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Abstract: The improvement of mechanical properties,
electrical properties, and processing properties of ultra-
high-filled thermal insulation polypropylene (PP) com-
posites has been plagued by high filling amount of
heat-conducting fillers such as alumina powder (Al,O3)
and expanded graphite. In order to improve its properties,
this article uses a high-temperature-resistant coupling
agent (A153) to modify the PP composite. The results of
this study show that when the content of A153 reaches
7.5 phr, the tensile strength of PP composite can reach
5MPa, the elongation at break can reach 25%, and the
volume resistivity can reach 12.8 x 10" Q-m, and the max-
imum thermal conductivity is 1.82 W-m K™, The proces-
sability also shows that the introduction of A153 can
increase the melt flow rate and effectively improve the
processahility of the material.
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1 Introduction

With the development of science and technology, the
requirements for the thermal conductivity of materials
in the fields of microelectronic packaging, automobile,
aerospace, electrical insulation, and so on are becoming
higher and higher, especially the electronic components,
which have high-precision, high integration, and high
power, but the volume has gradually become smaller,
which leads to a large amount of heat gathering in a
narrow space and cannot be dissipated (1,2). If the heat
is not dissipated on time, the continuous high tempera-
ture will overload or even fail the electronic components,
which will shorten the service life of the electronic com-
ponents and may cause serious harm. In order to ensure
the continuous and efficient operation of electronic com-
ponents, effective heat transfer and heat dissipation have
become urgent problems to be solved (3-5). Therefore,
the direct contact between high thermal conductivity
polymer materials and electronic components to realize
heat transfer has attracted extensive attention.

Polymers have the advantages of excellent electrical
insulation, good processing performance, high chemical
stability, and low cost. They are very suitable as the base
material of thermal conductive materials (6). However,
the thermal conductivity of common polymer materials
is poor, and the thermal conductivity coefficient is gen-
erally lower than 0.2W-m K™ (7,8). Adding ceramic,
metal, and carbon materials with excellent heat conduc-
tivity to the polymer can effectively improve the thermal
conductivity of the material. There is no doubt that the
thermal conductivity of thermal conductive fillers is an
important factor affecting the thermal conductivity of com-
posites. In addition, the shape of the filler will also have an
important impact on thermal conductivity. Weidenfeller
and Kirchberg (9) studied the thermal conductivity of PP
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filled with Fe;0,, glass fiber, talc powder, and copper
powder. It was found that when the volume fraction of
filler reached 30%, the thermal conductivity of PP/TAIC
powder composite could be as high as 2.5 W-m K, which
was significantly higher than that of PP/copper powder
composite, which was 1.25 W-m 2K, while the thermal con-
ductivity of copper was about 40 times that of talc powder.
Further study of this result shows that talc powder has flake
structure, large aspect ratio, and good interfacial compatibility
with PP, which is conducive to phonon heat transfer. This
study proves that the thermal conductivity of the composite
is related to not only the thermal conductivity of the filler itself
but also the shape and interface structure of the filler.

Inorganic fillers with high thermal conductivity, such
as alumina, aluminum nitride, silicon carbide, boron nitride,
and expanded graphite (EG), can improve the thermal con-
ductivity of composites in polymers while retaining the
high insulation properties of materials (10-12). Alumina
has excellent physicochemical properties, such as high
temperature resistance, strong insulation, corrosion resis-
tance, high thermal conductivity, and high strength. It can
play an auxiliary role when two-dimensional fillers are con-
nected to a thermal conduction network, which helps reduce
anisotropy and is of low price. Therefore, it is widely used in
ceramics, medicine, microelectronics, electrical machinery,
and other industries. Compared with ordinary graphite, EG
has a series of advantages: good chemical stability, low
density, softness, and easy processing (13). In addition, its
surface has a rich honeycomb pore structure to absorb other
substances, so as to form a two-dimensional network heat
conduction path and realize rapid heat transfer. EG has
many excellent characteristics, is of low cost, and easy to
manufacture, and so it is often used as a functional reinfor-
cing filler to composite with other materials (11,12). The
thermal conductivity of polymer materials is generally
poor, whereas EG has good thermal conductivity and
good compatibility with organic matter. It can be evenly
dispersed in the matrix material with less addition, so as to
significantly improve the thermal conductivity of polymer
materials. Heat conductivity fillers have different shapes.
the alumina mentioned above is granular and EG is flake,
and this kind of multi-shape matching filler is easier to
form heat conductivity path (14-16).

According to the research results of thermal conduc-
tivity and insulation properties and physical and mechan-
ical properties of the composites filled with hybrid filler
system, the prepared composites have better thermal con-
ductivity and insulation properties only when the content
of hybrid filler exceeds 50 wt% (17-19). However, at this time,
the physical and mechanical properties of the composites
will be significantly reduced, so that they cannot meet the
requirements of some applications. Therefore, in the design
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of thermal conductive and insulating composites, we should
consider not only the thermal conductive and insulating
properties of the materials but also how to maintain good
mechanical properties, especially the toughness of the
materials. The toughening methods of PP include copoly-
merization modification, blending modification, and filling
modification. Silane coupling agent has excellent chemical
stability and is often used as a compatible modification
component of plastics. The method of modifying PP with a
silane coupling agent is simple and easy and is widely used
at present. There are many kinds of silane coupling agents,
and different silane coupling agents have different modifica-
tion effects (20,21). Phenyltrimethoxysilane coupling agent
(A153) has excellent chemical stability and high boiling
point, which can meet the needs of PP processing.

In this study, PP with high temperature resistance was
used as the basic material, and alumina powder (Al,Os)
and EG PP/ALO5/EG composite with better thermal con-
ductivity and insulation and low cost were chosen as the
research objects. In order to overcome the processing dif-
ficulties, poor mechanical properties, and weak electrical
properties of high-filled polypropylene (PP) composites,
A153 was used as the modified component of the com-
posite system, and the effects of A153 content on the
mechanical properties, thermal conductivity and insu-
lation properties, and processability of PP thermal con-
ductivity composite were discussed, which will provide
a reference for practical application.

2 Experimental

2.1 Materials and instruments

PP, whose brand name is T30s, was purchased from Mitsui
chemical company in Japan, and its physical parameters
are shown in Table 1. Phenyltrimethoxysilane coupling agent
(A153) was purchased from Shanghai Zhanyun Chemical Co.,
Ltd, whose molecular formula is shown in Figure 1a. Alumina
powder (AL,0s), with an average size of about 1 yum as can be
seen in Figure 1b, was obtained from Dongguan Dongchao
New Material Technology Co., Ltd. EG, with the average size
of about 20 pm as can be seen in Figure 1c, was supplied by
Qingdao Yanhai carbon material Co., Ltd.

2.2 Sample preparation

In order to prepare ultra-high filling and ultra-high thermal
conductivity PP composites, we designed relevant formulas
(Table Al in Appendix) and carried out pre-experiments.
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Table 1: Physical parameters of pure PP Table 2: Formula
Physical parameters PP Sample code PP (phr) EG (phr) AL,0s (phr) A153 (phr)
MFR (g-min~?) 2.3-3.7 PP-1 40 10 290 0
Tensile strength (MPa) >29 PP-2 40 10 290 2.5
Aggregate ash (%) <0.03 PP-3 40 10 290 7.5
Isotactic index (%) >96 PP-4 40 10 290 12.5

PP-5 40 10 290 17.5

The results of the thermal conductivity experiment depicted
in Figure Al (in Appendix) show that when 10 parts of EG
and 290 parts of Al,O; are added to 40 parts of PP, the
thermal conductivity of PP composites can reach up to
1.75 W-m %K™, which is increased by 600% compared
with pure PP. Therefore, this proportion is selected as
the ratio for subsequent research. At the same time, we
also tested the prepared PP composites by X-ray diffraction
(XRD) and FTIR (Figures A2 and A3). The results show that
no new impurities or other compounds are introduced in
the processing process, which further proves that this ratio
can produce good synergistic thermal conductivity. The
composite materials were prepared by blending 40 phr
PP (phr = parts per hundred), 10 phr EG, and 290 phr
Al,05 with different amounts of A153 by using an internal
mixer with 60 rpm™" and 190°C for 8 min (22,23). After-
ward, the composite materials were kept under conditions
of 15 MPa and 190°C for 5 min to form the plane sheets in
the tablet press (yst-100t; Dongguan Tin Testing Instru-
ment Co., Ltd). Details of the compositions in this work
are listed in Table 2.

2.3 Characterizations

2.3.1 Mechanical properties

Put the dumbbell type sample on the electronic universal
testing machine (ETM-A; Shenzhen Wance Testing Equipment

(a) (b)

H3C——O——Si——O——CHj3

o

CHs;

Co., Ltd) and test it according to GB/T 1040-1992. The rate is
50 mm:min . Test each sample five times and take the average
value.

2.3.2 Melt flow rate (MFR)

Measure the mass of the sample melt flowing out of the
die with the specified diameter within 10 min at 230°C
and 21.6 kg in a melt index meter (SRZ-400E; Shenzhen
Wance Test Equipment Co., Ltd).

2.3.3 Volume resistivity

Test according to GB/T 1410-2006 in a high resistance
meter (ZC-36 type; Shanghai Qiangjia Electric Co., Ltd).

2.3.4 Fourier transform infrared spectroscopy

The test conditions are as follows: resolution, 4 cm™; scanning
times, 32 times; and scanning range, 3,500-700 cm!in a
Fourier infrared spectrometer (TENSOR II, Brooke, Germany).

2.3.5 Thermal conductivity

Thermal conductivity was determined according to ISO
8301 in an LFA 1000 XFA500 (Linseis, Germany) with dry
N, flowing at a rate of 20 mL-min"".

0.5 pm 2 pm i

Figure 1: Molecular structure formula of A153 (a); the TEM diagrams of Al,03 (b), and EG (c).



588 —

(a)
. {

I 20

Jianxi Li et al.

E/I

Tensile Strength ( MPa)

1 O\ [

S P,

5 10
A153 Content (phr)

DE GRUYTER

56
(b)
54 4 {—-—-*"""1
=
48 - 1
46

T T T

0 5 10
A153 Content ( phr)

Figure 2: Effect of different content of A153 on mechanical properties of PP composites: (a) elongation at break and tensile strength and (b)

hardness.

2.3.6 Rheological properties

The rotational speed of torque rheometer is 70 rpm and
the processing temperature is 180-200°C in a torque rhe-
ometer (RM-200A; Harbin Hapu Electric Technology Co., Ltd).

2.3.7 Scanning electron microscopy (SEM)

The surface of the sample was sprayed with gold and then
observed under the scanning electron microscope (Phenom
Pro, Phenom-World B.V., the Netherlands) (12,13,24,25).

2.3.8 Dielectric strength

Place the sample on the dielectric strength tester and test
it according to GB/T 1408.1-2006 in a dielectric mass
spectrometer (IDAX300, Megger Company).

2.3.9 XRD

The crystal structures of the PP composites were charac-
terized by XRD, which was performed with a rotating
anode X-ray diffractometer (Japan Rigaku D/Max-Ra,
Tokyo, Japan) equipped with a Cu Ka (A = 0.1542nm)
radiation at 26 values ranging from 5° to 60°.

3 Results and discussion

3.1 Mechanical properties

Figure 2a is a graph showing the change of elongation at
break and breaking strength with A153 content. It can be

seen from Figure 2a that when A153 is not added, the
elongation at break of PP sample is almost 0%. With
the increase of A153 addition, the elongation at break of
PP sample first increases and then decreases. The elonga-
tion at break reaches its maximum when A153 addition is
7.5 phr and then continues to add A153, and the elonga-
tion at break begins to decrease. The breaking strength
increases slightly with the increase in the amount of
A153. When the amount of A153 is 7.5 phr, it reaches its
maximum value, and if it continues to increase, then the
strength decreases. This may be because A153 can pro-
mote the combination of EG particles and PP material
surface, and a small amount of addition will significantly
improve its tensile strength (26,27). When the amount of
A153 is greater than 7.5 phr, excessive A153 begins to
agglomerate, hindering the transmission of force and
reducing the strength. The intermolecular elongation of
A153 is also reduced. As an auxiliary agent with organic—
inorganic hybrid structure, the silane coupling agent can
improve the interfacial compatibility between PP and
inorganic fillers, play the role of building a bridge, facil-
itate the transfer of force, and improve the mechanical
properties in the macro.

Figure 2b is a graph showing the variation of shore A
hardness with A153 content. As can be seen from Figure 2b,
it increases with the increase of the addition amount of A153,
but the increasing trend slows down when the addition
amount of A153 exceeds 2.5 phr, which shows that a small
amount of A153 can effectively improve the interfacial com-
patibility between PP and thermal conductivity additives
and improve the properties of PP composites, while the
influence of excessive A153 on it decreases gradually, so
the changing trend of hardness slows down obviously (28).
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Figure 3: Effect of A153 content on thermal conductivity of PP composites.

3.2 Thermal conductivity

Figure 3 is a graph showing the variation of thermal con-
ductivity with A153 content. It can be seen from Figure 3
that the measured thermal conductivity of the sample is
between 1.65 and 1.82W-m K"}, which first increases
slowly and then decreases with the increase of A153 addi-
tion. This may be because when A153 is introduced to a
low content, A153 improves the bonding degree between
continuous phase PP resin and inorganic particles in the
composite, which then improves the interfacial compat-
ibility between polymer and inorganic powder. At this
stage, the heat conduction medium is mainly polymer resin
matrix and powder complex (29,30). With the increase in
the introduction amount of A153, a transition layer of A153 is
gradually formed between the polymer matrix and the in-
organic powder, which hinders the heat transfer between
the powder and the polymer matrix. Although, due to the
good thermal conductivity of the powder itself, the stable
thermal conductivity channel can be formed between each
other and occupies a dominant position in the influence on
the thermal conductivity, the influence of the addition
amount of A153 on the thermal conductivity is not obvious.

3.3 Volume resistivity

Figure 4 shows the curve of volume resistivity with A153
content. As can be seen from the figure, the volume resis-
tivity first increases and then decreases with the increase
of A153 addition. A small amount of A153 will signifi-
cantly improve the volume resistivity of the sample, which
shows that A153 in the material will significantly improve

the insulation performance of the material. When the addi-
tion amount of A153 exceeds 7.5 phr, continue to increase
A153, and the volume resistivity of the sample begins to
decrease slowly (31,32). This may be because excessive
addition of A153 will lead to molecular aggregation of
A153, which will affect the overall volume resistivity of
the material. When insulating materials are used in var-
ious parts of the electrical system, it is generally expected
that the materials have as high insulation resistance
as possible, and the appropriate addition of A153 can
enhance the mechanical properties of the materials
and improve the insulation properties of PP composites
at the same time (33).
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Figure 4: Effect of A153 content on volume resistivity of PP
composites.
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Figure 5: Effect of A153 content on processability of PP composites: (a) MFR, (b) viscosity, and (c) dielectric loss.

3.4 Processing performance

In order to study the effect of A153 on the processability of
thermally conductive PP materials, MFR and rheological
properties were tested, respectively. Figure 5a shows the
variation curve of MFR with A153 content. It can be seen
from Figure 5a that MFR increases with the increase of
A153 content, from O to 0.9 g/10 min, which shows that
A153 has a lubrication function and effectively reduces
the huge friction resistance between PP and inorganic
powder particles, so that PP composites can flow more
easily in the melting process and are not prone to the
sudden increase of torque (34). The higher the content
of A153 in PP composites, the lower the friction resistance
and the higher the MFR. The increase of MFR means
that the energy consumption in industrial extrusion and
molding process is reduced and the production efficiency
is improved, which means that the addition of A153
makes PP composites show advantages in processing
energy consumption and cost.

The viscosity curve in Figure 5b first decreases and
then increases at low speed, because the addition of A153
hinders the relative fluidity between PP molecular chains
and reduces the melt flow performance. At the same time,
it can also be seen that the melt shear viscosity of PP
blend decreases rapidly with the increase of shear rate
and then gradually becomes slow (35). This is because,
with the further increase of the shear rate, the conforma-
tion of the molecular chain changes from slow to fast,
and the long-chain macromolecules deviate from the
equilibrium conformation. Under the action of a high
shear rate, the orientation of PP molecular chain reaches
the limit state. At the same time, higher shear rate will
break the melt and destroy the polymer structure. There-
fore, when blending and melting, it is very important to
select an appropriate melt shear rate to ensure the stable
flow of the melt in the processing process.

Figure 5c¢ shows the dielectric loss curve of samples
with different A153 content. In the curve, there is a less
obvious peak at 2.5 phr after the addition of component
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Figure 6: SEM cross section of PP samples with different A153 content: (a) PP-1, (b) PP-2, (c) PP-3, (d) PP-4, and (e) PP-5.

A153, which may be caused by the relaxation of ordered
structure in the system after the addition of two-dimen-
sional filler graphite (36). From the full frequency range,
the curve of tan § first increased and then decreased with
the increase of A153 content. This is because the addition
of A153 makes the whole system form a micro-order (37).
However, when the content of A153 is greater than 7.5 phr,
this micro-order is broken and tan § decreases.

3.5 SEM

Figure 6 shows the cross-sectional morphology of PP
samples with different A153 content. It can be seen from
the figure that the section without A153 sample is rela-
tively loose and has more pores. With the increase of A153
content, the structure of the sample gradually becomes
compact and the pores gradually decrease (38,39). This
shows that the proper addition of A153 can improve the
interfacial compatibility between EG and PP, and the
incompatible two materials are adsorbed by the organic—
inorganic structure contained in A153, so as to reduce the
internal cracks of PP composites. Therefore, its mechan-
ical properties and processing properties are improved
macroscopically. In addition, when the content of A153
exceeds 9 phr, the agglomeration phenomenon of alu-
mina gradually appears, and cracks appear. This may
be because too much A153 covers the inorganic filler,

which makes the agglomeration phenomenon obvious,
while the bonding between aggregates is weakened and
cracks appear, thus affecting the properties of PP composites.

4 Conclusion

In order to improve the properties of high-filled thermal
insulation PP composites, coupling agent A153 was used
to modify it, and the effect of the number of A153 on
PP composites was explored. The results of mechanical
properties and insulation properties show that when the
content of A153 reaches 7.5 phr, the tensile strength of
PP composite can reach 5MPa, the elongation at break
can reach 25%, and the volume resistivity can reach
12.8 x 10 Q-m. Continuous addition of A153 will gradually
increase the hardness, but the increase range decreases.
The test results of thermal conductivity show that with the
continuous addition of A153, the thermal conductivity first
increases slowly and then decreases, and the maximum is
1.82W.-m 'K after the addition number reaches 7.5 phr.
The results of the processing properties showed that with
the increase of A153 content, MFR increased, the visc-
osity of PP composite decreased first and then increased
at low speed, and the melt shear viscosity decreased
rapidly and then gradually became slow with the
increase of shear rate. The SEM results show that the
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pore structure of A153 gradually decreases as the A153
content increases.
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Appendix

Table A1: Pre-experimental formula
Code PP (phr EG (phr Al,05 (phr, l
(p ) (P ) 2Y3 (p ) PP-5 A l A X L . R
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L A A A A " .
PP-3 40 5 295 )
PP-4 40 10 290 & Ll
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.’f t 1 Figure A2: Effect of different EG and Al,05 ratios on XRD of PP
E 15 composites.
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Figure A1: Effect of different EG and Al,O5 ratios on thermal con-
ductivity of PP composites.
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Figure A3: Effect of different EG and Al,05 ratios on FTIR of PP
composites.
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