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ABSTRACT

The performance of a lubricant greatly depends on the additives it involves. However, recently used
additives produce severe pollution when they are burned and exhausted. Therefore, it is necessary to
develop a new generation of green additives. Graphene oxide (GO) is considered to be environmentally
friendly. The scope of this study is to explore the fundamental tribological behavior of graphene, the first
existing 2D material, and evaluate its performance as a lubricant additive. The friction and wear behavior
of 0.5 wt% concentrations of GO particles in ethanol and SAE20W50 engine oil on a hypereutectic Al-25Si
alloy disc against steel ball was studied at 5 N load. GO as an additive reduced the wear coefficient by 60—
80% with 30 Hz frequency for 120 m sliding distance. The minimum value of the coefficient of friction
(0.057) was found with SAE20W50 + 0.5 wt% GO. A possible explanation for these results is that the
graphene layers act as a 2D nanomaterial and form a conformal protective film on the sliding contact
interfaces and easily shear off due to weak Van der Waal’s forces and drastically reduce the wear. Scanning
electron microscopy (SEM), energy-dispersive spectroscopy (EDS), and Raman spectroscopy were used for
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characterization of GO and wear scars.

Introduction

Energy resources are depleting at a very fast rate throughout the
world, and designers and engineers are under tremendous pres-
sure to explore all available alternatives to develop innovative
and creative technologies to conserve energy and materials and
preserve the environment. The main reason behind energy loss
in a mechanical system is friction (Yoshizawa, et al. (1)). One
of the most appropriate methods to reduce friction and wear in
mechanical systems is using mineral oil-based lubricants (Will-
ing (2)). However, due to the inherent toxicity and nonbiode-
gradable nature of mineral oil, the need to develop
environmentally friendly lubricating fluids is increasing (Mer-
curio, et al. (3); Bartz (4)).

Nanoparticles as base oil additives in the field of tribological
applications have been extensively investigated (Bartz (4)). The
synthesis and preparation of nanoscale particles and their tribo-
logical properties and friction and wear reduction mechanisms
have been investigated (Greenberg, et al. (5); Joly-Pottuz, et al.
(6); Yadgarov, et al. (7)). It has been found that when nanopar-
ticles were added to base oil, the load-carrying capacity and
extreme pressure property were improved and the friction coef-
ficient and wear rate were reduced. At elevated temperatures,
nested spherical supramolecules of metal dichalcogenide have
been prepared by the reaction of metal oxide nanoparticles
with H,S. Due to their nested fullerene-like structure, these spe-
cies are called inorganic fullerene-like (IF) nanoparticles. The
IF nanoparticles exhibited improved tribological properties

compared to the microscale platelets due to their better charac-
teristics and flexibility, and they act as rollers on the surface,
which prevents direct metal-to-metal contact and reduces fric-
tion and wear. Various researchers have investigated the tribo-
logical properties of fullerene-like nanoparticles as liquid
lubricant additive (Greenberg, et al. (5); Joly-Pottuz, et al. (6);
Yadgarov, et al. (7); Rosentsveig, et al. (8); Barnhill, et al. (9)).
The tribological behavior of a lubricant (SAE15W40) contain-
ing different (0.1, 0.5, and 1.0 wt%) concentrations of boron
nitride nanoparticles has been studied in Wan, et al. (10). In
this research study, it has been observed that the addition of
nano-BN particles to SAEI5W40 significantly improve the
antifriction and antiwear properties of the SAEI5W40 oil.
Recently, tribological studies with the addition of different
weight percentages of IF-MoS, in SAE20W40 and h-BN nano-
particles in SAE20W50 engine oil were conducted (Charoo and
Wani (11), (12)). In these research studies, it has been observed
that the addition of nanoparticles to engine oil significantly
improved the tribological performance in internal combustion
(IC) engine applications.

However, investigations into the ideal lubricant that pro-
vides the lowest friction and wear in combination with the low-
est toxicity continue (Khorramian, et al. (13)). An energizing
new material that has been explored widely for its large number
of unusual mechanical, physical, and electrical properties is gra-
phene and a crystallographically perfect film of graphitic car-
bon (Peng, et al. (14); Schwarz, et al. (15); Yu, et al. (16)). The
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few studies circulated in the open literature have mainly con-
centrated on the nano- and microscale aspects (Lee, et al. (17);
Gomez-Navarro, et al. (18); Gao and Hao (19)) specifically uti-
lizing a friction force microscopy technique (Lee, et al. (20);
Deng, et al. (21)). Further, very few statistics are available on
the macroscale tribological properties of graphene. Kandanur,
et al. (22) have demonstrated that graphene platelets as a com-
posite additive drastically reduce wear rates in polytetrafluoro-
ethylene; graphene imparts excellent wear resistance to the
resultant composite material. In implants, graphitic layers
(which help to improve the friction and wear in artificial joints)
have additionally been recognized in CoCrMo on CoCrMo
alloy (metal-on-metal) hip replacements (Liao, et al. (23)). Gra-
phene platelets have been utilized as an oil additive for
enhanced lubricity and wear resistance (Lin, et al. (24)). Addi-
tionally, graphene is an excellent corrosion protection layer on
refined metals—for example, copper and nickel (Prasai, et al.
(25); Chen, et al. (26))—utilized in reactive environments con-
dition for mechanical applications. Recently, various studies
have been reported on the wear behavior of graphene as a lubri-
cant additive. Berman, et al. (27), (28) reported dramatic reduc-
tions in friction and wear of steel-against-steel tribopairs that
were continuously lubricated with graphene layers under
humid air and dry nitrogen conditions. Fan and Wang (29)
reported the improvement in friction due to high-performance
lubricant additives based on modified graphene oxide by ionic
liquids. In addition, Kinoshita, et al. (30) and Zheng, et al. (31)
investigated monolayer graphene oxide (GO) sheets as water-
based lubricant additives and as oil additives on a stainless steel
flat plate and cast iron plate and found dramatic reductions in
friction and wear properties. In addition, Senatore, et al. (32)
and Sarno, et al. (33) studied the effect of GO sheets as additives
in oil-based lubricants. In these research studies, it was
observed that the reduction in the coefficient of friction (COF)
was not remarkable, but the antiwear property of the lubricant
was largely improved. Fan, et al. (34) dispersed GO ranging
from 0.05 to 1 wt% in poly alpha olefin/bentone grease and
found better results (~1-2%) with 0.5 wt% of GO. The addition
of GO not only improved the friction and wear characteristics
of bentone grease but increased its thermal stability and load-
bearing capacity (Fan, et al. (34)). Moreover, Zhe, et al. (35)
studied the performance of 0.5 wt% GO in hydrocarbon base
oil for steel-on-steel up to a temperature of 150°C and observed
that the COF and wear rate of steel significantly reduced with
an increase in temperature. These studies show that graphene
has great potential as a self-lubricating material that will com-
bat wear and friction-related energy and material losses in dif-
ferent dry and lubricated tribological applications.

Friction losses in an IC engine not only reduce its effi-
ciency but also increase the emission level (Barnhill, et al.
(9); Wan, et al. (10); Charoo and Wani (11), (12)). In order
to increase efficiency and reduce emissions, alternative and
appropriate solutions for reducing friction and wear in an IC
engine should be developed. This objective can be achieved
by using an efficient material or a better lubricant or by
adopting a synergetic approach. It is well known that Al-Si
alloy materials are used in a number of tribological applica-
tions in vehicles, such as pistons, cylinder liners, compressor
scrolls, and engine blocks, and different engineering sectors.

It is evident from the above literature review that graphene
has been effective in reducing friction and wear to a large
extent when applied at the interface in a tribosystem (Kanda-
nur, et al. (22); Liao, et al. (23); Lin, et al. (24); Prasai, et al.
(25); Chen, et al. (26); Berman, et al. (27), (28); Fan and
Wang (29); Kinoshita, et al. (30); Zheng, et al. (31); Senatore,
et al. (32); Sarno, et al. (33); Fan, et al. (34); Zhe, et al. (35)).
However, no research studies have been carried out to study
the influence of graphene on the friction and wear character-
istics of a hypereutectic Al-25Si alloy.

In the present study, tribological studies were conducted to
study the influence of graphene oxide on the friction and wear
properties of a hypereutectic Al-25Si alloy. First, synthesis and
characterization of GO were conducted. The tribological behav-
ior of GO particles in ethanol and SAE20W50 engine oil was
investigated on a hypereutectic Al-25Si alloy against AISI
52100 bearing steel tribopairs under boundary-lubricated con-
ditions. A ball-on-disc universal tribometer was used for all
experimental studies. Scanning electron microscopy (SEM),
energy-dispersive spectroscopy (EDS), and Raman spectros-
copy were used for characterization of GO and wear tracks. In
addition, the morphologies of the worn surfaces of the hypereu-
tectic Al-25Si alloy were analyzed using a 3D surface profilome-
ter and optical microscope.

Experimental details

The properties and structure of GO depend on the synthesis
method and degree of oxidation. The most common method of
synthesis is Hummer’s method and a modified Hummer’s
method (Senatore, et al. (32); Chandra and Kim (36); Paulch-
amy, et al. (37)). In this study, GO nanosheets were prepared
by an improved method of synthesis, namely, the improved
Tour method (Marcano, et al. (38)).

Materials

Hypereutectic Al-25Si alloy, AISI 52100 bearing steel, graphite
powder (acid treated 99%), potassium permanganate (99.5%),
sulfuric acid (98%), phosphoric acid, hydrogen peroxide (30%),
hydrochloric acid (35%), deionized water, and ethanol were
purchased from commercially available reliable sources.

Synthesis of graphene oxide

Graphene oxide was synthesized by the improved Tour method
through oxidation of graphite powder (Marcano, et al. (38)).
Graphite powder (3 g) and potassium permanganate (KmNoy;
2 g) were mixed in 360 and 40 mL sulfuric acid (H,SO4; 98%)
and phosphoric acid (H;Po,), respectively. The mixture was
stirred for 12 h at 5°C and then cooled down. Ice and 4 mL of
hydrogen peroxide (H,0,) were added to the suspension very
slowly and stirred continuously. The addition rate of H,O, was
carefully controlled to keep the reaction temperature lower
than 15°C. The mixture was stirred for about 1 h at 5-10°C
until the orange color changed to a brown color. For purifica-
tion, the solution was washed with a mixture of 20% hydro-
chloric acid (HCI) and 80% water (H,O) and finally filtered
with 70 mL of ethanol. After filtration and drying at room



temperature, the GO flakes were obtained. GO flakes were con-
verted into powder by ball milling for 15 h.

Tribological tests description

Tribological tests on the hypereutectic Al-25Si alloy disc
against AISI 52100 bearing steel ball were performed in air
(50% relative humidity) at room temperature using a uni-
versal tribometer (Fig. 1) with a ball-on-disk contact geom-
etry. The composition and mechanical properties of
hypereutectic Al-25Si alloy are given in Tables 1 and 2.
Cylindrical specimens of 35 mm diameter and 8 mm thick-
ness were cut from the rod. The surface preparation proce-
dure consisted of grinding disc surfaces and then final
polishing. Grinding was carried out using SiC papers of
800-, 1,000-, 1,200-, and 2,000-grit sizes, and final mirror
finishing was achieved with 4-, 1-, and 0.25-um diamond
pastes. The hypereutectic Al-25Si alloy samples were ini-
tially cleaned by sonication in acetone and then in benzene
to remove any chemical contaminants that may have been
left during sample preparation. An average surface rough-
ness (R, = 0.036 um) was achieved as measured by the 3D
surface profilometer. The counterpart AISI 52100 bearing
steel ball of 9.5 mm diameter with an average surface
roughness R, = 0.04 pum as measured by the 3D surface
profilometer was used. The normal load during the tribot-
ests was 5 N at a frequency of 30 Hz. The sliding test dura-
tion was 16.66 min with a sliding distance of 120 m and
stroke of 2 mm.

In this study, 0.5 wt% GO was dispersed in ethanol and
SAE20W50 oil as the lubricant followed by stirring with a mag-
net for 1 h at room temperature and sonication for 2 h at a tem-
perature of 50°C and frequency of 40 kHz to disperse the GO
particles uniformly. Considering the difficulty in preparing sta-
ble dispersions of GO particles, all experiments were carried
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out immediately after ultrasonication to avoid agglomeration
of the GO particles dispersed in the lubricant. A small amount
(one drop or 0.1-0.12 mL of solution) was applied on the
highly polished surface of the hypereutectic Al-25Si alloy disc
before starting the test. The experiments were also conducted
with ethanol and SAE20W50 base oil to provide a baseline for
comparison. Each test was conducted three times and the aver-
age values were taken. After the tests, the hypereutectic Al-25S8i
alloy disc and steel ball were cleaned with acetone and benzene
to completely remove all of the debris and lubricant materials
for analysis of the wear scars. The microstructures of the mate-
rials were studied using optical microscopy and SEM.

To estimate the wear coefficient after the tests, we calculated
the wear volume of the disc. The wear coefficient (K,,) was
determined by the ratio of the wear volume (mm?®) per unit
sliding distance (m) per unit applied normal load (F,) and is
given as

W, mm’®
(S: x Fy) Nam’

K, = (1)

where W, is the wear volume (mm?), S, is the sliding distance
(m), and F,, is the load applied (N).

Characterization methods

The GO synthesized by the improved Tour method and wear
tracks of hypereutectic Al-25Si alloy were characterized by
SEM with EDS and Raman spectroscopy with 532 nm wave-
length, 50 mV laser power, and 50 x objective with a 60-s
exposure time with single accumulation. Raman spectroscopy
analysis on the hypereutectic Al-25Si alloy surfaces was per-
formed to investigate the presence of GO on the surfaces after
tribological tests and to verify the formation of a protective film
on the rubbing surfaces due to the GO particles. In addition,

—(9)

(8)

Figure 1. (a) Universal tribometer with reciprocating test setup. (b) Schematic of reciprocating test setup: (1) disc sample, (2) clamp for disc sample, (3) ball specimen, (4)
ball holder, (5) electromagnetic reciprocating drive, (6) load actuator, (7) loading arm, (8) piezoelectric sensor, and (9) supporting frame.
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Table 1. Chemical composition of hypereutectic Al-25Si alloys.

Chemical composition (wt %)

Alloy Fabrication technique Si Cu Mg Al

Al-25Si Rapid solidification 25 4 1 Balance

Table 2. Mechanical properties of hypereutectic Al-25Si alloys.

Tensile Yield Elastic

strength  strength  Poisson’s Elongation modulus Hardness
Material ~ (MPa) (MPa) ratio (%) (GPa) (HV)
Al-25Si 480 441 0.29 0.7 96 210

the morphologies of the worn surfaces of the hypereutectic Al-
25Si alloy were analyzed using a 3D surface profilometer and
optical microscope.

Results and discussion
Scanning electron microscopy

Figure 2 shows SEM morphology of graphite and GO particles.
Figures 2a and 2c and Figs. 2b and 2d show SEM micrographs
of typical graphite powder and the exfoliated GO particles
respectively at low magnification and high magnification. From
the SEM images, it is clear how the sheets are stalked together
and how the graphene sheets are exfoliated. It can be seen that
the lateral dimensions of most of GO sheets range from hun-
dreds of nanometers to a few micrometers. SEM micrographs
confirm the formation of GO nanosheets. Similar results were
obtained in research by Senatore, et al. (32).

Raman spectrum analysis

Raman spectroscopy is mainly used for the characterization of
carbon materials, especially considering the fact that conju-
gated and double C-C bonds lead to high Raman intensities.
Figure 3 shows the Raman spectrum of GO, where the G band
peak of GO is at 1598 cm ™" and the disorder band (D band)
peak of GO is at 1347 cm ™. The presence of two band peaks
(D and G) in the Raman spectrum confirms the successful syn-
thesis of GO. It has already been established that the D band is
a common feature of sp’ defects in carbon, and the G band pro-
vides information on plane vibrations of sp>-bonded carbons.
This confirms the formation of graphene oxide (Fan and Wang
(29); Kinoshita, et al. (30); Zheng, et al. (31); Senatore, et al.
(32); Sarno, et al. (33); Fan, et al. (34); Zhe, et al. (35); Chandra
and Kim (36); Paulchamy, et al. (37); Marcano, et al. (38); Chu,
etal. (39)).

Tribological characterization in dry and lubricated
sliding conditions

Friction and wear tests were performed on a hypereutectic Al-
25Si alloy disc against a steel ball in dry and lubricated condi-
tions and the results of friction and wear studies are discussed
in the following sections.

Coefficient of friction

Tribological tests were conducted to study the effect of GO on
the friction and wear characteristics of hypereutectic Al-25Si
alloy against a steel ball at room temperature. In these studies,
three types of experiments were conducted: (1) hypereutectic
Al-25Si alloy against a steel ball in dry condition, (2)

NITSgr WD16.6mm 15.0kV x1.0k 50um

23-Aug-16

Figure 2. SEM micrographs (a) graphite powder at low magnification, (b) graphite powder at high magnification (c) GO powder at low magnification, (d) GO powder at

high magnification.
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Figure 3. Raman spectrum of GO powder.

hypereutectic Al-25Si alloy against a steel ball in ethanol with
and without GO particles, and (3) hypereutectic Al-25Si alloy
against a steel ball in SAE20W50 engine oil with and without
GO particles. Each test was conducted three times and the aver-
age values were taken. Results of the COF obtained from these
experimental studies are shown in Fig. 4.

The COF for hypereutectic Al-25Si alloy against a steel ball
in dry sliding condition was initially high (0.5) for a few sec-
onds then decreased rapidly and attained a steady state value of
0.22. Constant COF values of 0.20 and 0.16 were observed in
the case of ethanol and ethanol + 0.5 wt% GO, respectively,
whereas constant COF values of 0.079 and 0.057 were attained
in the case of SAE20W50 and SAE20W50 + 0.5 wt% GO,
respectively. It is clear from Fig. 4 that the highest COF value
of 0.22 was obtained under dry sliding conditions, whereas the
lowest COF value of 0.057 was attained in the case of
SAE20W50 + 0.5 wt% GO.

Wear behavior

The wear volume of hypereutectic Al-25Si alloy disc was calcu-
lated by a weight loss method. The weight of disc was measured
using an electronic balance accurate up to 100 pg. In all tests,

0.55
0.50 4
0.45 4
0.40 4
0.35
0.30 4
G
0.25 4
o Dry
0.20 4 Ethanol
0.15 Ethanol + 0.5 wt%GO
bl SAE20W50
0.05 - WA By W
SAE20W50 + 0.5 wt% GO
0.00 T T T L] T T
0 200 400 600 800 1000 1200 1400

Time (sec)

Figure 4. Coefficient of friction vs. time (s) of a hypereutectic Al-25Si alloy disc
against a bearing steel ball.
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~ +
(3]

£ 0.0015+ 0.5Wt%GO

=

.2 0.0010

g

t :

:é: SAE20W50
;0-0005- AE20W50
é; +

5Wt%GO
0.0000- & ]

Figure 5. Wear coefficient of the hypereutectic Al-25Si alloy disc.

the weight of disc was measured before and after a sliding time
of 16.66 min. The wear volume of disc was calculated from
weight loss and density. The wear coefficient was calculated
using Eq. [1]. The values of the wear coefficient obtained for
hypereutectic Al-25Si alloy disc under dry and lubricated con-
ditions with ethanol, ethanol + 0.5 wt%, SAE20W50, and
SAE20W50+ 0.5 wt% GO under an applied normal load of
5 N at an oscillating frequency of 30 Hz are shown in Fig. 5. It
can be seen from Fig. 5 that the highest wear coefficient was
obtained (2.1 x 107> mm*/N.m) for Al-25Si alloy under dry
sliding conditions. Wear coefficients of 1.9 x 10~ (mm’/N.m)
and 1.3 x 107> (mm’/N.m) were obtained for Al-25Si alloy
when lubricated with ethanol and ethanol + 0.5 wt% GO,
respectively, whereas wear coefficients of 5.6 x 10~* (mm’/N.
m) and 6.3 x 10~ (mm’/N.m) were obtained for Al-25Si alloy
when lubricated with SAE20W50 and SAE20W50 + 0.5 wt%
GO, respectively. It is clear that the lowest wear coefficient of
6.3 x 107> (mm>*/N.m) was obtained for Al-25Si alloy with
SAE20W50 + 0.5 wt% GO compared to dry testing and etha-
nol, ethanol + 0.5 wt% GO, and SAE20W50.

Analysis of friction and wear
Analysis of friction

Figures 6-10 present SEM micrographs of the rubbing surfaces
in dry and lubricated conditions of ethanol and SAE20W50.
Figures 6a and 6b show SEM and EDS of wear tracks of Al-25Si
under dry sliding conditions. It is evident from the material
composition of wear track (Fig. 6b) and material composition
of hypereutectic Al-25Si alloy (Table 1) that no significant
change in material composition of the alloy has taken place.
Therefore, metal-to-metal contact between the Al-25Si alloy
disc and steel ball exists, which results in the highest COF. In
case of lubrication of the tribopair with ethanol, a higher COF
of 0.20 was observed (Fig. 4). This is attributed to evaporation
of ethanol with running time, which culminates in direct con-
tact of hypereutectic Al-25Si with steel. The EDS analysis of
wear track shown in Figs. 7b-7c also proves that ethanol is
absent at the wear track. However, a reduction in COF from
0.2 to 0.16 in the case of Al-25Si alloy against steel when
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Figure 6. (a) SEM micrograph and (b) EDS spectrum of hypereutectic Al-25Si alloy disc at 5 N load under dry sliding condition.

lubricated with 0.5 wt% GO + ethanol was observed due to the
antifriction property of GO, which is present on the wear track
as shown in EDS (Fig. 8b) and confirmed by Raman spectros-
copy (Fig. 11a). A significant decrease in COF was obtained in
the case of SAE20W50 with and without GO (Fig. 4). The
decrease in COF in the case of SAE20W50 is attributed to the
formation of a thin film of lubricant as shown in Figs. 9a and
9b. The results obtained from this study show a good degree of
agreement with the results obtained in earlier research studies
(Barnhill, et al. (9); Wan, et al. (10); Charoo and Wani (11),
(12)). However, the lowest COF (0.05) was observed in the case
of SAE20W50 + 0.5 wt% GO. The reduction in COF is due to
the presence of GO in SAE20W50. The presence of GO par-
ticles on the wear track is clearly visible in SEM images
(Fig. 10a) and is also confirmed by EDS and Raman spectros-
copy, shown in Figs. 10b and 11b, respectively. It was found
that at the interface, a surface-protective layer of GO is formed

due to adsorption on the wear track. The two-dimensional
sheet shape of GO provides very easy shear due to weak Van
der Waals forces and more easily acts as a slider between the
two mating surfaces, which results in a reduction of COF. The
reduction of COF due to adsorption of GO at the interface sur-
face is also confirmed in studies by Berman, et al. (27), (28),
Fan and Wang (29); Senatore, et al. (32), Sarno, et al. (33), Fan,
et al. (34), Zhe, et al. (35), and Chu, et al. (39).

Analysis of wear

Figures 12a-12j show optical micrographs of the wear tracks of
the hypereutectic Al-25Si alloy disc and steel ball. In the case of
dry and ethanol-lubricated sliding conditions, the highest wear
was observed due to direct contact at the asperity level between
aluminum and steel, which increases wear because aluminum
is prone to adhere to steel surfaces. This is attributed to the

spot  HV
4.0 10.00 kV.

Full scale count: 38434 Base (358)_ptl

(b)
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Figure 7. (a) SEM micrograph and (b)-(c) EDS spectrum at two different points for the hypereutectic Al-25Si alloy disc at 5 N load under ethanol-lubricated sliding

condition.
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Figure 9. (a) SEM micrograph and (b) EDS spectrum of the hypereutectic Al-25Si alloy disc at 5 N load under SAE20W50 engine oil-lubricated sliding condition.

mutual high solid solubility of aluminum and steel. It is well
known that the higher the solubility, the higher the adhesion
between two metallic surfaces, which results in higher wear
(Shabel et al. (40); Robinowicz (41)). This indicates the mutual
transfer of material between mating surface as shown in optical
micrographs (Figs. 12a-12d). SEM images (Figs. 6a and 7a)
and optical micrographs (Figs. 12a-12d) of the wear tracks of
dry and ethanol-lubricated surfaces indicate severe abrasion,
severe plastic deformation of the surface, deep scuffing, and
cracking, indicating the occurrence of metallic wear and
severely deep scratches due to the direct contact of the alloy
disc and the steel ball. Severe wear damage can be observed on
the hypereutectic Al-25Si alloy disc in dry and ethanol-lubri-
cated conditions without GO particles and the wear damage
became insignificant. The EDS analysis of dry conditions and
ethanol and SAE20W50 oil showed that no C element content

was present on the wear tracks, as shown in Figs. 6b, 7b-7c,
and 9b, which reveal that no protective layer was formed, thus
leading to a high wear coefficient. In the case of ethanol +
0.5 wt% GO, the rubbing surface (shown in Fig. 8a and
Figs. 12e and 12f) was smoother than that as shown in Fig. 7a
and Figs. 12c and 12d, but it still showed obvious scratches and
extensive furrows, which lead to high wear. A very thin layer of
GO was formed as shown in Fig. 8a (green ring), confirmed by
the EDS analysis in Fig. 8b depicting 4.80 wt% of C element on
the hypereutectic Al-25Si alloy surface.

It can be observed from SEM images (Fig. 9a) and opti-
cal micrographs (Figs. 12g and 12h) that the worn surfaces
lubricated with the SAE20W50 oil acquired more dense
wear scars and grooves, which were dominated to abrasive
wear. As shown in Fig. 10a and Figs. 12i and 12j, the worn
surface lubricated with SAE20W50 + 0.5 wt% GO shows a
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Figure 10. (a) SEM micrograph and (b) EDS spectrum of the hypereutectic Al-25Si alloy disc at 5 N load under SAE20W50 + 0.5 wt% GO-lubricated sliding condition.
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Figure 11. Raman spectra of the hypereutectic Al-25Si alloy disc at 5 N load under lubricated sliding condition: (a) ethanol + 0.5 wt% GO and (b) SAE20W50 + 0.5 wt%

GO.

smaller and smoother wear track. This leads to the forma-
tion of a protective film that prevents the rubbing surfaces
from coming into direct contact and significantly enhances
the tribological behavior of the SAE20W50 oil. The EDS
analysis of GO with SAE20W50 oil as shown in Fig. 10b
displayed a C element content of 12.70%, higher than that
found in ethanol 4+ 0.5 wt% GO, which confirmed the for-
mation of a protective layer due to the presence of GO par-
ticles on the wear track. The wear track width in the case
of SAE20W50 + 0.5 wt% Go (Fig. 12i) is five times smaller
than that of the wear track obtained in dry sliding condi-
tion (Fig. 12a). However, a negligible wear scar was
observed on the steel ball in the case of GO as additive in
SAE20W50 oil (Fig. 12j), which is attributed to the higher
wear resistance of the ball material due to its higher hard-
ness (HRC 59-63 = 670-770 HV) value in comparison to
the hypereutectic Al-25Si alloy disc (210 HV). As shown in
Figs. 12g and 12i, a lower wear track width of 184.770 pum
was observed in the case of SAE20W50 + GO compared to
the wear track width of 252.969 um observed in the case of
ethanol + GO. The reduction in wear due to the presence
of GO at the interface surface is also confirmed in research
by Berman, et al. (27), (28), Fan and Wang (29); Senatore,
et al. (32), Sarno, et al. (33), Fan, et al. (34), Zhe, et al. (35),
and Chu, et al. (39).

Figures 13a-13e present 3D profilometer images and the surface
texture of the wear tracks of hypereutectic Al-25Si alloy disc. In dry
sliding condition, high values of R, (14.5 um) and W, (32.5 um)
were obtained as shown in Fig. 13a. Figures 13b and 13c show R,
values of 13.3 and 10.9 um and W, values of 26.6 and 20.4 um in
the case of ethanol and ethanol + 0.5 wt% GO, respectively,
whereas lower R, values of 0.104 and 0.092 um and lower W, val-
ues of 0.143 and 0.113 were attained in the case of SAE20W50 and
SAE20W50 + 0.5 wt% GO, respectively (shown in Figs. 13d and
13e). The surface roughness value decreased from 14.5 pum (dry
condition as shown in Fig. 13a) to 0.092 (SAE20W50 + 0.5 wt%
GO as shown in Fig. 13e). In addition, the surface waviness (W,)
value decreased from 32.5 pum (dry condition) to 0.113 um
(SAE20W50 + 0.5 wt% GO). The results indicated that the surface
roughness, texture, and waviness of the wear tracks notably
decrease with ethanol and SAE20W50, whereas smoother surfaces
and minimum wear scar depths were obtained with GO particles.
High wear occurs mostly at the interfaces in dry and ethanol-lubri-
cated conditions when no protective layer exists (the width of the
scar is 790 pum).

Further, Raman spectroscopy was carried out to confirm this
excellent tribological behavior and the presence of GO particles
on the rubbing surface. Raman spectra of the wear tracks after
the tribotests with GO in ethanol and SAE20W50 oil are pre-
sented in Fig. 11. Raman mapping of these wear tracks shows
the concentration and intensity of the D and G peaks of GO
after the test. After the tests in ethanol and SAE20W50 oil, the
D band and G band peaks of GO were detected everywhere on
the wear track. The Raman spectrum of the wear tracks shows
the presence of GO, as evidenced from the D band peak inten-
sity in ethanol and SAE20W50 oil (at 1346 and 1347 cm ™',
respectively; Figs. 11a and 11b) and the G band peak intensities
in ethanol and SAE20W50 oil are obtained at 1602 and
1601 cm ™', respectively.

Previous studies (Kandanur, et al. (22); Liao, et al. (23);
in, et al. (24); Prasai, et al. (25); Chen, et al. (26); Berman,
et al. (27), (28); Fan and Wang (29); Kinoshita, et al. (30);
Zheng, et al. (31); Senatore, et al. (32); Sarno, et al. (33);
Fan, et al. (34); Zhe, et al. (35)) of Raman spectrum analysis
for friction and wear investigation showed that the charac-
teristic D band peak and G band peak were obtained at
1345 and 1598 cm~'. The Raman spectra of the wear tracks
with GO particles (Fig. 11) present very similar peaks in
contrast to the steel ball, which confirms the presence of
GO particles and reduces friction and wear of the hypereu-
tectic Al-25Si alloy disc. These results indicate that GO par-
ticles were barely deposited on the mating surface, which
confirms the presence of GO on the hypereutectic Al-25Si
alloy disc and the formation of a continuous protective film
as shown in Figs. 8b and 10b as well as Fig. 11. This proves
that a GO layer was stacked on the wear track during recip-
rocating sliding. The surface morphologies indicate that the
addition of GO leads to a smoother surface by reducing the
surface roughness. In addition, the two-dimensional sheet
shape of GO provides very easy shear due to weak Van der
Waal forces and more easily acts as a slider between the
two mating surfaces. Therefore, the COF and wear rate of
hypereutectic Al-25Si alloy is decreased significantly. More-
over, GO fills the deeper scratches of the alloy and produces
a thinner tribofilm. The tribofilm not only withstands the
applied normal load but prevents direct contact of the two
mating surfaces. This enhances the antifriction and antiwear
properties of ethanol/SAE20W50. The reduction in COF
and wear due to adsorption of GO at the interface surface
is also confirmed in studies by Berman, et al. (27), (28), Fan
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Figure 12. Optical micrographs of the Al-25Si alloy disc and counterbody AlSI steel ball at 5 N load, respectively: (a), (b) disc and ball under dry condition; (c), (d) disc and
ball under ethanol-lubricated condition; (e), (f) disc and ball under ethanol + 0.5 wt% GO-lubricated condition; (g), (h) disc and ball under 20W50 engine oil-lubricated
condition; (i), (j) disc and ball under 20W50 + 0.5 wt% GO-lubricated condition.

and Wang (29); Senatore, et al. (32), Sarno, et al. (33), Fan, to that under dry condition. The coefficient of friction for
et al. (34), Zhe, et al. (35), and Chu, et al. (39). SAE20W50 + 0.5 wt% GO is the lowest (0.057) throughout

It is inferred from these results that GO particles as an the testing process compared to dry and ethanol-lubricated
additive reduced the wear loss by about 60-80% compared conditions. The antiwear property of GO as an additive in
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Figure 13. 3D profilometer image and surface texture of the hypereutectic Al-25Si alloy disc at 5 N load at 5 N load: (a) under dry condition, (b) under ethanol lubricated
condition, (c) under ethanol + 0.5 wt% GO-lubricated condition, (d) under 20W50 engine oil-lubricated condition, and (e) under 20W50 + 0.5 wt% GO-lubricated
condition.

ethanol and SAE20W50 oil lubricants has been clearly From the above discussion it is evident that GO provides a new
exhibited in the boundary lubrication regimes. These results pathway for improvement in the wear and friction properties that
show that GO possesses excellent friction-reducing and could be further implemented for many industrial applications
antiwear properties. involving rotational and reciprocating sliding contacts.



Conclusions

Friction and wear studies were conducted to understand the
lubrication effect and mechanism of GO in the case of a hyper-
eutectic Al-25Si alloy disc-steel ball tribopair. The improved
Tour method was used for synthesis of GO. A substantial
reduction in COF was observed in the case of the tribopair
lubricated with GO. Wear of the rubbing surfaces was substan-
tially reduced (60-80%) and the COF decreased from 0.22 to
0.057 due to the presence of GO at the tribological interface.
3D surface profilometry, SEM, EDS, and Raman spectroscopy
revealed the presence of GO. These results indicate a passiv-
ation effect due to the GO layers, which not only helped to
reduce the COF of the tribopair but provided easy shearing and
thus resulted in improved friction. GO constitutes a new class
of lubricant that is less harmful, corrosion resistant, and easy to
use for Al-Si alloys. The beneficial effect of GO to drastically
reduce the friction and wear can be potentially applied in
engine components. This opens up new opportunities for GO
as a self-lubricant in automobile applications and other
mechanical assemblies.
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