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The objective of this study is to investigate the use of 
graphite submicron particles as an additive to enhance the 
tribological properties of lithium soap grease. In this study, 
various concentrations of graphite particles ranging from 
0 to 16 wt.% were incorporated into the lithium soap 
grease. The friction and wear were evaluated using a ball-
on-disc tribometer, following the ASTM G99 standard. 
Additionally, a rheological test to measure viscosity was 
conducted following ISO 3219-2. The results of the 
experiment showed that the addition of graphite particles 
led to reduction in the viscosity of the lithium soap grease. 
Moreover, at steady-state friction, a 2 wt.% concentration 
of graphite resulted in a remarkable 41% decrease in the 
friction coefficient and a 15% reduction in wear scar 
diameter. These findings indicate that introducing 
graphite particles to lithium soap grease can significantly 
improve its lubrication performance, making it an effective 
solution to address friction and wear issues in industrial 
machinery. 
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1.0 INTRODUCTION 
The growing need for industrial machinery has spurred the development of specialized 

lubricants including the grease formulated from waste materials.(Abdu Rahman et al., 2019; Japar 
et al., 2020; Mohd Sofi et al., 2019; Suhaila et al., 2018).One of the functions of these lubricants is 
ensuring smooth operations even under tough conditions, such as high loads and low speeds 
(Nabhan et al., 2021). These challenging situations demand the use of the right lubricants to 
guarantee the machinery functions properly and efficiently (Yelatontsev & Mukhachev, 2021). 
Due to friction and wear issues that occur during the operation of the machine element, 
lubricating grease finds widespread use to prevent its direct contact (Zhang et al., 2020). Grease 
serves as a protective layer, maintaining a steady lubricating film to keep the machinery running 
smoothly and prolong its lifespan (Zhang et al., 2020) . As of today, aluminium-based grease, 
calcium-based grease, and lithium-based grease are the most used and selected lubricant due to 
their wide range of operational temperatures, withstand loads, protection of the bearing from 
rust, and extension of the bearing life (Nabhan et al., 2021; Yelatontsev & Mukhachev, 2021). Since 
lithium-based grease is considered the ideal machine oil due to its excellent tribological 
properties, providing both high lubrication and high temperature capabilities, the performance of 
lithium-based grease is significant to enhance the long-term durability and dependability of 
numerous mechanical equipment. (Lin et al., 2020; Razavi et al., 2022; Wang et al., 2022; Zhang et 
al., 2018). Multiple techniques can be undertaken on the lubricant design to modify the grease 
properties by changing the base oil viscosity or adding additive (Zhang et al., 2020). 

Recently, incorporating solid lubricant such as graphite, hBN (hexagonal boron nitride) or 
MoS₂ (molybdenum disulphide) has been introduced to improve the grease properties regarding 
friction reduction, anti-wear, and extreme pressure behavior. (Baş et al., 2022; Czarny & 
Paszkowski, 2007; Kumar et al., 2023; Larsson et al., 2021; Lee et al., 2009; Mohd Nasir et al., 2021; 
Sahoo & Biswas, 2014; Torres et al., 2022; Wu et al., 2023). Graphite structure consists of a 
succession of layers parallel to the basal plane of hexagonally linked carbon atoms. 
Thermodynamically, this is a stable structure or allotrope of carbon at high temperature. For 
lubrication properties, graphite often used due its layered structure, which allows for easy sliding 
of these layers against each other (Nyholm & Espallargas, 2023). When immersed in lithium soap 
grease, graphite can form a protective layer between contacting surfaces, making it an effective 
lubricant in various mechanical systems. The research conducted by (Zhang et al., 2020) found 
that using 2wt% of graphite as an additive in grease has significantly improved the tribological 
properties in terms of friction coefficient by 27% of reduction as compared with pure grease. This 
finding was also supported by (Chen et al., 2022), which demonstrated 2 wt.% graphite to the 
grease displayed in the lowest value of friction coefficient. This study however mainly focused on 
nano size. 

Despite, it is well-acknowledged that, in the context of lithium soap grease, the acceptable 
upper limit for nano-sized additives is limited to less than 5 wt.% according to (Kumar et al., 2023; 
Wu et al., 2023). Nevertheless, the extent to which the saturation of sub-micron particles was still 
undebated. A study showed that nano and sub-micron sized additives are extensively used 
possess remarkable characteristics, including a small size effect, larger specific surface, and higher 
surface energy (Sharma et al., 2019).However, few studies stated that the presence of sub-micron 
particles promoted not much effect towards the friction enhancement. For example, a study by 
(Kumar et al., 2020) demonstrated that incorporating 4 wt.% of both 50 nm nano particles and 
450 nm graphite particles in lithium soap grease led to substantial of grease without additives. In 
fact, sub-micron particles could improve the coefficient of friction up to 51 % On the other hand, 
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research (ref) (Nagare & Kudal, 2018)has been conducted out by introducing the 500 nm (5 wt.%) 
to reduce the wear, The result showed that the wear has been reduced 23.16 % by as compared 
to the lithium soap grease without additive. These findings played a crucial role in guiding our 
decision regarding particle size and concentration, emphasizing their significance in modifying 
the lubricating properties of lithium-soap grease, particularly on the friction and reduction. 

To address this gap, the choice of 400 nm particles in the current study examined the use up 
to 16 wt.% of sub-micron particles in lithium soap grease to pinpoint the saturation point for 
graphite particles addition(Menezes et al., 2012, 2013). Therefore, graphite was chosen to be used 
in this study due to its relatively low cost, environmentally friendly and good performance. 
(Kumar et al., 2020; Niu & Qu, 2018, Sun et al., 2020, Torres et al., 2022).  Thus, the aim of this 
study is to investigate the performance of sub-micron graphite particles as anti-friction and anti-
wear using a ball on disc setup. The study involves the observation of phenomena related to the 
coefficient of friction and wear. This observation is conducted through spatiotemporal mapping 
to explain the distribution of grease (Fukuda et al., 2015; Fukuda & Morita, 2013; Yap et al., 2022) 
and graphite within modified grease. This distribution of graphite serves to reduce friction and 
act as a protective boundary layer, thereby preventing direct metallic contact during sliding the. 
Hence, spatial temporal mapping (SMA) as insights that could serve as reference solution to 
address friction and wear issues in industrial machinery. 
 
 
2.0 EXPERIMENTAL PROCEDURE 
 
2.1 Properties of Lithium Soap Grease (LSG) 
The base grease used in this study was commercially available multi-purpose ie; lithium soap 
grease (GM2) provided by bearing manufacturers (manufacturer NSK, Japan). The detailed 
properties of the grease lubrication are shown in Table 1 (NSK data sheet) and Table 2 (Spectroil 
Q100). 
 
2.2  Preparation of the Modified Grease 
Graphite particles purchased from ACS MATERIAL, USA, were chosen as additives without further 
purification. The characterization of graphite particles was done by Scanning electron 
micrographs (SEM) on graphite particles. Figure 1 shows graphite in the form of a powder with 
an average size of 400 nm. 
 

Table 1: Properties of lithium soap grease. 
Properties  
NLGI grade 2 
Appearance Yellowish brown 
Base oil Mineral oil 
Thickener Lithium soap 
Dropping point 207ᵒC 
Service temperature range -20～120ᵒC 
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Table 2: Elemental of lithium soap grease. 
Elemental composition 
Lithium (Li), silicone (Si), phosphorus (P), arsenic (As), zirconium (Zr), cerium (Ce), nickel 
(Ni), sodium (Na), magnesium (Mg), calcium (Ca), bismuth (Bi), indium (In), iron (Fe), 
potassium (K), zinc (Zn), manganese (Mn), tin (Sn), vanadium (V), copper (Cu), aluminum 
(Al), cadmium (Cd), barium (Ba), lead (Pb) 

 

 

 
Figure 1: Surface morphology of graphite particles (average size 400 nm). 

 
Figure 2 depicts the diagram illustrating the preparation of grease-mixed graphite particles. 

Firstly, the LSG (10g) was preheated up to 90ᵒC until it reached a liquid-like and manually stirred 
by using a silicone stirrer to open the fibrous structures of the grease (2 minutes) before 1-16 wt% 
(direct mixing method) of graphite particles were added. Then, a magnetic hotplate stirrer 
(Kumar et al., 2023)was utilized for mixing the modified grease obtained at 300 rpm continuously 
within the temperature range between 80 to 90ᵒC to ensure the modified grease homogenous 
distribution within the grease matrix. Lastly, the modified grease was then allowed to cool at room 
temperature (30 minutes)(Ahmed et al., 2020; Padgurskas et al., 2023).   

Table 3 shows the detailed composition of all grease samples. Besides, the physical 
observation of the grease has been shown in Figure 3 where samples (a) and (b) are lithium soap 
grease and modified lithium soap grease with graphite particles. The presence of graphite 
additives has been found in the grease due to the changes in the color from yellowish to black as 
shown in Figure 3 (b). 

 

X 2700 5 μm  
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Figure 2: Diagram of the preparation for grease lubrication. 

 
Table 3: Composition of all grease samples. 

Samples 
Composition (wt%) 

Grease Graphite 
LSG 100 0 
LSG-1 99 1 
LSG-2 98 2 
LSG-4 96 4 
LSG-8 92 8 
LSG-16 84 16 

 
2.3 Grease Characterization  

The grease structure of LSG in Figure 4 and modified LSG were investigated through scanning 
electron microscopy (SEM) (Kumar et al., 2020). To prepare the grease samples, hexane was 
slowly added several times to remove oil (Larsson et al., 2021).The grease samples remaining on 
the glass slide after oil removal displayed a white powdery appearance.  Each grease type was 
placed on a separate disc. Then, the grease samples were sputter coated with Au/Pd to enhance 
the conductivity before the SEM analysis. The SEM analysis was performed with an electron 
acceleration voltage of 5 kV. 

Furthermore, to verify the presence of graphite particles in the modified grease, Raman 
spectroscopy URaman-M (Technospex Pte Ltd., Singapore) at wavelength 532 nm was employed 
In Raman spectroscopy, the G peak is often attributed to graphite-like structures of sp² sites, and 
the D band is related to the disorder of the graphitic structure. Much earlier research has found 
that the G peak shift, D peak shift, and D peak intensity in Raman spectra can give some 
information regarding the structure of the graphite. 
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Reference  

 

Graphite 

Figure 3: Images of the prepared grease samples. (a) Lithium soap grease, and (b) Modified 
lithium soap grease with graphite particles (Gr). 
 
2.4 Rheological Properties of Greases 

The experiment has investigated the base oil viscosity of lithium soap grease with different 
graphite concentrations. The rheological properties of the grease were studied using rheometer 
(MCR302, Austria) in rotational mode with a parallel plate PP20 with according to ISO 3219-2. 
The detailed experiment setup as shown in Table 4. 

 

 
Figure 4: SEM images of the thickener microstructure for the following base greases:  LSG without 
graphite particle reference thickener. 
 
 
 
 
 

X 3500 5 μm  

3 mm  3 mm  
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Table 4: Rheological experiment details. 
Parameter Value 
Temperature 25ᵒC 
Shear rate        0.01 – 1000 s¯¹ 
Parallel plate   PP20 

 
2.5 Tribological Performance of Greases 
 
2.5.1 Substrate Materials 

S45C was used in this study was selected due to its good weldability, high hardness, and 
moderate price. It is a common material for production of machine elements such as roller bearing, 
piston -ring system and gears. The material with 25 mm diameter was purchased from Misumi 
Malaysia Sdn. Bhd. The thickness was 5 mm and there was a 4 mm hole at the center. Afterwards, 
the substrate with dimension 25 mm (diameter) and 5 mm (height) carbon steel was grind and 
polished to obtain a surface roughness, Ra ≤ 0.08 μm before it is ready for the experimental work. 
The counterpart ball with 8mm diameter made of SUJ2 also polished to obtain a surface roughness, 
Ra ≤ 0.04 μm. The grease lubricating used was LSG and the modified LSG (1- 16 wt.% of 400 nm 
graphite particles). 
 
2.5.2 Tribological Test 

The friction coefficient of the modified LSG was evaluated using ball-on-disc tribometer 
according to ASTM G99 and compared to the reference, lithium soap grease (LSG). The tribological 
testing parameters are shown in table 5.  

The normal load was applied vertically to the ball as shown in figure 5(a).  A high chrome steel, 
SUJ2 (59-61 HRC) with an 8 mm diameter and surface roughness of 0.1- 0.24 μm and the disc is 
medium carbon steel, S45C was used. The contact type in this experiment is considered a non-
conformal contact type. In contrast, non-conformal contact present in roller bearings and gears 
results in high contact pressure between 1 to 4 GPa. The contact type in the experiment is 
considered non conformal as the tribo-tester used has sphere-on-plane configuration.  Besides 
that, the selected normal load 10 N which corresponds to 1.17 GPa estimated contact stress 
respectively is used to evaluate an effectiveness of grease at a constant speed of 100 rpm. In this 
study, only sliding behavior is considered. For lubrication, approximately 0.5 g of grease was 
evenly applied to the contact area of the disc for each test. In actual practice, the distribution of 
the grease is controlled by the grease. 
 

Table 5: Tribological experiment details. 
Parameter  Value 

Sliding velocity, v 
Normal load, F 
Number of rotations 

0.1047 ms
 –1 

10 N 
6000 

Temperature 25ᵒC 
Lubrication 
Duration 

LSG and Modified LSG 
60 mins 
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Figure 5: (a) Schematic setup of ball on disc (b) Example of SMA of tribo-data. 

 
This study implemented spatiotemporal mapping analysis (SMA) technique, a 3D visual 

representation of data to pronounce the phenomena that occurred at the contact during sliding. 
From the results of the ball-on-disc setup used in this experiment, the x-axis represents the 
position on the wear track of a disc, the y-axis represents the number of sliding rotations, and the 
z-axis represents the magnitude of the tribo-data (friction coefficient or vertical pin position or 
electrical contact as presented in figure 5(b) referred to (Yap et al., 2022). 

After the tribological test was done, the worn surface was characterized using HIROX Digital 
Microscope KH-8700. The wear scar diameter on the ball was observed to understand the effects 
of the grease with varying graphite concentrations on reducing wear. 
 
 
3.0 RESULTS AND DISCUSSION 
 
3.1. Characterization of Graphite in Grease 

Comparative Raman spectra obtained for the LSG and modified LSG with graphite are 
illustrated in Figure 6. The observed Raman spectra confirmed the presence of graphite over the 
LSG. This verifies the graphite presence in the LSG. The typical Raman spectra for the graphite are 
commonly characterized by the G peak around 1580 cm-¹ and D peak around 1350 cm-¹. 
Based on the graph, the lithium soap molecules revealed a sharp peak at 683 cm-¹and 1353 cm-
¹correspond to LSG (Kumar et al., 2023).Besides, the G peak position was revealed to be shifted 
towards a higher wavenumber as the concentration of graphite increase up to 4 wt.%. The G peak 
position shifted from 1576 cm-¹ to 1589 cm-¹, and the D peak intensity also increased. However, 
as the graphite concentration reached 8 to 16 wt.%, the G peak position shifted from 1576 cm-¹ 
to 1600 cm-¹, and the D peak intensity also increased. This suggests that the graphite particles 
may have reached it saturation concentration. Overall, it can be concluded that graphite particles 
were dispersed in the lithium soap grease. 

Further study was conducted on modified LSG with 16 wt.%. The SEM imaging results are 
displayed in Figure.7a and b show for the graphite particle before and after mixing with LSG, 
respectively. As shown in figure 7d, the elemental mappings of graphite particles appear to be 
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uniformly distributed when mixed. Dots maps confirmed the presence of graphite particles and 
indicated a better quality of dispersion.  

 

  
Figure 6: Raman Spectra on (a) LSG and (b) to (f) modified LSG with different graphite 
concentration.  
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(a) 

 
(b) 

  
(c) (d) 

Figure 7: (a) graphite in the form of a powder (b) modified graphite with 16 wt.% (c) oxygen 
element mapping from image b (d) carbon element mapping from image b. 
 
3.2  Dynamic Viscosity of The Grease  

Adjacent fluid layers are responsible for viscous friction and viscosity of modified LSG can 
determine the shearing force between these layers (Kotia et al., 2018).  Based on the observation 
in Figure 8, all the samples depict the shear thinning phenomenon with a shear rate under the 
motion state of shear rate from 0.01 s–1 to 1000 s–1 at a temperature of 25ᵒC. The presence of 
graphite particles will disrupt the fluid, and the primary cause of the apparent viscosity decrease 
at higher shear rates is the dynamic interactions between particles. In general, no measurable 
change in viscosity is observed at high shear strain, indicating that well dispersed graphite does 
not affected viscosity under high shear conditions. 
 

X 550 X 550 20 μm  20 μm  

100 μm  100 μm  

O C 
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Figure 8: Variation of apparent viscosity with the shear rate for the lubricating greases. 
 

Findings show that LSG has higher apparent viscosity, followed by LSG-4, LSG-1, LSG-2, LSG-8, 
and LSG-16. The lithium soap fiber in LSG exhibited a sharp peak at 683 cm-¹and 1353 cm-
¹correspond to LSG (Kumar et al., 2023) compared with modified LSG. Therefore, lithium 
thickener has a strong three-dimensional network held together by van der Waals which 
contributes to immobilizing the base oil and increasing the base oil viscosity. (Czarny & 
Paszkowski, 2007). 

By adding graphite, LSG has shown in reducing base oil viscosity. It is believed that graphite 
caused more random internal friction among the particles which generate heat during mixing 
process modified LSG, thereby weak the mesh structure including Van der Waals and hydrogen 
bonds tends to break up and become difficult in holding base oil in the grease matrix. As a result, 
the phenomenon led to the reduction of viscosity. Meanwhile, the viscosity of LSG-4 increased and 
suggested film thickness is dominated by lithium soap thickener at boundary to reach on the 
metal surface which viscosity significantly increase (Larsson et al., 2021). This can be proven 
where the Raman spectroscopy in figure 6 of LSG-4 shows the obvious peak of graphite. However, 
the reason behind these phenomenon remains unclear.  

Figure 9 depict the structure of LSG and modified LSG when adding graphite particles thereby 
particles tend to break up the fibrous structure. According to the analysis, the addition of graphite 
particles was added up to 16 wt% to purposely reach the sites on the metal surfaces(Naveira 
Suarez et al., 2010) . Graphite’s layered structure makes it easy to slide and to act as a protective 
boundary film. Therefore, the findings shows that the addition of graphite up to 16 wt.% won’t 
significantly alter the function of the lithium soap as thickeners but it is suggested that the 
reduction in viscosity due to disentanglement of the fibrous structure and graphite particles 
successfully reach the surfaces on the metal surfaces, respectively(Jablonka et al., 2013; 
Sadeghalvaad et al., 2019). 
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(a) LSG (a) (b) Modified LSG 

Figure 9: Illustration of the structure in (a) LSG and (b) modified LSG. (The background colors 
indicate the viscosity level of the samples less viscous). 
 
3.3. Friction Coefficient for Reference LSG And Modified LSG 

Figure 10 shows the friction coefficient behavior of the LSG with varying with respect to sliding 
number at 10 N. The friction behavior can be divided into two stages of running in period and 
steady state (Basir et al., 2023). At running in period, LSG, LSG-1 and LSG-4 exhibited a noticeable 
friction peak within the first 2000 rotations compared to other modified LSG.  

 
Figure 10: Friction behavior of the surfaces in 6000 cycles under 10 N load. 
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Figure 11: Average coefficient of friction (COF) against lithium soap grease containing graphite 
at different concentrations. 
 

In the next stage from 3200 to 6000 rotations, the friction coefficient reached a steady state in 
which adhesion and wear debris play main roles. At this moment, the average values of the friction 
coefficient were obtained and measured. From the graph, LSG-2 and LSG-8 achieved the lowest 
average coefficient (COF) of 0.0593 and 0.0560, respectively followed by LSG-16 (0.054). This 
reduction in friction suggests that graphite effectively reached the metal surfaces and functioned 
as ball bearings to prevent contact. (Lee et al., 2009).  

Based on the result, it observed that LSG -2 shows the optimal concentration in reducing COF. 
This phenomenon can be attributed to the stacked layered of graphite particles, which are held 
together by weak van der Waals forces, resulting in low shear and easy to slip of adjacent layers 
(Wu et al., 2023). It is hypothesized that, during the friction process, graphite particles might be 
reach the metal surfaces and deposited on the rubbing surfaces, forming a boundary film (Chen 
et al., 2022, Ji et al., 2011). However, similar trends were observed in the viscosity and COF for 
LSG-4. The COF, also recorded as 0.0748, increased in a manner resembling the rise in base oil 
viscosity.  This suggested that behavior of LSG-4, may be attributed to the lithium thickener 
retaining the base oil, preventing it from shearing out and leading to the formation of thicker film, 
primarily due to dominant role of the lithium thickener (Sun et al., 2020). According to the above 
analysis, LSG-2 is the optimal concentration that can improve the friction behavior of lithium soap 
grease corresponding to the low base oil viscosity and stable graphite concentrations. To study 
the effectiveness of LSG with the distribution of graphite particles. The spatial temporal mapping 
was used to explain the phenomenon and focused on LSG-8 since it has the least fluctuation of the 
error bar. 
 
3.4  SMA for reference LSG and selected modified LSG. 

This phenomenon can be proven by observing the vertical pin displacement behaviour and 
contact voltage during the sliding from SMA in figure. To understand the SMA if pin-displacement 
behaviour, intensity indication for the tribo-data is used where the darker colour indicates low 
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pin displacement while brighter colour indicates high pin displacement as shown in figure 12 and 
Figure 13. 

 

 
(a) LSG 

 
(b) Modified LSG 

Figure12 SMA of pin displacement (a) LSG (b) modified LSG in 2,000 cycles under 10 N load. 
Note: SMA is filtered to remove the disc’s misalignment. 
 

Findings show that low pin displacements for LSG at initial 500 rotations which indicates a 
thin layer film of grease help to protect the surface during sliding. However, at 600 rotations the 
pin displacement increases undergo running in period and indicates adhesive grew on the pin 
until 1200 rotations. Afterward, the grease achieves steady state condition where the pin 
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decrease indicates the adhesive substance or wear particle from pin which might transfer to disc 
(Fukuda & Morita, 2013). A horizontal band of high pin displacement results in low friction and 
low pin displacement resulted in high friction. 

Besides the SMA, modified LSG shows moderate pin displacement while increases in the 
sliding number presented in figure 12(b). It is suggested that presence of graphite particles in 
lithium soap grease which functioned as a ball bearing (Lee et al., 2009) during sliding to prevent 
direct contact. A horizontal band of high pin displacement indicates formation of graphite 
particles transfer film build up which result in low friction. 

Furthermore, SMA contact voltage behavior, intensity indication for the tribo-data is used 
where the darker colour indicates metal to metal contact while brighter colour indicates presence 
of lubricants as shown in Figure 13. 

Findings show that LSG at initial 500 rotations which indicates a thin layer film of grease help 
to protect the surface during sliding. However, at 600 rotations the grease pushed away and the 
darker colour in horizontal indicate the metal-to-metal contact. Afterward, accumulation of debris 
will mix with the left-over grease which indicates the steady state condition where the COF 
becomes stable at average 0.095. 

However, modified LSG shows the brighter colour which it is suggested that there is the 
presence of graphite particles in lithium soap grease which suggested due to uniform graphite 
particles distributed that prevent direct contact of surface during sliding. A horizontal band of 
modified LSG indicates the distribution and formation of graphite particles transfer film build up 
helps during sliding resulted in low friction at average 0.0560. 
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(a) LSG 

 

 
(b) Modified LSG 

Figure 13 Figure 2 SMA of contact voltage (a) LSG (b) modified LSG in 2,000 cycles under 10 N 
load. Note: SMA is filtered to remove the disc’s misalignment. 
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3.4  Wear Properties for Reference LSG and Modified LSG 
Figure 14 displays the wear scars of the tested steel balls after a 60-minute run time using 

lithium soap grease containing graphite. In Figure 15, we can observe the average diameters of 
the wear scars at eclipse (horizontal) measured from three trials. 

Further, the impact of the graphite concentration on the average WSD of steel balls is also 
obvious. Notably, the sizes of the wear scars decreased as the graphite concentrations at 2 wt.%. 
This can be justified during the friction process; graphite particles are incorporated into the 
grease and deposited on the worn surface, forming a lubricating layer that fills the irregularities 
of the rough surface, resulting in a smoother contact area (Wu et al., 2023) (Niu & Qu, 2018). 
However, LSG-4, LSG-8 and LSG-16, the wear scars showed increasing and lead to severe wear.  
This behavior might be due to the formation of layers that break aways which results in higher 
wear due to third body wear (Naveira Suarez et al., 2010b). Therefore, the anti-wear ability 
becomes worse with increasing graphite particle. According to the above analysis, LSG-2 has the 
best durability with low WSD. 
 

   

   
Figure 14: The wear scars on steel balls lubricated with LSG containing varying concentrations of 
graphite were observed and analyzed. 
 
 

LSG LSG-1 LSG-2 

LSG-4 LSG-8 LSG-16 
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Figure 15: Average wear scar diameter of steel balls lubricated with LSG containing graphite at 
different concentrations. 
 
 
CONCLUSIONS 

In conclusion, the utilization of graphite particle (SM) in the LSG successfully enhanced the 
viscosity, friction coefficient and wear scar diameter. LSG-2 demonstrated the most significant 
improvements, with remarkable reductions of 41% in COF and 15% in WSD, respectively. It was 
shown that the additive delayed the deformation of the LSG when shear strain was applied. The 
study demonstrated that 2 wt.% concentration of graphite particles enhances the tribological 
performance of LSG. The excessive concentrations have a minor effect on the overall viscosity and 
COF. However, the excessive concentration deflects the wear scar which increased significantly. 
The result highlights the concentration of graphite particles as a key factor influencing viscosity 
and tribological properties (friction and wear). Future research should focus on investigating the 
mechanisms and effect of polarization between thickener and additives on the rheological and 
tribological properties of LSG. 
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