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a b s t r a c t

In order to improve the thermal properties of the phenolic resin, silane with different degree of poly-
merization was introduced into phenolic resin by controllable reactions. Silicone phenolic resin was first
synthesized via esterification reaction between methyltrimethoxysilane and novolac phenolic resin; then
the degree of self-polymerization of silane was controlled by the hydrolyzation reaction. The designed
structure of the hybrids was confirmed by Fourier Transform Infrared Spectroscopy (FTIR), Nuclear
Magnetic Resonance (1H-NMR and 29Si-NMR), and curing of the hybrids was performed to obtain
samples for microstructure observation and anti-oxidation evaluation. In situ self-polymerization of the
silane during both the hydrolyzation and the curing processes led to phase separation in the cured
hybrids, and the size of the phase structure increased with the increase of self-polymerization degree of
the silane. Thermogravimetric analysis and high-temperature oxidation test were performed, and silane
introduction was found to be beneficial to the enhancement of both thermal stability and oxidation
resistance. Anti-oxidation mechanisms for the phenolic resin modified with silanes at different poly-
merization degree were compared and discussed.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Phenolic is a class of thermosetting resin with excellent me-
chanical and thermal performances, and was widely used as matrix
for thermal insulation, flame retardant and ablative materials
[1e3]. However, its oxidation resistance at high temperatures
needs to be further improved for the application in ablative and
refractory materials [4,5]. Inorganic elements, such as boron [6e9],
titanium [2,10] and silicon [1] were found to exhibit excellent
oxidation resistance, and have been successfully introduced into to
phenolic resin (PR), enhancing its oxidation performance.

The merit of organic silicone is their attractive integrated
properties including thermal stability [11,12], flame retardancy [13],
toughness [14] andmoisture resistance [15]. It is of great interest to
introduce silicone into organic polymers [16e20] to endow the
hybrids with excellent properties from both components. Many
studies proved that silicone is an effective component in improving
the anti-oxidation properties of polymers [12,17,20,21]. K.
ao@iccas.ac.cn (T. Zhao).

10
Haraguchi and co-workers [21,22] prepared phenolic/silica hybrid
by in-situ polymerization of silicon alkoxide, and both mechanical
and thermal properties were enhanced. Silicone and phenolic resin
were incompatible, and phase separationwould always occur in the
hybrids [12,23,24]. The phase structure (including dispersion state
[25], particle size [14,26] and interface of the phases [21]) would
affect the properties of the hybrids.

Microstructure was responsible for the properties, and its rela-
tionship with mechanical properties was intensively studied. Un-
fortunately, less effort was made on the effect of microstructure on
the thermal properties. Yong Nie et al. [16] claimed that the epoxy
dispersed with nanoscale polyhedral oligomeric silsesquioxane
(POSS) cages has better anti-oxidation properties than that pos-
sessing microscale separated phase structures. Researchers have
revealed that the anti-oxidation mechanism is complicated and
greatly dependedon themicrostructure (including interfaces [27,28],
holes and cracks [29,30], etc) and chemical structure [31,32] of the
materials. As far as we knew, such understanding for silicone modi-
fied phenolic system was rarely reported, which would benefit the
structure design of anti-oxidative silicone modified phenolic resin.

To obtain different phase structure, the control of polymeriza-
tion degree of the silane in phenolic resin may be an effective
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method [33,34]. Here in this report, we controlled the ratio be-
tween grafted and self-polymerized silane within silicone phenolic
resin by a two-step synthesis process. Silicone phenolic resin was
first synthesized via esterification reaction between methyl-
trimethoxysilane and novolac phenolic resin, then the degree of
self-polymerization of silane was controlled by the hydrolyzation
reaction. The in situ self-polymerization of silane in hybrids led to
the changing of the structure and morphology. The thermal sta-
bility and oxidation resistance of silicone phenolic resin was stud-
ied by thermogravimetric analysis and high-temperature oxidation
test. The anti-oxidation mechanism for the hybrids with different
structures was proposed and discussed.
2. Experimental

2.1. Materials

Novolac phenolic resin (PF-8013) was supplied by Shandong
Jinan Shengquan Co. Ltd, China. Methyltrimethoxysilane was pur-
chased from Hubei New Blue Co. Ltd, China. Acetic acid was pur-
chased from Beijing Chemical Works, and hexamethylene
tetramine (HMTA), the curing agent for the novolac resin and hy-
brids, was obtained from Sinopharm Chemical Reagent Co. Ltd.
2.2. Preparation of the hybrid resin

2.2.1. Synthesis of the silicone modified novolac phenolic resin (SN)
SN was synthesized in a 250 mL three-neck round-bottom flask

reactor equipped with a thermometer, a stirrer, and a reflux
condenser. Novolac phenolic resin (NR) (103.3 g), methyl-
trimethoxysilane (136.0 g), and acetic acid (1.03 g) were stirred and
gradually heated to 100 �C, and then kept heating for 20 h. At the
end of the reaction, the unreacted methyltrimethoxysilane and
byproducts were distilled under reduced pressure at 130 �C for
40 min, and then SN was obtained. The synthesis route for SN is
shown in Scheme 1.
2.2.2. Hydrolyzation and condensation reaction of SN
Different amount of water was added to the SN ethanol solu-

tions, and refluxed at 80 �C for 10 h. At the end of the reaction, the
resin was distilled under reduced pressure at 100 �C to remove the
byproducts and solvent. The reaction rout is shown in Scheme 2.
The water amount was 2 wt%, 6 wt%, 10 wt% of SN and the obtained
hybrid resin was designated as SN-2%H2O, SN-6%H2O SN-10%H2O,
respectively.
2.2.3. Preparation of cured specimens
The curing agent, HMTA, was then added into the hybrid ethanol

solutions with a loading level of 10 per hundred ratio of the hybrids
by weight. The solvent was removed at room temperature under
vacuum to get hybrid resins containing curing agent. The samples
were cured following the procedure 80 �C (4 h) þ120 �C
(2 h) þ180 �C (4 h).
Scheme 1. The synthes
2.3. Measurements

Fourier Transform Infrared Spectroscopy (FTIR) measurements
were performed on a Tensor-27 spectrometer at room temperature.
Samples were grinded, mixed with KBr and pressed into small
flakes for testing. 1H-NMR and 29Si-NMR spectra were recorded on
a Bruker Avance 400 MHz NMR spectrophotometer. Thermol-
gravimetric analysis (TGA) was carried out from ambient temper-
ature to 900 �C on a Netzsch STA409PC at a heating rate of
10 �C min�1 in nitrogen and air atmosphere, respectively. The
samples were quenched and cracked in liquid nitrogen, and frac-
ture surface of the hybrids was observed on a Hitachi S-4800
scanning electron microscope (SEM) at an accelerating voltage of
10 kV. Energy dispersive X-ray spectroscopy (EDX) was performed
on an Oxford INCAx-sight 7593 system attaching to the SEM
apparatus. High-temperature oxidation test was performed in a
muffle furnace; the furnace was heated to the desired temperature
before the powdered samples were put into the furnace and kept
for 30 min. X-ray photoelectron spectroscopy (XPS) measurement
was performed using an ESCALAB250XI instrument. The Raman
spectra were recorded on a Renishaw inVia plus using the 633 nm
excitation line of an Argon-ion laser.

3. Results and discussion

3.1. Structure characterization of the hybrids

FTIR and NMR were used to characterize the structure of hybrid
resins, and the spectrawere shown in Fig. 1 and Fig. 2. It can be seen
that SieOeph signals at 949 cm�1 was formed after the esterifi-
cation reaction between novolac and methyltrimethoxysilane.
With the amount of water increasing, the signal intensity at
949 cm�1 (ascribed to SieOeph) became weak, while the peak
intensity at 1057 cm�1 (corresponding to SieOeSi vibration [17])
became stronger. The decreased SieOeph signal revealed that the
SieOeph was not stable and would decompose to a certain extent
after the hydrolyzation reaction; the breaking down of SieOeph
would weaken the interactions between silane and phenolic. The
increased SieOeSi signal suggested the self-condensation of silane.
According to 1H NMR shown in Fig. 2, the integral ratio (R) between
the proton signals of SieOCH3 and that of eCH2e decreased with
the increase of water content, which further confirmed the
hydrolyzation and condensation reaction of SieOCH3. The degree of
both breaking down of SieOeph and polycondensation of SieOCH3
could be controlled by varying the amount of water. The bulk
samples of SN and SN-2%H2Owere both transparent; the SN-6%H2O
was translucent, and the SN-10%H2O was opaque, which might be
related to phase separations within the hydrolyzed hybrids [22].

The 29Si-NMR spectrum was displayed in Fig. 3. The signal
at �45 ppm was attributed to the SieOephenyl, suggesting that
mostMTMSwas grafted onto the phenol groups of phenolic resin in
the first reaction. When 2wt%water was added, the intensity of the
signal for SieOeph decreased and new signals at�57 and�66 ppm
appeared, which corresponded to T2 and T3 groups, respectively
[35,36], as shown in Scheme 2. It further confirmed that the
is reaction for SN.



Scheme 2. The hydrolysis and condensation reaction of SN.
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hydrolyzation reaction of the SN not only broke the SieOeph but
also led SieOCH3 to hydrolyze and condense, forming pre-
polymerized silicone resin, as shown in Scheme 2. With the water
amount increasing, the peak intensity of T1 decreased while that of
T2 and T3 increased, which was consistent with the FTIR and 1H-
NMR analysis.

3.2. Structure and morphology of the cured hybrids

FTIR and Solid 29Si-NMR characterizations were performed to
study the chemical structure of the cured hybrids. As shown in
Fig. 4a, after curing the signal of SieOeph still existed, and the
intensity decreased with the water content increasing, and it was
very weak in cured SN-10%H2O. Fig. 4b shows that in cured SN, T1
structure vanished, while signals at �54 ppm and �61 ppm (cor-
responding to silicone intermediate [37]) increased. For cured hy-
brids after hydrolyzation, T1 signals completely disappeared, and
the integral ratio between signals of T3 and T2 increased with the
water content increasing, suggesting that the silane was more
Fig. 1. FTIR of the hybrids hydrolyzed with different amount of water.
condensed in higher amount of water after curing. The above
analysis revealed that silane in both the SN and the hydrolyzed SN
could be further polycondensed during curing and chemical bond
between silane and phenolic still existed after curing.

The fracture surface of the cured resin was characterized by
SEM, and the corresponding images were shown in Fig. 5. The
surface of cured SNwas smooth and nomicro-phase separationwas
observed. The cured SN-2%H2O presented “sea-island”morphology
with particles size of about 200 nm, and blurred interface. For cured
SN-6%H2O, the particle size grew to about 500 nm, while main-
taining the blurred interface. The cured SN-10%H2O showed a larger
particle size (about 2e3 mm) and clear interfaces, suggesting
weakening of the interfacial interactions between the silicone rich
phase particles and phenolic matrix [24].

The different morphology was associated to the chemical
structure of the hybrids. For SN, the silane monomer was mostly
grafted on the phenol groups and its self-condensation degree was
low after curing; so the hybrid remained transparent and homog-
enous. The very small amount of water formed during curing did
not have obvious effects on the morphology of SN. When the SN
was hydrolyzed, the SieOeph was broken, and the SieOCH3 was
hydrolyzed and self-condensed; resulting in a decrease in the
mixing enthalpy between the two components, and further ag-
gregation of the silicone during curing, thus forming silicone resin
rich domains in the phenolic matrix. At lowwater amount, not all of
the SieOeph was broken, and hydrolyzation-condensation of the
SieOCH3 was not complete. The remained SieOeph generated
strong interactions between the phenolic and silicone rich do-
mains, resulting in the blurred interface in Fig. 5b,c. In SN-10%H2O,
most of the SieOeph was broken, larger aggregated particles and
clear interface were formed due to the reduced miscibility and the
further condensed silicone rich domains.
3.3. Thermal degradation behavior

TGA measurements were employed to investigate the thermal
stability of the cured hybrids. In N2 atmosphere (as shown in
Fig. 6a), the initial thermal degradation temperature (T5%) of the
cured SN increased from 390.1 �C (that of NR) to 411.6 �C. For cured
SN-2%H2O, the T5% decreased when compared with cured SN. The
decrease was attributed to the volatilization of incompletely cured



Fig. 2. 1H-NMR of the hybrids hydrolyzed with different amount of water.
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silicone prepolymers, which may be generated from the
hydrolyzation-condensation reaction at insufficient water content
(2%H2O). With the water amount increasing, the T5% did not change
significantly. From the DTG curves (shown in Fig. 6b), it can be
clearly seen that the decomposition peak temperature (Td,max) of
SN was higher and the decomposition rate was lower, suggesting
that silane grafted on phenolic could effectively protect the matrix
from degradation. Given with insufficient water (2%H2O), the
Fig. 3. 29Si NMR of the hybrids hydrolyzed with different amount of water.
curing of the silicone group was incomplete, resulting a higher
decomposition rate. The proper amount of water could ensure the
complete curing of the silicone group and the formation of strong
interfacial interactions between the two phases; hence the
decomposition rate was similar as SN and the Td.max was even
higher. On the contrary, when excess water was provided, the sil-
icone phase was separated from the main phenolic phase; the
formed clear interface would accelerate the decomposition
reaction.

In air, the trend of the initial decomposition temperature of
different hybrids was similar as that in N2 atmosphere. The residual
weight of curedNR is null. With the amount of water increasing, the
residual weight at 900 �C (R900) increased, suggesting that the
higher polymerization degree of the silicone domains in phenolic
matrix accounted for the higher residual after high temperature
oxidation. This was confirmed in the following analysis. SN has
higher Td,max, but the residual weight was too low, which was only
6.18%. For SN-6%H2O, the R900 was increased to 13.98%.

High temperature oxidation test was conducted in muffle
furnace to investigate the weight retention of the hybrids oxidized
at different temperatures. The powdered samples of the hybrids
were treated at 500, 600, 700, 800, 900, 1000 �C for 30 min
respectively. The weight retention was calculated from the differ-
ences in sample weight before and after the oxidation, and the
results were displayed in Fig. 7. After treated at 500 �C for 30 min,
the weight retention was similar among different hybrids, about
82.5%. The weight residual was significantly decreased after treated
at 600 �C for 30 min, suggesting that the hybrids decomposed
rapidly at 600 �C, which was in good consistence with the TGA
results. At higher temperatures the weight retention decreased but



Fig. 4. (a) FTIR and (b) Solid 29Si-NMR of the cured hybrids.
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did not change dramatically. It was clear that the SN-2%H2O had the
lowest weight retention and the other hybrids exhibited slightly
higher residual weight than NR.

3.4. Structure of the oxidized resin

3.4.1. Microstructure of the oxidized resin
For understanding the anti-oxidation mechanism of the hybrid

with different morphology, microstructure and chemical structure
of the oxidized resin were characterized. Microstructure of the
oxidized hybrid (1000 �C for 30 min) was observed by SEM (as
shown in Fig. 8). The homogenous SN was still compact with only a
few holes and cracks appearing on the surface, which were the
channels for the gas releasing. In oxidized SN-2%H2O, the dispersed
phase was no longer as compact as that in cured hybrid, and many
small holes were generated in the dispersed particles as shown in
Fig. 5. SEM images of the cured hybrids (a) SN (
the inset in Fig. 8b. SN-6%H2O, after oxidation, the contrast between
the dispersed phase and the matrix became higher, and the
silicone-rich domains were well preserved. This phenomenon
becamemore predominant in SN-10%H2O, whose interface became
sharp and clear.

3.4.2. Chemical structure of the oxidized resin
To further elucidate the anti-oxidation mechanism of hybrids

with different chemical structures, SN and SN-6%H2Owere taken as
examples and characterized by FTIR, Raman, EDX and XPS. FTIR was
performed on the hybrids oxidized at different temperatures, and
the corresponding spectra were shown in Fig. 9. After oxidation at
500 �C for 30 min, both samples exhibited phenolic hydroxyls (at
1212 cm�1) and methylene (at 1468 cm�1) signals. However, after
oxidation at 600 �C for 30 min, the organic groups almost dis-
appeared, which was in accordance with the severe weight loss at
b) SN-2%H2O (c) SN-6%H2O (d) SN-10%H2O.



Fig. 6. TGA curves of cured NR, SN and SN with different amount of water: (a) (c) Residual weightetemperature curves; (b) (d) Derivative thermogravimetric curves (DTG).
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600 �C shown in Fig. 7. After higher temperature (800, 1000 �C)
oxidation, the peak at 1098 cm�1 (attributed to SieOeSi) in the
spectrum of SN significantly decreased, suggesting that the SieO
Fig. 7. The weight retention of the cured hybrids after oxidation at different high
temperatures.
bond was broken to some extent. In the spectrum of SN-6%H2O, the
peak at 1098 cm�1 was obvious even after oxidation at 1000 �C for
30min, indicating that the SieOeSi was well preserved during high
temperature oxidation.

EDX (shown in Fig. 10) was employed to study the element
content and distribution within the samples. The silicon content
was about 6.38%, 6.87% in the cured SN and SN-6%H2O, respectively.
After oxidation at 1000 �C for 30 min, the silicon was evenly
distributed within the oxidized SN, as shown in Fig. 10c. The weight
retention was about 54% after oxidization at 1000 �C for 30 min
(shown in Fig. 6), thus the silicon content in the oxidized resin
should be 11.8% theoretically. Actually, the silicon content was
about 7.24%, much lower than the theoretical amount, revealing
that some silicone-containing structures lost during the high
temperature oxidation. In oxidized SN-6%H2O, silicon element
mainly aggregated in the particles (as shown in Fig. 10f), and the
silicon content was 11.60%, much higher than that in oxidized SN,
revealing that silicone-containing structures were mostly pre-
served after the high temperature oxidation.

XPS was used to study the chemical states of silicon and oxygen
atoms in the oxidized resin. The spectra were shown in Fig. 11, in
which oxygen and silicon peaks were observed in the full scan
spectrum. High resolution Si2p peak was separated, and signals at
103.2 eV and 102.4 eV, corresponding to SiO2 and SieO structures
respectively, could be found. Silicone in the form of SiO2 (at 103 eV)



Fig. 8. SEM images of the hybrids after 1000 �C oxidation (a) SN (b) SN-2%H2O (c) SN-6%H2O (d) SN-10%H2O.
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in oxidized SN-6%H2O was much higher than that in oxidized SN.
O1 peak at 533.2 eV, O2 peak at 532.5 eV and O3 peak at 531.8 eV
separated from the O1s spectrum could be assigned to the CeOe,
SieOe and CeOH, respectively. In oxidized SN-6%H2O, the peak
intensity of oxygen in the form of SieOe was higher than that of
oxidized SN, while the CeO peak intensity was lower. The higher
amount of silicon in the form of SiO2 in oxidized SN-6%H2O
revealed that silicon in SN-6%H2O could consume permeated oxy-
gen during oxidation [38]; while in SN, oxygen was mainly
consumed by carbon.

The Raman spectra of the hybrids after oxidation at 1000 �C for
30 min were displayed in Fig. 12. Carbon materials typically exhibit
two broad bands in the Raman spectra. The D band at
1350e1380 cm�1 attributes to disordered turbostratic structures,
while the G band at 1580e1600 cm�1 is assigned to the ordered
Fig. 9. FTIR spectra for the (a) cured SN, (b) cure SN-6%H2O trea
graphitic structures. The intensity ratio of two bands (ID/IG) could
reflect the order of carbon [39,40]. A lower ID/IG value indicates
higher graphitization degree of carbonaceous materials [41]. As
seen in Fig. 12, all spectra exhibited two typical distinct bands for
the carbonized hybrids. Compared with NR char, SN and SN-10%
H2O char have a lower ID/IG value. The results indicated that the
presence of silicon atom in the network did not disrupt the for-
mation of graphene sheet, and was able to promote graphitization
of NR at high temperatures. The thermal properties of hybrids may
also be attributed to the formation of more orderly carbon structure
[42].

The anti-oxidation mechanism was depicted as following. For
SN, the silane grafted on the phenolic resin could protect the
phenol groups from oxidation, thus the Td.max was higher. However,
the grafted silane was incompletely cured (as illustrated in Fig. 4),
ting at different temperatures for 30 min in muffle furnace.



Fig. 10. SEM and EDX of (a) cured SN, (b) SN oxidized at 1000 �C for 30 min, (c) mapping of image “b”; (d) cured SN-10%H2O, (e) SN-6%H2O oxidized at 1000 �C for 30 min, (f)
mapping of image “e”.

Fig. 11. X-ray photoelectron spectra of the SN and SN-6%H2O after oxidized at 1000 �C for 30 min: (a) full scan, (b) high resolution Si 2p, (c) O1s.

Fig. 12. Raman spectra and the ID/IG values of the hybrids (a) NR, (b) SN, (c) SN-6%H2O after oxidation at 1000 �C for 30 min.

S. Li et al. / Polymer Degradation and Stability 124 (2016) 68e76 75
resulting in the loss of the silicon element during oxidation. The
silane in SN-2%H2O was also incompletely hydrolyzed and cured,
thus the silicone rich domains would decompose during oxidation,
generating many small holes in the silicone rich domains of the
oxidized sample (as shown in Fig. 8b), and the decomposition rate
was high. In SN-6%H2O, the silane groups were either grafted on the
phenolic resin or self-polymerized into silicone-rich domains. The
grafted part of the silane could protect the phenol groups from
oxidation; while the other part was higher in T3 structure (as
illustrated in Fig. 4), and would transform into void-free SiO2-rich
structures. These two aspects both contributed to the relatively
higher R900 in air and higher silicone content of oxidized SN-6%H2O,
when compared with those of SN. The developed interface in SN-
10%H2O, resulting from the lack of chemical bond between the two
components, would act as gas channel for oxygen permeation and
lead to reduced oxidation resistance [24].
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4. Conclusion

SN was successfully synthesized via esterification reaction be-
tween novolac resin and methyltrimethoxysilane, and hydro-
lyzation reaction was proceeded to control the degree of self-
polymerization of silane in the hybrid. With water content
increasing, more SieOeph bond was broken; while more SieOCH3
hydrolyzed and polycondensed, in-situ forming larger silicone-rich
domains in the hybrid resin. Hybrid resins exhibited better thermal
stability than the pure phenolic resin. The oxidation mechanism of
the homogenous SN and phase separated SN-6%H2O was
compared. For SN, the silane grafted on the phenolic hydroxyl
groups could protect phenolic hydroxyl groups from oxidation, but
it would significantly loss during carbonization. In SN-6%H2O, the
silane groups were either grafted on the phenolic resinwhich could
protect the phenol groups from oxidation, or self-polymerized into
silicone-rich domains which would be oxidized into SiO2-rich
structures, resulting in the higher oxidation resistance.

These results provided useful clues for understanding the effects
of structure on the thermal stability of silicone phenolic resin,
which can be applied to the design of the anti-oxidation resins.
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