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ABSTRACT: Ultra-high molecular weight polyethylene (UHMWPE) has gained considerable fame due to its excellent wear and
mechanical properties, though the inferior processability has restricted its further extensive applications. In this study, a combination
of UHMWPE and poly(ethylene glycol) (PEG) was considered based on the recent reports, and aiming to further exploit the potential
of PEG that acts as processing aid, and also to obtain greater enhanced processability along with other properties, the effects of incor-
porating maleic anhydride grafted polyethylene (MAPE) was thoroughly investigated. Rheological tests revealed a further significant
reduction in melt viscosity of UHMWPE/PEG blends after MAPE introduced, showing a potential of better processability, while the
flexural strength and toughness of UHMWPE blends experienced a satisfying increase without any obvious compromises in other
mechanical properties. A slight improvement of thermal stability in UHMWPE ternary blends along with an increase of vicat soften-
ing temperature were characterized by thermal tests, while the crystallinity of UHMWPE was diminished after the introduction of
MAPE. Morphology analysis indicated that better dispersion and decreased size of PEG particles were achieved in UHMWPE matrix
when MAPE was incorporated, which confirmed the improved interfacial interactions and other reinforcements obtained in
UHMWPE/PEG/MAPE blends. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42701.
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INTRODUCTION

In recent years, an increasing attention has been drawn to ultra
high molecular weight polyethylene (UHMWPE) as a result of
its outstanding toughness, high abrasion resistance, superior
wear strength in bearing surfaces and biocompatibility for total
joint replacement." UHMWPE, composed of entirely hydrogen
and carbon atoms, has been widely used in various applications
ranging from gears, liners, unlubricated bearings and seals® to
total joints for orthoplastics in the area of biomechanics.” How-
ever, due to the extremely high molecular weight, UHMWPE
can hardly be processed using conventional methods. Even
above its melting temperature, UHMWPE still possesses a high
level of melt viscosity, and thus the mainstream thermoplastic
processing techniques like extrusion and injection molding can-
not be utilized for UHMWPE with the exception of compres-
sion molding and ram extrusion,* which largely restricts its
efficiency of mass production. Factors such as molecular weight
and its distribution, the composition and the compatibility of
the blends, and the processing methods and the corresponding
parameters are found to be responsible for the processability of
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UHMWPE. Hence, for the purpose of achieving the processing
of UHMWPE with conventional techniques, investigations into
those factors are obviously necessary and also of great practical
and scientific interests.

Numerous work and research have been done regarding the
melt viscosity reduction of UHMWPE. Commonly used prac-
tice, such as blending conventional polyethylene (LDPE, HDPE)
and polypropylene (PP) with UHMWPE under various process-
ing conditions,"'* introducing a small quantity of processing
aids like polyethylene wax, fluoroelastomer, liquid crystalline
polymer and stearates,'>'® incorporating nanosized inorganic
fillers,'”” are comprehensively studied. To some extent, these
approaches are imperfect which means the improved process-
ability may bring dramatic decrease in other properties of
UHMWPE, like mechanical performances, wear resistance, etc.!®
Adding a small amount of HDPE into UHMWPE presents
unsatisfying effects for the processability, making it incapable
for general processing methods, though UHMWPE/HDPE
blends do show an enhancement regarding thermal stability and
ductility due to their decent miscibility."® Also, Huilin Li et al.*
reported the introduction of a small quantity of PP (10 wt %)
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could significantly improve the processability of UHMWPE
with a remarkable reduction of its melt viscosity, whereas the
mechanical properties of the UHMWPE/PP blends witness an
evident decrease as a consequence of their inferior compatibility.
In terms of processing aids, although they do behave effectively
in reducing the viscosity of UHMWPE, there is usually a small
saturation level for them.'® Recently researchers have found an
effective approach to make it possible for UHMWPE being
properly extruded without the sacrifice of its essential properties
that previously possessed. They discovered that incorporating a
very small amount of Poly(ethylene glycol) (PEG) can surpris-
ingly improve the extrudability of UHMWPE, though slight loss
of mechanical strength is unavoidable due to the polarity differ-
ences between hydroxyl-rich PEG and methylene-rich
UHMWPE.?! PEG could migrate to the die wall and the skin of
UHMWPE product during the extruding operations,”* and this
phenomenon is responsible for the limited enhancement as the
surface lubrication is much less effective than interior disentan-
glement. Hence, in order to further develop the effectiveness of
PEG, the addition of HDPE, PP, and other common fillers like
diatomite and glass bead has found helpful to the greater melt
viscosity reduction of UHMWPE.'#2>

In order to further develop the potential of PEG, enhancing its
compatibility with UHMWPE is essential, and also this is the
major objective of this study. Therefore, in this research, a novel
approach was designed to strengthen the interfacial interactions
between PEG and UHMWPE. A very small quantity of maleic
anhydride-grafted polyethylene (MAPE) was introduced into the
UHMWPE/PEG blends, and theoretically, MAPE can bridge the
polarity gap between UHMWPE and PEG as MAPE possesses
both polar and non-polar functional groups, which is also the
reason that MAPE is widely used in plastic composites industry
as a coupling agent.”>*” Hopefully, through the coupling func-
tion of MAPE, the processability and compatibility of
UHMWPE/PEG can be evidently enhanced to meet our
expectations.

EXPERIMENTAL

Materials

e UHMWPE (powder, melting point: 145°C; molecular
weight = 1.7 X 10° g/mol) was kindly provided by Beijing
No. 2 Auxiliary Agent Factory, Beijing, China with a density
of 0.90 g/cm”.

e PEG (PEG6000, melting temperature: 64—66°C; molecular
weight = 6000—8000 g/mol) was supported by Aoke Chemi-
cal Limited, Liaoyang, China with a density of 1.27 g/cm’.

e MAPE (melting point: 120°C; grafting rate: 1.0%) was pur-
chased from Kingfa Scientific and Technological with a melt
flow index (MFI) of 1.4—2.0 g/10 min (190°C, 2.16 kg load).

Blends Preparation

The same amount of PEG and MAPE were mechanically mixed
before melt processing. They were ground into powder
and blended evenly using a Universal pulverizer for 2 min.
Then, the mixed additives were blended with UHMWPE per a
precise weight proportion. The formula was fixed as
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UHMWPE:PEG:MAPE = 100 : 3: x (x varied from 1 to 5, per
hundred resin, phr) and used in all the following experiments.
Another formula UHMWPE : PEG =100 : 3 was also adopted
as a reference group, and they were evenly mixed before
processing.

The above two groups were fed into a twin-screw extruder
(Polylab OS 16/40, Germany) at 230°C, respectively, and the
extrudates were cut into granules for further operations.
Then, the pure UHMWPE powder, UHMWPE/PEG, and
UHMWPE/PEG/MAPE granules were respectively compressed
with a model for 10 min in the Hot Press Machine (XLB-D
vulcanizing press, Zhejiang Hongtu machinery factory) at
210°C and 20 MPa, and the product was slowly cooled with
pressure to obtain a sheet. The sheet was then placed at least
24 h before further processing. Lastly, the sheet was cut by a
Dumbbell System Prototype (TF-2062, Tianfa Test Machinery)
according to the ISO standard to gain testing bars. Bars for
Izod impact test were processed to obtain a notch per the
standard.

Mechanical Properties Tests

Testing bars for the tensile, flexural, and Izod notched impact
tests were prepared according to ISO 527:1993, ISO 178:1993,
and ISO 180:1993 on Shimadzu AG-1, Instron 4465, and Zwick
Pendulum 5113.300, respectively. The mechanical tests were per-
formed at room temperature and the data were collected based
on the average of five samples. Also, the strain—stress curves
were tracked during tensile tests.

Rheological Properties Tests

During the extrusion, the die pressure of different groups was
recorded at varied screw rotation speed. Rheological measure-
ments were performed on a capillary rheometer (RHEO - TES-
TER 1000, L-893) at 210°C. The range of apparent shear rates
was between 100 and 4000 s~ '. The rheological data were calcu-
lated directly on the rheometer with the consideration of Bagley
correction.

Thermal Properties Tests

Vicat softening temperature tests was conducted on an Italian
HDT-VICAT Thermal Deformation/VICAT Temperature tester,
50 N loaded, and the heating rate was 120°C/h. The tempera-
ture when the needle was pressed 1 mm into the sample was
recorded.

Thermogravimetry Analysis (TGA) tests were performed on a
Q5000 thermal gravimetric analyzer, TA Instrument U.S to
determine thermal degradation behavior of the blends. The
heating rate was 10°C per minute from 30°C to 700°C under
nitrogen protection, and the TGA curves of the blends were
recorded. The initial decomposition temperature when the
weight loss reaches 5% and the peak decomposition tempera-
ture are recorded as Tso, and T).

Differential Scanning Calorimetry (DSC) tests were carried out
on an American DSCAQ20 automatic differential scanning calo-
rimeter. The heating and cooling rate were both 10°C/min, and
the operating temperature range was 30°C—200°C. This whole
procedure was under the protection of nitrogen, and the gas
flow was 50 mL/min. DSC curves of heating and cooling scans
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* No measurable data for UHMWPE (cannot be extruded)
Figure 1. The die pressure of UHMWPE blends at varied screw rotation
speed. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

of each sample were tracked and their peak temperature were
then recorded, respectively, referred to as Ty, and Tgp,. The
half-peak width values (Wc,,,) of each cooling curves were cal-
culated to determine crystallization rate. The relative crystallin-
ity, X,, was calculated according to the following equation:

X.=(AHeyp/AH®) X 100% (1)

where AH., is the melting enthalpy of UHMWPE calculated by
TA Universal Analysis according to the corresponding melting
curves, and AH® is the melting enthalpy of totally crystallized
polyethylene, which is assumed to be 293 J/g.*®

Scanning Electron Microscopy

The Bio-Rad SEM spray system was employed to spray the frac-
ture surfaces of each sample with platinum. The Netherlands
FEI, Quanta 200 environmental SEM was then utilized to
observe the morphological characteristics. The fracture surfaces
were obtained through several procedures. First, samples were
frozen by liquid nitrogen to become brittle, and then sudden
impact was used to break them. The smooth fracture surfaces
conduct the SEM

were then obtained and utilized to

characterization.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of different samples were recorded in transmission
mode on a Bruker Vertex 70 FTIR spectrometer at a spectral
resolution of 4 cm ™" and 32 scans.

RESULTS AND DISCUSSION

Rheological Properties of UHMWPE Blends

Figure 1 shows the die pressure of the extruder when processing
UHMWPE blends at different screw rotation speed. Pure
UHMWPE cannot be extruded, and thus there is no measurable
data. Adding a small amount of PEG (3 phr) enables
UHMWPE to be processed by the extruder, and the die pressure
rises with the increasing screw rotation speed. Incorporating
MAPE into the UHMWPE/PEG blends can decrease the die
pressure of the extruder at every rotation speed level, which
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indicates better extruding behavior, though adding different
proportion of MAPE does not show much significant difference
in terms of die pressure reduction. The large drop in die pres-
sure provides substantial potential for increasing production
rate by speeding up screw rotation and reducing energy cost.*

The results of capillary rheometer measurement are presented
in Figure 2. The increased shear rate during the capillary test of
UHMWPE causes severe pressure vibration, and no steady rheo-
logical data could be obtained above the shear rate of 115 s~ .
Introducing PEG into UHMWPE remarkably reduces the appa-
rent viscosity, up to 36.4% of the virgin UHMWPE at the shear
rate of 115 s !, and the extruding process during the test
becomes steadier. The incorporation of MAPE further decreases
the apparent viscosity of UHMWPE blends, and the maximum
viscosity reduction in percentage is 40.9% at the shear rate of
230 s~ with 3 phr MAPE. Decreased melt viscosity after adding
PEG and MAPE offers UHMWPE better processability, and also
gives UHMWPE the capability of being processed by common
extruder. UHMWPE possesses distinctively high molecular
weight, and thus its molecular chains are fairly long and huge.
These chains tend to entangle with each other spontaneously,
and they hardly stretch or flow at the temperature even higher
than its melting point.>*~' The function of PEG acted as lubri-
cant greatly reduces the melt viscosity of UHMWPE, but its
potential is still not fully exploited as PEG particles tend to
migrate to the surface of the product during extruding due to
the inferior compatibility. Hence, involving MAPE moderates
this condition as it owns both polar groups and polyethylene
segments that possess great compatibility with PEG and
UHMWPE, improving the dispersion of PEG particles. In gen-
eral, better dispersed PEG further lubricates UHMWPE seg-
ments and thus enhances their fluidity.

As different amount of MAPE does not bring significant
changes concerning melt viscosity, which is the main objective
of this research, the addition of 3 phr MAPE was used to be
tested in the following experiments.

NS
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2.5

—s— UHMWPE
—e— UHMWPE/PEG (100/3)

a— UHMWPE/PEG/MAPE (100/3/1)
—v— UHMWPE/PEG/MAPE (100/3/2)
—— UHMWPE/PEG/MAPE (100/3/3)
2.0 J—>— UHMWPE/PEG/MAPE (100/3/4)
—4— UHMWPE/PEG/MAPE (100/3/5)

! s
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lgy(sh’
* v : Apparent Shear Rate
1 : Apparent Viscosity
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Figure 2. Apparent flow curves of UHMWPE blends. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. SEM micrographs of UHMWPE blends (%X5000): (a) UHMWPE, (b) UHMWPE/PEG (100/3), (c¢) UHMWPE/PEG/MAPE (100/3/3).

Functioning Mechanism of MAPE on UHMWPE/PEG Blends
The actual effects of MAPE on UHMWPE/PEG blends and their
detailed mechanism are proposed in this section. Figure 3 shows
the interior morphology of three different materials, photo-
graphed by SEM.

The fractured surface of UHMWPE presents uniform morphol-
ogy composed of millions of rod-like structure, and these tiny
“rods” connects with each other, offering UHMWPE superior
toughness. Adding a small quantity of PEG dramatically trans-
forms the interior morphology of virgin UHMWPE, and a vast
number of voids can be observed. Undoubtedly, this distinct
structure is caused by PEG particles, which are barely compati-
ble with UHMWPE matrix. PEG particles disperse in the form
of sphere, and they are directly dragged out when sudden
impact applied. It is rather interesting to see the interior struc-
ture of UHMWPE/PEG blends being remarkably altered once
again when MAPE incorporated. From Figure 3(c), the voids
become much smaller and they disperse more evenly when
comparing with UHMWPE/PEG. Hence, it is reasonable to
assume that the addition of MAPE reduces the particle size of
PEG and also increases the dispersion of those particles, and
this phenomenon can be adopted to explain the enhanced
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processability and decreased melt viscosity of UHMWPE/PEG/
MAPE ternary blends.

Figure 4 presents information regarding the interaction between
MAPE and PEG, which can better explain the influence of the
addition of MAPE/PEG on UHMWPE. Form Figure 4, it can be
easily observed that the decomposition temperature of PEG and
MAPE varies nearly 150°C, and when combining them, the
decomposition temperature increases compared to PEG by
around 100°C instead of showing two distinct weigh-losing
stages, which means the interactions do exist between PEG and
MAPE, and thus enables them to possess one decomposing
stage. Therefore, the addition of MAPE and PEG has synergistic
effects to UHMWPE matrix. On the other hand, Figure 5
presents FTIR spectra information of PEG, MAPE and MAPE/
PEG blends. The transmittance peak located at 1756 cm™ ' is
attributed to the —C=O vibration of the maleic anhydride
group, which existed in MAPE. It is obvious to notice that this
transmittance peak disappears after blending PEG and MAPE,
indicating that chemical reactions happened between the maleic
anhydride group of MAPE and hydroxyl groups of PEG. This
phenomenon suggests the potential functioning mechanism of
MAPE/PEG blends in UHMWPE.
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Figure 4. TGA curves of PEG, MAPE, and MAPE/PEG blends. (a) TGA curves (b) DTG curves. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 5. FTIR spectra of PEG, MAPE, and MAPE/PEG blends. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

The functioning mechanism of MAPE on UHMWPE/PEG
blends is speculated as shown in Figure 6. The interior structure
of UHMWPE consists of countless molecular chains that twist
and entangle with each other, and they also crystallize to form a
typical semi-crystalline polymer structure, though their degree
of entanglement greatly exceeds the normal ones as a result of
their extremely high molecular weight. Those unique character-
istics make UHMWPE possess very high melt viscosity at a tem-
perature even much higher than its melting point, and thus
adding processing aids, like PEG, is necessary to improve the
processability of UHMWPE. The addition of PEG makes a great
contribution in lowering the melt viscosity of UHMWPE. It has
already been reported that most PEG particles exist in the exte-
rior zone of the product, and also PEG mainly located and play
an important role in the amorphous region of the virgin
UHMWPE matrix.'®
viscosity is achieved by adding PEG, there is still a great poten-
tial that has not been fully exploited for PEG particles. How-
ever, based on the results that have been received from the
above experiments, it is reasonable to deduce that introducing
MAPE further enhances the viscosity-lowering function of PEG.
On the one hand, the particle size of PEG is greatly reduced
and it disperses more uniformly after MAPE added. On the
other hand, the inferior compatibility between UHMWPE and
PEG as a result of their discrepancy in polarity is improved by
the addition of MAPE. As MAPE consists of both polar groups

Although a certain level of decreased melt

Table I. Mechanical Properties of UHMWPE Blends

Figure 6. Schematic diagram of the effects of MAPE on UHMWPE/PEG
blends. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

and non-polar polyethylene groups, it has great compatibility
with UHMWPE and PEG. Therefore, the interactions between
MAPE and UHMWPE or PEG are fairly strong, and thus the
interfacial bonding for the material as a whole is enhanced.
Overall, the involvement of MAPE improves the interfacial
interactions between UHMWPE and PEG as well as the disper-
sion of PEG particles in the matrix, and thus brings better proc-
essability and enhancements in other properties of the ternary
blends.

Mechanical Properties of UHMWPE Blends

Table I presents the mechanical performances of different
UHMWPE blends. The tensile strength of UHMWPE does not
deteriorate much after PEG added, and the involvement of
MAPE slightly improves the strength of the ternary blends. This
is explainable, as PEG itself does not possess superior mechani-
cal strength, and its addition will jeopardize the continuity of
the matrix; therefore, the decrease of the tensile strength is
within expectation. However, due to the inferior compatibility
between PEG and UHMWPE, most PEG particles will migrate
to the surface of the material,> and thus its deteriorating func-
tion regarding tensile strength is not obvious. Hence, the addi-
tion of MAPE will certainly exert little effects on the tensile
strength as a result of the low strength that PEG pristinely has.
In terms of flexural strength and flexural modulus, UHMWPE/
PEG/MAPE blends clearly possess the highest figure when com-
paring with other groups. PEG particles played as foreign mat-
ter vastly disperse in UHMWPE, and this condition more or

Tensile Flexural Flexural modulus Impact strength Elongation
Samples strength (MPa) strength (MPa) (MPa) (KJ/m?3) at break (%)
UHMWPE 20.3 25.3 880 91.9 640
UHMWPE/PEG (100/3) 20.0 25.6 928 92.8 560
UHMWPE/PEG/MAPE (100/3/3) 20.6 28.0 944 97.6 760
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Figure 7. Stress-elongation curves of UHMWPE blends. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

less causes numerous defects. Nevertheless, MAPE acted as a
bridge connects PEG and UHMWPE, forming a more inte-
grated structure,” > and thus the ternary blends are capable of
withstanding stronger forces from external and greater deforma-
tion. Hence, the improvement of the stiffness that reflected by
flexural modulus is justified. Regarding impact strength,
UHMWPE itself possesses a high level of toughness due to its
distinct structure and behavior during deformation;*®*” thus, its
blends should have similar super toughness. It can be evidently
observed from the table that the incorporation of MAPE enhan-
ces the capability of UHMWPE/PEG blends defending sudden
impact, which indicates better toughness. The improved com-
patibility and continuity of the blends are responsible for the
enhanced impact strength compared to UHMWPE/PEG. It is
even more interesting that UHMWPE/PEG/MAPE (97.6 KJ/m?)
possesses greater toughness than virgin UHMWPE (91.9
KJ/m?). It is proposed that the addition of PEG decreases the
entanglement density of UHMWPE,?! which means the molecu-

100 -
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® 40 g
=
20 360 380 400 420 440
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UHMWPE
04 [—— UHMWPE/PEG (100/3)
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(a) TGA Curves

Figure 9. TGA curves of UHMWPE blends. (a) TGA curves (b) DTG curves.
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Figure 8. Vicat softening temperature of UHMWPE blends. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

lar chains of UHMWPE obtain a chance to stretch themselves
from aggregated groups. Thus, the improved mobility enables
chain segments to shift and adjust against sudden shocks, and
the movements of molecular chains can absorb greater amount
of energy, yet the PEG particles will also act as stress concentra-
tion points impairing the toughness of the material. The roles
of PEG are therefore becoming mutually opposite. However, the
involvement of MAPE can just moderate the adverse function
of PEG particles, making them closely connected with
UHMWPE. This assumption can be partly confirmed by the
improved impact strength of UHMWPE/PEG/MAPE blends.

Figure 7 demonstrates the tensile testing process of three mate-
rials, and the elongation versus stress curves shows the status of
each group under stress. All these samples present similar trend,
and firstly, the stress value is rising quickly along with the
increasing elongation. Soon, the stress reaches a peak value,
which is the yield strength, before it goes down to an extent,
and then the stress value mildly grows until the sample breaks.

—— UHMWPE]
3 —— UHMWPE/PEG (100/3)
UHMWPE/PEG/MAPE (100/3/3)

Deriv. Weight (%/°C)

, L

T T
0 150

T T T T
300 450 600 750

Temperature (°C)
(b) DTG Curves

[Color figure can be viewed in the online issue, which is available at
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Table III. Data Obtained from the DSC Scans of UHMWPE Blends

Samples UHMWPE UHMWPE/PEG UHMWPE/PEG/MAPE Samples Tup CC) Tep °C) Weae (C) Xc (%)
Ts%/°C  419.4 426.5 425.4 UHMWPE 146.5 118.8 9.1 51.6
Tol°C 4743 473.6 475.0 UHMWPE/ 1371 118.9 8.4 43.2
PEG (100/3)
UHMWPE/PEG/ 1371 119.0 8.1 44.5

The mild growing trend is commonly considered as strain hard-
ening effect. It is quite noticeable that the introduction of PEG
jeopardizes the elongation at break of UHMWPE, from 640%
to 560%, but involving MAPE enables the blends to possess a
much higher value (760%). This is explainable as during the
stretching process, the molecular chains of UHMWPE will shift
against each other until it breaks. Although PEG can disentangle
the twisted chain segments of UHMWPE, the defects it brings
about cause faster breaks within UHMWPE/PEG blends. As
MAPE connects PEG and UHMWPE, the more integrated
structure is capable of withstanding higher deformation, and
thus the ternary blends own greater value of elongation at
break.

Thermal Properties of UHMWPE Blends

This research also studied the thermal stability and the heat
resistance of the blends as a reference to the utilization of the
material. Vicat softening temperature (VST) of UHMWPE and
its blends were tested, and the results are listed in Figure 8.

VST, an important indicator that characterizes heat resistance, is
the determination of the softening point for materials that have
no definite melting point, such as plastics. From Figure 8, it can
be seen that the VST of pure UHMWPE is around 80.4°C, and
adding a small amount of PEG does not change this figure
much, which is in accordance with other findings that previ-
ously reported.’ It is particularly noticeable that incorporating
MAPE surprisingly improves the VST of UHMWPE blends,
with the figure rising to ~85.7°C. The increased VST represents
better dimensional stability of the material under certain heat-
ing environment, and also it means the product possesses

—— UHMWPE
[=—~— UHMWPE/PEG (100/3
(a) —e— UHMWPE/PEG/MAPE

(100/3/3)

Heat Flow(mW) - Endo

T T T - T T T T T
35 70 105 140 175 210

Temperature ("C)

MAPE (100/3/3)

greater rigidity and can resist deformation at higher operating
temperature.3 840

On the other hand, regarding thermal stability, TGA tests were
conducted for three different groups, and the results are shown
in Figure 9. According to this figure, adding PEG and MAPE
does not largely change the degradation process of virgin
UHMWPE. However, there are indeed some slight differences
occurred between 350°C and 450°C, and the detailed data is
listed in Table II. The initial decomposition temperature of virgin
UHMWPE is slightly improved by adding PEG, with the figure
increasing from 419.4°C to 426.5°C, while further introducing
MAPE barely enhances the Tso, of UHMWPE/PEG blends. In
terms of the peak decomposition temperature, these three groups
do not show any obvious variation. Hence, although the initial
decomposition temperature, Tso, is increased slightly, incorporat-
ing a small amount of PEG and MAPE does not jeopardize nor
greatly enhance the thermal stability of virgin UHMWPE. The
decomposing process remains almost a same pattern.

The melting and crystallizing behavior of UHMWPE blends
were characterized and tracked by DSC tests. The scanning
curves are presented in Figure 10, and the corresponding data is
listed in Table III.

According to Table III, the addition of PEG and MAPE reduces
the Ty of virgin UHMWPE, from 146.5°C to 137.1°C. The
peak melting temperature is largely dependent on the crystalline
structure of a specific material, and thus this phenomenon can
be speculated as introducing PEG could hinder or even damage

——UHMWPE
—— UHMWPE/PEG (100/3)
1 ®) —e— UHMWPE/PEG/MAPE
(100/3/3)
o
©
c
w
s
E
=z
o
w
w
)
I —
T T T T T T T L T ¥ 1
35 70 105 140 175 210

Temperature (°C)

Figure 10. DSC scans of UHMWPE blends: (a) Melting curves, (b) Crystallization curves. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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the integrity and structure of UHMWPE crystal. Concerning
the crystallization parameters, incorporating PEG and MAPE
presents little effects on the peak crystallization temperature
(Tcp), but the value of Wcy),, which represents the crystallizing
rate, is decreased, indicating faster crystallization process. These
results are explainable, because foreign matter, like PEG and
MAPE, could function as the centre of heterogeneous nuclea-
tion, and the UHMWPE segments will crystallize and grow
along those impurities, thus facilitating the course of crystalliza-
tion.*'** It is noticeable that the relative crystallinity of
UHMWPE is decreased evidently after adding PEG and MAPE.
The reduced crystallinity implies damaged integrity of
UHMWPE crystals, which can also explain the decreased Typ,.

CONCLUSIONS

Ternary blends of UHMWPE/PEG/MAPE were prepared by
melt mixing technique in a twin screw extruder followed by
compression molding and then evaluated regarding any changes
in mechanical, thermal, and rheological properties.

1. The processability of UHMWPE/PEG blends is further
improved by the addition of MAPE, and this ternary blends
can be effectively extruded by a twin screw extruder with
lower die pressure and better melt flowability than
UHMWPE/PEG binary blends.

2. The flexural strength and impact strength of UHMWPE/
PEG are increased by 12.0% and 6.1%, respectively, without
any sacrifice in tensile strength, while the elongation at
break, which reflects the toughness, is greatly improved by
35.7%.

3. Vicat softening temperature of UHMWPE/PEG blends is
improved after MAPE added, with the figure rising from
81.0°C to 85.7°C. The decomposing process almost remains
a same pattern by involving PEG and MAPE, indicating
similar thermal stability. Furthermore, the peak melting
temperature of pure UHMWPE is decreased by the addition
of PEG and MAPE as a result of diminished crystallinity
(up to 16.3%), and the crystallization process of UHMWPE
is facilitated by PEG and MAPE.

4. Morphology analysis revealed that incorporating MAPE
largely reduces the particle size of PEG in UHMWPE, and
the dispersion of PEG particles is also improved. It is rea-
sonably assumed that MAPE as a coupling agent enhances
the interfacial interactions between UHMWPE and PEG,
and therefore the more integrated structure of UHMWPE/
PEG/MAPE blends is responsible for its better processability
and improvements in other properties.
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