reduced the wear scar
diameter from 0.93mm to 0.67mm.

1.0 INTRODUCTION

Owing to increasing environmental problems, there is a high worry for the usage of mineral
oils as lubricants. This has led to the research and study of vegetable oil-based lubricants.
Vegetable oil-based lubricants possess excellent properties like high biodegradability (Darminesh
et al,, 2017; Thottackkad et al.,, 2012), low volatility, low toxicity (Ahmad et al., 2020), and high
flash point (Mobarak et al., 2014; Shafi et al., 2021). They are good boundary lubricants and do
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not contribute to environmental pollution (Alves et al, 2013; Mushtaq and Hanief, 2021).
Lubricating grease is a colloidal suspension of carrier fluid and thickener (Bondi and Eirich, 1960;
Kuhn, 2009). The thickener holds the carrier fluid and provides the rheological behavior to the
grease (Mas and Magnin, 1994). The execution of grease relies upon its constituent ingredients
and microstructure attained by it in the course of fabrication process (Delgado et al., 2005;
Delgado et al,, 2006). Various bio greases developed have been subjected to tribological and
thermal investigations to evaluate their effectiveness as a lubricant. Sukirona et al. (2009)
formulated lithium soap based palm grease. The antiwear property of the bio grease is assessed
using a four-ball wear tester and compared with mineral oil-based grease (HVI 160S). It is
observed that the ball specimen depicts less wear with palm grease. The decrease in wear with
palm grease is because of the existence of polar oxygen containing groups in its base oil such as
hydroxides —-OH, oxirane ring -COC-. The interaction between thickener with polar species in the
palm oil is more than with non-polar hydrocarbons in the mineral oil. This makes the palm grease
more rigid than mineral oil based grease. El-Adly et al. (2014) investigated the comparison of
jojoba oil and castor oil-based bio greases. It is observed that the oxidation strength of jojoba oil
based grease is higher than that of castor oil based grease due to the linearity in structure and
close range composition of jojoba oil. Hyder A. Abdulbari et al. (2011) developed bio grease based
on scrap cooking oil. It is observed that the grease possesses excellent lubrication properties and
has been used in plenty of applications where biodegradability is necessary. Rizqon et al. (2010)
formulated calcium-based palm grease dedicated to bearing and gear lubrication for food
processing industries. The performance of the grease is determined by the four-ball wear and gear
wear tester. It is observed that the antiwear performance of the bio grease is as good as
conventional food grade greases. Barriga et al. (2005) formulated polymer thickened sunflower
oil-based grease for lubrication in earth moving equipments. It is observed that the bio grease
shows effective lubrication, wear protection, and friction reduction than mineral oil-based grease.

The use of vegetable oil-based greases provides a solution for energy conservation which is a
major existing problem. The replacement of petroleum-based greases by vegetable oil-based
greases can be immensely productive in the nearing times. The incorporation of nanoparticles has
also resulted in resource conservation by reducing the friction and wear in various tribological
applications. The rheological, antiwear and friction mitigation qualities of liquid and semi-solid
lubricants have been enhanced by adding nano-materials to them. Liu Hongtao et al. (2014)
scrutinized the sequel of carbon nanotubes on tribological properties of poly-alpha-olefin oil-
based grease. It is noticed that the nano grease shows better lubricity and wear protection in
contrast to base grease. The amelioration in the performance of nano grease is attributed to high
thermal conductivity and unique hexagonal structure of carbon nanotubes. Alaa Mohamed et al.
(2015) synthesized carbon nanotubes of diameter 10 nm and length 5 pm using the electric arc
discharge method. The sequel of carbon nanotubes is studied on tribological behavior of lithium
grease. Four ball tester is used to evaluate the properties of the nano grease. It is found that wear
scar diameter and coefficient of friction have reduced by 63% and 81% respectively, when nano
grease is used instead of base grease in the tribological experiments. Escalation in properties of
the grease is because of the inception of boundary film of nanotubes. Jibin T-Philip et al. (2020)
examined the sequel of nano ceria fragments on tribological features of lithium-based coconut
grease. The frictional and wear characteristics of nano coconut grease are observed. It is found
that wear scar diameter (WSD) of 0.63 mm is obtained when nano grease is used which is less
compared to 0.82 mm obtained when the base grease is used. Charoo et al. (2017) observed that
anti-wear properties of lubricant SAE20W50 greatly enhances with the incorporation of h-BN

41



Jurnal Tribologi 32 (2022) 40-55

nanoparticles when used as a lubricant in piston and cylinder liner tribo-pair. It is perceived that
WSD of the balls reduces by 20% due to the development of a thin protective layer by
nanoparticles that result in enhancement in tribological qualities of grease. Abdullah et al. (2016)
investigated the effect of h-BN nanoparticles on the 15W40 engine oil. The extreme pressure
properties of nano-lubricant are investigated. It is found that the load sustainability of nano
lubricant is high in contrast to base oil. The amelioration in the properties of nano-lubricant is
due to the development of tribo-films on the facet of tribo-pair by h-BN nanoparticles. The
rheological features of conventional greases have been scrutinized by various researchers. Alla et
al. (2013) reported that shear stress and the viscosity of lithium grease additivated with carbon
nanotubes increase by 81.8% and 67.3% respectively at 2wt. % nanoparticle concentration. Yao,
etal. (2011) analyzed the sequel of temperature on thixotropy of grease. It is perceived that rise
in temperature minimizes force of interaction among grease fibers and hence decrease in
thixotropy is perceived. Tiejun et al. (2016) reported that the rheological characteristics of lithium
calcium based grease diminish with escalation of zinc dialkyldithio phosphate (ZDDP). Bahaa M
Kamel et al. (2017) reported that viscosity and shear stress of calcium based grease depends on
the aggregation of graphene nano sheets and both properties ameliorate by 52%, and 65%
respectively at 3 wt. % graphene nanosheet concentration. Yan et al. (2017) reported that yield
stress of grease intensifies with a drop in temperature. The internal shear stress of the grease
increases with a drop in temperature, consequently increasing the properties of grease. Yeong et
al. (2004) reported that the yield stress, storage modulus and loss modulus of lithium stearate
grease enrich with the rise in the concentration of lithium stearate. This is ascribed to the fact that
a dense matrix formation results with an increase in concentration of lithium stearate which
enhances the grease properties.

The current paper investigates the rheological properties of rice bran oil based grease. The
authors have found no literature on the impact of thickener and h-BN concentration on
rheological features of rice bran oil based grease. The study is novel determining the impact of
thickener and h-BN concentration on the rheological properties of rice bran oil based grease. The
presence of gamma-oryzanol, a natural anti-oxidant in the rice bran oil (RBO) makes it oxidatively
more stable than other vegetable oils, and hence is selected as base oil for grease synthesis. It
contains 42% mono-unsaturated fatty acids, 24% saturated fatty acids, and 31% poly-
unsaturated fatty acids. Rice bran oil has less saponification tendency than other oils (coconut,
sunflower, and palm oil) at high temperatures. Rice bran oil has an lodine value that lies in middle
of coconut oil and sunflower oil and is thermally more stable due to the presence of double bonds.
Lithium stearate is used as a thickener. The lithium greases have high thermal resistance, high
dropping point compared to other soap-based greases and hence, lithium stearate is used as a
thickener. The majority of nano-materials contain sulphur, phosphorous atoms which are a
serious threat to the environment. Therefore green additive, hexagonal boron nitride having a
lamellar structure is used in the study. The bond between the molecules within a layer of h-BN is
covalent, and the layers are supported jointly by weak van der walls forces. Effective lubrication
is provided by h-BN as it is sheared easily due to the weak interlayer forces. Furthermore, the h-
BN has proved very useful in enhancing the rheological qualities of oil lubricants (Afzal et al.,
2020). The motive of current study is to assess the rheological behavior of rice bran oil-based
grease additivated with various concentrations of thickener and h-BN at various shear rates and
temperatures. The effect of thickener and h-BN concentration on the viscosity, shear stress,
storage modulus, and loss modulus of the RBOG is studied on MCR-102 rheometer with parallel
plate geometry (PP-25).
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2.0 EXPERIMENTAL METHODOLOGY

2.1 Materials and Sample Preparation

The oil employed in this study for grease synthesis is rice bran oil (RBO). The selection of
vegetable oil as a lubricant largely depends on its fatty acid composition. RBO has proved to be a
potential bio cutting fluid (Jayadas, 2008). The presence of 42% mono-unsaturated fatty acids in
the RBO makes it a suitable candidate for various industrial operations. At higher temperatures,
the oil has less saponification tendency than coconut, sunflower, and palm oil (Rani et al., 2015).
The thickener used is Lithium stearate purchased from Tokyo Chemical Industry (TCI) Japan. The
molecular weight of lithium stearate (C18H35Li02) used is 290.42 g/mol. Hexagonal boron
nitride, a green additive with good antiwear property is used as an additive. For the synthesis of
nano grease, the nanoparticles in the concentrations (1, 2, and 3 wt. %) are added to the RBO. The
oil- nanoparticle solution is then sonicated with the help of a bath sonicator for about 3 hours to
get a solution of uniform composition. The solution is then heated up to 900C with the help of hot
plate magnetic stirrer. After wards, lithium stearate in required concentration is added to the oil-
nanoparticle solution. The mixture (oil+ nanoparticle +thickener) thus formed is heated to 2150C
at which the oil starts developing grease characteristics. The mixture is kept at 2150C for about
20 minutes and cooled slowly resulting in the development of nano grease.

2.2 Apparatus

Rheometer MCR 102 used to study the rheology of nano grease is shown in the Figure 1. The
essential components of MCR 102 are the motor, bearings, force sensor, and optical encoder. A
torque of 200 mNm is generated by the motor in the rheometer. Two types of bearings are present
in the rheometer namely radial and axial bearing. For geometrical alignment, the radial bearing is
used, and to sustain the weight of rotating elements axial bearing is used. An electric capacity
method is used by a force sensor to get normal force from bearing deflections. MCR 102 measures
normal force from 10-3 N to 50N. The optical encoder measures deflection from 5x10-1 to infinity.
The measurement of rheological behavior of the bio grease is evaluated at different thickener
concentrations (4, 10, and 16wt. %), h-BN concentrations (1, 2, 3wt. %), and temperatures (250C,
750C). A parallel plate of dia. 25 mm is used in the study. A gap of size 1 mm is maintained between
upper rotating and lower stationary plate. Varying shear rate, temperature to the lubricant is
provided by the rotating and stationary plates respectively.
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Figure 1: MCR 102 Anton Paar rheometer.

3.0 RESULTS AND DISCUSSION

31 Characterization of h-BN Nanoparticles

The field emission scanning electron microscope (FESEM) images show the size and
morphology of h-BN nanoparticles. The images are taken at different magnifications and at a
working distance of 2.1 mm as shown in Figure 2. The shape of h-BN nanoparticles is nearly
spherical with an average size of less than 100 nm.

300'am EHT = 15.00 KV Mag= 69.74 K X Signal A = InLens
WD = 2.1 mm System Vacuum = 5.55¢-06 mbar NIT Srinagar

Figure 2: FESEM images of h-BN nanoparticles.
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3.2 Viscosity Measurement

The rheological features of grease depend on the concentration of thickener. The thickener
holds the carrier fluid and provides the rheological behavior to the grease. The viscosity and the
shear stress of the bio-grease containing 16 wt. % thickener is higher than the greases containing
4wt. % and 10wt.% thickener as shown in Figures 3 and 4. The increase in the concentration of
thickener increases the number of fiber contacts within the grease structure, which increases the
resistance offered by the grease. This is ascribed to an increase in cohesive forces among grease
fibers with an increase in the concentration of thickener.
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Figure 3: Effect of lithium stearate (thickener) concentrations on viscosity of RBOG at various
shear rates at 25°C.
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Figure 4: Effect of lithium stearate (thickener) concentration on shear stress of RBOG at various
shear rates.

45



Jurnal Tribologi 32 (2022) 40-55

The incorporation of h-BN nanoparticles in bio grease results in an increase in grease viscosity.
The viscosity of bio grease declines with shear rate as depicted in the Figure 5. Further, the
viscosity of RBOG ameliorates with rise in the concentration of nanoparticles at both
temperatures (250C and 750C). The nano grease displays greater viscosity at low temperature
and vice versa as shown in Figures 5 and 6. The force of interaction among grease fibers
diminishes with rise in temperature and hence decrease in viscosity is observed. The percentage
increase in viscosity of bio grease at 1, 2, 3 wt. % h-BN concentration, at a temperature of 250C,
and at a shear rate of 20s-1 equals to 14, 36, 48% respectively. The rise in h-BN concentration
increases the flow resistance of the grease. The escalation in flow resistance is ascribed to the
agglomeration of nanoparticles, which intensifies the clump size of the particles.
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Figure 5: Effect of h-BN concentration on viscosity of RBOG at various shear rates at 25°C.

70000

v

60000 -

®— Base grease
5 t.% h-
50000 4 - Base grease + 1wt.% h-BN
| 4 Base grease + 2wt.% h-BN
= v Base grease + 3wt.% h-BN |
« 40000+
(-9
g 4
Z 30000
7 \
o 1 il
Z 20000
> 4
ax
10000 LN
1 h S
04 — s s s+
T T T T T T
0 20 40 60 80 100

Shear rate(1/s)

Figure 6: Effect of h-BN concentration on viscosity of RBOG at various shear rates at 75°C.
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3.3 Oscillatory Experiment

The oscillatory experiment is used to quantify G', G", G* and yield stress of the grease. The
experiment is carried out at a frequency of 10 radians per second. In the experiment, the
amplitude changes from 0.01-100%. Further G’, G", and G* are acquired from stress (t,) and
strain (y,) amplitudes to phase angle shift 6. Storage modulus (G') is the portion of energy stored
in grease microstructure and is the measure of grease stiffness. Loss modulus (G"') is the part of
energy lost by grease sample during shearing (Ferry, 1961). The ratio of G"' to G'is a loss factor.
Complex modulus G* indicates grease resistance and is equal to the vector sum of G’ and G'":

To
G* = — 1
" (1)
G' =G* X cosd (2)
G" =G*Xsind (3)
(6)? + (G")? = (G*)?*[sin?8 + cos?5] (4)
- 5
tan & o (5)

The sequel of shear stress on the G' and G" of RBOG is depicted in Figure 7. It is perceived that
the value of storage modulus is larger than loss modulus and both are almost constant within a
certain region called the viscoelastic region and the value of loss factor within this region is less
than unity. A decrease in G' and G" is observed after the viscoelastic region up to a point called a
crossover point at which the value of G' and G" is equal (Yeong et al., 2004). The equivalent stress
at crossover point is yield stress and value of the loss factor is unity. The stress required to make
lubricating grease flow is called yield stress (Barnes, 1999). The loss modulus and storage
modulus decreases even after crossover point. The value of storage modulus is smaller than the
loss modulus after cross over point and the grease starts to flow. The value of the loss factor within
this region is greater than unity.
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Figure 7: Effect of shear stress on storage modulus and loss modulus of bio base grease.
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The effect of thickener concentration on G', G" and yield stress of RBOG is shown in the Figure
8. It is noticed that G', G" and yield stress of the grease improve with the rise in concentration of
thickener. Further, it is observed that the addition of nanoparticles in the bio grease has resulted
in enhancement of G', G" and yield stress as shown in Figure 9. The enhancement in mentioned
characteristics of grease is ascribed to the strong microstructure achieved by the bio grease due
to the agglomeration of nanoparticles. The effect of nanoparticle concentration on the shear stress
of RBOG at 750C is shown in Figure 10. It is observed that shear stress of RBOG decreases with
rise in temperature. This is ascribed to decrease in cohesive forces among grease fibers,
consequently reducing the internal shear stress of the grease. Tables 1 and 2 display the values of
G', G", loss factor, and yield stress as a function of thickener and h-BN concentration.
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Figure 8: G', G" versus shear stress at different thickener concentrations (25°C).

Table 1: Values of storage modulus, loss modulus, loss factor and yield stress of bio- grease at
different thickener concentrations.

Grease type Storage Lossmodulus | o Yield stress
yp modulus (Pa) (Pa) (Pa)

Base oil + 4

wt. % thickener 19,300 6,940 0.360 345.00

Base oil + 10

wt. % thickener 30,020 7,230 0.240 400.00

Base oil + 16 37250 8,010 0215 4398

wt. % thickener
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Table 2: Values of storage modulus, loss modulus, loss factor and yield stress of bio- grease at

different h-BN concentrations.

Grease Storage modulus Loss modulus .
type (Pa) (Pa) Loss factor Yield stress (Pa)
S1 42,913 8,322.1 0.194 470
Sz 54,987 9,447.0 0.171 505
S3 78,764 13,400.0 0.170 575
S4 96,739 14,394.0 0.149 610
S1 =Base grease (20 wt. % thickener)
S,=S1 +1wt.% h-BN
S3=S1+ 2wt. % h-BN
S4= S1+3wt. % h-BN
' —=—('(Base grease)
@& (G"(Base grease)
100000 - 4A— (G'(Base grease+1wt.% h-BN)
>, v G"(Base greaset+1wt.% h-BN)
L ¢ (G'(Base grease+2wt.% h-BN)
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Figure 9: G',G" versus shear stress at different h-BN concentrations at 20wt. % thickener
concentration (25 °C).
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Figure 10: G',G" versus shear stress at different h-BN concentrations at 20wt. % thickener
concentration (75 °C).

3.4 Measurement of Flow Behavior

Grease is a non- Newtonian fluid with yield stress. The non-Newtonian behavior of the bio
grease is expressed using a power-law proposed by Herschel and Bulkley, known as Herschel-
Bulkley model given below

T=19+Ky"™ (H-Bmodel) (6)

Where 7 = shear stress (Pa), 7, = yield stress (Pa), K = consistency factor, y = shear rate (s-1) and
n = shear thinning index.

For shear-thinning fluid n <1, for shear thickening fluid n >1 and for Newtonian fluid n =1 and
T0:O
For n =1, equation (6) reduces to

T =19+ Ky (Bingham model) (7)

Figure 11 shows the sequel of shear rate on shear stress at different h-BN concentrations. It is
noticed that the shear stress increases with shear rate, not in a linear manner, depicting non-
Newtonian behavior. The parameters of the Herschel- Bulkley equation at different h-BN
concentrations are shown in the Table 3. The yield stress for the nano grease is determined by the
oscillatory experiment. The value of K and n are measured using the least square method.
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Figure 11: Effect of h-BN concentration on the shear stress of RBOG at different shear rates.

Table 3: Values of different parameters of Herschel- Bulkley model.

Grease type 7o (Pa) K (Pa.s") Loss factor
S1 470 119.03 0.270
S2 505 139.00 0.243
S3 575 157.32 0.263
S4 610 193.00 0.280

S1=Base grease, S;=S1 + 1 wt. % h-BN, S3= S1+ 2wt. % h-BN, S4= S1+ 3wt. % h-BN

3.5 Dropping Point Measurement

The dropping point apparatus is used for the measurement of the dropping point (DP) of RBOG.
The grease changes to a liquid state at a certain temperature, known as the dropping point. A
nipple fitted with a thermometer is filled with a grease sample of about 0.5 g. The sample is heated
till a drop is produced on basal opening of nipple. When the drop falls into the test tube, the
temperature is recorded and is the DP of grease. The effect of nanoparticle concentration on the
dropping point of RBOG is shown in Figure 12. It is found that the dropping point of RBOG
increases with a rise in nanoparticle concentration. This is ascribed to the accumulation of
nanoparticles that increases the strength of grease microstructure. The percentage increase in
the DP of bio- grease at 3 wt. % h-BN concentration is 17.93%.
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Figure 12: Variation of dropping point of grease with h-BN concentration

4.0 TRIBOLOGICAL TEST

The tribological performance for the antiwear property of RBOG is examined on four-ball
tester (Figure 13) as per ASTM D2266. The test conditions used are (load=40 kgf=392 N,
Duration=60 m, Temperature =75 oC, and Speed = 1200 rpm). One of the balls is fixed in the
collection and placed in the spindle. The other three balls are fixed in the ball pot and filled with
RBOG. Aload of 40 Kgfis exerted slowly using a lever mechanism. Wear scar diameter is computed
using an optical microscope and the coefficient of friction (COF) is measured from the average
tangential load as showed by the machine. The variation in the coefficient of friction with different
concentrations of h-BN is shown in Figure 14. The RBOG devoid of nanoparticles has shown the
maximum COF and RBOG +3 wt. % h-BN has shown the minimum COF. The variation of wear scar
diameter (WSD) with different concentrations of h-BN is shown in Figure 15. The addition of h-
BN nanoparticles in RBOG has reduced the wear scar diameter from 0.93 mm to 0.67 mm. The
decrease in COF and WSD with the addition of h-BN nanoparticles is due to reduction in contact
between the asperities as rolling friction is facilitated by nanoparticles.

Figure 13: Four ball tester (TR-30H-PNU-IAS-KRL-RF).
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Figure 14: Coefficient of friction as a function of h-BN concentration.
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Figure 15: Wear scar diameter as a function of h-BN concentration.

CONCLUSION

The paper discusses the formulation, effect of thickener (lithium stearate) and h-BN
concentration on the rheological characteristics of rice bran oil grease (RBOG). The optimum
concentration of thickener and h-BN is 16 wt. %, and 3wt. % respectively. It is observed that the
grease containing 16wt. % thickener has a 28.7% increase in yield stress, 37% increase in
viscosity and 42% increase in shear stress over the grease containing 4wt. % thickener. The
increase in lithium stearate concentration increases the number of fiber contacts within the
grease structure, which in turn increases the resistance offered by the grease. The grease
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containing 3wt. % h-BN has 48% increase in viscosity, and 38.6% increase in yield stress over the
base grease. Further, it is also observed that the dropping point (DP) of the RBOG ameliorates
with the rise in nanoparticle concentration. The percentage increase in the DP of the grease at 3
wt. % h-BN concentration is 17.93%. This is ascribed to the resting of h-BN nanoparticles between
the grease fibers, consequently increasing the grease resistance. Finally, it is concluded that RBOG
with 3wt. % h-BN can be a propitious lubricant alternative for industries with regard to
environmental concerns. Furthermore, the friction and wear properties of RBOG has improved
with the addition of h-BN nanoparticles.

REFERENCES

Abdulbari, H. A, Rosli, M. Y., Abdurrahman, H. N., & Nizam, M. K. (2011). Lubricating grease from
spent bleaching earth and waste cooking oil: Tribology properties. International journal of
physical sciences 6(20), 4695-4699

Abdullah, M. L. H. C,, Abdollah, M. F. B., Amiruddin, H., & Nuri, N. R. M. (2016). Effect of hexagonal
boron nitride nanoparticles as an additive on the extreme pressure properties of engine oil.
Industrial Lubrication and Tribology, 441-445

Afzal, 0., Shafi, W. K,, & Charoo, M. S. (2020). Effect of h-BN nanoparticles on the tribological and
rheological properties of API-Group I Oils. Energy Sources, Part A: Recovery, Utilization, and
Environmental Effects, 1-17.

Ahmad, N. A, Samion, S., Abd Rahim, E,, Jamir, M. R. M,, & Arau, P. (2020). Environmentally
approach for enhancing tribological characteristics in metal forming: A review. Jurnal
Tribologi, 26, 37-59.

Alves, S. M., Barros, B. S, Trajano, M. F., Ribeiro, K. S., & Moura E. ]. (2013). Tribological behavior
of vegetable oil-based lubricants with nanoparticles of oxides in boundary lubrication
conditions. Tribology International (65), 28-36.

Barnes, H. A, (1999). The yield stress-a review. Journal of Non-Newtonian Fluid Mech. 81(1-2),
133-178.

Barriga, ., Igartua, A, & Aranzabe, A. (2005). Sunflower based grease for heavy duty applications.
World Tribology Congress 4(10), 481-482

Bondi, A., & Eirich, F. A. (1960). Rheology, Theory and Applications (3), 443.

Charoo, M., & Wani, M. F. (2017). Tribological properties of h - BN nanoparticles as lubricant
additive on cylinder liner and piston ring. Lubrication Science 29(4), 241-254.

Darminesh, S. P, Sidik, N. A. C, Najafi, G, Mamat, R., Ken, T. L., & Asako, Y. (2017). Recent
development on biodegradable nanolubricant: A review. International Communications in
Heat and Mass Transfer (86), 159-165.

Delgado, M. A, Valencia, C.,, Sdnchez, M. C,, Franco, ]. M., & Gallegos, C. (2006). Influence of soap
concentration and oil viscosity on the rheology and microstructure of lubricating greases.
Industrial & engineering chemistry research, 45(6), 1902-1910.

Delgado, M.A., Sanchez, M.C,, Valencia, C., Franco, ].M., & Gallegos, C. (2005). Relationship among
microstructure, rheology and processing of a lithium lubricating grease. Chemical Engineering
Research and Design 83(9), 1085-1092.

El-Adly, R. A., Ahmed, H. B.,, Modather, F. H,, Enas, A. I, & Mahmmoud, M. E. (2014). Jojoba and
Castor Oils as Fluids for the preparation of bio greases: A Comparative Study. Int. ]. Sci. Eng.
Res. 5, 755-762

Ferry, J. D. (1961). Viscoelastic Properties of Polymers. Wiley, New York.

54



Jurnal Tribologi 32 (2022) 40-55

Hongtao, L., Hongmin, J., Haiping, H., & Younes, H. (2014). Tribological properties of carbon
nanotube grease. Industrial Lubrication and Tribology, 579-583

Jayadas, N.H. (2008). Evaluation of the oxidative properties of vegetable oils as base stocks for
industrial lubricants using spectroscopic and thermo gravimetric analyses. ]J. Synth. Lubr.
25(3),105-113.

Kamel, B. M., Mohamed, A., El-Sherbiny, M., Abed, K. A,, & Abd-Rabou, M. (2017). Rheological
characteristics of modified calcium grease with graphene nanosheets. Fullerenes, Nanotubes
and Carbon Nanostructures 25(7), 429-434

Kuhn, E. (2009). Zur Tribologie der Schmierfette, Renningen, Verlag.

Mas, R, & Magnin, A. (1994). Rheol ] 38, 889-908.

Mobarak, H. M., Mohamad, E. N., Masjuki, H. H., Kalam, M. A., Al Mahmud, K. A, Habibullah, M., &
Ashraful, A. M. (2014). The prospects of biolubricants as alternatives in automotive
applications. Renewable and sustainable energy reviews, (33), 34-43.

Mohamed, A, Osman, T. A. Khattab, A, & Zaki, M. (2013). Rheological Behavior of Carbon
Nanotubes as an Additive on Lithium Grease. Journal of Nanotechnology

Mohamed, A, Osman, T. A, Khattab, A, & Zaki, M. (2015). Tribological behavior of carbon
nanotubes as an additive on lithium grease. Journal of Tribology, 137(1)

Mushtagq, Z., & Hanief, M.(2021).Enhancing the tribological characteristics of Jatropha oil using
graphene nanoflakes. Jurnal Tribologi, 28, 129-143.

Philip, J. T., Koshy, C. P,, Shajahan, C. M., & Kuriachen, B. (2020). Nano Lithium Grease (NLG):
Tribological Property Evaluation of Coconut Oil-Based Lithium Grease Added with Ceria
Nanoparticles. Green buildings and Sustainable Engineering. Springer, Singapore, 295-302

Rani, S., Joy, M. L., & Nair, K.P. (2015). Evaluation of physiochemical and tribological properties of
rice bran oil--biodegradable and potential base stoke for industrial lubricants. Ind. Crops Prod.,
65,328-333

Rizqon, F., Bismo, S., & Nasikin, M. (2010). Formulation and Performance of Palm-grease Using
Calcium Soap. CIGR ejournal.

Shafi, W. K., & Charoo, M. S. (2021). An overall review on the tribological, thermal, and rheological
properties of nano lubricants. Tribology-Materials, Surfaces & Interfaces 15(1), 20-54.

Shen, T.,, Wang, D., Yun, ], Liu, Q,, Liu, X., & Peng, Z. (2016). Mechanical stability and rheology of
lithium-calcium-based grease containing ZDDP. RSC advances 6(14), 11637-11647.

Sukirno, R.F.,, Bismo, S., & Nasikin, M. (2009). Biogrease based on palm oil and lithium soap
thickener: Evaluation of antiwear property. World Applied Sciences Journal 6(3), 401- 407
Thottackkad, M. V., Perikinalil, R. K., & Kumarapillai, P. N. (2012). Experimental evaluation on the
tribological properties of coconut oil by the addition of CuO nanoparticles. International

Journal of precision engineering and manufacturing 13(1), 111-116.

Yan, F.,, Wang, Z,, Dy, Y,, Su, S., Zheng, Y., & Li, Q. (2017). Research on the rheological and flow
behavior of lubricating grease in extremely cold weather. Industrial Lubrication and Tribology,
1066-1073.

YAOQ, L., Yang, H., Sun, H., & Duan, Q. (2011). Research of rheology for the lithium Grease. Acta
Petrolei Sinica Petroleum Processing Section, 1-5

Yeong, S. K, Luckham, P. F,, & Tadros, T. F. (2004). Steady flow and viscoelastic properties of
lubricating grease containing various thickener concentrations. Journal of Colloid and
Interface Science 274(1), 285-293.

55



