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thermal and mechanical
properties of silicone rubber with g-ray irradiation-
induced polysilane-modified graphene oxide/
carbon nanotube hybrid fillers

Ke Cao,a Bolong Li, b Yang Jiao,a Yongjun Lu,a Liancai Wang,a Yueying Guoa

and Pei Dai*a

In this study, a polysilane-modified graphene oxide (GO) and carbon nanotube (CNT) nanocomposite (GO/

CNTs-Si) was prepared as a thermal conductive nanofiller to enhance the thermal and mechanical

properties of silicone rubber composites. By g-ray-radiation 3-methacryloxypropyltrimethoxy silane

(MPTMS) was polymerized on the surface of GO and CNTs to improve the interfacial interaction between

the GO/CNTs-Si and SR matrix. FTIR characterization results demonstrated that polysilane modified the

GO/CNTs successfully. The pristine GO/CNTs and resultant GO/CNTs-Si were individually incorporated

into a,u-dihydroxypolydimethylsiloxane to vulcanize SR composites. Compared with SR–GO/CNTs, SR–

GO/CNT-Si exhibited better mechanical and thermal performance. Moreover, the time-dependent

complex modulus of SR–GO/CNTs-Si was much higher than that of SR–GO/CNTs, which indicates

longer service time and more stable performance. In terms of electronic packaging, SR–GO/CNTs

exhibited better performance than the 1180B counterpart. The low value of warpage of chip packaged

by SR–GO/CNTs implied that SR–GO/CNTs-Si could have potential application as the thermal interface

electronic packaging material.
Introduction

Silicone rubber (SR), due to its properties such as high thermal
stability, elasticity and electric insulation, can be used as the
thermal interfacial material of heat transmitting and radiating
parts in various elds, such as aviation, electronics and
machinery manufacturing.1,2 With the rapid development of
miniaturization and integration of electronics, the removal of
excess heat and the interfacial stresses have become increas-
ingly critical issues for the enhancement of device service life.3

In order to overcome the disadvantages of thermal conductivity
andmechanical properties of pure silicone rubber, llers can be
incorporated to the material.4,5 Various types of nano-materials
such as silver nanowires,6 ZnO nanograins,7 aluminum nitride
nano-sheets,5,8 boron nitride nano-sheets,9,10 carbon nanotubes
and graphene nanosheets11,12 have been developed as functional
llers to improve the thermal, mechanical, electrical and other
properties of SR-based composites.13

Among these llers, carbon nanotubes (CNTs) and graphene
nanosheets as the carbon nanomaterials possess remarkable
ed Materials, Beijing Research Center for

People's Republic of China. E-mail:

hina

3360
physical and chemical properties arising from its extraordinary
mechanical strength, large specic surface area, high intrinsic
mobility and excellent thermal and electrical conductivities.14–16

Moreover, it has been shown that a combination of graphene and
CNTs can endow outstanding performances for improving the
properties of nanocomposites. Jyoti17 prepared a graphene oxide/
CNT hybrid material, which reinforced acrylonitrile butadiene
styrene (ABS). The static and dynamic mechanical properties of
graphene oxide/CNT ABS hybrid composites were signicantly
improved. Not only the mechanical properties but the tribological
properties were remarkable due to the incorporation of hybrids of
graphene oxide and CNTs.18 Furthermore, the hybrid carbon
nanomaterials can be also employed as advanced functional
materials. Chen19 synthesized polydopamine-functionalized
graphene/CNTs as the adsorbent to measure the polycyclic
aromatic hydrocarbons. However, CNTs and graphene are both
difficult to disperse in the polymer matrix during processing, and
they are not suitable for industrial-scale production because of the
over complicated technology and expensive cost.20

Modifying carbon nanomaterials by g-ray exhibits great
advantages, such as easy control, cost-effectiveness and envi-
ronmentally friendly, which show the potential to be scaled
up.21–23 Recently, hybrid carbon nano-ller systems have been
investigated as a new approach to enhance the performance of
composites.24,25 Moreover, the incorporation of graphene/CNT
© 2021 The Author(s). Published by the Royal Society of Chemistry
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hybrid llers prepared by g-ray radiation into a rubber matrix
results in favorable dispersion and signicant improvement in
the properties.26–28 The mechanical properties and thermal
stability of poly(vinyl alcohol) composite lms were enhanced
since the interconnected 3D structure of graphene/CNTs
formed that inhibited the aggregation.29 The irradiation tech-
nique has opened a sane path for the preparation of graphene/
CNTs hybrid llers with good dispersibility.

In this study, functionalized graphene oxide/carbon nanotube
hybrid llers (GO/CNT-Si) were synthesized in a facile way. The
oxygen functional groups of GO and CNT were induced to produce
oxygen radical, which initiated 3-methacryloxypropyltrimethoxy
silane polymerized on the surface of GO and CNT. SR and GO/
CNT-Si were mixed by mechanical stirring and molded by
casting. The GO/CNT-Si hybrid carbon nanomaterial could
signicantly improve the thermal transfer ability and mechanical
properties of SR owing to the interconnected structure.

Experiment
Materials

Graphene oxide was obtained from The Sixth Element
(Changzhou) Materials Technology Co., Ltd, China. Multi-
walled carbon nanotubes (purity > 95 wt%) with an average
length of 1–2 mm were purchased from Chengdu Organic
Chemistry Co., Ltd, China. 3-Methacryloxypropyltrimethoxy
silane was purchased from Shanghai Macklin Biochemical Co.,
Ltd, China. a,u-Dihydroxy polydimethylsiloxane (PDMS) with
viscosity of 50 Pa s was purchased from Hoshine Silicon Industry
Co., Ltd, Luzhou, China, and was used as received. Tetraethyl
orthosilicate used as the cross-linking agent and dibutyltin dilau-
rate used as the catalyst were purchased by Fuchen Chemical
Reagent Co., Ltd, Tianjin, China. The underll 1180B as the
reference warpage sample is one kind of commercial primer
applied between chip and substrate. It was purchased from The-
mis Industrial Adhesives. All the other chemical reagents (analyt-
ical grade) were obtained from Beijing Chemical Works (China)
and used as received without further purication.

Characterization and measurement

The morphology of GO/CNT-Si was characterized via high-
resolution transmission electron microscopy (HRTEM, Tecnai
F30, Philips-FEI Co., Holland). The vulcanized SR composite
samples were fractured in liquid nitrogen, then the fractured
surface was sputtered with gold, and the fractured morphol-
ogies of the samples were observed by scanning electron
microscopy (SEM; model JCM-5000, Jeol Co., Japan).

The cross-linking degree was determined by the gel content
percentage of the sample, which was extracted in THF at the
boil for 72 h. The cross-linking degree (CD) can be calculated
from weight of gel of composite sample according to eqn (1)

CD ¼ m2

m1

� 100% (1)

where m2 indicates the weight of the gel of sample and h1
indicates the original weight of the sample before solvent (THF)
extraction. Five samples were tested for each SR–GO/CNT-Si-XX,
© 2021 The Author(s). Published by the Royal Society of Chemistry
and the average values of the gel content test results are pre-
sented for comparison and analysis.

The tensile properties of the SR composite were measured by
a SANS CMT-4203 universal mechanical tester with a load cell of
100 N and a gauge length of 20 mm at across the head speed of
10 mm min�1.

Thermal expansion performance was tested on a thermo-
mechanical analyzer (Shimadzu TMA-50, Shimadzu, Japan). The
sample (5mm� 5mm) were heated in the temperature range from
60 �C to 200 �C at a heating rate of 5 �C min�1 under N2. The
thermal expansion ratio (TER) can be calculated from the increased
thickness of the SR composite sample according to eqn (2)

TER ¼ h2

h1
� 100% (2)

where h2 is the thickness of the sample at different tempera-
tures and h1 is the original thickness of the sample.

Thermogravimetric analysis (TGA) was carried out on a Shi-
madzu TGA-50 thermal analyzer. The samples were heated from
room temperature to 800 �C at a heating rate of 10 �Cmin�1 under
N2. Thermal conductivity of the samples was obtained on a DZDR-
S thermal conductivity tester (Nanjing Dazhan Institute of Elec-
tromechanical Technology) by the standard method (isotropic),
which was based upon a transient plane source technology.
Viscoelastic properties of the cured SR composites were measured
via time–temperature superposition experiments using a GABO
Eplexor 500 N dynamic mechanical thermal analyzer under tensile
mode operation. The temperature frequency sweep method was
employed since viscoelastic properties are both time- and
temperature-dependent. The temperature was increased from
�140 �C to �30 �C with the frequency scanned at 1, 3, 10, and
50 Hz at each isothermal temperature. The uncured packaging
underll lled the IC chip (14 mm � 14 mm) from side to side at
room temperature. The chip warpage measurement was carried
out on a Quantigraf-600 system (C&B Tech., USA) with temperature
increasing from 25 �C to 150 �C then decreasing to 25 �C.
Synthesis of polysilane-functionalized GO/CNT
nanocomposites

GO/CNT nanocomposites were synthesized by g-ray radiation in
a typical procedure: 500 mg GO and 500 mg CNT were dispersed
into a glass ask with 50 mL of tetrahydrofuran (THF) by ultra-
sonication on a scientz-II Dultrasonicator (Ningbo, China) at room
temperature for 1 h to obtain a uniform suspension. The 50 mL 3-
methacryloxypropyltrimethoxy silane was dropped in the THF
suspension of GO/CNTs with evenly stirring. The THF/3-
methacryloxypropyltrimethoxy suspension of GO/CNTs was trans-
ferred into a glass tube. Then, the mixture was directly exposed to
g-ray from a 60Co source in air. The absorbed dose was 50 kGy at
a dose rate of about 50 Gy min�1. The suspension was ltrated-
washed with THF for ve times to remove homopolymeried poly-
silane and unreacted silane, and then dried for 12 h in a vacuum
oven at 60 �C. The production was named GO/CNT-Si.
RSC Adv., 2021, 11, 33354–33360 | 33355
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Fig. 1 FTIR spectra of GO/CNT and GO/CNT-Si.
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Preparation of the SR–GO/CNT-Si composite

A SR–GO/CNT-Si composite was prepared by solution blending.
First, PDMS (60 g), catalyst (1 g) and cross-linking agent (5 g) were
mixed under mechanical stirring at room temperature for 10 min.
Then, GO/CNT-Si powder with different weights was dispersed in
Fig. 2 TEM images of (a) pure CNTs, (b) pure GO and (c) GO/CNT-Si.

Fig. 3 SEM images of fractured surface of (a) SR–GO/CNT-Si-0.1, (b) SR
SR–GO/CNT-Si-2.0 and (f) SR–GO/CNT-Si-3.0 composites.

33356 | RSC Adv., 2021, 11, 33354–33360
THF (20 mL) by an ultrasonicator for 30 min to obtain uniform
dispersion. The GO/CNT-Si THF suspension was dropped in the
PDMS mixture under stirring. Finally, the mixed solution was
poured into a Teon mold for sample formation (150 mm �
150 mm � 2 mm). The formation mold containing sample was
placed in an oven, and the sample was cured at 25 �C. A series of
SR composite samples with different GO/CNT-Si loadings were
prepared in the same way and named SR–GO/CNT-Si-XX, where XX
represent the weight percentage of GO/CNT-Si to PDMS.
Result and discussion

Fig. 1 shows the FTIR spectra of GO/CNTs and GO/CNT-Si. The
broad absorption of �3200 cm�1 can be assigned to the O–H
vibration.30 The strong peak at 1639 cm�1 was attributed to the
stretching vibration of C]C.31 Aer radiation of GO/CNTs in
the MPTMS/THF solution, the strong absorption band at
1016 cm�1 attributed to the stretching vibration of Si–O
appeared, which obscured the C–O stretching vibrational
absorption. The signal at 1378 cm�1 was assigned to the –CH3

stretching vibration of polysilane. Together, these results
conrmed that MPTMS was successfully gra-polymerized on
the surface of graphene/CNT nanocomposites.

The TEM micrographs of the pristine CNTs, GO and modi-
ed GO/CNT-Si are shown in Fig. 2. The frizzy CNT aggregation
–GO/CNT-Si-0.5, (c) SR–GO/CNT-Si-1.0, (d) SR–GO/CNT-Si-1.5, (e)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cross-linking degree (a), tensile strength and the elongation at break (b) of SR and SR composites with different GO/CNT-Si contents.
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dispersed on the micro grid support membrane. The micro-
graphs of GO/CNT-Si exhibited that the CNTs dispersed indi-
vidually on the surface and edges of graphene nanosheets.
CNTs are uniformly distributed between the layers of graphene
nanosheets, which indicated the formation of the inter-
connected 3D network structure.32 The structure could effec-
tively avoid the aggregation of nanotubes and nanosheets.
Furthermore, it might make GO/CNT-Si suitable for preparing
SR nanocomposites with good thermal conductivity.

The distribution of GO/CNT-Si in the SR matrix was investi-
gated by observing the morphology of the fractured surface of
each composite sample. SEM micrographs of SR–GO/CNT-Si-
0.1, SR–GO/CNT-Si-0.5, SR–GO/CNT-Si-1.0, SR–GO/CNT-Si-1.5,
SR–GO/CNT-Si-2.0 and SR–GO/CNT-Si-3.0 composites are
shown in Fig. 3(a)–(f). SEM images clearly show that GO/CNT-Si
was dispersed homogeneously in the SR matrix. As the weight
percentage of GO/CNT-Si increases, more and more nanoller
particles appeared on the fracture surface. The homogeneous
dispersion of GO/CNT-Si throughout the SR matrix would help
improve the mechanical properties and thermal transfer ability.

The relative amount of CD can provide useful information on
cross-linking efficiencies. Fig. 4(a) shows the CD of SR–GO/CNT-
Si-XX determined experimentally as a function of the GO/CNT-Si
Fig. 5 The expansion ratio (a) and TGA curves (b) of SR composites with

© 2021 The Author(s). Published by the Royal Society of Chemistry
content. As expected, the CD was increased from 88.5% to
94.4% with the increase in the GO/CNT-Si weight percentage
from 0.1 wt% to 3.0 wt%. Compared with SR, SR–GO/CNT-Si
was higher due to cross-linking between the llers and the
matrix. Meanwhile, CD was one of the important factors which
improved mechanical performances of SR–GO/CNT-Si signi-
cantly. Increasing the addition amount of GO/CNT-Si could lead
to a considerable increase in the tensile strength of SR. Besides
the development of CD, GO and CNT are both rigid reinforce-
ment nanollers, which formed interactions with the SRmatrix.
Moreover, the good dispersal ability of GO/CNT-Si in SR
contributed to the improvement of the mechanical properties.
It can be concluded that the incorporation of GO/CNT-Si could
simultaneously enhance the strength and toughness of SR–GO/
CNT-Si composites. However, the negative effect for elongation
at break of SR–GO/CNT-Si did not appear until the GO/CNT-Si
content reached 3.0 wt%. This is mainly because the interac-
tion between polysilane-modied GO/CNT-Si and SR matrix
could reduce crack or defect under stress.

The operation of miniaturized and integrated electric
devices would produce heat rapidly and intensively.33 The
thermal properties of SR packaging composites indicate that
thermal expansion and thermal stability directly affect the
different GO/CNT-Si contents.

RSC Adv., 2021, 11, 33354–33360 | 33357
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Fig. 6 Thermal conductivity of SR composites with different GO/
CNT-Si contents.
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service life of electronic equipment. The polymer chain thermal
motion depends on temperature, so that the thermal expansion
ratio has the positive correlation with temperature.34 As shown
in Fig. 5(a), the thermal expansion ratio of SR–GO/CNT-Si
nanocomposites increased with the increase in temperature.
On other hand, it decreased with the increase in the GO/CNT-Si
content. The TER of SR–GO/CNT-Si-0.1 rose to 4.85% from 60 �C
to 200 �C. SR–GO/CNT-Si-3.0 with more GO/CNT-Si weight
percentage exhibited lower thermal expansion ability. TER of
SR–GO/CNT-Si-3.0 was 4.37%, which was lower than that of SR–
GO/CNT-Si-0.1. The thermal expansion ratio of GO and CNTs is
much lower than that of SR. The strong interaction of GO/CNT-
Si and the SR matrix limited and restricted the thermal expan-
sion motion of SR chains. At a high temperature, the low
thermal expansion ratio of the composites could reduce the
thermal stress, which led to the interfacial seal failure between
the electronic device and SR.

As the temperature continued to rise, the covalent bond of
the SR chain was vibrated more intensely and even broken. TGA
was employed to investigate the thermal stability of SR/GO–
CNT-Si composites. The pristine SR degradation curve included
Fig. 7 (a) Frequency dependence of the complex modulus of a cured pu
stress relaxation generated by shifting the complex modulus curves using

33358 | RSC Adv., 2021, 11, 33354–33360
three weight loss stages. The temperature zone of the rst
thermal degradation stage is from 158 �C to 360 �C. The weight
loss is attributed to the decomposition of the catalyst. The
second weight loss stage with an initial temperature 360 �C and
nal temperature 462 �C was assigned to the unreacted –OH of
SR chain.35 The last stage (462–607 �C) was attributed to the
degradation of main chain of SR.36 As shown in Fig. 5(b), the
initial temperature of SR/GO–CNT-Si was increased except for
the catalyst weight loss stage with the incorporation of more
GO–CNT-Si. Moreover, the char yield of SR/GO–CNT-Si also
increases with the increase in the GO–CNT-Si content. The
results evidenced that the hybrid carbon nanoller could
improve the heat resistance of SR composites. The temperature
of the maximummass loss rate of SR/GO–CNT-Si-3.0 was nearly
50 �C higher than that of SR. The combined survey results from
the thermal expansion and thermal stability tests concluded
that GO–CNT-Si could improve the thermal properties of SR for
the application in electronic packaging.

Thermal conductivity is the key factor for electronic pack-
aging thermal interface materials. The SR composites should
form an interconnected thermal conductive network to transfer
heat rapidly. The polysilane on the GO/CNT-Si surface improved
the dispersibility and compatibility with the SR matrix, which
reduced the thermal resistance between GO/CNT-Si and SR, so
that the thermal conductivity of SR composites increased with
the increase in the GO/CNT-Si content (Fig. 6). The maximum
value of GO composites is 0.51 W m�1 K�1 (SR–GO/CNT-Si-3.0),
which is nearly 4-fold higher than that of neat SR. On the one
hand, the modied GO/CNT dispersed uniformly in SR. On the
other hand, GO as a 2-D carbon nanomaterial and CNT as a 1-D
carbon nanomaterial could connect with each other to form a 3-
D thermal transfer network. It has been reported that the
thermal conductivity of the SR composite is 0.26 W m�1 K�1

with 8 wt% graphene nanoplatelet addition.37 In our study, the
thermal conductivity of the SR composite reached 0.31 W m�1

K�1 with only a tiny amount of GO/CNT-Si (0.1 wt%).
Stress relaxation of the electronic packaging material can

greatly affect its application performance. SR is one of the
viscoelastic polymer packaging materials and its viscoelastic
properties were estimated via the time–temperature superpo-
sition (TTS) principle.38,39 The right part of Fig. 7(a) with the
re SR at different isothermal temperatures. (b) Fitted master curves of
the TTS principle with respect to a reference temperature of �110 �C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The warpage of SR, SR–GO/CNT-Si-3.0 and 1180B (Themis) at
different temperatures.
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frequency range from 1 to 50 Hz is the TTS plot of SR. These
showed the frequency dependence of the complex modulus of
SR at different isothermal temperatures from �120 �C to
�102 �C. Based on this gure, a modulus curve of a certain
temperature (e.g., �110 �C) was selected as the reference. Then,
this modulus curve can be extended to a lower frequency range
by shiing the higher temperature modulus curves to the le
along the frequency axis, and vice versa. Thus, a master curve
can be constructed for that reference temperature over an
extended frequency range.

As shown in Fig. 7(a), themaster curves of stress relaxation of
pure SR were constructed by shiing the isothermal curves
horizontally. Aer curve tting, the master curves of the time-
dependent stress relaxation modulus of SR composites are
displayed in Fig. 7(b). The incorporation of GO–CNT-Si carbon
nanocomposites improved the resistance ability to stress
relaxation. Moreover, the modulus increased with the increase
in the content of GO–CNT-Si in the SR composite. As the Fig.
7(b) shown, the modulus of pure SR was dropped to nearly zero
obviously aer 1 � 1015 s, whereas the modulus of SR/GO–CNT-
Si-3.0 composites remained to 300 MPa. It proved that SR/GO–
CNT-Si composites keep well useable performance.

In terms of electronic packaging, SR–GO/CNT-Si-3.0, SR and
1180B were applied as underll between gaps of three ip-chip
samples, respectively. Warpage of chips during the temperature
cycling (25 �C–150 �C–25 �C) was measured. Warpage is the
difference between the maximum and the minimum distances
of the median surface of chips from the reference plane, where
the reference plane is determined through the least-square
method. It was obvious that the warpage of the chip used SR
as an underll is the largest, which was 0.043 mm at 75 �C and
had a variation of 0.028 mm during the temperature cycling.
Among three samples, the warpage of the chip where SR–GO/
CNT-Si-3.0 was applied as an underll is the smallest and its
variation (0.014 mm) during the temperature cycling is also
smaller than 1180B (0.020 mm). It was concluded that using SR-
GO/CNT-Si-3.0 as an underll can improve the thermo-
mechanical reliability of ip-chips (Fig. 8).
© 2021 The Author(s). Published by the Royal Society of Chemistry
Conclusion

In this study, the modied GO/CNT was designed and prepared
byMPTMS graing polymerization induced by g-ray irradiation.
The produced GO/CNT-Si exhibited better dispersion and
interfacial interaction with the SR matrix. As expected, the
mechanical properties of SR–GO/CNT-Si increased with the
increase in the carbon nanocomposite content. The thermal
properties including thermal expansion ratio, thermal stability
and conductivity were improved signicantly, which is an
important criterion for the signicant enhancement in thermal
interface electronic packaging performances of the composites.
The incorporation of GO/CNT-Si could prolong the service life of
SR composite due to the resistance ability to stress relaxation. It
is concluded that using SR–GO/CNT-Si as underll can improve
the thermo-mechanical reliability of ip-chips.
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