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ABSTRACT: Ultra-high-molecular-weight polyethylene (UHMWPE)/nano silicon carbide (nano-SiC) composites were prepared by
compression molding. The effects of a coupling agent and the content of the filler on the filler dispersion and the mechanical and
thermal properties of the composites were investigated. The results show that the mechanical properties of the composites first
increased and then decreased with increasing SiC content. The macromolecular coupling agent exhibited a much better reinforcing
effect than the small-molecule coupling agent. The tensile strength of the composites with 3-aminopropyltriethoxysilane (KH550),
y-methacryloxypropyltrimethoxysilane (KH570), and silicone powders reached its maximum value when the silicon carbide (SiC)
content was 3%. We found that a web of the UHMWPE/SiC/coupling agent was formed and played a significant role in improving
the heat resistance of the composites. In addition, appropriate amounts of SiC could increase the crystallinity of UHMWPE via a
process of heterogeneous nucleation. The comprehensive performance of the KH550/silicone/SIC/UHMWPE composites was the best.
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INTRODUCTION

Ultra-high-molecular-weight polyethylene (UHMWPE)"* occu-
pies the extreme end of the polyethylene performance spectrum.
With a molecular weight ranging from 1 to 10 million g/mol,
UHMWEPE linear polymer chains are 10 times longer than those
of conventional high-density polyethylene. This unique molecu-
lar structure gives UHMWPE exceptional properties, such as the
greatest sliding wear resistance and notched impact strength.
For these reasons, UHMWPE has been applied to fields such as
textiles, paper, agriculture, food packaging, coal, and chemical
machinery.” However, some weaknesses, such as a low surface
hardness, poor creep resistance, and low heat distortion temper-
ature, constrain the further application of UHMWPE; conse-
quently, much attention has been focused on the modification
of UHMWPE.**

Because of the strong antioxidant properties, good wear resist-
ance, good thermal stability, low coefficient of thermal expan-
sion, high thermal conductivity, high hardness, and excellent
resistance to chemical corrosion of nano silicon carbide (nano-
SiC),” nano-SiC is widely used as a filler in polymer-based
composites. Nano-SiC possesses a unique small size effect and
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surface and interface effects; these advantages can effectively
improve the mechanical properties and heat resistance of the
resin matrix.

The addition of a coupling agent is a commonly used method
for improving the adhesion of the composites.'>'? Because of
the effect of the coupling agent on the size and distribution of
nanoparticles, the mechanical and thermal properties of the
nanocomposites are improved. In this study, KH550, y-metha-
cryloxypropyltrimethoxysilane (KH570), and silicone powders
were used to treat the nano-SiC surface, and nano-SiC-filled
UHMWPE composites were prepared by compression molding.
The effects of the coupling agents and filler content on the
mechanical and thermal properties of the composites were
investigated.">'°

EXPERIMENTAL

Materials

UHMWPE was obtained from Beijing Dongfang Petrochemical
Co., Ltd., No. 2 Assistant Factory, Beijing, China. Nano-SiC,
obtained from Shanghai ST-NANO Material Technology Co.,
Ltd. (Shanghai, China), was used as an additive. KH550 (3-
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Figure 1. TEM photographs of the nano-SiC powders: (a) pure SiC, (b) KH550-¢-SiC, and (c) KH570-g-SiC.

aminopropyltriethoxy silane) and KH570 were supplied from
Nanjing Shuangguang Chemical Group (Nanjing, China).
Silicone powders were provided by Hangzhou Jiexika Chemical
Co., Ltd. (Hangzhou ,China).

Treatment of Nano-SiC

Small-Molecule Coupling Agents (KH550 and KH570). The
silane coupling agent [1 wt % silicon carbide (SiC)] was diluted
with anhydrous ethanol (volume ratio = 10:1). The KH550/
ethanol solution was alkaline, and the pH of the KH570/ethanol
solution was adjusted to pH 4-5 by the addition of acetic acid.
SiC powders and the coupling/ethanol solution were put into a
three-necked flask (250 mL). After ultrasonic agitation for 30
min, the mixture was stirred for an additional 2 h at a tempera-
ture under 80°C. After washing and drying, the SiC was placed
in a sealed container.

Macromolecular Coupling Agent (Silicone). Silicone powders
(1 wt % formula) and a certain amount of SiC were mixed in
the high-speed mixer. After mixing, SiC was placed in a sealed
container.

Preparation of the UHMWPE Specimens

The UHMWPE powder and SiC were mixed in a mixer, and the
mixture of UHMWPE and SiC was filled into a mold. The test-
ing specimens were sintered under 15 MPa of pressure at 220°C
for 15 min; this was followed by cooling under 15 MPa.

Characteristics

Mechanical Properties. The mechanical properties tests of the
SiC/UHMWPE composites were performed with an electronic
universal testing machine (CMT-4104, Sansi, Shenzhen, China).
Five test specimens were subjected to tests of their mechanical
properties. The speed of the tensile strength testing was 50 mm/
min. The flexural strength was tested by three-point bending
with a span of 60 mm and a test speed of 2 mm/min.

Heat Distortion Temperature.
The heat distortion temperature was tested by a Vicat tester
(Vicat-RHYV, Riger, Shenzhen, China) in accordance with GB/
T1634.2-2004 (0.45 MPa, flat).

Thermal Conductivity. Steady-state measurement of thermal
conductivity was performed with thermal conductivity equip-
ment (TC-3A, Jingke, Hangzhou, China). When the heating pan
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constant temperature was 60°C, the constant-temperature re-
cord of the cooling was recorded; then, we calculated the ther-
mal conductivity of the test samples by formula.

Transmission Electron Microscopy (TEM)

The coated morphology of the SiC particles was investigated on
a JSM-2100 transmission electron microscope (JEOL, Tokyo,
Japan) with an acceleration voltage of 120 kV.

Scanning Electron Microscopy (SEM)

The dispersion of the nano-SiC particles modified by nano-SiO,
in the SiC/UHMWPE system nanocomposites and the wear
surface of SiC/UHMWPE composites were investigated on a
JSM-5610LV scanning electron microscope. For clear observa-
tion, the surfaces of the samples were coated with thin gold
layers of about 100 A.

RESULTS AND DISCUSSION

Morphology of the Nano-SiC Powders

Figure 1(a) shows the morphology of the uncoated SiC
particles. The pure SiC particles were irregularly shaped and rel-
atively homogeneous. The SiC powders coated with KH550 are
displayed in Figure 1(b). It was obvious that a heterogeneous
surface was obtained after the deposition of KH550. A relatively
weak heterogeneous surface was also obtained after the deposi-
tion of KH570, as revealed in Figure 1(c). This phenomenon
was due to the fact that the chemical bonding and physical
adsorption that was formed between the hydrolysis groups of
the silane coupling agent and SiC particle surface hydroxyls led
to the formation of an organic adsorption layer.

Morphology of the Freeze-Fractured Surfaces of the Composites
Figure 2 shows the freeze-fractured surfaces of the 3%
UHMWPE/SIiC composites treated for 24 h with liquid nitro-
gen. As we all know, the better the fillers are dispersed, the
better the material properties will be. As shown in Figure 2(a),
there was a clear presence of agglomerated particles, which were
SiC particles dispersed in the UHMWPE matrix. We observed
that the decentralization of SiC was improved apparently by the
addition of the coupling agent. As shown in Figure 2(d-f), it
was hard to see any pits on the fracture surface. The nano-SiC
modified by the coupling agent had the better bonding force
with the matrix resin. Among them, silicone powder weakened
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Figure 2. SEM photographs of the freeze-fractured surface under liquid nitrogen of the UHMWPE composites: (a) without the coupling agent, (b) with
added KH550, (c) with added KH570, (d) with added silicone powders, (e) with added KH550/silicone, and (f) with added KH570/silicone.

the cohesion of the UHMWPE resin and led to a reduction in
the intermolecular forces in polymers. It not only improved the
processing properties of the material but also was more condu-
cive to the dispersion of SiC.

Effects of the Couplings on the Mechanical Properties of the
SiC/UHMWPE Composites

The tensile strength of the UHMWPE/SIiC composites with cou-
pling agents is shown in Figure 3. The tensile strength decreased
markedly when the untreated SiC content was greater than 1%.
Curves of the tensile strength of the composites with coupling
agent showed a similar trend with increasing SiC content. The
tensile strengths of the composites with coupling agent reached a
maximum when the SiC content was 3%. The effects of the SiC
content on the flexural strength of the SIC/UHMWPE composites
are shown in Figure 4. The flexural strength of the composites
reached 16.7 MPa when the pure SiC content was 5%. Upon the
addition of different small-molecule coupling agents, KH550 and
KH570, the flexural strengths of the composites with a 5% SiC
content reached 19.6 and 19.1 MPa, respectively. The bending
strengths of the composites with macromolecular coupling agent
(silicone powders, KH550/silicone, and KH570/silicone) reached
their maximum values when the SiC content was 3%. These
values were 19.6, 19.7, and 19.5 MPa, respectively.

Figures 3 and 4 show that the mechanical properties of the SiC/
UHMWPE composites increased initially with increasing SiC
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content, and then, they decreased. This was mainly attributed to
the observation that a small amount of SiC was dispersed well
in the matrix, and this made the interface between the SiC and
UHMWPE stronger. Because of this, the deformation ability
and the antishear deformation ability of the systems increased,
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Figure 3. Effects of the coupling agent on the tensile strength of the
UHMWPE/SiC composites. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

@WILEY il ONLINE LIBRARY



Applied Polymer
21
20 - ES
*——{——f—-\_.‘x._ ——

19 b P = 3 s
I 72 9

R 7/ F 1
¥
/A

—m— Without coupling agent
—e— KH550

Flexural strength/MPa
=
T

= A KH570
—w— silicone powders
14 KH550/silicone powders
4 KH570/silicone powders
15 1 1 1 1
0 2 4 6 8 10

SiC/wt%

Figure 4. Effects of the coupling agent on the flexural strength of the
UHMWPE/SiC composites. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

so the strength and toughness of the UHMWPE/SiC composites
were significantly improved. However, with increasing SiC
content, the agglomeration phenomenon of nano-SiC became
more serious in the matrix, and this led to an increase in the
defects and the stress concentration. Therefore, the mechanical
properties of the composites deteriorated.

After the addition of the coupling agent, the mechanical proper-
ties of the UHMWPE/SIC composites improved significantly
when the content of SiC was less than 5%. The phenomenon was
related to the fact that the coupling agent caused an increase in
the SiC repulsion, which could have inhibited the agglomeration
to promote the uniform dispersion of particles. The reinforcing
effect of macromolecular coupling on the SiC/UHMWPE compo-
sites was better than that of small-molecule coupling. As a non-
polar resin, a physical combination between the small-molecule
coupling and the UHMWPE resin was only formed from the
interdiffusion of the molecular chains. As the molecular chains of
small-molecule coupling were very short, the physical combina-
tion was weak. There were two advantages of adding the macro-
molecular coupling agent. On the one hand, it achieved a stron-
ger physical combination between the inorganic filler and the
matrix. On the other hand, changes in the molecular weight and
molecular structure of macromolecular coupling could control
and optimize the interface combination.

Effects of the Couplings on the Thermal Properties of the
UHMWPE/SiC Composites

The effects of the couplings on the heat distortion temperature of
the UHMWPE/SIC composites are given in Figure 5. We observed
that the heat distortion temperature of the composites exhibited
first an upward trend and then a downward one. The maximum
heat distortion temperature was observed in the 5% SiC content.
These corresponding temperature values were 83.4°C (without
coupling), 90.3°C (KH550), 88.0°C (KH570), 92.4°C (KH550/sili-
cone), and 90.8°C (KH570/silicone). The results show the heat
resistance of the composites improved significantly. The role of
the macromolecular coupling agent was better than that of the
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Figure 5. Effects of the coupling agent on the heat distortion temperature
of the SiC/UHMWPE composites. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

small-molecule coupling agent, and the effect of compound
coupling was the best. The main reasons were as follows:

1. It is known that SiC fillers remove a lot of heat and make the
heat of the composites evenly; thereby, they increased the heat
distortion temperature of the UHMWPE/SiC composites.

2. A web of the UHMWPE/SiC/coupling agent played a
significant role in improving the heat resistance of the
composites.'”'® Macromolecular coupling improved the
interfacial adhesion and filler dispersion, so its effect of
radiating was better than that of small-molecule coupling,
and the compound coupling was best.

3. When the SiC content is in excess, the SiC and UHMWPE
adhesive became weakened. A large number of SiC easily
generated agglomeration. As agglomerated SiC formed a
lot of weak points and brought many defects, the heat
distortion temperature of UHMWPE/SiC became lower.
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Figure 6. Effects of the coupling agent on the thermal conductivity of the
SiC/UHMWPE composites. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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As shown in Figure 6, the thermal conductivity of the
UHMWPE/SIiC composites increased with increasing loading of
SiC. The curves showed a similar trend. When the SiC content
was less than 3%, the effects of different coupling agents essen-
tially showed similar results. With increasing nano-SiC content,
the thermal conductivity of the UHMWPE/SIiC composites
increased but slightly declined in the range SiC from 3 to 5 wt
%. The silicone played an optimal role in the thermal conduc-
tivity, and the thermal conductivity, which when KH550/silicone
was added, increased from 0.1728 to 0.5132 W-m™ "K' when
the SiC concentration was increased from 0 to 9.0 wt %. The
results were related to the effective heat network of SiC. At low
filler content, it was not enough to form effective heat paths,
and the effect of the coupling agent on the thermal performance
was small. Increasing the amount of SiC increased the disper-
sion of the individual SiC particles, and the ability to form
thermal paths was improved. At this time, the obvious effect of
coupling was imposed on the thermal conductivity. When SiC
reached a certain amount, the reunion particles reduced the
particle volume and the ability to form a thermal network.
When the level of SiC was higher, the particle size distribution
covered a wide range, and the formation of thermal pathways
was greatly improved, so the thermal conductivity of the
composite materials increased rapidly.

CONCLUSIONS

1. The UHMWPE/SIiC composites with a high strength and
heat resistance were prepared by the addition of coupling
agents. The addition of coupling agents also significantly
improved the dispersion of SiC particles.

2. The modification effect of the couplings, from strong to
weak, was silicone/KH550, silicone/KH570, silicone,
KH550, and KH570, respectively.

3. The composites of SiC-filled modified UHMWPE, which
exhibited good mechanical properties and heat resistance,
were a superior performance material. The optimum for-
mula consisted of KH550 (1 wt % SiC), silicone powders
(1 wt % formula), and SiC (3-5%).
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