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The purpose of this paper is to investigate the effect of nanoparticle type on
the scratch resistance of polyethylene-based nanocomposites at two ambient
temperatures and various scratch velocities. An in-house pre-mix procedure
is used to enhance the scratch resistance of polyethylene blend by the
addition of three different types of nanoparticles, which are compatible with
the host matrix. The results showed a good dispersion of nanoparticles into
the host material matrix. The scratch resistance of polyethylene-based
nanocomposites is significantly influenced by the type of nanoparticles at
both testing temperatures. The addition of low volume fraction (0.5 wt.%) of
nanoclay and CNT showed a significant increase in the scratch resistance of
nanocomposite material at the highest scratching velocity for both testing
temperatures. While, slight effect of the embedding of nanoclay was

indicated at low scratch velocity. The addition of 0.5 wt% CB resulted in a
reduction in the scratch resistance at all testing parameters.

© 2017 The Authors. Published by IASE. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Scratch resistance of polymer materials is an
important property in many demanding applications
such as coating and lining in automotive, protecting
layers in touch screens for electronic devices and
optical products. Therefore, it is important to
develop an existing material such as polyethylene to
increase its scratch resistance and subsequently its
applications. Ultra-high molecular weight
polyethylene (UHMWPE) is a high performance
thermoplastic =~ with  outstanding  mechanical
properties, such as high wear strength, chemical
resistance and high toughness, which provide not
only practical benefits but also scientific interest
(Kelly, 2002; Lucas et al,, 2011; Lim et al,, 2005).
However, it's extremely high molecular weight, and
subsequent high viscosity, raises difficulties in
processing using standard techniques, such as twin
screw extrusion and compression moulding.
Reducing the viscosity of UHMWPE is an effective
method of avoiding these processing difficulties.
Blending UHMWPE with other polymers that have
lower viscosity, such as high density polyethylene
(HDPE), can therefore be wused to improve
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processability. UHMWPE/HDPE blends are of
current interest owing to the improvement in the
processability and creep resistance compared with
UHMWPE (Xue et al, 2006; Sui et al,, 2009). HDPE
has a similar structure to UHMWPE but with lower
molecular chain length, however, it exhibits lower
wear resistance, yield strength and toughness than
UHMWPE (Kelly, 2002). This reduction in
performance on adding HDPE to UHMWPE can
potentially be mitigated, whilst retaining the
improved processability, by the addition of nano-
reinforcement, which has been shown to improve
the mechanical performance of polyethylene (Chen
et al, 2012; Ren et al.,, 2012; Kontou and Niaounakis,
2006; Zoo et al., 2004; Zhenhua and Yunxuan, 2012;
Stoeffler et al., 2011; Tang et al., 2003; Kanagaraj et
al,, 2007; Alghamdi et al., 2013a;b;2014;2015).
Scratch resistance for materials can be highly
affected by testing conditions such as load (Krupicka
et al,, 2003; Wong et al,, 2004a; Zhang and Li, 2003)
scratch velocity (Krupicka et al.,, 2003; Zhang and Li,
2003; Gauthier and Schirrer, 2000) and temperature,
where, the effect of polymer softening and loss of the
filler-matrix interaction can lead to significant
degradation in the mechanical properties of the filled
polymers (Gauthier and Schirrer, 2000; Jardret and
Morel, 2003; Cao et al, 2011). Material
characteristics such as ductility (Browning et al,
2006; Hadal and Misra, 2005), crystallinity
(Surampadi et al, 2007; Moghbelli et al, 2008),
hardness (Rodriguez et al, 2007; Briscoe et al,
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1996) and surface roughness (Wong et al,, 2004b)
can significantly influence the scratch resistance of
polymers. Kurkcu et al. (2014) pointed out that the
scratch resistance of polymers can be enhanced by
the incorporation of hard filler. In a previous work
(Alghamdi et al, 2015), it was found that the
addition of MWCNT and nanoclay can significantly
increase the hardness, elastic modulus and
indentation resistance of polyethylene-based
nanocomposites. This was attributed to the presence
of nanofillers with high strength and surface area to
volume ratios. Therefore, the objective of this work
is to enhance the scratch resistance of polyethylene
by the embedding of low volume fraction of
nanoparticles into the matrix using simple
processing method. This can increase the possibility
to develop polymer with high scratch resistance and
low cost. Based on a previous work, the effect of the
degree of crystallinity is negligible for the blends and
the nanocomposites, as no significant change was
observed (Alghamdi et al,, 2015).

2. Experimental methods
2.1. Materials

The materials tested in this study were
UHMWPE/HDPE blended polymers with three types
of nanofillers, which are carbon black (CB), nanoclay
and carbon nanotubes (CNTs). Nascent UHMWPE
powders (Sabic® UHMWPE3548) were purchased
from SABIC (Dhahran, Saudi Arabia) which had an
average molecular weight of 3x10¢ mol/g. HDPE
powders (ExxonMobil ™ HDPE HMAO014) were
purchased from ICO Ltd (ExxonMobil Chemical
Europe, Belgium). Carbon black (CB) powder with
the commercial product name, black pearls ® 4040
(BP4040) and average particle diameter of 28 nm
were provided by the Cabot Corporation (Cabot
Corporation, USA). Natural hectorite nanoclay was
supplied by Elements specialties (Elements
Specialties, USA). Multi-wall Nanotubes (MWNT)

with diameters in the range of 5 nm to 50 nm, were
provided by Nanocyl (Nanocyl, Belgium). Butylated
hydroxytoluene and Tris (nonylphenyl) phosphate,
supplied by Sigma-Aldrich (Sigma-Aldrich, UK), were
used as primary and secondary antioxidants, to
maintain the long term thermal stability and melt
processing stability, respectively.

2.2. Processing

An in-house pre-mix technology was used to
incorporate the nanofillers into the UHMWPE and
HDPE powders. A twin-screw extruder was then
used to blend the UHMWPE and HDPE powders pre-
mixed with CB, carbon nanotubes (CNT) or nanoclay
to form Nano-filled UHMWPE/HDPE blends with a
constant volume fraction of 0.5 wt.% each. A blend of
75 wt. % UHMWPE and 25 wt. % HDPE, abbreviated
to U75H25, was used as the hybrid PE matrix to
accommodate the nanofillers. During processing, the
mixing temperature was controlled using five zones
from feeding port to die; the processing parameters
are shown in Table 1. Compression moulding was
used to mould the Nano composite materials. The
raw material was placed into a square mould (100 X
100 X 1.65 mm), and then heated to 1909C, which is
higher than the melting point of the composite
(approximately 135°C). Various mould pressures
(154, 232, 309, and 386 MPa) were investigated to
optimize the properties of the material such as
hardness and crystallinity. Various holding times at
maximum pressure (10, 15 and 30 minutes) were
also used to identify the most appropriate moulding
parameters. The optimal moulding pressure and
holding time were 309 MPa and 15 minutes
respectively, which resulted in the highest values of
hardness and crystallinity. After compression
moulding, the mould was cooled to room
temperature using water. Then, the specimens were
cut from the plaques into a square shape of 10x10
mm with1.65mm thickness.

Table 1: Processing method parameters

Extruder Speed (rpm) Processing Temperature (°C) Cooling
Zone 1 180
Zone 2 190
400 Zone 3 200 water
Zone 4 210
Die 220
2.3. Material testing and characterization parameters and nanoparticle type on the

In order to characterize the Nano filler dispersion
and the microstructure of the U75H25
nanocomposites, several experimental techniques
were used. These included Differential Scanning
Calorimetry (DSC), Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy
(TEM). The details of these techniques are discussed
in this section.

Differential Scanning Calorimetry (DSC), (TA
instruments, Shimadzu DSC60) was used to analyze
the effect of different compression moulding

crystallinity of the blend and nanocomposites. The
specimens, with average mass of 5 + 0.2 mg, were
sealed in aluminium pans and heated from 20 to
180°C at a rate of 102C per minute. The mass
fraction degree of crystallinity was then determined
by comparing the heat of fusion with that for fully
crystalline polyethylene at the equilibrium melting
point (290 k] /kg) (Humbert et al., 2009). The surface
morphology was investigated using a LEO 440
Scanning Electron Microscopy (SEM) from Leo
Electron Microscopy Ltd (Cambridge, UK), and
Philips XL30 ESEM-FEG from FEI Company
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(Eindhoven, The Netherlands). The dispersion of
nanoparticles was studied after fracturing the
samples in liquid nitrogen, then coating them using
platinum. A JEOL 2000FX Transmission Electron
Microscopy (TEM) from JEOL Ltd. (Welwyn Garden,
UK) was used to analyze the dispersion of
nanoparticles into the blend matrix.

The microscratch test was performed on the
specimens at controlled machine chamber
temperatures of 22.8 and 45, using a Nano Test
machine 600 from Micro Materials Ltd (Wrexham,
UK). A diamond Rockwell tip, with 200 pm radius,
was used to make at least 5 scratches with scratch
parameters as shown in Table 2. The results were
plotted using Excel.

3. Results and discussion
3.1. Nanoparticle dispersion

Nanoparticle dispersion is a very important
factor in the manufacture of nanocomposites that
can affect the mechanical and rheological properties
of the composite. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM)
were used to analyze nanoparticle dispersion in the
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U75H25 matrix, as shown in Fig. 1 and Fig. 2. It can
be seen that there are homogenous dispersions of CB
and CNT at the constant volume fraction (0.5 wt. %),
with no large aggregates of nanoparticles, Fig. 1(a)
and Fig. 1(b). Fig. 1(c) shows an individual nanoclay
layer, which indicated by the arrow on the image.
Further evidence of the well dispersion of CNT and
CB nanoparticle can be seen in the TEM images in
Fig. 2(a) and Fig. 2(b). Fig. 2(c) shows nanoclay
layers in the blend matrix, which are the dark
regions on the image. This image can be used as
evidence for the very well exfoliation of the nanoclay
layers in the polymer matrix. The exfoliation and
dispersion of clay platelets in the polymer matrix are
important issues to achieve the desired mechanical
properties, especially for a non-polar matrix such as
polyethylene (Durmus et al., 2007).

Table 2: Scratch test parameters

Experiment 1 2 3 4
Scratch Velocity (pm/s) 5 10 15 15
Load (mN) 30 30 30 30
Scratch Length (um) 150 150 150 150
Loading Rate (mN/s) 2.97 2.97 2.97 2.97
Temperature (°C) 22.8 22.8 22.8 45
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Fig. 1: SEM images for the dispersion of nanoparticles in the U75H25 matrix: a) 0.5wt. % CB, b) 0.5wt. % CNT and c) 0.5 wt.
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Fig. 2: TEM images for the dispersion of nanoparticles in the U75H25 matrix: a) 0.5wt. % CB, b) 0.5wt. % CNT and c) 0.5 wt.

3.2. Nanoparticle type and temperature effects

Fig. 3 shows the effect of nanoparticle type on the
scratch resistant of polyethylene-based
nanocomposites at two different ambient
temperatures and constant scratch velocity. It can be
seen that the addition of CNT and nanoclay particles
resulted in a significant increase in the scratch
resistance of the polyethylene-based
nanocomposites at both testing temperatures. The
resistance increased proportionally with scratch
depth. This can be proposed to the well interaction
between nanoparticles and polymer matrix.
Adversely, the embedding of CB nanoparticles into
the polymer matrix resulted in a significant
reduction in the scratch resistance of the
polyethylene Nano composite at both testing
temperatures. This can be attributed to the poor
interaction between matrix and nanofillers, which
means that the load or stress is not completely
transferred to the particles. Since no chemical
modification was used in the preparation of the
nanoparticles used in this study, no interaction
between the nanoparticle and the polymer matrix is
likely to occur. This can negatively affects the
properties of the polymer composite, which might
even be less than that of the neat polymer matrix.

% Clay

Micro-cracks and voids can be formed ahead the
tool tip during scratching of polyethylene-based
nanocomposites. The presence of CB nanoparticles
with weak interaction with the polymer matrix can
increase the crack initiation and leads to a reduction
in the scratch resistance and gives smooth scratching
(Blackman et al.,, 2016). The embedding of CNT or
clay nanoparticles resulted in less cracks initiation
owing to the good interaction between the filler and
the polyethylene matrix. The existence of these
nanoparticles resulted in additional effect on the
scratch mechanisms ahead and beneath the tool tip,
which leads to more scratching resistance.

3.3. Effects of scratching velocity

Fig. 4 shows the effect of lower scratching
velocity on the scratch resistance of polyethylene-
based nanocomposites. It can be seen that the
embedding of small volume fraction of nanofillers
into the polymer matrix has no effect on the scratch
resistance at low scratching velocity (5um/s). By
increasing scratching velocity to 10um/s, the
addition of 0.5 wt.% nanoclay resulted in a better
scratch resistance behaviour. This can be attributed
to the one dimensional shape of the clay platelet,
which affects the motion mechanisms of polymer
chains. At higher scratching velocity (as seen in Fig.
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3), the addition of CNT and nanoclay resulted in a
noticed improvement in the scratch resistance, while
the addition of CB resulted in a significant reduction
in the scratch resistance. This can be proposed to the
three dimensional shape of the CB nanoparticles and
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the weak interaction between particles and polymer
matrix. The results can be used as evidence for the
great influence of nanoparticle type on the scratch
resistance of polyethylene-based nanocomposites at
high scratching velocities.
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Fig. 3: Effect of nanoparticle type on the scratch resistance of polyethylene-based nanocomposites at: (a) 22.8 °C and (b) 45
°C (using 15 um/s scratch velocity)
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Fig. 4: Effect of scratch velocity on the scratch resistance of polyethylene-based nanoparticles using: (a) 5 pm/s and (b) 10
um/s (at room temperature = 22.8°C)

4., Conclusions

In this paper, the effects of nanoparticle type on
the scratch resistance of polyethylene-based
nanocomposites were studied using micro scratch
testing machine at various scratching velocity and
two temperatures. The addition of small volume
fraction of nanoparticle showed no effects on the
scratch resistance at low scratching velocity
(5pum/s). At 15pum/s scratching velocity, the addition
of CNT or nanoclay resulted in a considerable
improvement in the scratch resistance of
polyethylene nanocomposites. Adversely, the
embedding of three dimensional CB nanoparticles
resulted in a significant reduction in the scratch

resistance. These results showed clear correlation
between nanoparticle type and scratch behaviour for
polyethylene nanocomposites.

Similarly, the addition of CNT or nanoclay
particles to polyethylene matrix resulted in an
improvement in the scratch resistance at high testing
temperature. Material softening has no effect on the
scratch behaviour, however a slight reduction in the
scratch depth is likely to occur. The addition of three
dimensional CB nanoparticles to the polymer matrix
showed significant reduction on the scratch
resistance at both room and high temperature. This
was attributed to the weak interaction between the
matrix and nanofillers and the geometry of CB
nanoparticles.
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