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bismaleimide nanocomposites via incorporation of

a new allylated siloxane graphene oxide
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A thermosetting resin system based on bismaleimide (BMI) has been developed via copolymerization with
4,4'-diaminodiphenylsulfone in the presence of a newly synthesized graphene oxide, modified using
allylated siloxane (AS-GO). The curing behavior of the AS-GO-containing resin system was evaluated
using curing kinetics. The dispersibility of AS-GO in the resin was observed through polarizing optical

microscopy (POM), which indicates that AS-GO has good dispersibility in the resin due to GO modified

with allylated siloxane which has a good phase compatibility with BMI. The effect of AS-GO on the
thermomechanical and mechanical properties of the cured modified resin was also studied. Results of
thermogravimetric analysis indicated that the cured sample systems display a high char yield at lower
concentrations of AS-GO (=0.5 wt%) with an improved thermal stability. Using dynamic mechanical
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analysis, a marked increase in glass transition temperature (Ty) with increasing AS-GO content was

observed. Mechanical property analyses revealed a possible effect of AS-GO as a toughener, and the
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1. Introduction

Bismaleimide (BMI) resins are widely used in the high-tech
fields. Their applications are mainly based on their good
thermal stability, great mechanical properties, good moisture,
and radiation and corrosion resistance after the curing
process.'® However, major drawbacks, including the inherent
brittleness are caused by the high crosslink density and the
aromatic nature of the network, limiting its further develop-
ment in many fields and bringing some huge challenges for
researchers. Efforts have been devoted to overcoming those
problems by incorporating a microphase of dispersed elasto-
mers or thermoplastic polymers,”® co-curing with other ther-
mosetting materials,'*" designing and synthesizing a new type
of chain-extended BMI,**"** and decreasing the crosslink density
through Michael addition with active hydrogen-containing
compounds.'®*®* However, as far as the toughness is con-
cerned, the mentioned-above methods are effective but usually
result in accompanying shortcomings, such as reduction in
modulus or poorer thermomechanical properties.*>* Keeping
in view of this issue, a new chemistry is needed to enhance the
toughness of BMIs without compromising but rather improving
the related physical and chemical properties. The concept of
copolymerizing with nanomaterials is gaining popularity
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results showed that an addition of 0.3% AS-GO maximized the toughness of the modified resin systems,
which was confirmed by analysis of fracture surfaces.

among the people working on modification of BMI resin, which
will be desirable in many high-tech applications.

It is well known that, due to its hexagonal honeycomb lattice
structure composed of sp” hybrid orbitals, graphene has pecu-
liar and unique properties, such as superior tensile strength,
high flexibility, mechanical property, good thermal conduc-
tivity, remarkable electron-transporting property and so on.**>*°
In recent years, much attention has been paid to polymer
nanocomposites reinforced with graphene. To our knowledge,
graphene can be used as a new class of modifiers for resin
matrixes, which results in the considerable improvements of
new or modified properties.*~** The oxidized form of grapheme
(GO) is more compatible with the matrix and can drastic
changes in the mechanical properties of the matrix.*® For high-
tech composites for a desirable application, the thermo-
mechanical properties are of prime importance. The function-
alization of nanomaterial using polymers provides an efficient
route to enhance the performance of BMI. Over the past few
years, researchers have performed considerable research on the
techniques that incorporate GO into BMI networks.*”*
However, it is rare to find modifications that can remarkably
increase the compatibility between GO and BMI resin matrix
while improving both the toughness and thermal stability of the
cured products. Therefore, a related research is necessary. Due
to the interfacial debonding between the BMI and graphene
effects the composite properties, functionalization of GO could
provide an effective method to solve the interfacial problem.
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In the current work, a graphene oxide modified by allylated
siloxane (AS) was designed and synthesized as a modifier of
BMI. AS-GO was expected to be effective in toughening and
enhancement of heat resistance due to its sufficient reactive
sites of allyl group which can directly react with BMI to enter the
cross-linked network and thermal conductive graphene struc-
ture. It was also expected that graphene oxide has better
dispersion in the resin matrix due to surface modification.
Therefore, AS-GO was characterized by XPS, FT-IR and XRD, the
effects of AS-GO content on curing behavior, thermal stability
and mechanical properties of the modified BMI system were
studied and described in some detail.

2. Experimental
2.1 Raw materials

4,4'-Bismaleimide biphenyl methane was used as received,
supplied by the Fengguang Chemical Co., Ltd. (Hubei, China).
4,4-Diaminodiphenyl sulfone (DDS) is chemically pure,
supplied by Aldrich Chemical (USA). Diallyl bisphenol A
(DABPA) was purchased from the Fuchen Chemical Co., Ltd
(Tianjin, China). Graphite powder is industrial products, Jix-
ihao New Energy Materials. 3-Glycidyl ether oxypropyl trime-
thoxysilane (silane coupler) and diallylamine (DAA) were
purchased from Shanghai Aladdin Biotechnology. Sodium
nitrate, hydrogen peroxide solution, concentrated sulfuric acid,
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concentrated hydrochloric acid and potassium permanganate
were commercially supplied and were used as received.

2.2 Characterization and measurements

DSC was performed with a MDSC2910 DSC instrument, the
scanning range being from 25 °C to 350 °C with various heating
rates under nitrogen. The dispersibility of AS-GO in the resin was
examined using a polarized optical microscopy (POM) instru-
ment. Fourier transform infrared (FTIR) spectra of the samples
were obtained using a WQF-310 FTIR spectrometer supplied by
Optical Instrument Factory (Beijing, China). X-ray photoelectron
spectroscopy (XPS, Thermal Scientific K-Alpha XPS spectrometer)
was used to investigate surface elemental composition. X-Ray
Diffraction (XRD) patterns were collected using a D2 PHASER
XRD instrument; the rotation velocity of the goniometer was
40 min~". Thermo gravimetric analysis (TGA) of the samples was
performed on a Perkin-Elmer Pyris 1 thermo gravimeter in inert
atmosphere from 25 °C to 900 °C at a heating rate of 20 °C min .
Dynamic mechanical analyzers (TA DMA 2980) of the samples
were performed in three-point bending modes using a TA DMA
2980 instrument. The support span was 50 mm and the heating
rate of 2 °C min ' at an oscillation frequency of 1 Hz was
selected. Scanning electron microscope (SEM, SM-6700F) was
employed to examine the morphologies of the fracture surfaces
of the cured resin. The mechanical properties of cured resins
were determined according to GB/T 2567-2008.
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Fig. 1 Schematic diagram for preparation of AS-GO/BMI nanocomposites.
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Fig. 2 FTIR spectra of DAA, silane coupler, AS and AS-GO.

2.3 Preparation of specimens

A certain amount of graphene oxide, 80 ml ethanol, 20 ml glycol
was firstly mixed and added into three-necked bottle. When the
graphene oxide was dispersed evenly after ultrasonic treatment
for a period of time, 25 mg of silane coupler mixed with DDA
(molar ratio = 1 : 1) through ethanol was added into the gra-
phene oxide suspension. Then, ultrasonically mixed at 85 °C for
5 hours; in order to facilitate the removal of the sediment from
the under layer, the reaction solution was allowed to stand after
reaction. Next, carrying out vacuum freeze-drying after dialysis.
Finally, the allylated siloxane modified graphene oxide (AS-GO)
was obtained. The synthesis is schematically illustrated in
Fig. 1. The BMI and DDS (molar ratio = 2 : 1) were mixed and
heat treated to melt. Then, the DABPA was placed into the above
mixture and mixed at 130 °C for 0.5 h. Finally, the AS-GO was
added, until it was evenly dissolved in the system. The mixture
was poured into a mold and degassed in a vacuum oven at
135 °C to ensure a complete removal of gas/air. Curing process
was performed as followed: 150 °C/2 h + 180 °C/2 h +210°C/2 h
+240 °C/4 h.
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3. Results and discussion
3.1 Synthesis and characterization of AS-GO

The AS-GO was obtained by modification of GO by siloxanes
containing allyl groups. Its structural information was investi-
gated by FTIR spectra (Fig. 2), which also display the spectrum
for the raw materials to confirm successful fabrication of AS-
GO. The FTIR spectrum of DAA exhibits representative absorp-
tion peaks with the characteristic peaks appear at 3375 cm ™,
which is related to nitrogen-hydrogen bond groups (N-H),
while the peak at 920 cm™* observed is assigned to the vibration
bands of hydrocarbon groups (C-H).

For the silane coupler, the peak at 913 cm™ ' was originated
from epoxy group. For AS, the strong and broad peak at 3300-
3500 cm ' is associated to stretching vibration peak of the
hydroxyl group. At the same time, no obvious peak at 3375 cm ™ *
is attributed to the epoxy group on the silane coupler is opened
to form a hydroxyl group, hence the N-H bond disappears. The
absorption peak at 920 cm™ "' proved that AS was successfully
synthesized, and there is no characteristic absorption peak of
epoxy group at 913 cm ™', which also shows that the reaction is
relatively complete.

As seen from the FTIR spectrum of AS-GO, the characteristic
peaks appearing at 2882 cm ™' and 2922 cm ™" are related to methyl
and methylene groups, the peak at 1080 cm ™" belongs to the Si-O-
C stretching. In view the obvious absorption peaks at 877 cm™"
correspond to the C-Si stretching, revealing the allylated siloxane
is successfully incorporated into the network of GO.

Fig. 3 displays the XPS information of GO and AS-GO nano-
material respectively. This is applied to further analyze the bond
state of the surface and the elementary composition. Compared
with GO, the XPS spectrum of AS-GO present two characteristic
peaks at Si 2s and Si 2p originating from AS, which further
confirms the covalent functionalization of GO by AS. Similar
phenomena have been reported in the literature.**** As can be
seen from Fig. 3a that the C 1s peaks of GO are deconvoluted
into six forms of carbon, including C-C (284.5 eV), C=C (284.1
eV), C-OH (285.4 eV), C-O-C (286.3 eV), C=0 (287.1 eV), C(=0)
O (288.9 eV). The XPS spectrum of AS-GO (Fig. 3b) exhibits a new
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Fig. 3 XPS spectra of GO (a) and AS-GO (b).
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peak located at 283.7 eV is related to C-Si, and the C 1s signal of
AS-GO exhibits a significant increase for C-C compared to GO,
which indicate that AS molecules were grafted onto the GO
surface. In addition, the C-OH content of AS-GO showed
a significant decrease, which can be attributed to allylated
siloxane reacts with the hydroxyl groups on the surface of GO
resulting in a decrease in C-OH content.

The XRD patterns of GO and AS-GO are shown in Fig. 4. It
can be observed that there is a strong diffraction peak at 26 =
8.6°, corresponding to the characteristic diffraction peak of GO,
according to the Bragg equation, lattice distance (d) is calcu-
lated to be 1.02 nm, which shows that the introduction of
allylated siloxane expand the distance of graphene crystal
planes. There is a strong diffraction peak at 26 = 17.2°, corre-
sponding to the characteristic diffraction peak of natural
graphite, according to the Bragg equation, d = 0.52 nm, the
diffraction peak position is similar to the characteristic
diffraction peak of natural graphite, but the diffraction peak
becomes wider. This shows that the GO crystal structure
integrity is destroyed, and the degree of disorder increases after
modification of surface with epoxy silane, the appearance of
a strong diffraction peak at 26 = 17.2° also indicates that some
allyl-containing groups were reduced during modification of GO
surface, which would facilitate dispersion in the resin. The XRD
results confirm that GO is successfully reduced and combined
with allylated siloxane.

3.2 Dispersion

To obtain excellent reinforcement effects on graphene/resin
composite related materials, graphene must be uniformly
dispersed in the resin matrix. In order to understand the
dispersion of functional oxidation-modified graphene in the
resin system, the modified resin system was characterized using
a polarized microscope, as shown in Fig. 5.

As can be seen from the Fig. 5, when the AS-GO content is low
(0.1 wt% and 0.3 wt%), the overall dispersibility of AS-GO in the
resin is better. This can be attributed to the presence of allyl
groups on the surface of AS-GO, which can directly react with
BMI to enter the cross-linking network, and increase the inter-
action force between the two phases, which can increase its

Intensity(a.u.)

207

Fig. 4 XRD spectra of AS-GO.
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(c)

Fig. 5 POM images of systems with AS-GO contents of (a) 0, (b) 1, (c)
3, and (d) 5 wt%.

compatibility, so that it can be relatively more evenly dispersed
in the resin. Moreover, the molecular segments grafted on the
surface of AS-GO increase the spacing of graphene sheets to
prevent their agglomeration, and also can improve their dis-
persibility in the resin. The synergy of the two mechanisms
makes As-GO and the resin matrix show good compatibility.
However, when the content of AS-GO exceeds 0.3 wt%, AS-GO
tends to reunite in the images (Fig. 5). This is because when
the content of AS-GO is too much, the compatibility of AS-GO
with the resin decreases due to the stacking effect, so
a tendency to agglomerate occurs.

3.3 Curing behavior

The performance of the resin depends on the functional group,
the degree of functional group reaction, and the specific char-
acteristics of the cross-linked network structure. The curing
reaction kinetics is an effective means of studying the polymer
curing behavior. Taking 0.3 wt% AS-GO containing system as
the research object, DSC analysis of different heating rate was
carried out, as shown in Fig. 6a.

Using Flynn-wall-Ozawa (FWO) to find the apparent activa-
tion energy of the curing reaction can explore the relation
between the apparent activation energy and the degree of curing
«a, thus studying the curing mechanism of the system. Fig. 6b
shows the relationship between curing degree and temperature
at different heating rates. It can be seen from the Fig. 6b that
under the premise of a certain degree of curing, the higher the
heating rate, the higher the curing temperature required. The
curves do not cross, indicating that the curing kinetics are
similar at different heating rates.

Generally speaking, in thermal analysis, the relation between
reaction rate constant and temperature can be expressed using
Arrhenius equation:*

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 DSC curves (a) and variation in degree of cure (b) of 0.3 wt% AS-GO containing system with different heating rates.

Ea

K(T)=4 exp(—ﬁ) (1)
where K(T) is the rate constant, A is the frequency factor, « is the
degree of cure, E, is the activation energy, R is the gas constant
and T is the absolute temperature.

When calculating E,, the relation between the heating rate
and the reaction order can be expressed by an equation as
follow:

ding) _ _(§+2rp) 2)

a(/T,) - "\nR

where @ is the heating rate, and T, is the peak curing
temperature.

According to the FWO method, E, can be obtained by
calculating the slope of In 8 plotted against 1/T},. The equation
is shown in eqn (3):

E,
1 = —1.052=2
ng 05 T

AE.
] 2] —5.331
Rp+n(R) 5.33

Fig. 7a is a straight line at multiple conversion rates obtained
by the FWO method for the modified resin system. The
apparent activation energy at each conversion rate is calculated
from the slope as shown in Fig. 7b. The activation energy curve

(3)

does not reveal the reaction mechanism, but its shape indicates
the simplicity or complexity of the reaction, and it also provides
kinetic control information and diffusion control mechanisms.

As can be seen from Fig. 7b, for the AS-GO/BMI system, the
non-isothermal DSC predicted that the reaction activation
energy initially did not change much with the increase in the
degree of curing. This can be attributed to the fact that the
addition reaction dominates in the early stage of the reaction,
and the activation energy has little effect on the degree of
curing. When the curing degree of the system exceeds 20%, the
reaction activation energy increases rapidly, which can be
attributed to the self-polymerization reaction of the tertiary
amine in the molecular chain of the system. After the curing
degree reaches 30%, the moisture in the system decreases
gradually, the activation energy of the system decreases, and the
curing reaction is more likely to occur, so the activation energy
of the system does not change much. With the gradual progress
of the reaction, when the degree of curing exceeds 60%, the
system enters a gel state and gradually forms a three-
dimensional network structure. The relative molecular weight
of the system tends to infinity, and the molecular movement
becomes challenging. The concentration of active macromole-
cules gradually decreases, so the reaction becomes difficult,
resulting in activation energy increases rapidly in the late stage
of the reaction. At this stage, the system cannot maintain
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Fig.7 Activation energy; (a) Ozawa's plots for the curing of 0.3 wt% AS-GO containing system at different « and (b) correlation between E, and «.
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a certain equilibrium concentration of functional groups and
the collision frequency between them. The reaction is changed
from Kkinetic control to diffusion control, so the E, value is
increased.

To further verify the reaction mechanism, infrared spec-
troscopy was used to track and analyze the 0.3 wt% AS-GO-
containing resin system at each stage of curing to determine
the changes of groups under different curing degrees. The
results are shown in Fig. 8. In the curing process of modified
resin, the unsaturated double bond of maleimide undergoes
diene addition with allyl group and then crosslinks. At the same
time, it is accompanied by Diels-Alder reaction, homopolyme-
rization and alternating copolymerization.

As shown in Fig. 8, FTIR band at 690 cm ™" is assigned to the
stretching vibration absorption peak of C=C double bond in
BM]I, the peak characteristic of the maleimide double bonds are
located at 690 cm ™' and 823 cm™*, the bands at 916 cm™*
correspond to allyl groups. It can be seen that, as the curing
reaction proceeds, the maleimide double bonds and allyl
groups decrease with reaction time. This can be attributed to
the fact that, as the curing reaction proceeds, the C=C double
bond of BMI is open, and the diene addition reaction with the
allyl compound and the Diels-Alder reaction gradually
consume a large amount of maleimide double bond and olefin
propyl double bond. In the later stage of the curing reaction, the
steric hindrance effect also increases accordingly, and the
collision between the active groups is hindered as the degree of
crosslinking continues to increase, eventually, the curing reac-
tion cannot fully proceed. Therefore, the stretching vibration
absorption peak of C=C double bond in BMI located at
690 cm™ " has not completely disappeared. The characteristic
peak (1180 em™ ") of succinimide gradually strengthens from
curve (a) to curve (d), which also shows that the crosslinking
reaction of the system is gradually increasing. This also proves
the rationality of the curing process.

823
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— 1180

(d)

\/\/\/\ ©
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Fig. 8 FTIR spectra of 0.3 wt% AS-GO containing system as a function
of sequential cure conditions: (a—d) at sequential temperature of
150 °C, 180 °C, 210 °C, 240 °C respectively.
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3.4 Thermal stability analysis

TGA analysis was performed on the AS-GO/BMI cured resin, and
the results are shown in Fig. 9. It can be seen that AS-GO has
a certain effect on the initial decomposition temperature T o5 of
the modified system. With the increase of AS-GO content, the
To.05 of modified resin system showed an upward trend. The
mass loss at the initial decomposition temperature is caused by
the decomposition of the polymer network, since the heat
resistance of graphene oxide is much higher than the matrix
resin, and graphene oxide contains certain amino groups,
carboxyl groups and other functional groups. Therefore, the
matrix resin can form a stable composite structure with heat
resistance and graphene oxide, so that the nanocomposite has
better thermal performance.

As the temperature continues to increase, all systems follow
a similar mass loss trend, but the system with a high AS-GO
content has a slower loss rate. It can be explained that AS-GO
has a certain improvement effect on the heat resistance of
BMI. Until the temperature rises to 800 °C, the char yield of the
modified cured systems are 29.1 wt%, 29.6 wt%, 32.2 wt%,
33.8 wt% respectively when the AS-GO loading is changed from
0 to 0.5 wt%. Generally speaking, allyl self-polymerizing
aliphatic cross-linked network structure is relatively poor in
heat resistance. When the temperature is high enough, the
aliphatic cross-linked network structure formed by the self-
polymerization of allyl groups in the unmodified system
decomposes quickly, resulting in significant quality loss. Since
the incorporation of AS-GO reduces the degree of allyl self-
polymerization, the aliphatic cross-linked network structure is
reduced, and at the same time, more aliphatic cross-linked
network structures with better heat resistance are produced.
The introduction of graphene oxide with higher heat resistance
makes the crosslink density of the whole system increase, so the
heat resistance is also improved. Therefore, compared with the
unmodified system, the AS-GO containing system has a slower
decomposition rate and higher char yield at high temperature.

DMA measurements were performed using the AS-GO-
containing cured resin systems and the storage modulus and

I- 0 wi% AS-GO
100 2- 0.1 Wi% AS-GO
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1 -4- 0.5 wt% AS-GO
= 801 2
=
2 3=
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Fig.9 TGA curves of cured resin systems with different amount of AS-
GO.
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loss tangent tan ¢ are presented in Fig. 10a and b respectively. It
can be seen from Fig. 10a that the storage modulus of all cured
systems does not change much in the range of room tempera-
ture to 300 °C (the glassy region). The storage modulus of the
resin system is mainly related to the secondary relaxation of the
molecular segment at this stage. The kinetic energy of the
molecule cannot overcome the barrier of rotation in the main
chain of the polymer, and cannot excite the movement of the
segment. This also shows that all modified resins have better
heat resistance. When the temperature continues to rise, the
storage modulus decreases rapidly. This can be attributed to the
fact that the energy obtained from the thermal motion of
molecules at high temperature overcomes the barrier of rota-
tion in the main chain of the polymer, the movement of the
chain segment is excited, and the slack part of the resin system
chain is activated. As can be seen from Fig. 10a, the maximum
decrease rate of storage modulus of different content systems is
inversely related to the content of AS-GO. As the content of AS-
GO increases, the bulk density of the modified resin curing
network increases, the mobility of the polymer chain is
restricted, obstructed of the secondary movement of the
molecular network chain becomes smaller. Therefore, the
storage modulus of the cured network is relatively higher.

The glass transition temperature (T,) of the thermosetting
resin represents its maximum service temperature, and it is an
important physical parameter. It is also an important indicator
to evaluate its heat resistance. T, can be directly expressed by
the mechanical loss factor tan é curve.

As shown in Fig. 10b, the T, of the modified system with
different contents of AS-GO is 305 °C/0 wt% AS-GO, 316 °C/
0.1 wt% AS-GO, 329 °C/0.3 wt% AS-GO, 342 °C/0.5 wt% AS-GO
respectively. The T, of the modified resin system increased with
the increase of AS-GO content. This can be attributed to AS-GO
that can be connected to the resin network structure through
a covalent bond to form a body structure while providing a heat-
resistant structure, as a result, the crosslink density of the cured
network increases, reflected in the higher values of T,.

3.5 Mechanical properties

Strength is a measurement of the ability of a material to resist
external damage and characterizes the material's stress limit.

View Article Online
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Different forms of destructive force have different strength
indicators, it is important in practical applications. Impact
strength is a measure of the ability of a material to resist impact
damage wunder high-speed impact, flexural strength is
a measure of the maximum stress that a material can withstand
when it ruptures under bending load or reaches a specified
deflection.

Fig. 11 shows the effect of different AS-GO content on
mechanical properties of the cured BMI system. It can be ob-
tained that the AS-GO has a significant effect on the perfor-
mance of the cured resin. Impact strength increase and reach
a maximum value (23.12 k] m™~?) at 0.3 wt% and then decrease
when the amount of AS-GO is varied from 0 to 0.5 wt%, which
represents a 174% improvement. The flexural strength and
impact strength showed roughly the same increasing trend, the
maximum flexural strength reaches 151 MPa with a 29%
increase as compared with that of the neat resin.

When the amount of AS-GO is less than 0.3 wt%, AS-GO can
be well dispersed in the resin matrix. At this stage, AS-GO reacts
with the resin system and becomes part of the entire cross-
linked macromolecular structure. It can be considered that
AS-GO acts as a chain extender (as shown in Fig. 1). With the
introduction of AS-GO, the modified resin system formed

160 4

[ ---Flexural strength | P24 —Impact strength | |

oo

1
J
oo

X X XX
XL

o
<

J
9558
o

20

A

3

~

R

%
oS

XX

%
<3
RS

55
355
bogode!
GRS

1404

XX
K

CRRKY

S0
oo
X
5K
3RS
XXX

%5
55
RS
%
XXX
XS

%
&
bo%}
botet

KK
K
KK
olotolels

o

,v
o
&

-
%
<X
55

205
3555
%
$0%s
—
%
<X
5%
05

o
2958
f020!

v,v

K
X

K

5%
S
5
R
508
%
XX

25

35
%
o
2924

10

X
S
!
RS
508
%
XX

%5

S

S

89395089
RS

,v
&
&

o%
X
%
<

120

~

Flexural strength/MPa
Impact strength/ kJ/m

,.
%
%
e
s
35
0ot
XX

3
5%

9.9
—
&5
%5
2000
%
0K
S

X
%
35
35
o

3%

9%

CRX
oo
KK

S
35
o
X

R
35

:‘:”

v
%
555

%

0%}
L
2K
XS

,.
5
<K
_
%
X

,v
X
55
o8
0
B
R
35
o
X

,v
3
XX
X
RS
XS

<
2

v,v
3
%
XX
055
%
09363
bete
e
%
5%
o2
25

-
%S
X

255
X
XK,

5%

KK

R

o%
2

KKK
pd

0 wt%

<0
X
%S
X
35

100 -

0.1 wt% 0.3 wt%

Content of AS-GO/ wt%

0.5 wt%

Fig. 11 Effect of AS-GO on the mechanical properties of cured resin
system GO.

0.5
(b)
0.4+
<
£
< 1000 0.3
= S
2 3
= S024
o 0 wt% AS-GO = Ve 0 wt% AS-GO
I 0.1 wt% AS-GO 0.1 wt% AS-GO
% + 0.3 wt% AS-GO -G 0.3 wt% AS-GO
0.5 wt% AS-GO B _iA 0.1 0.5 wt% AS-GO
100
T T T T T 00 ‘ T T T T T
100 150 200 250 300 350 100 150 200 250 300 350
Temperature/’C Temperature/'C

Fig. 10 Storage modulus (a) and tan(delta) (b) of cured resin systems.

This journal is © The Royal Society of Chemistry 2020

RSC Adv, 2020, 10, 36853-36861 | 36859


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06621d

Open Access Article. Published on 06 October 2020. Downloaded on 4/1/2026 8:30:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

a large number of cavity structures, and the distance between
molecular chains increased relatively. Meanwhile, the modified
system also formed a large number of interpenetrating network
structures, which increased the cross-linking density of the
system, hence difficultly to make the molecular chain segment
slip relatively. Thus the performance of the system can be
improved due to the transmission and dispersion of stress
when the cured resin is under the action of external forces.

When the amount of AS-GO is more than 0.3 wt%, the cross-
linking density of cured resin can be greatly improved which
leads to the increasing rigidity of the molecular chain. There-
fore, the toughness decreases instead. On the other hand,
excess AS-GO makes its dispersion become difficult and affects
the phase structure of the system, which will form some defects
in the resin matrix, resulting in a decrease in the performance
of the cured resin. The effect of AS-GO content on the modified
resin can also be further confirmed from the change of the
fracture morphology of the cured resin of the system.

Fig. 12 is the SEM image of the fracture surface of the cured
system with different AS-GO content. It can be noticed that the
fracture surface of the unmodified system (Fig. 12a) is relatively
smooth, almost no ridges can be seen, and it shows less gullies
and less stress dispersion, which is a typical brittle fracture
characteristic. As expected, it can be seen from Fig. 12b—d that,
with addition of AS-GO, cross-section is undulating, rough and
presents continuous gullies and tree branches, there are many
restrictions between cracks, the damage is not carried out in
a plane, and the direction of fracture also tends to be scattered.
In addition, it can be found that the AS-GO was entangled with
the BMI (as indicated by the red arrows in Fig. 12¢) to form the
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Fig. 12 Effect of AS-GO content on the morphology of fractured
surface with AS-GO contents; (a) 0, (b) 0.1 wt%, (c) 0.3 wt%, (d) 0.5 wt%.
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interphase. The tearing of the sample at the edge of the inter-
phase invalidated the composites. These gullies and micro-
cracks indicate that the resin casting body produced micro-
plastic deformation during the fracture process. The direction
of crack propagation is changed, and the energy dissipation
path of the resin casting body is increased, indicating the
improvements in toughness. However, at higher AS-GO loading
(0.5 wt%), a decreasing trend in toughness of cured resin
systems is reflected in relatively few stripes, a smoother surface
and strip chasm being observed, which can be attributed to
a higher proportion of unreacted AS-GO accumulation
agglomeration (as indicated by the red arrows in Fig. 12d) has
an adverse effect on toughness. All these observations agree well
with the impact strength values measured.

4. Conclusion

In this work, the graphene oxide modified by allylated siloxane
(AS-GO) has been synthesized and used to prepare a thermo-
setting resin with BMI resin. Various formulations containing
0 to 0.5 wt% AS-GO were made, and characterized for thermal
and mechanical properties of modified resin. Characterizations
including XPS, FT-IR and XRD results demonstrated that the
allylated siloxane molecule was successfully linked onto the GO
surfaces. The curing behavior and reactions of the AS-GO-
containing resin system were evaluated using the curing
kinetics method and FTIR under sequential cure conditions.
Due to the chemical interaction between the BMI and the
functional groups of AS-GO surfaces, the thermal and
mechanical properties of the AS-GO/BMI nanocomposites were
significantly improved. TGA results showed that modified BMI
resin systems displayed the higher char yield at various
formulations containing of AS-GO as compared to that neat
resin. Using DMA, T, was found to increase with increasing AS-
GO loadings, which can be attributed to AS-GO can be con-
nected to the resin network structure through a covalent bond
to form a body structure while providing a heat-resistant
structure. As expected, a suitable amount of AS-GO (0.3 wt%)
led to a higher packing density of mesogenic networks, hence
maximized the impact and flexural strengths of the modified
which increases 174% and 29%, respectively.
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