
RESEARCH

Journal of Inorganic and Organometallic Polymers and Materials
https://doi.org/10.1007/s10904-024-03149-6

resins) when used as ablation materials [3]. In recent years, 
extensive research has been conducted on the curing pro-
cesses of PFs, leading to significant progress in this area. 
Fan et al. studied the curing properties of phenol–urea–
formaldehyde and found that using sodium carbonate, zinc 
oxide, and magnesium oxide as catalysts could increase the 
curing rate [4]. Wang [5] and his team investigated a hybrid 
system of phenolic resin and polyphthalamide. Analyses by 
infrared spectroscopy and differential scanning calorimetry 
techniques confirmed the presence of hydrogen bonding 
interactions, leading to the formation of a semi-interpene-
trating network structure between the two. The formation 
of this structure resulted in a significant increase in the 
impact resistance of the blends. Zhao’s [6] group success-
fully synthesized polysiloxane-modified phenolic resins by 
a chemical synthesis method. They used 3-isocyanatopro-
pyltrimethoxysilane as a coupling agent, which was first 
reacted with resorcinol to produce an intermediate product. 
Subsequently, this intermediate product was further reacted 
with the phenolic resin to form a polysiloxane-modified 
phenolic resin with an interpenetrating network structure, 

1  Introduction

Phenolic resins (PFs) are an irreplaceable member of the 
thermosetting resin family owing to their many excellent 
properties, such as good thermal stability, high char content, 
high hardness, and good flame retardancy [1]; thus, they are 
widely used in insulation materials, coatings, adhesives, 
and ablative materials [2]. However, traditional PFs are also 
characterized by several issues, such as their brittleness, 
high curing temperature, and too high/low viscosity, which 
limit their application to high-tech fields, such as carbon-
based composites, aerospace industry, and high-strength 
electronic devices. With the advancement of the aerospace 
industry, there is a pressing need to enhance the long-term 
high-temperature oxidation resistance of PFs (phenolic 
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and this modified phenolic resin showed excellent oxidation 
resistance. Other inorganic salts or inorganic oxides were 
also found to have an effect on the curing reaction of PFs, 
such as barium carbonate, magnesium oxide, and titanium 
dioxide [7].

Bisphenol A (BPA) is one of the most widely used raw 
materials in the chemical industry and is obtained through 
the condensation of phenol and acetone in acidic media 
[8]. As BPA molecules contain many aromatic rings, the 
synthesized PFs have excellent rigidity and stability; thus, 
BPA-based PFs exhibit excellent heat resistance, good abra-
sion resistance, high mechanical strength, good electrical 
insulation, low smoke generation, and good acid resistance 
[9–12], and they are widely used in fine chemical products, 
such as flame retardants, plasticizers, and heat stabilizers. 
The synthesis of BPA with glutaraldehyde (GA) has further 
improved the toughness of PFs. Silicones are attractive for 
their excellent properties, including high thermal stability, 
good flame retardancy [13], high toughness [14], and good 
moisture resistance [15]. The introduction of silicones into 
organic polymers [16] to impart superior properties to both 
components of the hybrid is of great interest. Many studies 
have demonstrated that silicones are effective in improving 
the antioxidant properties of polymers.

Currently, there are primarily three methods employed for 
the modification of PFs. In order to meet the more stringent 
requirements brought about by the rapid development of the 
aerospace industry, the antioxidant properties of PFs must be 
further enhanced. The first method involves the introduction 
of structures with higher thermal stability into PFs, namely 
heterocyclic polymers and phenolic copolymers (such as 
imide groups and triazine rings), which improve the oxi-
dation resistance of PFs [17]. The second method consists 
of the incorporation of antioxidant elements into the main 
chain of PFs, such as boron [18], silicon [19–21], phospho-
rus [22], zirconium [23], titanium [24], and molybdenum 
[25]. The third method involves the introduction of nanopar-
ticles into PFs; organoclay complexes have been reported 
long ago, but the interest in studying these layered silicate 
materials as nanoscale reinforcements for polymeric mate-
rials did not arise until recently. On the basis of the above 
studies, limited attention has been devoted to the incorpora-
tion of both antioxidant elements into the main chain of PFs. 
In this work, the antioxidant performance of PF, synthesized 
using BPA and GA, is further enhanced through the addi-
tion of both dimethyldiethoxysilane (PMHS) and boric acid. 
These additives react with the PFs and significantly improve 
their antioxidant properties, thereby markedly increasing 
the yield of the PFs. The effects of PMHS and boric acid 
on the structural and thermal properties of PFs were investi-
gated. The phenolic hydroxyl groups can form new Si–O–Si 
and Si–O–B bonds through the reaction. However, thus far, 

only few studies have focused on the modification of PF 
materials through the simultaneous incorporation of both 
elements.

2  Experimental

2.1  Raw Materials

All the materials used in this experiment were purchased 
from Chemical Reagent Works. BPA of analytical purity 
was supplied by Chemical Reagent Co. Ltd., Fuchen, Tian-
jin (China). PMHS was purchased from Shanghai Mackin 
Chemical Co. (China). n-butanol (C4H10O) was supplied by 
Sinopharm Chemical Reagent Co. Ltd. (China) and ethanol 
(CH3CH2OH) was supplied by Tianjin Fuyu Fine Chemical 
Co. (China). Boric acid (B(OH)3) was obtained from Tian-
jin Zhiyuan Chemical Reagent Co. Ltd., Tianjin (China), 
and 25% GA aqueous solution of analytical purity was pur-
chased from Tianjin Comio Chemical Reagent Co. (China).

2.2  Synthesis of BPA–GA PFs

11.4 g of BPA and 25 mL of n-butanol were added simulta-
neously to a 250-mL round-bottom flask under mechanical 
stirring using a reflux device; the solution was stirred and 
heated to 65 ℃. When the solution was clear, 20 mL of GA 
and 0.25 g of 1% NaOH solution were added sequentially, 
and the solution was further heated to 100 °C for 6 h.

2.3  Synthesis of Si/B-Modified PFs

In the second step, PMHS (10 mL) was added to the crude 
phenolic resin product at 100 °C and stirred well with a stir-
rer for 1  h. Ethanol and boric acid were added to a 100-
mL round bottom flask and heated to 60 °C to dissolve the 
boric acid sufficiently. The dissolved boric acid solution was 
added to the PF solution after silane modification, and the 
obtained solution was stirred continuously for 1 h. The solu-
tion was then removed and dried in a drying oven at 120 °C 
for 4 h; it was then taken out of the oven and cooled to room 
temperature to obtain Si/B-modified PF.

A small portion of Si/B-modified PF was removed and 
placed in an alumina crucible, which was transferred to 
a smart muffle furnace. Si/B-modified PF powder was 
obtained by heating at a rate of 5 °C/min from room tem-
perature to 500 °C under air atmosphere. Si/B-modified PF 
was then ablated at 500 °C, 600 °C, and 700 °C in the smart 
muffle furnace to obtain Si/B-modified PF powders.
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2.4  Characterization

Oxidation experiments: A small portion of Si/B-modified 
PF was placed in a 2 × 2 cm2 alumina crucible. The alumina 
crucible was placed in a muffle furnace and heated up in a 
natural convection environment at a rate of 5 °C/min to per-
form static oxidation experiments at different temperatures 
and for different times. PFs synthesized with BPA and GA 
were used as control tests. The changes in the degree of oxi-
dation and surface morphology of Si/B-modified PFs at dif-
ferent temperatures were analyzed via X-ray photoelectron 
spectroscopy (XPS) measurements and scanning electron 
microscopy (SEM) imaging. Fourier-transform infrared 
(FT-IR) spectroscopy measurements were carried out using 
a NEXUS470 (Thermo Nicolet, Madison, WI, USA) spec-
trometer to qualitatively analyze each group of Si/B-modi-
fied PF samples with different added elements. The weight 
loss rates of Si/B-modified PFs were analyzed via thermo-
gravimetric analysis (TGA; TA Instruments tga2050, USA) 
with the samples heated in air at a heating rate of 10 °C/min. 

The elemental composition and chemical bonding states 
of the samples were investigated using X-ray photoelec-
tron spectroscopy (XPS) with an Mg–Ka achromatic X-ray 
source using a VG-escalamk-II (1253.6 eV) instrument to 
determine the changes in the elements after the pyrolysis of 
the precursors.

3  Results and Discussion

Si/B-modified PFs were prepared from PMHS, GA, n-buta-
nol, BPA, and boric acid.

Figure  1 shows the synthesis of Si/B-modified PFs, 
which involves a two-step process. In the first step, BPA was 
condensed with GA to introduce longer carbon chains into 
the internal structure of the PF, which in turn caused only 
the methylene linkages to be present between the aromatic 
nuclei of the PF, thereby increasing the toughness of the PF. 
In the second step, a solution of PMHS and a solution of 
dissolved boric acid were added to the PF synthesized from 

Fig. 1  Schematic depicting the two-step synthesis process of Si/B-modified PFs
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boron sources added to the PF reacted well and adequately 
with the PF.

Figure  2(b) depicts the Si/B modified phenolic resin. 
After the temperature reaches 700 °C, a cessation of C–H, 
Si–H, Si–C (1280  cm− 1) and Si–O–B bond breaking is 
observed, resulting in the disappearance of the correspond-
ing absorption peaks. The disappearance occurs on a case-
by-case basis.A distinct peak in the Si-O-B spectra suggests 
that a redistribution reaction has occurred following the 
breaking of the Si–O–B bond. The intensities of B–O, 
Si–O–Si and Si–O–B bonds show an increasing trend with 
increasing temperature.

The XPS spectra provide more detailed information on 
the composition of Si/B-modified PF, as shown in Fig. 3(a). 
Four elements, namely Si, B, O, and C, were detected 
via XPS with percentages of 23.25%, 2.3%, 41.75%, and 
32.7%, respectively.

These findings further confirm that the added boric acid 
solution and PMHS solution reacted chemically with the 
BPA–GA PF and that B and Si elements are present in Si/B-
modified PF. The C 1s, Si 2p, and O 1s XPS spectra are 
shown in Fig. 3(b)–(d), respectively. The peaks located at 
281.6 and 282.4 eV in Fig. 3(b) represent the C–O and C–C 
bonds, respectively. The C–C peak indicates that the precur-
sor also contains a small amount of free carbon [28]. The 
Si–C bonds in Fig. 3(c) correspond to the precursors in the 
FT-IR spectra. The Si–C bond exhibits a peak at 100.2 eV. 
The peak at 99.15 eV in the Si 2p XPS spectrum is the char-
acteristic peak of the Si–O bond (Fig. 3(c)). The O–Si and 
O–B bonds in Fig. 3(d) correspond to the peaks located at 
529.2 and 530.5 eV, respectively; the O–B bond is supposed 
to belong to B(OH)3 [29].

Figure  4(a) shows the XPS spectra of Si/B modified 
BPA-GA phenolic resin after decomposition at 700 °C. The 
XPS spectra of Si/B/Ti modified BPA-GA phenolic resin are 
shown in Fig. 4(b). The composition of Si/B modified BPA-
GA phenolic resin can be seen from the figure. The most 
obvious change in the peaks of C1s before and after pyroly-
sis is probably due to the breakage of the C–H bond and 

BPA and GA. At this point in the reaction, the C–O bonds 
of the BPA–GA PF product, the Si–O bonds of the PMHS, 
and the B–O bonds of the boric acid broke. At this moment, 
the ethyl group was removed from the PF synthesized 
from BPA and GA and reacted with the hydroxyl groups 
to release hydrogen gas. During this crosslinking process, 
new Si–O–Si and Si–O–B bonds were formed within the 
phenolic resin, thereby giving rise to the Si/B-modified 
phenolic resin, which comprised a yellow, viscous solution. 
Following pyrolysis, the Si/B-modified phenolic resin pow-
der appeared black and exhibited an extremely hard texture.

Firstly, the chemical bonding states of Si/B-modified 
PFs were analyzed via FT-IR, as shown in Fig. 2(a). It can 
be seen from this figure that for PFs modified by different 
elements, the characteristic absorption peak of the phenolic 
hydroxyl group on the benzene ring is located at 3341 cm− 1. 
The absorption peaks at 1606, 1508, and 1440 cm− 1 corre-
spond to the bending vibrations outside the C–H face of the 
benzene ring skeleton. The absorption peak at 2956 cm− 1 
is the characteristic absorption peak of − CH2 [15]. These 
findings provide preliminary evidence for the successful 
grafting of GA onto bisphenol A. The characteristic peaks 
at 1175 and 828 cm− 1 are attributed to the presence of Si-C 
groups. The peak at 1890 cm− 1 corresponds to the stretch-
ing vibration of B–O bonds, while the peak at 1244 cm− 1 
represents the bending vibration of Si–O–Si bonds [16, 26, 
27]. The absorption peaks at 1080 and 554 cm− 1 correspond 
to the Si–O and Si–O–B bonds, respectively; the presence 
of these peaks indicates that the added boric acid solution 
and PMHS solution reacted chemically with the BPA–GA 
PF. B and Si act as crosslinkers through the Si–O–Si and 
Si–O–B bonds [4], respectively. The fact that the absorption 
peaks of the Si–O–Si bond are more intense than those of 
the Si–O–B bond is related to the greater ability of silicon 
to displace ethyl than that of boron to displace ethyl. The 
peaks corresponding to the B–O, Si–C (1175 cm− 1), Si–O–
Si, Si–O, Si–O–B, and Si–C (828  cm− 1) bonds are more 
intense for Si/B-modified PF, indicating that the silicon and 

Fig. 2  FT-IR spectra of PFs with 
different added elements
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[30]. Therefore, the PFs modified with silicon and boron 
sources possess good resistance to high-temperature oxida-
tion. From Fig.  5(a), it can be seen that there are four to 
five segments in the curves showing fluctuations, which 
indicates that the PFs react with oxygen at high tempera-
tures to generate new substances. Figure 5(b) shows that the 
weight loss process can be divided into three main stages 
depending on the temperature range, namely (i) 35–200 °C, 
(ii) 200–350 °C, and (iii) 350–600 °C. The largest weight 
loss occurs during the second stage. There are two main rea-
sons for the weight loss during the first stage. It is due to 
(1) the volatilization of small molecules, such as water and 
n-butanol at high temperatures, and (2) further crosslinking 
of the PF induced by the temperature increase. The weight 
loss of Si/B-modified PFs during the first stage is 0.5 wt%. 
The weight loss during the second stage of degradation is 

part of the Si–C bond after pyrolysis (as can be seen in the 
infrared graph). The other peaks are basically unchanged. 
Figure 4(b) reflects the two peaks Si-C (284.5 eV) and C-C 
(284.2 eV) in the C1s spectrum. Compared with Fig. 4(d), 
the C–H bond is broken after pyrolysis. In the Si2p spec-
trum of Fig. 4(c), 103.4 eV is the characteristic peak of Si–O 
bond. 101.2 eV is the characteristic peak of Si–C bond, and 
part of the Si–H bond is broken due to the thermal decom-
position to form H2.531.8.5 eV, 531 eV, and 532.9 eV are 
the characteristic peaks of the O–Si, O–C, and O–B bonds, 
respectively.

Figure  5(a) and (b) show the TGA curves of the PFs 
modified with different elements under air and nitrogen 
atmospheres, respectively. It can be easily observed that the 
weight loss of the PFs after the addition of silica and boron 
sources is significantly smaller than that of unmodified PFs 

Fig. 3   . (a)XPS suvery spectra of Si/B modified phenolic resin precursors.(b) C 1s, (c) Si 2p, and (d) O  1s. 
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Fig. 5  TGA curves of PFs with 
different added elements (a) 
under air atmosphere and (b) 
under nitrogen atmosphere. Cor-
responding DTG curves (c) under 
air atmosphere and (d) under 
nitrogen atmosphere

 

Fig. 4  (a) XPS full-scan spectra 
of Si/Bi modified phenolic resin 
at 700 °C (b) C1s, (c) Si2p, (d) 
O1s,
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The DTG test outcome analysis in Fig. 5(d) shows that the 
weight loss of Si/B-modified PFs is 0.64%/min at 270 °C, 
and the minimum value of 0.35%/min is reached at 425 °C 
under nitrogen atmosphere. The weight loss is mainly attrib-
uted to the decomposition of uncrosslinked boric acid at 
elevated temperatures, the evaporation of ethanol, and the 
formation of gases [34]. The DTG curves also show that the 
yields of Si/B-modified PFs are higher than those of unmod-
ified PF. The DTG curves under air atmosphere in Fig. 5(c) 
show that modified PF is more stable than under nitrogen 
atmosphere in Fig. 5(d), and the intermolecular bonding is 
more complete without the formation of other substances.

The curing behavior of Si/B-modified PF mixtures was 
investigated via DSC, and the results are shown in Fig. 6(a). 
The DSC curves in air reveal that Si/B-modified PFs require 
high temperatures to be fully cured. The addition of boric 
acid was significantly higher than that of unmodified PF, 
indicating that boric acid accelerates the curing reaction. 
Compared with unmodified PF, the exothermic enthalpy 
of the curing reaction of boron-modified PF is lower, and 
the exothermic peak temperature (Tp) increases with the 
increase in the boric acid content. The DSC curves under 
nitrogen atmosphere are shown in Fig.  6(b). The wider 
exothermic peaks of Si/B-modified PFs may be attributed 
to the following reasons: Firstly, the number of phenolic 
hydroxyls in Si/B-modified PFs is much lower than that in 
unmodified PFs due to esterification, which results in the 
lower reactivity of BPA with GA. Secondly, the condensa-
tion reaction of silanes is milder and occurs at a higher tem-
perature than that of PFs. The addition of boric acid destroys 
the structure in Si/B-modified PFs, exposing more phenolic 
hydroxyl groups, which was confirmed in a previous study 
[35]. Compared to unmodified phenolic resin, the curing 
reaction of Si/B-modified phenolic resin exhibits a lower 
exothermic heat of reaction and a higher peak, which may 
be a result of the dilution effect caused by the incorporation 
of boronic acids and silanes, as well as their lower reactivity 
with phenol.

substantial, and it is also mainly due to two reasons: (1) 
the rearrangement reaction of O–H, Si–H, Si–C, and C–H 
bonds and the subsequent volatilization of H2 and CH4 and 
(2) the breaking of Si–O bond, which then forms Si–O–Si 
bond. During this stage, the weight loss of Si/B-modified PF 
precursor is 9%. During this stage, the organic structure of 
the crosslinked cured product is slowly transformed into a 
three-dimensional reticulated inorganic structure [31]. This 
is attributed to the gradual decomposition of the bisphenol 
A-GA phenolic resin at elevated temperatures, accompanied 
by the thermolysis of the remaining bisphenol A. The third 
stage of weight loss, predominantly occurring within the 
temperature range of 350 °C to 600 °C, accounts for merely 
1% of the total weight. This loss is likely due to the volatil-
ization of B2O3, CO, and CO2 gases, as well as dehydration 
and cyclization of phenolic hydroxyl groups leading to the 
formation of carbon. During this stage, Si/B-modified PFs 
have been basically stabilized [32]. The TGA curves indi-
cate that Si/B-modified PFs have a good heat resistance at 
200 °C. The weight loss is significantly higher at 450 °C but 
remains basically constant in the temperature range of 450–
480 °C, indicating that Si/B-modified PFs have good heat 
resistance. The yield of Si-modified PFs is initially lower 
and then higher than that of unmodified PF. These results 
indicate that the silicon content of Si-modified PFs is low, 
and therefore the silicon atoms do not form a large number 
of crosslinked networks, suggesting that the precursor of 
Si-modified PFs decomposes during the pyrolysis process. 
This is why the yield of Si-modified PFs is lower than that 
of Si/B-modified PFs. The yield of Si/B-modified PFs is at 
least 84.5%, indicating that the introduction of B improves 
significantly the thermal stability of Si/B-modified PFs. 
This indicates that the introduction of B and Si results in 
much higher yields compared with that of unmodified PFs 
[33]. In addition, several experimental protocols were opti-
mized to obtain yields higher than those of PFs modified 
with only the Si source.

Fig. 6  DSC curves of PFs with 
different added elements (a) 
under air atmosphere and (b) 
under nitrogen atmosphere
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pyrolysis at different temperatures under air atmosphere. 
Six samples were pyrolyzed at the highest temperature 
for 1 h. Figure 8(a)–(c) show the microscopic surfaces of 
the BPA–GA PF in the temperature range from 500 °C to 
700 °C, and Fig. 8(d)–(f) show the macroscopic phenom-
ena of gradual warming in the different temperature ranges. 
We observe that as the temperature gradually increases, the 
cross-linking reactions within the phenolic resin occur at a 
slow pace. By the time it reaches 700 °C, these cross-linking 
reactions tend to stabilize, resulting in the formation of a 
bulk structure, indicating that the phenolic resin achieves 
structural stability at this temperature.

SEM images in Fig.  9 show the morphological differ-
ences of ablation-sintered samples at different temperatures 
and reveal the morphological changes of Si/B-modified PFs 
after pyrolysis at different temperatures under air atmo-
sphere. Three samples were pyrolyzed at the highest tem-
perature for 1 h. A BPA–GA PF was used for comparison 
with Si/B-modified PF. At 500  °C, significant crosslink-
ing can be observed in Si/B-modified PF, with new bonds 
being formed by the silicon and boron sources introduced 
into the PF. At 700  °C, the crosslinking reaction is more 
effective as the temperature is higher, and fewer gaps are 

Figure 7(a) shows the XRD plots of the phenolic resin 
modified by different elements after decomposition at 
500  °C. The XRD plots of the phenolic resin are shown 
in Fig. 7(b). As can be seen from the XRD plots, the three 
curves for PF, PF/Si and PF/Si/B show that the inorganic 
components formed are highly crystalline. The intensity 
of the diffraction peaks varies with the content of B and Si 
in the phenolic resin. No significant diffraction peaks were 
observed in the PF and PF/Si products, whereas significant 
diffraction peaks were observed in the PF/Si/B samples. 
This further reveals the effect of addition of B and Si on 
phenolic resins. Consequently, under the same conditions, 
an increase in the silicon content leads to a corresponding 
increase in the intensity of the SiC peak. Additionally, the 
presence of some other minor peaks suggests the formation 
of SiO2 phases in the product. The oxygen atoms may come 
from atmospheric impurities and the resin itself. For the PF/
Si/B precursor, the B4C phase appears with increasing con-
tent, and the characteristic peaks corresponding to SiO2 are 
slightly shifted to a large angle.

SEM images in Fig.  8 show the morphological differ-
ences of ablation-sintered samples at different temperatures 
and reveal the morphological changes of BPA–GA PF after 

Fig. 8  (a)–(f) SEM images show-
ing PFs after pyrolysis in air at 
different temperatures

 

Fig. 7  (a) XRD patterns of Si/B 
modified phenolic resin with 
different elements added during 
pyrolysis at 500 °C. (b) Si/B 
modified phenolic resin pyrol-
ysed at different temperatures
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large number of lumpy solids appear in Si/B-modified PF 
(Fig. 9(c)), indicating that new groups are formed inside the 
PF at 700 °C [40]. At high temperatures, Si/B-modified PF 
is highly aggregated and has a dense structure, indicating 
that the crosslinking of the material increases as the tem-
perature increases.

Figure 10 shows the EDS microanalysis of the Si/B mod-
ified BPA-GA phenolic resin pyrolyzed in a muffle furnace 
at 700 °C. The EDS trace analysis shows a uniform distribu-
tion of the components in the Si/B modified BPA-GA phe-
nolic resin during the pyrolysis process.

The results of the analysis show that the image contains 
five elements, namely C, O, B, and Si. In the distribution 
of elements, O, C, and Si account for a large proportion. In 
terms of weight distribution, the variable O accounts for a 
significant proportion of about 46.49%.

4  Conclusions

A new PF was synthesized through the addition reaction of 
BPA and GA, and PMHS and boric acid were reactively cou-
pled to the PF. A large proportion of PMHS was introduced 
into the PF with strong interfacial interactions to obtain a 
fine co-continuous structure. The obtained hybrid resin 
exhibits excellent oxidation resistance, and high tempera-
tures cause the surface of Si/B-modified PF to be flat. This 
Si/B-modified PF with good oxidation and heat-resistance 
properties has a wide range of applications, for instance in 
the fields of airfoils or engine casings and ablative materials 
[]. The current work provides a novel approach for modify-
ing PFs, which can be used to design hybrid materials with 
desired properties.

Author Contributions  JW (First Author): Formulated the experimental 
plan; Experimental manipulation; Data processing; Article writing and 
review. SH, FS, YY, XY, JL: Assist in testing. GZ: Formulated the 
experimental plan; The main person in charge; Reviewed the article.

found at 700 °C. The main cause of cracking is the volatil-
ization of solvents and the release of gases during pyrolysis. 
At 700  °C, the surfaces are relatively smooth and free of 
cracks. The results show that unmodified and Si/B-modified 
PFs have the lowest number of defects and the best stabil-
ity at 700  °C [36, 37]. The microscopic surface of Si/B-
modified PF is smoother and more complete at 700  °C. 
Therefore, the addition of B and Si elements can reduce the 
number of defects in BPA–GA PF and render the structure 
more stable, thus improving the resistance to high-temper-
ature oxidation [38]. Figure 9(a)–(c) show the microscopic 
surface phenomena of Si/B-modified PF during gradual 
heating from 500 °C to 700 °C. The SEM image in Fig. 9(e) 
reveals that at 500  °C Si/B-modified PF shows obvious 
cracks and gaps. With the increase in pyrolysis temperature, 
the number of defects in Si/B-modified PF decreases, the 
number of cracks decreases, and lumpy solids are gradu-
ally formed (see Fig. 9(f) at 600 °C). Solvent volatilization 
and gas release occur during pyrolysis [39]. At 700 °C, a 

Fig. 10  (a) EDS spectra of Si/B modified BPA-GA phenolic resin 
annealed at 700 °C for (a) Si, (b) O, (c) C, and (d) B

 

Fig. 9  (a)–(f) SEM images of 
Si/B-modified PF after air pyroly-
sis at different temperatures
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