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ABSTRACT

This paper illustrates the dependence of the near-surface properties of polyethylene-based nanocom-
posites on the temperature and the nanofiller content using nanoindentation techniques. The specimens
were manufactured by melt processing a premixed blend of 75 wt.% ultra-high molecular weight
polyethylene (UHMWPE) and 25 wt.% high-density polyethylene (HDPE) with 0.5, 1 and 3 wt.%
multiwalled carbon nanotube (MWCNT) or 0.5, 1 and 2 wt.% inorganic clay. The results showed
that the incorporation of MWCNT can increase the indentation resistance, with indentation resistance
increasing with filler content. The indentation resistance was significantly increased with the addition of
1 wt.% clay nanoparticles. However, increasing the volume fraction of clay nanoparticle further resulted
in a reduction in the indentation resistance. The indentation hardness and elastic modulus were signifi-
cantly increased with the incorporation of both MWCNT and clay nanoparticles at room temperature.
At elevated temperatures, up to 65°C, a significant reduction was observed in the indentation resistance,
hardness and elastic modulus, which indicated a thermal softening of the materials. However, it is
interesting to find that the presence of the nanoparticle can enhance these properties at both room and
high temperatures. Therefore, it is important to consider these variations in the near-surface properties
of polyethylene-based nanocomposites when using such materials at various ambient temperatures.
Keywords: Nanoindentation, polyethylene, nanocomposite, nanotubes, nanoclay.

1 INTRODUCTION
Depth sensing indentation (DSI), or nanoindentation, is an advanced mechanical testing tech-
nique that is capable of providing valuable information about the near-surface properties of
solid polymers, such as the indentation elastic modulus, indentation hardness and elas-
tic-plastic, viscoelastic and viscoplastic behaviour [1]. This technique has become increasingly
popular in the investigation of the near-surface properties of polymer nanocomposites and
their correlation to the nanoparticle loading [2—7]. However, the nanoindentation technique
to date has been limited to investigating the near-surface properties of polymers at room tem-
perature, whereas the properties of many engineering polymers are significantly affected by
temperature within their service range. For example, UHMWPE is often used in impact pro-
tection applications where the high strain rates involved can induce significant increases in
temperature and subsequent thermal softening [8]. Recent developments in nanoindentation
instruments have increased the capability to perform nanomechanical testing at elevated tem-
peratures. Therefore, for better understanding of the near-surface properties of polymers in
various environments and temperatures ranges and to meet environmental and commercial
concerns, some researchers have used the nanoindentation technique at high temperature to
perform a reliable measurement of the temperature-dependent properties [9—11]. It is impor-
tant to investigate the temperature-dependent properties of certain materials at their in-service
temperature to avoid unexpected behaviour or failure. To date, no work has been carried out
to investigate the near-surface properties of polyethylene-based nanocomposites at elevated
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temperatures by means of DSI. The materials investigated in this work were desired to replace
the UHMWPE in helmets and body armour protection with improved processability and low
cost. The dependence of the near-surface properties of polyethylene-based nanocomposites
on temperature was investigated. These properties include the indentation hardness, elastic
modulus and creep resistance. The correlation between the near-surface properties of poly-
ethylene-based nanocomposites and nanoparticle loading at various temperatures was also
evaluated. The range of temperature was selected according to the expected service climate
and below the recrystallisation temperature of such materials.

2 EXPERIMENTAL METHODS
2.1 Materials

The materials tested in this study were Ultra-high Molecular Weight Polyethylene/High-Den-
sity Polyethylene (UHMWPE/HDPE) blended polymers with multiwalled carbon nanotube
(MWCNT) or inorganic nanoclay fillers. Nascent UHMWPE powders (Sabic® UHMWPE
3548) were purchased from (Saudi Basic Industries Corporation [SABIC], Jubail, Saudi Ara-
bia 2010), which had an average molecular weight of 3 x 10° mol/g. HDPE powders
(ExxonMobil™ HDPE HMAO14) were purchased from ICO Ltd (ExxonMobil Chemical Bel-
gium, Europe 2010). Natural Hectorite nanoclay (BENTONE® HC Hectorite Clay) was
supplied by Elementis Specialties Inc. in powder form, with an average particle size of less
than 75 um and an average density of 2600 kg/m? (Elementis Specialties, East Windsor, USA
2010). Hectorite is a type of mineral clay that belongs to the Smectite group, formed from high
silica content volcanic ash. The method by which the Hectorite Nanoclay is dispersed within
the Polyethylene matrix is protected by patent WO/2010/106358. Multiwalled Nanotubes
(NANOCYL"™ NC7000) with an average outside diameter of 9.5 nm and an average length of
1.5 um, were provided by Nanocyl (Nanocyl, Sambreville, Belgium 2009). Butylated hydrox-
ytoluene and Tris (nonylphenyl) phosphate, supplied by Sigma-Aldrich (Sigma-Aldrich
Company Ltd, Dorset, England 2010), 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 from Randol Technology Ltd. (Staffordshire,
UK) was then used to blend the UHMWPE and HDPE powders pre-mixed with MWCNT or
nanoclay to form nano-filled UHMWPE/HDPE blends with various nanoparticle contents, as
shown in Table 1. 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 2. Compression moulding was used to mould the nanocom-
posite materials. The raw material was placed into a square mould (100 x 100 x 1.65 mm),
and then heated to 190°C, which is higher than the melting point of the composite
(approximately 135°C). Various mould pressures (154, 232, 309, and 386 MPa) were inves-
tigated to optimise the properties of the material such as hardness and crystallinity. Various
holding times at maximum pressure (10, 15 and 30 min) were also used to identify the most
appropriate moulding parameters. The optimal moulding pressure and holding time were
309 MPa and 15 min, respectively, which resulted in the highest values of hardness and
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Table 1: Nanofiller content.

Base material Filler Filler content wt.%
U75H25 MWCNT 0,05,1,3
U75H25 Clay 0,05,1,2

Table 2: Processing method parameters.

Processing temperature (°C)

Extruder speed (rpm) Zonel Zone2 Zone3  Zone4 Die Cooling

190 220 250 260 270 280 water

crystallinity. After compression moulding, the mould was cooled to room temperature using
water. Specimens of dimensions 10 x 10 x 1.65 mm were then cut from the plaques.

2.3 Material testing and characterisation

Depth sensing indentation (DSI) experiments were performed on the specimens at controlled
machine chamber temperatures of 25°C, 45°C and 65°C, using a NanoTest 600 from Micro
Materials Ltd (Wrexham, UK). A Berkovich indenter, with face angle of 65.3°, was used to
make at least 10 indents with 40 mN maximum load, 600 s dwell period and 2 mN/s loading
and unloading rates. The results were analysed using the Oliver and Pharr method [12], and
the average curves were plotted using Excel. In this method, the initial portion of the unload-
ing curve is described by the power low relation:

P=o(h—hy" (1)

where P is the load, o0 and m are constants determined by curve fitting, / is penetration depth
and £ _is the depth of the residual impression. The contact stiffness (S) can be obtained by:

S:d—P(h:hm):m(x(h )" ®)

dh max

The contact depth (/) at maximum load (P_,,) can be estimated using:

max

P
h o=h  —e-m 3
C max S ( )

where ¢ is a constant related to the geometry of indenter, which is 0.75 for the Berkovich
indenter, A, is the maximum penetration depth. Thus, the projected contact area (A) is
determined from (k) by the following relation:

A =245 hc2 4
and hence the indentation hardness (H) is:
P P
H :ﬂ max (5)
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The reduced modulus can be calculated from stiffness (S) using the relation:

g _
d

2
=f—
TN
where, A = 24.5hp2, E, is the reduced modulus and B is a correction factor, which depends on
the type of indenter (1.034 for Berkovich indenter). Consequently, the elastic modulus (E,)
for the specimen can be calculated using the equation:

ENA (6)
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where, E, v and E,, v; are the elastic moduli and the Poisson’s ratios of the specimen and the
indenter, respectively, (£, = 1141 GPa, v, = 0.07).

For the materials used in this study, a bulge or (nose) effect was found during the initial
portion of unloading as a result of creep, which can lead to errors in the calculation of contact
depth and contact stiffness. Therefore, a dwell time of 600 s was introduced at maximum load
to minimise this effect of viscoelastic behaviour. In this study, the Oliver and Pharr method
was used to compare the mechanical resistance of the blends and nanocomposites under
identical testing conditions.

To characterise the nanofiller dispersion and the microstructure of the U75H25 nanocom-
posites, several experimental techniques were used. These included Differential Scanning
Calorimetry (DSC), X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Trans-
mission Electron Microscopy (TEM) and Thermogravimetric Analysis (TGA). The details of
these techniques are discussed in this section.

Differential Scanning Calorimetry (DSC), (TA instruments, Shimadzu DSC60) was used
to analyse the effect of different compression moulding parameters and nanofiller content on
the 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°C to 180°C at a rate of 10°C
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 kJ/kg) [13]. X-ray Diffraction (XRD) was used to investigate dispersion of the clay
particles using a Philips X Pert X-ray diffractometer (anode 40 kV, filament current 35 mA)
with Nickel-filtered Cu-Ko, (A =0.1542 nm) radiation at a scan speed of 1°/min from PAN-
alytical company (Almelo, The Netherlands). The surface morphology was investigated
using a Philips XL30 ESEM-FEG from FEI Company (Eindhoven, The Netherlands). The
dispersion of CNT 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 analyse the dispersion of clay into the blend
matrix. A PC controlled ultra-microtome with a diamond knife from RMC products, Boeck-
eler Instruments (Boeckeler Instruments, Inc., Butterfield Drive Tucson, Arizona, USA) was
used for specimen cutting. The specimen and knife temperatures were set at —120°C and
—100°C, respectively. The final section thickness was 90 nm using 1 mm/s cutting speed,
which was then placed on a standard copper grid ring. The Thermogravimetric Analysis
(TGA) from TA instruments, SDT Q600 (Crawley, UK) was used to analyse the thermal
degradation behaviour of the polyethylene-based nanocomposites. The measurements were
carried out in air at a heating rate of 40°C/min and an air flow of 100 ml/min for cooling. The
sample size was 16—17 mg, which was placed in a platinum pan and heated to 600°C.
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3 RESULTS AND DISCUSSION
3.1 Nanoparticle dispersion

Nanoparticle dispersion is a very important factor in the manufacture of nanocomposites as
it can affect the mechanical and rheological properties of the composite. SEM and TEM were
used to analyse nanoparticle dispersion in the U75H25 matrix, as shown in Figs 1 and 2. It
can be seen that there are homogenous dispersions of CNT at low volume fraction (0.5 and
1 wt.%), with no large aggregates of nanoparticles (Fig. 1a and b). For higher volume frac-
tions of CNT, large aggregations can be seen in Fig. lc, which indicates that this volume
fraction is greater than the percolation threshold of the dispersion of CNT into the U75H25
blend. Figure 2a shows an individual nanoclay layer in the blend matrix, which is the dark
region on the image. XRD experiments were also carried out to investigate nanoclay disper-
sion with the results shown in Fig. 2b. It can be seen from the XRD profiles that the peak seen
with the original clay is not seen with the U75H25/clay nanocomposites, which is a typical
feature of exfoliation. This supports the identification of the single clay layer in the TEM
investigation of the U75H25/clay nanocomposites.

3.2 Thermal degradation
The thermogravimetric analysis curves of U75H25 and U75H25/nanocomposites are shown

in Fig. 3. The thermal degradation starts at approximately 275°C and then thermal stability
breaks down in the range of 475-575°C. It can be seen that the thermal stability of the

Figure 1: Scanning electron microscopy images for CNT dispersion in the U75H25 matrix:
(a) 0.5 wt.% carbon nanotube (CNT), (b) 1 wt.% CNT and (c) 3 wt.% CNT (arrows
indicate the CNTs aggregations).
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Figure 2: (a) Transmission electron microscopy image for the dispersion of clay into the
blend matrix and (b) X-ray diffraction pattern.
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Figure 3: TGA results for the U75H25 blend and the U75H25-based nanocomposites.

U75H25-CNT is higher than the U75H25 blend and it appears to increase as the CNT volume
fraction increases. For instance, the temperaturtfe at 20% mass loss of the U75H25-3 wt.%
CNT is approximately 46°C higher than the U75H25 blend. This can possibly be explained
by the formation of a thermally stable cross-linked carbonised layer on the nanoparticle sur-
face during the thermal degradation, which tends to hinder the diffusion. On the other hand,
the addition of clay nanoparticles shows no effect on the thermal degradation of the blend,
which indicates the significant effect of the nanoparticle type on the thermal properties of the
polyethylene-based nanocomposites.

3.3 Nanoindentation behaviour

In this study, the effect of the degree of crystallinity is negligible for the blends and the nano-
composites, as no significant change was observed from the DSC tests (crystallinity values
~54 + 1.2). Figure 4 shows loading-holding—unloading curves of the U75H25 blend and its
nanocomposites with various volume fractions. Generally, it can be observed that the incorpo-
ration of CNT or clay nanoparticles can result in a reduction in the penetration depth, which
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Figure 4: Nanoindentation behaviour of: (a) U75H25-carbon nanotube and (b) U75H25-clay.
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Figure 5: Dependence of the (a) indentation hardness and (b) elastic modulus on the
nanoparticle loading.

indicates an increase in the hardness, stiffness and creep resistance of the nanocomposite. The
addition of 2 wt.% clay nanoparticles displaces the curve to a higher penetration depth com-
pared with 1 wt.% clay. This can be attributed to the formation of intercalation of the clay
platelets at high volume fraction and the poor distribution of clay nanoparticle in the U75H25
matrix. The presence of nanofillers with high strength and surface area to volume ratios leads to
an increase in the hardness. The addition of 1 and 2 wt.% clay results in a significant increase
in the indentation hardness (42%). However, increasing the CNT volume fraction (more than
0.5 wt.%) shows no effect on the indentation hardness, as seen in Fig. 5a. The elastic modulus
values were calculated using eqn (7) and the results are shown in Fig. 5b. It can be seen that the
elastic modulus increases with increasing volume fraction of the nanofiller. This can be deduced
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from the change of the slope of the unloading curve. Modulus and stiffness (slope of the unload-
ing curve) have a direct relationship as shown in eqn (6) and increasing the stiffness will lead to
a higher modulus. It is interesting to see transition values for the elastic modulus at 0.5 wt.% of
the nanofiller. This is obvious for the clay nanoparticle where a sharp increase in the modulus
occurs. This can be attributed to the 2D geometry and larger size of the clay platelets. These
results can be used as evidence that nanoparticle geometry can significantly affect the indenta-
tion behaviour of polyethylene-based nanocomposites.

3.4 Temperature effects on the nanoindentation properties

To investigate the effect of nanoparticle addition on the nanoindentation behaviour at various
temperatures, a comparison of the effect of nanoparticles on the indentation penetration depth
is shown in Fig. 6. The presence of the nanoparticles leads to a reduction in the penetration
depth. The reduction in the penetration depth can be increased by increasing the volume
fraction of the nanofiller. Increasing the temperature can lead to a significant increase in the
indentation penetration depth. For example, at 65°C the indentation penetration depth of the
U75H25-1 wt.% CNT and U75H25-1 wt.% clay increases by 18% and 21%, respectively,
compared with the indentation depths at room temperature.

The indentation hardness and elastic modulus were calculated following the same analysis
procedure used in the room temperature experiments. Figure 7 shows the indentation hard-
ness and elastic modulus of the polyethylene-based nanocomposites at various temperatures
(25°C, 45°C and 65°C). It can be seen that increasing the temperature from 25°C to 45°C can
cause a significant reduction in the indentation hardness of the polyethylene-based nanocom-
posites in the range of 25—34%. Further reduction in the indentation hardness can be observed
at a higher temperature. However, only a small difference (up to 10%) can be found between
the indentation hardness values at 45°C and 65°C. Testing the materials at high temperatures
also induces a significant effect on the elastic modulus as seen in Fig. 7. Increasing tempera-
ture by 20°C can result in a significant reduction in the elastic modulus values between 30%
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Figure 6: Dependency of maximum indentation depth on the nanoparticle loading and
temperature.
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Figure 7: Effect of temperature on the indentation hardness and elastic modulus.

and 35%. Further reduction in the elastic modulus values (in the range of 4-21%) can be seen
after an additional temperature increase of 20°C.

4 CONCLUSIONS

It is important to investigate the near-surface properties of polyethylene-based nanocompos-
ites at various temperatures to provide sufficient information about their properties at or near
to their in-service temperatures. The incorporation of MWCNT and clay nanoparticles
showed a significant increase in the indentation resistance, indentation hardness and elastic
modulus of polyethylene materials at room temperature. However, these properties were sig-
nificantly dependent on the ambient temperature. Increasing temperature resulted in a
significant reduction in the indentation resistance, hardness and elastic modulus, which indi-
cated a thermal softening of the materials. The addition of nanoparticle resulted in
improvements in the near-surface properties at both room and high temperatures.
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