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Abstract In this research, a series of epoxy-silicone copoly-
mers were prepared from methyl phenyl silicone intermediates
(PMPS) with a bisphenol A type epoxy resin (E-51) by con-
densation with dilaurate dibutyltin acting as catalyst. The
chemical structure of the siloxane-bridged epoxy resin was
characterized by Fourier transform infrared spectroscopy
(FTIR), "H-NMR and an epoxy equivalent weight (EEW) test.
The modified epoxy resins showed better elongation at break
and izod notched impact strength than neat resin. TGA results
revealed that the residue at 600 °C of the modified epoxy resin
increased with the increase of siloxane content. DMA tests
displayed that the addition of silicone effectively enhanced
the damping properties. Morphology studies indicated that
the increase in izod notched impact strength is due to the
suitable diameter of silicone phases because of the silicone
toughening effect.
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Introduction

Epoxy resin is considered as one of the most important ther-
mosetting polymers with many desirable properties such as
good solvent resistance, remarkable adhesive strength, ease
of cure, and processing [1, 2]. They are widely used as binders
for coatings and in adhesive applications. However, these
products tend to be rather brittle due to their high cross-link
density and easy to combust when it is ignited, which limited
its applications in many fields.

To improve the toughness of epoxy polymers, it has been
established that the incorporation of thermoplastic polymers
[3], liquid rubbers [4, 5], and nanofillers [6, 7] into epoxy
resins can increase the toughness. However, the presence of
unsaturated structure in liquid rubbers such as carboxyl-
terminated butadiene acrylonitrile and hydroxyl-terminated
butadiene acrylonitrile bring about thermal instability and
low oxidation resistance into the epoxy matrix. Hence, such
modified resins are not suitable for applications at high tem-
perature. To address these issues, blending with thermoplas-
tics and nanofillers have been attempted, however these com-
positions are associated with processing difficulties.

The use of poly(dimethylsiloxane) (PDMS) as a modifier
for the cured epoxy matrix may present some advantages such
as superior thermal and thermo-oxidative stability, enhance-
ment of the hydrophobic properties, improving the toughness
without losing thermal properties and flame retardancy of ep-
oxy resins. However, pure PDMS had very little use as a
toughening agent because of the poor compatibility between
soft segments of PDMS and polar hard segments in epoxy
which largely resulted from the lack of hydrogen bonding
[8]. To improve the compatibility of polysiloxanes with epoxy
resins, various methods have been developed, including using
silane coupling agents [9, 10], introduction of functional
groups, such as hydroxyl [11, 12], amino [13], epoxy [14]
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and isocyanate group [15], using polysiloxane containing
block copolymers [16], and making use of sol—gel method to
bridge the polysiloxane and the epoxy phases [17].

In this work, methyl phenyl silicone intermediates
(PMPS) was applied to modify epoxy resin, in hope
of gaining great improvement of char residue, and
toughness within normal using conditions of epoxy. In
order to improve the compatibility of polysiloxane and
epoxy resin, PMPS was firstly reacted with a certain
amount of epoxy, and then the curing process was car-
ried out. In this paper, effects of the addition of PMPS
on the char residue, morphology and damping properties
of the silicone-modified epoxy resins were examined in
detail.

Experimental
Materials

Bisphenol-A type epoxy resins (E-51) with an epoxide
equivalent weight of 185-192 g/eq (n=0.1) were pur-
chased from Wuxi Resin Plant, China. Polypropylene ox-
ide diglycidyl ether (DER732) with an average molecular
weight of 640 g/mol was supplied by Dow Chemical
Company. DER732 was used to reduce the viscosity in
the curing process. Methyl phenyl silicone intermediates
(PMPS) was obtained from Dow Corning (Mw=1719,
Mw/Mn=1.81). The curing agent used in the study,
bis-(2aminopropyl) polypropylene glycol (EC-301) was
purchased from BASF Chemical Company (equivalent
[H] weight: 61.0). Dibutyltindiaurate (DTBDL) was pur-
chased from Chengdu Chemical Reagent Company and

Fig. 1 Chemical structure
formula of E-51, PMPS, DER732
and EC-301
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Table 1  PSG produced from E-51 modified with PMPS

Sample code EP PSGI PSG2 PSG3 PSG4
PMPS (g) 0 10 20 30 40
E-51 (g) 80 70 60 50 40

used as catalyst. The chemical structures of E-51, PMPS,
DER732 and EC-301 are shown in Fig. 1.

Synthesis of silicone oligomer-bridged epoxy resins (PSG)

E-51 was firstly fed into a 250 mL three-neck rounded-
bottomed flask, which was equipped with a mechanical
stirrer, a thermometer and a connection to N, cylinder.
Epoxy resins were preheated to 120 °C in an oil bath
and then a stoichiometric amount of PMPS was added
and stirred under nitrogen atmosphere. The compositions
are illustrated in Table 1. Then a certain amount (0.5 % of
E-51) of DTBDL was added as catalyst into the flask after
PMPS was completely meltdown. The polymerization was
carried out at 120 °C for 2 h under stirring rate of about
500 rpm. The process of the reaction is shown in
Scheme 1. After the reaction completed, the colorless,
transparent, viscous and homogeneous products were ob-
tained. The structure and the equivalent weight of these
resultant products (PSG) were confirmed by flourier trans-
form infrared spectrometer, 'H-NMR and the hydrochloric
acid/acetone method, respectively.

Curing of silicon modified epoxy resin

PSG and DER732 were mixed together in a beaker, then a
stoichiometric amount of curing agents (EC-301) was added
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Scheme 1 The process of
synthesizing silicone oligomer-
bridged epoxy resins (PSG)

at room temperature. The compositions are illustrated in
Table 2. The equivalent ratio between the epoxy resin and
curing agent was based on the epoxide equivalent weight
of epoxy resin and the amine equivalent weight (A.E.W)
of the curing agent. These blends were completely mixed
by a mechanical stirrer and degassed in a vacuum oven to
eliminate air bubbles. The bubble-free mixtures were
poured into 4 mm-thick polytetrafluoroethylene (PTFE)
molds which were preheated at 80 °C to prepare the spec-
imens for mechanical tests. The materials were cured at
80 °C for 2.5 h and 125 °C for 3 h in a convection oven.

Characterization

The NMR measurements were carried out on a DRX-400
(Bruker Company, Germany) 400 MHz NMR spectrometer
to obtain 'H-NMR spectra at 25 °C. The samples were dis-
solved in CDCl;.

An fourier transform infrared (FTIR) spectrum was obtain-
ed by Nicolet 570 using potassium bromide (KBr) pellets to
investigate the structure of the polymer. The scans were

Table 2 The compositions of epoxy resins® modified with PMPS

Sample code E51 (g) PMPS (g) DER732 (g) EC-301 (g)
EG 80.00 0 20.00 29.6
PSDGl 70.00 10.00 20.00 26.4
PSDG2 60.00 20.00 20.00 232
PSDG3 50.00 30.00 20.00 20.0
PSDG4 40.00 40.00 20.00 16.8

*The total weight of the modified epoxy resins is 100 % except curing
agent
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collected in the range of 4000-400 cm™' wavenumber at room
temperature.

Epoxide equivalent weights (EEW) of the
polyorganosiloxane-bridged epoxy resins (PSG) systems were
determined according to GB 167781 standard. The analyses
were performed in duplicate. The samples weighed 0.5-1.0 g,
which were sufficient to determine the EEW values.

Dynamic mechanical analysis (DMA) was performed
using an RSA III instrument (TA Instruments, USA) at a
fixed frequency of 1 Hz with a heating rate of 3 °C/min.
The test temperature was increased from 10 to 120 °C.

Thermogravimetric analysis (TGA) was conducted on a
thermogravimetric analyzer (Q500, TA Co, Ltd. USA) under
dry nitrogen gas with a flow rate of 100 mL/min. Samples
were heated at a rate of 10 °C/min and the relative mass loss
of the samples was recorded from 50 °C to 600 °C.
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Fig. 2 FTIR spectra of E-51(/), PMPS(2) and PSG4(3)
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Fig. 3 '"H-NMR spectra of the epoxy resin modified with silicone

The tensile strength and breaking elongation of the cured
specimens were conducted with the help of Universal tensile
instrument (INSTRON 5567) according to GB/T 2567-2008.
The test was performed under a rate of 10 mm/min at room
temperature.

The Izod notched impact strength of the cured specimens
was tested with an Izod Impact Tester (MTS Co.) according to
GB/T 2567-2008. The size of the tested specimen was 4 x
10x80 mm. All mechanical property values were obtained
by averaging the five experimental values.

The morphology of the impact fracture surfaces was ob-
served using a scanning electron microscope (SEM: JSM-
5900, JEOL Co., Ltd) at an accelerating voltage of 5 KV. Prior
to the examination, the fractured surfaces were coated with
gold in order to enhance conductivity and prevent charging.

Results and discussion

Characterization of silicone oligomer-bridged epoxy
resins

Figure 2 shows the FTIR spectra of neat epoxy resins
(E-51), PMPS and PSG4 (E51/PMPS=40/40). For
PSG4, the characteristic absorption peaks at 1438, 1247,

Table3 EEW values of EP and PSG systems

Sample code E51 PSGI PSG2 PSG3  PSG4

EEW (calculate 189-192* 210°  246°  295°  369°
value) (g/mol)

EEW (experimental 191 234 279 345 436

value) (g/mol)
The rate of opening 0 %
epoxy ring (%)

99% 11.7% 146% 154 %

#The EEW of EP is given by the product introduction of DGEBA

®The EEW of PSG1, PSG2, PSG3, PSG4 is calculated based on the
epoxy equivalent weight and the weight ratios of DGEBA
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Fig.4 Tensile strength (a) and elongation at break (b) of the ESI systems
as a function of PMPS content

1132, 913 and 832 cm ' were attributed to the Si-CgHs,
Si-CHj3, Si-O-C and the terminal epoxy groups, respec-
tively [18-20]. Compared PSG4 with E-51, these peaks
ultimately were nearly the same. This indicated that small
amount of the epoxy groups have reacted with Si-O-H.
The strong band in the range of 1028-1132 cm™' becomes
broader after reaction with E-51, which was likely the
result of the formation of Si-O-C bond. However, the
formation of the Si-O-C bond overlapped the Si-O-Si
band in the region 1035-1165 c¢cm ' and 1000—
1200 cm ™' of C-O-C vibration. The broad Si-O-H peak
between 3200 cm ™' and 3600 cm ™' of PMPS almost dis-
appeared in PSG4 attributed to the reaction between Si-O-
H and C-O-H of epoxy resin.

Pure epoxy resin (‘"H-NMR, CDCls), 5 (ppm): 7.14—6.8
(aromatic ring protons), 4.17 (—CH,-O-Ar), 3.33-3.30
(-CH, oxirane), 2.9-2.7 (-CH,, oxirane), 1.8-1.6
(-~CH3). The "H-NMR of PSG4 is shown in Fig. 3. The
presence of characteristics peaks in 'H-NMR spectra (5,
ppm, 2.3 (CH-O-Si)) of PSG4 attributed to the reaction
between Si-O-H and C-O-H of epoxy resin and PMPS
(Scheme 1) [18]. The results further support the formation
of the PSG copolymer.

The EEW values of the synthesized PSG copolymer
are listed in Table 3. The calculated values based on the
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Fig. 5 Izod notched impact strength of the ESI systems as a function of
PMPS content
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Fig. 6 SEM micrographs of the
fracture surfaces of epoxy resin
modified with silicone: a EP, b
ESI-10, ¢ ESI-20, d ESI-40

weight ratios agree well with the experimental data of
PSG copolymer. This further confirms the polyconden-
sation with opening a small amount of epoxy ring
which resulted in a minimum increase of epoxy equiv-
alent weights. These results corresponded with our
anticipation.

Mechanical properties

The values of tensile strength and elongation at break of
Epoxy-silicone systems (ESI) are illustrated in Fig. 4. The
declined tensile strength with an increase of PMPS is due to
the presence of the flexible siloxane linkages, free rotation of

~ ll]pléu“

the Si-O-Si bonds. The maximum breaking elongation of
cured resins was observed at 49.6 % at the content of PMPS
reached 40 wt%, which is 6.25 times higher than the unmod-
ified epoxy resin. The toughness of the resulting epoxy resin
improves markedly which can be ascribed to the effect of
flexible -Si-O-Si- skeleton, resilient behavior and constant
stress dissipating capability [21].

Figure 5 shows the Izod notched impact strength values of
the ESI systems as a function of PMPS content. When the
addition quantity of PMPS is 30 wt% or less, a slight improve-
ment of impact strength is observed. The reason may be due to
the fact that the silicone particles in epoxy resin matrix are too
small to generate plastic deformation. However, when the

Fig.7 TGA cures of ESI systems a b
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. 80 ~ 10]
9 og\) 1.0
s =X 0.8
§ 60 - -
g w© -s, 0.6
= ] 2 04
8 S 02
o 20 2 0.2
S s
Q 0.0
0
-0.2 T T T T T T T T T T
0 160 260 360 460 560 GlI)O 0 100 200 300 400 500 600
Temperature(°C) Temperature /°C

@ Springer



203 Page 6 of 7

J Polym Res (2015) 22: 203

Table 4 Thermal stability factors

of the cured ESI systems Sample code T.s0, (°C) Tiax1 (°C) Tinax2(°C) Solid residue at 600 °C (%)
EG 3321 347.0 371.0 45
ESI-10 325.0 331.0 357.6 16.4
ESI-20 3244 333.8 359.8 17.6
ESI-30 3215 324.9 368.5 245
ESI-40 310.3 3233 396.1 272

content of PMPS reaches 40 wt% in the system, the impact
strength reaches 12.1 KJ/m?, which is 5.4 folds higher than the
pure epoxy resin. This result can be interpreted in terms of
increased energy dissipation induced by addition of siloxane
segment into the epoxy network [22, 23]. In addition, the -Si-
O-Si- skeletal bond has a length of 1.64 A, which is signifi-
cantly longer than that of the -C-C- bond (1.53 A). Therefore,
the steric interferences or intramolecular congestion is dimin-
ished. Moreover, the -Si-O-Si- bond angle 143° is much more
open than the usual tetrahedral bond angle 110°. These struc-
tural features have a profound effect on the impact strength of
a polymer and have enough mobility to absorb impact energy,
thereby increasing the impact resistance of the polymer to a
greater extent [24].

Morphology of cured blends

The fracture surface of ESI was analyzed using SEM. Typical
SEM are shown in Fig. 6. The analysis of the scanning elec-
tron microscope pictures indicated the existence of “sea island
structure” in the epoxy resin. Sultan and McGarry [25]
showed that the fracture toughness of a brittle epoxy could
be improved by the incorporation of rubber spheres. Hence,
the PSG particles are believed in this regard to act like rubber
particles to improve fracture toughness of the epoxy resin.
Wu [26] studied the relationship between the impact
strength and rubber content of nylon-6/EPDM blends, created
a brittle-ductile transition master curve, and proposed a con-
cept of the matrix ligament thickness, L, which is defined as
the nearest distance of the matrix between two neighboring

rubber particles. When the average ligament thickness is small-
er than the critical ligament thickness, Lc, the blend will be
tough, conversely, when L is larger than Lc, the blend will be
brittle. In our study, 40 wt% PMPS should be a critical weight
fraction of the particles for which the toughening effect occurs.

TGA analysis of cured epoxy mixture

In this work, TGA was used to analyze the gas product
during the thermal degradation process. TG curves of ESI
systems in nitrogen are presented in Fig. 7. The initial
decomposition temperature of samples which was evalu-
ated by the temperature of 5 wt% weight loss (T.s0;) [27]
and the solid residue left at 600 °C were obtained from
the TG curve. And the temperature at the maximum
weight loss rate (Tpax] and T,,.,2) of researched samples
was obtained from the DTG curve. These data are given
in Table 4.

Figure 7 shows that the pure epoxy resin started to
decompose at 332.1 °C, the thermal degradation process
of the pure epoxy resin exhibited only two stages and its
corresponding T,.x were 347 °C and 377 °C, respective-
ly. And the leaving residual yield was 4.5 %. When the
proportion of epoxy resin decreased, the systems began to
lose weight earlier than unmodified epoxy resins due to
its lower cross-linking density of the cured systems. How-
ever, the solid residual yield increased to 27.2 % compar-
ing with epoxy resins with 40 wt% PMPS. Higher activa-
tion energy is required to destroy the siloxane inorganic
polymer skeleton, thus leaving higher solid residue.

Fig. 8 Storage modulus and tan
delta relaxations of the cured ESI
blends
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Table 5 DMA

characteristics of cured Sample Tg (°C)

ESI systems
EP 79.0
ESI-10 67.2
ESI-20 65.2
ESI-30 53.2
ESI-40 45.0

indicated that silicone improved the damping character-
istics of epoxy resin.
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Damping properties of the cured epoxy systems

The damping properties of neat epoxy and PMPS modified
epoxy resin was investigated based on the storage modulus
curves and tan curves which are obtained from DMA (see
Fig. 8). The variation in Tg for the epoxy systems with respect
to the PMPS content is given in Table 5. The results indicated
that with increasing the content of PMPS, Tgs of epoxy sys-
tems decreased from 790C to 450C and storage modulus also
decreased. Zhang [28-30] revealed that the cross-linking den-
sity has a close relationship with Tgs and storage modu-
lus. As the cross-linking densities increased, the molecu-
lar motion of the polymer chains became more restricted,
and the amount of energy dissipated throughout the poly-
mer decreased dramatically. Therefore, storage modulus
was increased and the Tgs shifted to higher temperatures.
Thus, it is reasonable to denote that the addition of PMPS
decrease the cross-linking density of the resulting copol-
ymers, which is an important factor to effect the Tgs and
storage modulus.

Besides, it is obvious that the introduction of PMPS im-
proves the damping properties over a wide temperature range,
for example, the temperature range of tand>0.2 for EP was
63.5 °C t0 90.1 °C. However, the temperature range of tand>
0.2 was 26.0 °C to 63.4 °C for ESI-40.

Conclusion

In this paper, a series of epoxy-silicone copolymers
were synthesized. FTIR, 'H-NMR and EEW results con-
firmed that reaction between E51 and PMPS occurred.
The tensile, impact tests and SEM photos indicated that
the introduction of -Si-O-Si- chains and the dispersion
size of PMPS particles had much effect on the mechan-
ical properties of curing epoxy resin. It was found from
the data of TG that epoxy-silicone copolymers exhibited
excellent thermal stability. The DMA measurements

for providing SEM measurements.
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