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Abstract Polymeric nanocomposite materials have solved
many problems due to their extensive applications such as
aerospace, automobiles, coatings, and packaging materials.
Low-density polyethylene (LDPE)/graphene nanoplatelets
(GNPs) impregnated by paraffin oil (PO) were fabricated
by a hot compression technique. Elastic modulus was cal-
culated by results of compression test that conducted on the
testing nanocomposites using a universal testing machine.
Microhardness of LDPE and its composites was measured by
Vickers microhardness testing machine. Tribological prop-
erties of LDPE and its composites were investigated by
pin-on-disc tester at 20N normal load, 1.2 ms™! sliding
velocity, and 212m sliding distance. The results showed
that the elastic modulus and microhardness of LDPE/GNP
nanocomposites are higher than that of pure LDPE and
then gradually decreased by adding PO contents. Tribologi-
cal properties proved that LDPE/GNP nanocomposites have
lower coefficient of friction (COF) and wear rates in compari-
son with pure LDPE. By adding PO contents to the LDPE and
its composites, COF and wear rates were gradually increased.
Wear specimens’ surfaces were imaged using scanning elec-
tron microscope.
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1 Introduction

Nanocomposite materials with nanofiller have emerged in
the last few decades as a promising class of materials,
which take the advantage of greatly higher specific surface
area, higher loads, and controlled interfacial interactions [1].
Conventional materials have been replaced with polymers
in many applications, because of their low density, ease
of processing, lightweight, low cost, corrosion resistance,
and thermal insulation. Low-density polyethylene (LDPE),
polypropylene (PP), polystyrene (PS), and many other poly-
mers can be used in packaging applications [2—4]. Polymeric
nanocomposite materials have solved many problems due to
their extensive applications such as aerospace, automobiles,
coatings, packaging materials, and construction engineering.
Many researches have focused on the use of natural mate-
rials in the polymer nanocomposites as fillers [5,6]. Filler
materials play an effective role in improvement in composite
properties. Selecting size and shape of filler, filler types and
loadings, optimum filler—matrix ratio, compatibility between
matrix and filler interfacial bonds, and well filler distribution
lead to improvement in the composite performance [7]. The
uniform distribution of nanofiller in the polymer matrix can
improve electrical, thermal, mechanical, flame-retardant, and
gas barrier properties of the nanocomposite materials [5].
Nanofillers such as carbon nanofibres (CNFs), carbon nan-
otubes (CNTs), and exfoliated graphite (EG) are the most
common fillers which are used for preparing the polymer
nanocomposites [8,9]. Kuila et al. [5,10] found that CNTs
are very effective conductive fillers in thermal, electrical, and
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mechanical properties. However, CNTs have high production
cost which limits their applications as nanofiller.

Graphene discovery in 2004 has largely overcome this
problem [5]. Graphene is well known for its unique mechan-
ical properties (tensile strength ~ 130 GPa and elastic
modulus ~ 0.5-1TPa), high specific surface area, and supe-
rior thermal and electrical properties [11]. These unique
properties make graphene suitable for many applications
in technological fields, including sensors, energy storage,
electronic circuits, solar cells, and tribological applications
[12-14]. In addition, one important application of graphene
is using it as a reinforcement material in polymer matrix
nanocomposites [15]. Recent studies, which conducted on
the use of graphene as nanofiller, showed that it may be the
best among other traditional nanofiller because of its unique
properties [8].

The dispersion of graphene is an important factor to
enhancement of polymer properties. There are three main
blending techniques for the fabrication of polymer/graphene
nanocomposites: melt mixing, solution blending, and in situ
polymerization [16]. Among these three common techniques,
melt mixing is the most eco-friendly and economical tech-
nique because it does not require any solvents and this process
can be performed by using mechanical mixing machine such
as extruder and internal mixer [17-20].

Generally, in the melt blending technique it is difficult to
obtain well dispersion of graphene in polymer matrix without
any pretreatment [21-23]. Solution blending is an effective
technique to achieve homogeneous distribution of graphene
in polymer [24-26], due to the ease of graphene processing
and its derivatives in organic solvents [27,28].

The homogeneous dispersed graphene in polymer matrix
can be achieved by another effective technique which is in situ
polymerization [20,29]. The polymerization may take place
between graphene layers or at graphene surface; in this case,
in situ polymerization will not be suitable. The processability
of nanocomposites may be reduced during polymerization
because of the increased viscosity [30,31]. Between these
three blending techniques, in situ polymerization showed
better dispersion properties and good compatibility between
the polymer and graphene because of the added functional
groups to the graphene surface [30].

Improving the tribological properties of the polymeric
composites can be achieved using nanofibres and nanopar-
ticles [7]. Wear characteristics of polymer matrix nanocom-
posites are dependent on the materials properties and the
sliding conditions, such as lubricating conditions, envi-
ronment, and counterface materials [32]. Although many
researches have been conducted on enhancing the tribologi-
cal properties of polymer matrix nanocomposites by adding
many fillers, there are few researches about reducing the
wear of polymer composites by varying the sliding parame-
ters [33].
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Chang et al. [34,35] reported the tribological properties
of short carbon fibre (SCF) /PA66 and SCF/epoxy poly-
mer composites, and found that the composite properties
were enhanced by adding 5vol% of TiO, as a reinforce-
ment nanoparticles. Incorporation of multi-walled carbon
nanotubes (MWNT) in PP as a polymer matrix was studied
by Dike et al. and showed an improvement in polypropylene
wear resistance and mechanical properties. MWNTSs with
low filler concentrations showed a similar effect on wear
resistance after adding to epoxy composites, in study done
by Campo et al. [34]. Also, graphene oxide (GO) studies
for reinforcement of polymer composites have proved that
the tribological performance of polymeric matrices has been
improved.

The incorporation of particulates and fibres within poly-
mer matrix nanocomposites led to the formation of a uniform
protecting transfer film on the abrasive counterface; there-
fore, the tribological performance could be improved. Also,
load carrying capacity and strength of polymeric matrix will
be increased. There are many studies carried out on using
hybrid filler systems to enhance the performance of compos-
ites [35,36].

LDPE, which is within the polyethylene (PE) family, has
attracted extensive attention in scientific studies due to the
more flexible processing compared to high-density polyethy-
lene (HDPE) and good balance between strength and rigidity
[10,11]. PE could be blended with paraffins because of their
structural and chemical similarities. These paraffins charac-
terized by availability, stability, and low price [37]. Hence,
some tribological studies emphasized on the adding of PO to
the rubbing surfaces as a liquid lubricant [38,39].

The aim of the present work is to introduce new self-
lubricating polymeric nanomaterials for light load-bearing
applications and manufacture of fast and cheap polymeric
dies. There have been some studies reported on improving the
mechanical performance of LDPE/GNP composites [40—42].
However, there has been no study on the tribological per-
formance of LDPE/GNP composites. Therefore, this work
interested on studying the effect of different filler loadings
of GNPs and PO, as a liquid lubricant, on the mechanical and
tribological properties of LDPE nanocomposites.

2 Experimental Work
2.1 Materials

The matrix material, composed of powdered LDPE, was
supplied from Saudi Arabia Basic Industries Corpora-
tion (SABIC), with an average particle size of 279.8 nm.
This average particle size was identified by using zeta
sizer nanoseries and was done at the Egyptian Petroleum
Research Institute, Cairo, Egypt. GNPs, which were used
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Fig. 1 SEM of as received GNPs

as a reinforcement material, having 2—10nm thickness, 20—
40m? /g specific surface area, and average particle diameter
of ~ 5 wm, were obtained from ACS MATERIALS Com-
pany, USA. Figure 1 shows the SEM image of GNPs. A
medical grade of PO was used in the composites manufactur-
ing at different loadings to study its effects on the mechanical
and tribological properties of nanocomposites.

2.2 Nanocomposite Preparation

A hot compression technique at a compression pressure of
0.3 MPa was employed to produce the pure LDPE and its
composites. Specimens were prepared as shown in Table 1,
with the mass ratios (GNPs:LDPE) of 0, 0.25, 0.5, 0.75,
and 1 weight fraction (wt%). All of these composites were
fabricated with 0, 2.5, 5, 7.5, and 10wt% of PO, whereas
increasing PO level beyond 10 wt% in LDPE/GNPs resulted
into poor mixing with the LDPE/GNP composite. The com-
posites were mixed and heated for 10 minutes at temperature
of 150 °C in a cylindrical pressing die. This pressing die
was manufactured by M238 hot working steel, which has an
internal diameter of 6.5 mm as shown in Fig. 2. After the tem-
perature had reached to 135 °C, composites were hot pressed
by a hydraulic pressing system as presented in Fig. 3. Then,
specimens were cooled gradually to room temperature.

The cylindrical specimens having 6.5 mm diameter and
45 mm length were cut into suitable lengths, and these spec-
imens were used for further testing.

2.3 Characterization Methods

Compression test was performed using SHIMADZU uni-
versal testing machine (UH series). The applied cross-head
speed is 6 mm/min. The test was conducted at room temper-
ature. The specimens were 6.5 mm in diameter and 13 mm in
length according to ASTM D 695. Elastic modulus (stiffness)
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Table 1 Specimens composition
Specimen no. Specimens composition (wt%)

LDPE (wt%) GNPs (wt%) PO (wt%)
1 100 0 0
2 99.75 0.25 0
3 99.5 0.5 0
4 99.25 0.75 0
5 99 1 0
6 97.5 0 25
7 97.25 0.25 2.5
8 97 0.5 2.5
9 96.75 0.75 2.5
10 96.5 1 2.5
11 95 0 5
12 94.75 0.25 5
13 94.5 0.5 5
14 94.25 0.75 5
15 94 1 5
16 92.5 0 7.5
17 92.25 0.25 7.5
18 92 0.5 7.5
19 91.75 0.75 7.5
20 91.5 1 7.5
21 90 0 10
22 89.75 0.25 10
23 89.5 0.5 10
24 89.25 0.75 10
25 89 1 10

was calculated from slope of the engineering stress—strain
curves, which resulted from the compression test.

Vickers microhardness test was conducted at room tem-
perature according to ASTM E384-99. The specimens were
6.5mm in diameter and 10 mm in length. The test was per-
formed under an applied normal load of 50g for 10s. The
size of the indentation was measured using a light micro-
scope fixed with the testing machine.

In order to calculate the microhardness number, the
applied normal load was divided by square of the mean diago-
nal length of the indentation. To find accurate results, at least
five readings at different locations of samples were deter-
mined and average values were reported.

Figure 4 shows a pin-on-disc test rig used for sliding
wear experiments. Wear test was conducted on the LDPE
and its composites by using carbon steel disc to act as slid-
ing counterface in accordance with the ASTM standard G99
[43]. The specimens were cut into pin shapes with dimen-
sions of 6.5 mm in diameter and 30 mm in length. The steel
disc has dimensions of 185 mm diameter, 8 mm thickness,
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surface hardness of 58—62HYV, and surface roughness (Ra)
of 1.11 pwm. Wear test was performed on a track diameter
of 150 mm for specified sliding distance, sliding speed, and
applied normal load. The test was carried out at 30 £ 5 °C by
an applied normal load of 20 N and run for a constant sliding
distance and sliding speed of 212 m and 1.2 m/s, respec-
tively. The values of normal load and sliding speed were
selected keeping in view of the application of LDPE/GNP
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Fig. 4 Schematic diagram of pin-on-disc test rig

composite for light load bearings and polymeric dies. Spec-
imens were weighed before and after the wear test using a
digital electronic balance which has = 0.1 mg accuracy. Dif-
ference between specimen weights represents the wear rate.
The averaged values of at least three tests for each specimen
were reported.

During the wear test, friction force was measured contin-
uously throughout the wear test using a load cell of 40 kg. A
load cell was connected to the calibrated data logger, which
recorded the friction force each one millisecond, and their
average values were introduced. The coefficient of friction
was calculated by dividing the friction force by the applied
normal force. The microstructure and worn surfaces of the
composites were examined by SEM.

3 Results and Discussion

Figure 5 shows the results of compression test conducted on
the pure LDPE and its composites with different loadings
of PO (0, 2.5, 5, 7.5, and 10wt%) and plotted in stress—
strain curves to evaluate the behaviour and elastic modulus
of composites under compression test.

Elastic modulus of LDPE/GNP nanocomposites showed
gradually decreasing trend after addition of PO at contents
of 2.5, 5, 7.5, and 10wt%, as indicated in Fig. 6. This may
be due to weak interaction between GNPs and LDPE, which
leads to less effective stress transfer between LDPE and the
reinforcement material.

According to the rule of mixtures, the modulus of elas-
ticity is expected to increase with increasing GNP content.
It is because of GNPs have high elastic modulus, high spe-
cific surface area, and the applied stress transferred from the
LDPE to GNPs. Figure 6 shows that GNPs increased the elas-
tic modulus of the pure LDPE by 34.61, 53.85, 57.25, and
83.31% at 0.25, 0.5, 0.75, and 1 wt% GNPs, respectively.

Figure 7 represents the microhardness measurements of
the present LDPE/GNP/PO composites. It is clear that the
microhardness of composites is higher than that of the non-



Arab J Sci Eng (2018) 43:1435-1443

1439

(a)20 (b) 15
o s
15 :./' 4
— 7 ~ 10
2 / //’ g /
g e ~
« 10 g »
2 ]
£ / ——0 wt.% GNPs 2 /%/
@ / ~-0.25 Wt.% GNPs ® s ] '_:__g ;Vst /t (/;N(I;;P ]
.25 wt.% S
5 / —-0.5 wt.% GNPs H —0—0.5 Wt.% GNPs
—0-0.75 wt.% GNPs ——0.75 wt.% GNPs
—&-1 wt.% GNPs ——1 wt.% GNPs
0@ 1 0 0 . 0
0 0.05 0.1 0.15 0.2 005 . 01 1
Strain Strain
(c)20 (d)
20
15 lo—oT
15 -
= - ® o a2
< 10 -~ = 2 2SSOt
2 / 2 ]
& & % ——0 Wt.% GNPs
7 ——0 wt.% GNPs 7 —0-0.25 Wt.% GNPs
5 —-025wt.% GNPs | | 5 ——0.5wt.% GNPs  |—
——0.5 wt.% GNPs ——0.75 wt.% GNPs
—~—0.75 wt.% GNPs ——1wt.% GNPs
——1 wt.% GNPs 0 | | 1
0 I 0 005 01 015 02 025 03 035
0 0.05 0.1 0.15 Strain
Strain
(e)20 /’
15 / PPnd
/ :
% -0 wt.% GNPs
# / ~0—0.25 wt.% GNPs
5
7 0.5 wt.% GNPs
7.5 Wt.% GNPs
——1wt.% GNPs
0d | |
0 0.05 0.1 0.15 0.2 0.25 0.3
Strain

Fig. 5 Engineering stress strain curves of LDPE and its composites with different loadings of PO.a 0, b 2.5, ¢5,d 7.5, and e 10 wt%

reinforced LDPE. GNPs increased the microhardness of the
pure LDPE by 8.83, 23.89, 44.87, and 56.8% at 0.25, 0.5,
0.75, and 1wt% loadings, respectively. The strong inter-
facial adhesion between the GNPs and LDPE matrix, and
the molecular-level dispersion of GNPs in the matrix may
be the reasons of the higher microhardness of the com-

posites. Also, GNPs act as a strengthening material of
the polymer matrix nanocomposites which contribute to
improvement in load carrying capacity. After addition of PO
to LDPE/GNP nanocomposites at loadings of 2.5, 5, 7.5, and
10 wt%, the microhardness of nanocomposites showed grad-
ually decreasing trend. However, the microhardness of these
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Fig. 8 COF of the tested composites

composites is still lower than that of composites without PO.
All of the studied mechanical properties decreased as the PO
content increased, which is attributed to that the mechanical
properties of LDPE are higher than the mechanical properties
of PO that has low molecular weight.

@ Springer

0.02

00 wt.% PO
H2.5wt.% PO
ASwt% PO I
7.5 wt.% PO
10 wt.% PO

0.016

o0
g 0.012
<
&
g
2 0.008
0.004.\0\._\
0
0 0.25 0.5 0.75 1

GNPs Content, wt.%

Fig. 9 Wear rate of the tested composites

The coefficient of friction (COF) and wear rate testing of
pure LDPE and LDPE/GNP/PO nanocomposites were per-
formed at a sliding speed of 1.2 m/s (150 rpm) and 20 N
applied normal load, where the experimental results are intro-
duced in Figs. 8 and 9, respectively. Figure 8 shows the COF
results versus GNP wt% nanocomposites under dry sliding
conditions. According to the friction coefficient variations as
indicated in Fig. 8, GNPs reduced the COF of pure LDPE by
0.51,0.97,1.49,and 3.18% at 0.25,0.5,0.75, and 1 wt% GNP
content, respectively. COF of the nanocomposites showed
slightly decreasing trend by addition of GNPs. It is known
that GNPs have a very low COF, so that adding GNPs into
LDPE can obtain nanocomposites with a lower COF. On the
other hand, GNPs can be readily dragged out from the poly-
meric matrix to form a third-body transfer film, which leads
to reduce the direct contact between the polymeric matrix
and counterpart. By adding PO of 2.5, 5, 7.5, and 10 wt%
contents to the LDPE/GNP nanocomposites, COF increased
gradually with increasing PO content. However, in all cases
of PO contents, GNPs reduced the COF of LDPE/PO com-
pared to pure LDPE and followed the same decreasing trend.
This may be attributed to weak interaction between PO and
LDPE/GNP composites and the emergence of porosity as
indicated in SEM examination (Fig. 10d).

Figure 9 shows the wear rate as a function of GNPs
wt% under dry sliding conditions. It is clear that unfilled
LDPE records the highest wear rate compared to LDPE/GNP
nanocomposites. Wear rate of LDPE was reduced by 16.42,
31.34, 43.28, and 49.25% at GNP contents of 0.25, 0.5,
0.75, and 1 wt%, respectively. The wear rate was lower with
1.0 wt% of GNPs. Generally, the LDPE/GNP nanocompos-
ites exhibit decreased tendency of wear rate in dry sliding
against the steel counterpart when the GNP content is
increased. Because of high thermal conductivity and high
strength of GNPs, the wear resistance has been improved
due to transmission of frictional heat of nanocomposites
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and enhancement of the load carrying capacity [44]. After
addition of PO to LDPE/GNP nanocomposites at contents
of 2.5, 5, 7.5, and 10wt%, the wear rate of nanocom-
posites showed gradually increasing trend compared with
LDPE/GNP nanocomposites without PO. As known, there
is a reverse relation between wear rate and hardness of
nanocomposites. However, in all cases of PO contents, GNPs
reduced the wear rate of LDPE/PO composites. In con-
sideration of the low COF and wear rate, the LDPE/GNP
nanocomposites of 1 wt% content could be a promising mate-
rial for the tribological applications in dry sliding against
steel.

Recent studies emphasized that this significant improve-
ment in tribological performance of polymeric nanocompos-
ites may be attributed to the transfer film formation, which
protects the steel counterpart and specimens then leads to
reducing the ability of wear rate and COF [31,45-47]. Com-
posites with more uniform transfer films had lower COF and
wear rates [47]. Hence, these transfer films were responsible
for enhancement of the tribological performance of GNP-
reinforced LDPE.

It may be considered that, at the start of a wear test, the
specimen sliding surface comes in contact with the rough

steel disc. The surface asperities of the steel disc have
been adhered by transfer film, which was removed from
the specimen surface under the influence of load and sliding
speed. With the formation of uniform and coherent transfer
film, a new stage begins where the sliding occurs between
LDPE/GNP nanocomposites and the transfer film covering
the steel disc surface. Consequently, low COF and wear rate
have been obtained. Therefore, the GNPs play an important
role in improving the wear resistance and reducing of COF
of LDPE.

The comparison on the worn surfaces of unfilled LDPE,
LDPE/1wt% GNPs, and LDPE/1wt% GNPs/10wt% PO
under constant sliding speed was characterized using SEM
images as shown in Fig. 10.

As indicated in Fig. 10a, the worn surface of unfilled
LDPE contains more ploughed marks, which illustrated that
the wear mechanism was distinguished with adhesive and
ploughing wear. Because of the increased temperature at con-
tacted surfaces, severe adhesive wear occurred mainly due
to the softening of unfilled LDPE. Moreover, the ploughed
marks and fractures on the worn surfaces of the composites
are caused by the microcutting and microploughing action
from the abrasive asperities counterface.
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Distribution of 0.25, 0.5, 0.75, and 1 wt% GNPs in LDPE
matrix led to enhancement of the surface mechanical strength
of LDPE. Figure 10b shows the distribution of 1wt% GNPs
in LDPE matrix. The high surface mechanical strength of
LDPE/1wt% GNP composites helps in preventing deeper
wear grooves during sliding action. Besides surface prop-
erties, the transfer films formed during sliding also play
a significant role in controlling the wear behaviour of the
materials [7]. During the sliding process, these GNPs were
easily released from the LDPE/GNP nanocomposites and
transferred to the LDPE nanocomposite contact zone and the
counterface. Thus, the GNPs could work as a solid lubricant
material between the two contacted surfaces and prevent the
direct contacting between them, thereby reducing the COF
and increasing the wear resistance. This resulted in less wear
marks and shallower grooves of LDPE/1wt% GNP worn sur-
face, as shown in Fig. 10c. Hence, the LDPE/1wt% GNP
nanocomposites showed much better friction and wear resis-
tance compared with unfilled LDPE.

As for the worn surface of LDPE/1wt% GNPs filled with
10wt% PO as shown in Fig. 10d, the porosity was shown
clearly on the surface which led to weak interaction between
the PO and LDPE/GNP nanocomposites. Therefore, increase
in wear rate and COF with increasing PO content may be
attributed to the porosity formation, which led to weak inter-
action between the PO and LDPE/GNP nanocomposites.

4 Conclusions

In the present study, LDPE matrix nanocomposites rein-
forced with GNPs and PO were fabricated and the mechanical
and tribological properties of these nanocomposites were
investigated. The elastic modulus and microhardness of
LDPE were increased with increase in GNPs wt%, because
GNPs act as a strengthening material of the LDPE matrix
nanocomposites which contribute to improve the load car-
rying capacity. By adding PO wt%, the elastic modulus
and microhardness of LDPE/GNP/PO nanocomposites were
gradually decreased, due to the weak interaction, which
caused by adding of PO. Wear rate and COF of LDPE
were decreased with increase in GNPs wt%. This may be
attributed to the high surface mechanical strength and the
transfer film formation, which protects the steel counterface.
Therefore, the GNPs play an important role in improv-
ing the wear resistance and reducing COF of LDPE. After
addition of PO to LDPE/GNP nanocomposites at load-
ings of 2.5, 5, 7.5, and 10wt%, the wear rate and COF
of nanocomposites showed gradually increasing trend com-
pared to LDPE/GNP nanocomposites without PO contents.
This may be attributed to the weak interaction between PO
and LDPE/GNP nanocomposites, and porosity formation

@ Springer

was gradually increased. Finally, the worn surface was char-
acterized using SEM to emphasize on the wear mechanism.
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