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ABSTRACT: The ultra high molecular weight polyethyl-
ene (UHMWPE)/organoclay nanocomposites were pre-
pared in decalin with various organoclay contents (0, 1, 2,
3, and 5 pphr). Transmission electron micrographic images
and X-ray diffraction results showed that the organoclay
was exfoliated and well dispersed in UHMWPE matrix.
The rheological properties were measured at various tem-
peratures (110, 130, and 150°C) in a broad range of shear
rate (107110 at a gel concentration of 6 wt %. The result

showed that the viscosity increased with the addition and
increasing organoclay content. Thermal stability (thermog-
ravimetric analysis) and crystallinity (differential scanning
calorimeter) of UHMWPE increased with increasing orga-
noclay content implying that the organoclay functioned as
barrier and nucleating agent. © 2009 Wiley Periodicals, Inc.
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INTRODUCTION

Ultra-high molecular weight polyethylene
(UHMWPE) offers superior mechanical properties
and chemical resistance based on its high molecular
weight.' Consequently, it has been used in a num-
ber of specific areas including bearing components,
gears, sporting goods, guide rails, and medical mate-
rials in total joint replacement.*”

Nanocomposites are promising materials for appli-
cations where improved mechanical properties, ther-
mal stability, and chemical resistance are desired.?
Because nanofillers such as carbon nanotubes, nano-
clays, and nanofibres can be used at lower concen-
trations than conventional fillers, processability is
facilitated in nanocomposites.”'”

However, it is difficult to prepare UHMWPE/
nanofillers composites using conventional melt mix-
ing technology due to the high viscosity of
UHMWPE. Therefore, solvent and compatibilizer
have been used to facilitate processing."

It has been reported that the addition of
UHMWPE to electrically conducting composite can
eliminate the positive temperature coefficient effect
and improves the reproductivity of electrical con-
ductivity. The positive temperature coefficient effect
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is a phenomenon of sharp resistivity increase when
the temperature approaches the melting point in an
electrically polymer conducting composite consisting
insulator pollymer and conductive carbon black or
carbon fiber."? Silver nanoparticles were also intro-
duced into the UHMWPE by supercritical fluid proc-
essing. The presence of silver nanoparticles resulted
in enhanced wear resistance and tribological proper-
ties, implying that supercritical fluid procedure can
decrease the process of polymer/metal tribolo-chem-
ical debris formation and enhance UHMWPE bio-
compatibility and antimicrobial activity.'

In this study, the UHMWPE/organoclay nanocom-
posites were prepared in decalin with various organo-
clay contents (0, 1, 2, 3, and 5 pphr) in the presence of
a compatibilizer (Polyethylene-g-maleic anhydride co-
polymer (PE-g-MAH)) at a resin concentration of 6 wt
%. Rheological, thermal, mechanical properties, and
morphology of the nanocomposites have been
measured.

EXPERIMENTAL
Materials and preparation

The organoclay (Cloisite® 15A) used in this study is
obtained from Southern Clay Products (Gonzales, TX).
PE-g¢-MAH (Aldrich, MAH ~ 3 wt %) was used as a
compatibilizer, whereas UHMWPE of My = 4.5 x
10° g/mol was used. The resin (UHMWPE(9)/PE-g-
MAH(1)) concentration in decalin was fixed at 6% and
organoclay contents were 1, 2, 3, and 5 pphr, respec-
tively (Table I). Organoclay was first added to decalin,
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TABLE I
Basic Formulation to Prepare UHMWPE/Organoclay
Composites (UHMWPE + PE-g-MAH)/Decalin = 96/4)

RUN# UHMWPE PE-g-MAH Cloisite 15A (phr) Decalin

6
1 100 0 0
2 90 10 1
3 90 10 2 94
4 90 10 3
5 90 10 5

followed by ultrasonification for 3 h. To this, PE-g-
MAH was added and completely dissolved at 135°C.
Subsequently, the UHMWPE powder was added to
the solutions and stirred until the powder was com-
pletely dissolved to form clear solution. Finally, sam-
ple was put in an oven and dried to obtain the
nanocomposites.

X-ray diffraction profiles

X-ray diffraction (XRD) patterns were recorded with
symmetric reflection mode by using Rigaku (Tokyo,
Japan) X-ray diffractometer (30 kV, 25 mA). A mono-
chromatic CuKo radiation was used. For each scan-
ning interval of 2°/min, diffracted X-ray intensity
was automatically recorded.

Tensile properties

The tensile properties of the nanocomposites were
measured with a universal testing machine (Lloyd
Instruments) at a crosshead of 500 mm/min using
specimens prepared according to ASTM D-1822.
Tests were made at room temperature and at least
three runs were made to report the average.

Thermal properties

Thermogravimetric analysis (TGA) has been done
using TGA Q50 (TA Instruments, New Castle, DE).
A 6-8 mg of sample was put in an alumina crucible
and heated to 600°C at 10°C/min under N, atmos-
phere, where the flow rate of N, was 60-40 mL/
min.

Thermal properties of the UHMWPE/organoclay
nanocomposites were determined using a differen-
tial scanning calorimeter (DSC, Dupont 1000, Twin
Lakes, WI). Samples were heated to 200°C to erase
the thermal history of the sample and cooled to 30°C
at 5°C/min recording crystallization behavior. Melt-
ing endotherm was recorded during the second
heating cycle at 10°C/min.
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Rheological properties

The rheological behavior of the composites was
measured using an Advaned Rheological Extension
System (Rheometric Scientific, Piscataway, NJ) in a
parallel plate geometry with diameter of 25 mm and
gap of 1 mm. Strain sweep was first done at 110°C
and 10 rad/s to identify the linear viscoelastic limit.
Frequency sweeps were measured at three different
temperatures (110, 130, and 150°C) from 0.1 to 100
rad/s at 12% strain, which is the upper limit of lin-
ear viscoelastic behavior of our resins at the measure
temperatures.

RESULTS AND DISCUSSION
XRD profiles

Figure 1 shows XRD profiles of virgin organoclay
(Cloisite®15A) and UHMWPE/organoclay nanocom-
posites, where the organoclay contents were 1, 2, 3,
and 5 pphr, respectively.

The diffraction peak at 260 = 2.75° gives the inter-
layer spacing (d-spacing) of 32.09 A for the original
Cloisite®15A, which was calculated by Bragg’s law
leq. (D]

nh = 2dsin0 (1)

No peak was observed for 1, 2, and 3 pphr orga-
noclay, implying that the layers of clay have been
well exfoliated. But peak appears for 5 pphr organo-
clay content at lower diffraction angles, viz. at 20 =
1.21° corresponding to d-spacing of 72.92 A. This
indicates that organoclays are intercalated but not
well exfoliated by PE-g-MAH and ultrasonication.
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Figure 1 XRD patterns of UHMWPE/organoclay nano-
composites.
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Figure 2 Stess-strain behaviors of UHMWPE/organoclay
nanocomposites.

Mechanical properties

Tensile properties of UHMWPE/organoclay nano-
composite are shown in Figure 2. The stress—strain
curves for all samples are similar. UHMWPE does
not show yield, and modulus smoothly decreases
until the fracture at about 300% elongation. The ten-
sile. modulus and strength generally increase and
elongation at break decreases with the addition and
increasing amount of organoclay as compared with
the virgin UHMWPE. However, the tensile strength
decreases for 5 pphr organoclay due to its incom-
plete exfoliation along with aggregations. Similar
results have also been reported in other articles.'*"”

Thermal properties

TGA measurements (Fig. 3) show that thermal resist-
ance is enhanced in the presence of nanoclay due to
the thermal insulation effect of clay.'®"

Weight(%)

Temperature(TC)

Figure 3 TGA curves of UHMWPE/organoclay nano-
composites.
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Figure 4 DSC thermogram of UHMWPE and

UHMWPE/organoclay nanocomposites.

DSC thermograms of the nanocomposites as well
as UHMWPE are shown in Figure 4 along with the
detailed date in Table II. It is seen that crystalline
melting temperature (T,,) of UHMWPE (132.7°C) is
slightly decreased in nanocomposites. As expected,
the melting enthalpy and crystallinity (X.) increases
in nanocomposites, implying that organoclay pro-
vides the UHMWPE with nucleating agent. It is also
noted that the increase is small with C5 as described
earlier. It is mentioned that crystallinity of the sam-
ple was calculated using the heat of fusion for crys-
talline PE (7.87 kJ/mol or 281.1 J/g).

Rheological properties

Figures 5 and 6 show the shear-dependent complex
(n*), dynamic (n'), and elastic part (n”) of viscosities
for various compositions of UHMWPE/organoclay
composites at various temperatures (110, 130, and
150°C). It is seen that the composite viscosity
increases with increasing organoclay content. Disper-
sion viscosity can be described by a power law as:

Nt = 1+ 5@ + K ® + - - - - (2)

where ks are constants, ® is the volume fraction of
dispersed phase, viz. clay. Below the crystallization
temperature, the crystalline volume of the
UHMWPE should also contribute to the dispersed
phase. The viscosity functions generally follow the
power law behavior [eq. (3)] within the experimental

TABLE 1I
DSC Data of UHMWPE/Organoclay Composites (X. = %
Crystallinity, AH = Heat of Fusion)

Clay  Cl C2 c3 c5

200) 275 - - - 121
d-spacing(A) 32.09 Exfoliated Exfoliated Exfoliated 72.92

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Shear viscosity of UHMWPE/organoclay (1
pphr) nanocomposites at various temperatures: (a) com-
plex viscosity, m* (b) dynamic viscosity, n', and (c)
dynamic out-of-phase viscosity, n”.

ranges of temperature and composite composition.
n=mxy" ®)

where 1 is the viscosity, m is a constant, and # is
power-law index.
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The dynamic viscosity corresponds to the viscous
deformation of the material, whereas the loss part of
the complex viscosity is the fluid elasticity.

"

N =n'—in (4)
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Figure 6 Complex viscosities of UHMWPE/organoclay
nanocomposites at various temperatures: (a) 1 pphr, (b) 3
pphr, and (c) 5 pphr.
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Figure 7 The Arrhenius plot of various ratio of

UHMWPE/organoclay nanocomposites: (a) 1 pphr, (b) 3
pphr, and (c) 5 pphr.
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For UHMWPE, 1" has almost the same value with
n* in magnitude while 1’ is approximately one order
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of magnitude smaller than that of n”. This makes a
contradiction to the conventional thermoplastic melts
where 1" is much bigger than n”. The contradiction
is in part due to the low measure temperature that
gives more elastic deformation than viscous defor-
mation. However, it is mostly due to the high elas-
ticity of the gel, which is caused by the intensive
entanglements of the flexible and long UHMWPE
chains. With the addition and increasing amount of
organoclay, 1’ decreases and n" increases, implying
that mobility of UHMWPE chain is disturbed by
organoclay.

Temperature-dependent viscosity is described by
Arrhenius plot. Figure 7 shows the Arrhenius plot of
the composite viscosities measured at three different
temperatures according to

<

nN=AXer (6)

where A, E, R, and T are constant, activation energy
for viscous flow, gas constant, and absolute tempera-
ture, respectively. It is seen that the viscosities of the
composite gels follow Arrhenius equation. This may
imply that morphology change such as main chain
scission is not significant during the measurements.

It is seen that the slope of the Arrhenius plot
decreases with the addition and increasing content
of organoclay, indicating that the activation energy
of flow and hence the dependence of viscosity on
temperature decreases with increasing organoclay
content.

Using the Arrhenius equation, shift factors [eq.
(7)] were calculated with the reference temperature
(Tp) of 130°C, and the results are given in Table III.

O(T:—/—ﬁ e (7)

As expected the shift factor closes to unity as the
content of organoclay increases. This implies that
viscosity becomes less vulnerable to the temperature
at high organoclay content.

Using the shift factors, the master curves of viscos-
ity functions are drawn and superposed on the refer-
ence temperature in Figure 8. It is seen that the

TABLE III
Shift Factors at Various Temperatures and Organoclay
Contents (Reference temperature: 130°C)

Xe Tm (°C) AH (1/g)
UHMWPE 57.38 132.70 161.3
Co 61.94 132.61 174.1
C1 64.01 132.30 179.9
Cc2 65.82 131.84 185.0
C3 66.32 131.57 186.4
C5 65.29 131.18 183.5

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 The master curve of various ratio of

UHMWPE/organoclay nanocomposites: (a) 1 pphr, (b) 3
pphr, and (c) 5 pphr.

horizontal shifts of viscosity functions for 110 and
150°C amounting to In oy give fair well superposi-
tion on that of 130°C.
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CONCLUSIONS

The effects of organoclay on the rheological, thermal,
mechanical properties of UHMWPE/organoclay nano-
composites have been experimentally determined.

The XRD analysis clearly indicated the exfoliation
of organoclay for UHMWPE/organoclay nanocom-
posites except the high nanoclay content (C5).

The tensile modulus and strength generally
increase and elongation at break decreases with the
addition and increasing amount of organoclay as
compared with the virgin UHMWPE.

The addition of small amount of organoclay aug-
mented thermal stability of the virgin UHMWPE.
The crystallinity of UHMWPE has been increased
with the addition and increasing amount of clay due
to the nucleation effect of nanoclay. However, the
effect was less pronounced with C5 due to the
incomplete exfoliation.

Viscosity of UHMWPE gel increased with the
addition and increasing amount of organoclay due
to the increased volume of solid. Viscosity functions
of the composite generally followed the power law
behavior. On the other hand, temperature depend-
ence was described by Arrhenius equation, and it
became less significant with increasing clay content.
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