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performance study of CTBN/nano-
SiC composite toughened Xanthoceras sorbifolia
oil-based adhesive
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Adhesives used in traditional plywood predominantly rely on petroleum-based materials, which pose issues

of formaldehyde emission and present challenges in balancing the toughness and rigidity of the plywood. In

this study, a base resin system was constructed using Xanthoceras sorbifolia oil as the raw material, by

blending acrylated epoxidized Xanthoceras sorbifolia oil (AEXO) with Xanthoceras sorbifolia oil

dimethacrylate (MXOEA), followed by crosslinking with 2-isocyanatoethyl methacrylate (IEM). Carboxyl-

terminated butadiene-acrylonitrile rubber (CTBN) and nano-silicon carbide (SiC) were introduced for

composite toughening, and the effects of their contents on the properties of the adhesive and the

resulting plywood were investigated. The results indicated that the optimal formulation was achieved

with 15% CTBN and 0.1% SiC: the impact strength of the adhesive increased by 142.7% compared with

that of the unmodified system. The plywood prepared with this adhesive met the key mechanical and

water-resistance requirements for high-performance wood-based composites; further processing it into

table tennis blades verified the practical application potential of this adhesive. This study provides a green

alternative to petroleum-based adhesives in the fields of plywood and wood-based sporting equipment.
1. Introduction

As an important engineered wood-based composite, the
performance of plywood largely depends on the properties of
the adhesive used. In application elds such as sporting
equipment, furniture, and decorative materials, where high
mechanical performance and environmental friendliness are
required, the structural integrity and environmental adapt-
ability of plywood are particularly critical.1 Currently, the
adhesives widely used in the plywood industry, such as phenolic
resin, urea-formaldehyde resin, and epoxy resin, mainly rely on
petrochemical resources and may release volatile hazardous
substances such as formaldehyde during curing or service.
Therefore, the development of formaldehyde-free adhesives
based on renewable feedstocks that combine high performance
with environmental friendliness has become an important
research direction for achieving green and sustainable devel-
opment in the eld of wood-based composites.2–4

Existing bio-based adhesive feedstocks each have their own
limitations. Tannin contains polyphenolic groups, and its
bonding performance is similar to that of phenolic adhesives; it is
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currently mainly used for wood bonding.5 However, tannin-based
adhesives are prone to decomposition at high temperatures, and
the plywood prepared with them exhibits poor water resistance.
The molecular structure of lignin contains active groups such as
aromatic groups and phenolic hydroxyl groups;6 in the preparation
of wood adhesives, lignin is oen used as a substitute for phenol.
However, due to the complexity of lignin molecules and the vari-
ability of their reactions, it is difficult to obtain the desired prod-
ucts. Sugar-based adhesives are rich in hydrophilic hydroxyl
groups, and therefore commonly suffer from poor water resistance
and susceptibility to mildew;7 hydrophilic biomass feedstocks
such as soy protein generally face interfacial bottlenecks including
chemical surface heterogeneity, strong hydrogen bonding
networks, and hierarchical pore structures,8 resulting in limita-
tions such as poor water resistance and insufficient bonding
strength.9,10 In contrast, vegetable oils, owing to the hydrophobic
nature of their fatty acid chains,11,12 have become ideal feedstocks
for preparing water-resistant adhesives.13Meanwhile, the presence
of highly reactive sites in triglycerides,14 such as double bonds,
allyl groups, and ester groups, enables them to undergo chemical
modications such as epoxidation and acrylation to produce high-
performance polymers.15

Although some progress has been made in the research on
vegetable oil-based adhesives in recent years, existing systems
have mostly focused on common oil crops such as soybean oil
and palm oil; research on adhesives derived from Xanthoceras
sorbifolia oil, a high-value resource, remains unexplored. As
© 2026 The Author(s). Published by the Royal Society of Chemistry
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a woody oil tree species, Xanthoceras sorbifolia produces oil with
an unsaturated fatty acid content exceeding 90%, providing
abundant C]C reaction sites for chemical modication.
However, owing to the low reactivity of these C]C bonds, it is
necessary to introduce reactive groups through acrylation and
epoxidation reactions to construct high-performance poly-
mers.16 Although the acrylated epoxidized Xanthoceras sorbifolia
oil (AEXO) employed in this study exhibits reactivity, it suffers
from high viscosity at room temperature and insufficient
rigidity, necessitating the selection of suitable reactive diluents
for regulation.17 To address this, in this paper, Xanthoceras
sorbifolia oil dimethacrylate (MXOEA) was synthesized via
transesterication as a reactive diluent 18 and blended with
AEXO to construct the base resin system. Meanwhile, 2-iso-
cyanatoethyl methacrylate (IEM) was introduced to enhance
interfacial bonding through the reaction of its isocyanate
groups with the hydroxyl groups of wood.19 The high reactivity
of the isocyanate moiety enables rapid curing of the adhesive
with a high crosslinking density, but this tends to reduce the
toughness of the resulting composite material.20

To overcome the brittleness issue associated with highly
crosslinked structures, the introduction of liquid rubber is one
of the effective strategies for enhancing material toughness.21

Among various liquid rubber toughening agents, carboxyl-
terminated butadiene-acrylonitrile rubber (CTBN) has
garnered widespread attention due to its terminal carboxyl
groups. Studies have shown that CTBN exhibits good compati-
bility with thermosetting resin matrices and can enhance the
fracture toughness of materials through a phase separation
mechanism;22 its terminal carboxyl groups can undergo esteri-
cation with the hydroxyl groups in the resin, forming a chem-
ically bonded interface between the toughening phase and the
matrix, thereby strengthening the interfacial adhesion between
the two phases. However, while toughening the material, the
rubber phase oen leads to a decrease in rigidity and thermal
properties. Existing studies have demonstrated that construct-
ing a synergistic system of rigid llers and exible polymer
networks can effectively balance the strength and toughness of
materials.23 To this end, researchers have proposed a composite
modication strategy that introduces rigid nanollers into
rubber-toughened systems to compensate for the loss of
rigidity.24 Among these, carbon nanobers, owing to their uni-
que network-forming capability and excellent mechanical
properties, are regarded as one of the ideal reinforcing
llers,25–27 demonstrating potential in enhancing the overall
performance of composite materials.28 Based on this, the
present study proposes the construction of a CTBN/nano-silicon
carbide (SiC) composite toughening system in the Xanthoceras
sorbifolia oil-based adhesive. The aim is to alleviate the brittle-
ness of the highly crosslinked network via CTBN, while
leveraging the rigidity-enhancing effect and interface-
optimizing function of nano-SiC to maintain or even enhance
the overall rigidity and interfacial stability of the adhesive
alongside the improvement in toughness,29 thereby achieving
synergistic regulation of the toughness and rigidity of the
adhesive. This strategy holds signicant application value for
© 2026 The Author(s). Published by the Royal Society of Chemistry
high-performance wood-based composites that are subjected to
dynamic loads and require interfacial integrity.

This study aims to develop a high-performance bio-based
thermosetting adhesive derived from Xanthoceras sorbifolia oil.
First, MXOEA was synthesized as a reactive diluent via trans-
esterication and acrylation reactions, and blended with AEXO to
prepare the base resin system, with the introduction of 2-iso-
cyanatoethyl methacrylate (IEM) to construct a highly crosslinked
network. On this basis, a synergistic incorporation of CTBN and
SiC into this system is proposed for the rst time to overcome the
common brittleness issue of highly crosslinked systems and ach-
ieve synergistic optimization of toughness and rigidity,
a composite modication strategy that has not been previously
reported in the research of vegetable oil-based adhesives. This
study will systematically evaluate the processability, curing char-
acteristics, thermomechanical behavior, and basic mechanical
properties of the adhesive, and apply it to table tennis blades,
a scenario demanding high mechanical performance, to verify its
feasibility in actual products and achieve high-value utilization of
Xanthoceras sorbifolia oil. The research outcomes will provide
theoretical foundations and technical solutions for the develop-
ment of high-performance bio-based adhesives for plywood as
alternatives to petroleum-based products.
2. Materials and methods
2.1. Materials

Xanthoceras sorbifolia oil (XO) was purchased from Qiaodongfang
Biofuel Group Co., Ltd. The following reagents were purchased
from Shanghai Macklin Biochemical Technology Co., Ltd: di-
ethanolamine (DEA, 99%), sodium methoxide (CH3ONa, 98%),
methacrylic anhydride (MAA, 94%), 4-dimethylaminopyridine
(DMAP, 99.8%), cation exchange resin IR120 (Amberlite IR120, H
resin, analytical grade), triphenylphosphine (PPh3/C18H15P,
99.8%), hydroquinone (C6H5O2, 99%), 2-isocyanatoethyl methac-
rylate (IEM, 98%), benzoyl peroxide (BPO, 99%), and g-glycidoxy-
propyltrimethoxysilane (KH-560, 97%). Glacial acetic acid
(CH3COOH, analytical grade) and sodium chloride (NaCl, analyt-
ical grade) were supplied by Tianjin Xinbote Chemical Co., Ltd,
while hydrogen peroxide (H2O2, 30%) and acrylic acid (AA,
analytical grade) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Sodium carbonate (NaCO3, analytical grade) and
sodium bicarbonate (NaHCO3, analytical grade) were obtained
from Tianjin Xinbote Chemical Co., Ltd, while anhydrous ethanol
(analytical grade) and oxalic acid (C6H7O4, analytical grade) were
purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd.
Nano-SiC (40 nm) was provided by Guangzhou Metallurgy and
Metallurgical Group Co., Ltd, and deionized water was used
throughout the experiments.
2.2. Preparation of CTBN-SiC compositely modied
Xanthoceras sorbifolia oil-based adhesive

MXOEA and AEXO, prepared according to themethod described
in SI (SI S1), were mixed at a mass ratio of 7 : 3, and carboxyl-
terminated butadiene-acrylonitrile rubber (CTBN) was added,
followed by magnetic stirring at 90 °C and 300 rpm for 15 min.
RSC Adv., 2026, 16, 24006–24020 | 24007
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Fig. 1 Crosslinking mechanism of AEXO, MXOEA IEM and the possible reactions between the adhesives and wood.
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Subsequently, KH-560 modied nano-SiC, prepared according
to the method described in SI (SI S2), was added to the system,
and stirring was continued at 55 °C and 300 rpm for 90 min.
Aer stirring, the mixture was placed in an ice-water bath and
subjected to ultrasonic dispersion at 60 Hz for 30 min to ensure
uniform dispersion of the llers. Finally, benzoyl peroxide
(BPO) at 2% and 2-isocyanatoethyl methacrylate (IEM) at 10%
relative to the total mass of the adhesive were sequentially
added, and the mixture was stirred at room temperature for
10 min to obtain the CTBN-SiC compositely modied Xantho-
ceras sorbifolia oil-based adhesive (Fig. 1).
2.3. Preparation of plywood specimens for verication

To verify the performance of the adhesive in practical applica-
tion scenarios, this study selected table tennis blades, which
impose stringent requirements on mechanical properties and
Fig. 2 The fabrication process of plywood using the CTBN-SiC composit
structure of top ply (Linden)–cross ply (Spruce)–core ply (Ayous), the ho

24008 | RSC Adv., 2026, 16, 24006–24020
dynamic mechanical response, as a typical target, and prepared
corresponding layered plywood specimens. The fabrication
process, wood assembly method, hot-pressing parameters, and
appearance of the resulting plywood are shown in Fig. 2.
Detailed preparation procedures are provided in SI (SI S3).
2.4. Methods

The chemical structure of the cured adhesive was characterized
using a Fourier transform infrared spectrometer (FTIR, Nicolet
iS20, Thermo Fisher Scientic, USA). Samples were prepared
using the KBr pellet method, and the spectra were recorded in
the range of 4000–400 cm−1 with a resolution of 4 cm−1. The
microstructure was observed using a scanning electron micro-
scope (SEM, Phenom Pro, Funa Scientic Instruments
(Shanghai) Co., Ltd, China). Aer gold sputtering, the samples
were imaged under an accelerating voltage of 10 kV using
emodified Xanthoceras sorbifolia oil-based adhesive, the layeredwood
t-pressing parameters, and the appearance of the finished product.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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secondary electron (SE) and backscattered electron (BSE)
detectors at a magnication of 2000×. The rheological proper-
ties of the liquid adhesive were measured using a rotational
rheometer under a nitrogen atmosphere, with a shear rate xed
at 10 s−1 and the temperature ramped from 25 °C to 140 °C at
a rate of °C min−1. Thermal stability was analyzed using
a simultaneous thermal analyzer (TG-DSC, STA200, HITACHI,
Japan). Samples weighing approximately 10–15 mg were heated
from room temperature to 800 °C at a heating rate of 10 °
C min−1 under a nitrogen ow of 20 mL min−1. Dynamic
thermomechanical properties were tested using a three-point
bending xture in single cantilever mode. The cured spec-
imen dimensions were 60 mm × 15 mm × 4 mm, with a heat-
ing rate of 5 °C min−1 and a test temperature range from room
temperature to 160 °C. Surface wettability was characterized
using a contact angle meter. A 2 mL droplet of the liquid adhe-
sive was dispensed onto the wood surface, and the contact angle
was recorded within 1 s. Each sample was tested ve times, and
the average value was taken. The methods for determining the
mechanical properties of the plywood specimens and the bulk
adhesive are provided in SI (SI S4).
Fig. 3 Effect of CTBN content on the mechanical properties of table t
elasticity andmodulus of rupture of table tennis blades; (b) dry-state and w
the adhesive.

© 2026 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1. Effect of CTBN content on the mechanical properties of
plywood

When the addition amount of silane coupling agent (KH-560)
modied nano-SiC was 0, CTBN was added to AX-IEM10 (with
an IEM addition amount of 10%), and the effects of different
CTBN addition amounts on the Xanthoceras sorbifolia oil-based
adhesive and the mechanical properties of the resulting
plywood were investigated.

As shown in Fig. 3, with increasing CTBN content, the
modulus of rupture, modulus of elasticity, and dry-state/wet-
state bonding strength of the plywood exhibited a trend of
initially slow decline followed by a rapid decrease. In the range
of 5–15% addition, the exible butadiene segments of CTBN
were partially incorporated into the crosslinked network of the
adhesive, slightly reducing the crosslinking density and
enhancing the exibility of the molecular chains. Meanwhile,
the chemical bonding between the terminal carboxyl groups
and the reactive groups of the adhesive, together with the
interfacial interactions between the polar acrylonitrile groups
ennis blades and the impact strength of the adhesive: (a) modulus of
et-state bonding strength of table tennis blades; (c) impact strength of

RSC Adv., 2026, 16, 24006–24020 | 24009
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Fig. 4 Effect of nano-SiC content on themechanical properties of plywood and the impact strength of the adhesive: (a) modulus of elasticity and
modulus of rupture of table tennis blades; (b) dry-state and wet-state bonding strength of table tennis blades; (c) impact strength of the adhesive.
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and the adhesive matrix, collectively mitigated the rate of
decline in mechanical properties. When the addition amount
increased to 20–25%, excessive exible segments were
embedded into the crosslinked network, at which point the
rubber phase became the dominant phase. Concurrently, the
polarity difference between the adhesive matrix and CTBN led
to macroscopic phase separation, resulting in stress concen-
tration effects and weakened interfacial adhesion, which
accelerated the degradation of mechanical properties.30 Mean-
while, the impact strength of the adhesive gradually increased
with increasing CTBN content. This may be attributed to the
exible butadiene segments absorbing impact energy through
slip deformation and inducing microcracks to delay fracture,
the terminal carboxyl groups enhancing the interfacial bonding
between the rubber phase and the matrix via chemical bonding
to facilitate stress dispersion, and the acrylonitrile groups
reducing the density of interfacial defects through polar inter-
actions. This structural modication signicantly enhanced
toughness at the expense of some rigidity. The experimental
results indicated that at a CTBN addition amount of 15%, the
impact strength of the adhesive was signicantly improved,
while the decline in mechanical properties of the plywood was
24010 | RSC Adv., 2026, 16, 24006–24020
relatively small. Therefore, 15% was determined as the optimal
addition amount.
3.2. Effect of the addition amount of silane coupling agent
(KH-560) modied nano-SiC on the mechanical properties of
plywood

When the CTBN addition amount was 0, KH-560 modied
nano-SiC was added to AX-IEM10, and the effects of different
nano-SiC addition amounts on the Xanthoceras sorbifolia oil-
based adhesive and the mechanical properties of the resulting
plywood were investigated.

As shown in Fig. 4, with increasing addition amount of silane
coupling agent modied nano-SiC, the modulus of rupture,
modulus of elasticity, and dry-state/wet-state bonding strength
of the plywood all exhibited a trend of rst increasing and then
decreasing. At a nano-SiC addition amount of 0.1%, the silane
groups on its surface formed strong interfacial bonding with the
adhesive matrix via chemical bonds or hydrogen bonds. The
nanoparticles restricted the movement of polymer segments,
enhancing the modulus of elasticity. Meanwhile, their high
specic surface area enabled adsorption of stress at crack tips,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of nano-SiC content on themechanical properties of plywood and the impact strength of the adhesive: (a) modulus of elasticity and
modulus of rupture of table tennis blades; (b) dry-state and wet-state bonding strength of table tennis blades; (c) impact strength of the adhesive.
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delaying crack propagation, thereby improving the modulus of
rupture and bonding performance. In addition, the hydropho-
bicity of nano-SiC inhibited moisture absorption by the adhe-
sive layer, reducing the disruption of interfacial hydrogen
bonds under wet conditions and maintaining bonding stability.
When the addition amount increased to 0.2–0.4%, excessive
nano-SiC formed stress concentration points due to agglomer-
ation effects, disrupting the continuity of the matrix and
weakening load transfer efficiency, leading to a decline in the
relevant properties. As the amount of KH-560 modied nano-
SiC increased, the impact strength of the adhesive gradually
decreased. The main reason is that the rigid nature of nano-SiC
particles restricted the slippage and deformation ability of the
molecular chains in the adhesive matrix, reducing energy
dissipation efficiency and making the material more prone to
brittle fracture under impact. Although an appropriate amount
of nano-SiC could enhance strength, it led to deterioration in
impact performance. The experimental results indicated that at
an addition amount of 0.1%, the mechanical properties of the
plywood reached their optimum, while the reduction in impact
strength was relatively small.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.3. Effect of CTBN-SiC content on the mechanical
properties of plywood

When the CTBN addition amount was 15%, silane coupling
agent (KH-560) modied nano-SiC was added to AX-IEM10, and
the effects of different SiC addition amounts on the Xanthoceras
sorbifolia oil-based adhesive and the mechanical properties of
the resulting plywood were investigated.

As shown in Fig. 5, when the CTBN addition amount was
15%, with increasing nano-SiC content, themodulus of rupture,
modulus of elasticity, and dry-state/wet-state bonding strength
of the plywood all exhibited a trend of rst increasing and then
decreasing. At a nano-SiC addition amount of 0.1%, KH-560
enhanced the ller-matrix interfacial bonding through chem-
ical linkages, and the uniformly dispersed nano-SiC increased
the modulus of elasticity of the plywood and delayed crack
propagation by adsorbing stress at crack tips, thereby
improving the modulus of rupture and bonding performance.
The hydrophobic nature of nano-SiC acted synergistically with
the exible buffering effect of CTBN to suppress the disruption
of interfacial hydrogen bonds under wet conditions. When the
nano-SiC addition amount increased to 0.2–0.4%, the excessive
RSC Adv., 2026, 16, 24006–24020 | 24011
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ller formed stress concentration points due to agglomeration,
disrupting the continuity of the matrix and reducing load
transfer efficiency. The agglomerates also hindered the forma-
tion of the crosslinked network between CTBN and the matrix,
weakening the cohesive strength of the adhesive layer. As the
addition amount of KH-560 modied nano-SiC increased, the
impact strength of the adhesive gradually decreased. This may
be attributed to the fact that while nano-SiC enhanced rigidity,
it excessively suppressed the toughness imparted by CTBN, di-
srupting the balance between energy dissipation and load-
bearing capacity of the material, leading to a transition in
impact failure mode from ductile fracture to brittle fracture.
Experimental results indicated a synergistic optimization effect
between CTBN and silane-modied nano-SiC. When the CTBN
addition amount was 15%, and the silane-modied nano-SiC
addition amount was 0.1% (based on the total mass of the
CTBN-modied adhesive), the plywood achieved the best overall
mechanical properties with the minimal reduction in impact
strength.
3.4. FTIR analysis of Xanthoceras sorbifolia oil-based
adhesive

To elucidate the curing reaction characteristics of the base
crosslinked network, Fourier transform infrared (FTIR) spec-
troscopy was performed on MXOEA, AX (without IEM), and AX-
IEM10 (with an IEM addition amount of 10%). The results
indicated that the double bonds in MXOEA were efficiently
converted during the curing process via free radical polymeri-
zation, and IEM was successfully incorporated into the cross-
linked network through chemical bonding (SI S5).

On this basis, further FTIR characterization was performed
on AX-IEM10, A-15%CTBN (AX-IEM10 with 15% CTBN), A-0.1%
SiC (AX-IEM10 with 0.1% nano-SiC), and A-15% CTBN-0.1% SiC
(AX-IEM10 with 15% CTBN and 0.1% nano-SiC), and the results
are shown in Fig. 6. Compared with AX-IEM10, all modied
samples exhibited a new absorption peak at 2275 cm−1: in A-
Fig. 6 FTIR spectra of the Xanthoceras sorbifolia oil-based adhesive.

24012 | RSC Adv., 2026, 16, 24006–24020
15%CTBN and A-15%CTBN-0.1%SiC, this peak was attributed
to the stretching vibration of the nitrile (C^N) segments in the
CTBN backbone;31 whereas in A-0.1%SiC and A-15%CTBN-0.1%
SiC, this peak likely originated from the adsorption of reaction
by-products or residual unreacted coupling agent due to the
high specic surface area of nano-SiC, with A-0.1%SiC showing
a more pronounced peak intensity owing to the enrichment
effect of nanoparticle adsorption. The appearance of a new
absorption peak at 1784 cm−1 indicated that in A-15%CTBN,
the carboxyl groups of CTBN underwent esterication with the
hydroxyl/epoxy groups of the matrix to form ester groups (C]
O),32 whereas in A-0.1%SiC and the composite sample, the
silanol groups (Si–OH) generated from the hydrolysis of KH-560
formed Si–O–C bonds with the matrix carboxyl groups,33

accompanied by the formation of ester linkages. The enhanced
absorption peak at 1040 cm−1 corresponded to the vibrational
characteristics of Si–O–Si and Si–O–C bonds formed by the
hydrolysis and condensation of KH-560, conrming the
formation of stable chemical bonding between the silane
coupling agent, nano-SiC, and the matrix. Furthermore, the
decrease in the intensity of the characteristic epoxy peak at
945 cm−1 was attributed to the consumption of epoxy groups in
the system by both the esterication reaction with CTBN
carboxyl groups and the bonding between KH-560 silanol
groups and epoxy groups.
3.5. SEM analysis of Xanthoceras sorbifolia oil-based
adhesive

The fracture morphology of the Xanthoceras sorbifolia oil-based
adhesive was characterized using scanning electron microscopy
(SEM), and the results are shown in Fig. 7. As observed in
Fig. 7a, the SEM image of AX shows an irregular gully-like
morphology on the fracture surface, indicating plastic defor-
mation resulting from the exible long aliphatic chains in the
vegetable oil.34,35 In contrast, the fracture surface of AX-IEM10 is
smooth and at (Fig. 7b), with straight crack propagation paths
and no obvious branching, exhibiting typical brittle fracture
characteristics.2 This reects the increase in crosslinking
density of the thermosetting material aer the introduction of
IEM. Upon the addition of 15% CTBN (Fig. 7c), the fracture
surface became considerably rough, indicating ductile failure.36

CTBN was uniformly dispersed in the resin matrix, and these
rubber particles were responsible for and contributed to a faster
transfer of the applied energy through the polymer matrix
rather than concentrating it at specic points, thereby
providing better exibility and toughness to the blended
system.37 Fig. 7d shows that the SiC particles in A-0.1%SiC were
uniformly distributed within the resin matrix, with no obvious
agglomeration. The fracture surface was relatively smooth and
dense, which was attributed to the good interfacial bonding
between the KH-560 modied SiC and the resin matrix, with the
interfacial strength enhanced through Si–O–Si and Si–O–C
chemical bonds.38 The nanoparticles hindered crack propaga-
tion through the crack pinning mechanism,39 improving the
fracture toughness of the thermosetting resin. In the CTBN/SiC
composite system (Fig. 7e), both micron-sized CTBN domains
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM images of Xanthoceras sorbifolia oil-based adhesive: (a) AX; (b) AX-IEM10; (c) A-15%CTBN; (d) A-0.1%SiC; (e) A-15% CTBN-0.1%SiC.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 1
2:

10
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and nano-SiC particles were present. Crack deection from the
original path can be observed. When the crack deviates from its
original path, the energy required for crack propagation and
sample failure increases;40 consequently, the impact strength of
the CTBN/SiC compositely modied adhesive was higher than
that of the unmodied adhesive. This composite toughening
approach enhances the toughness of the adhesive while
© 2026 The Author(s). Published by the Royal Society of Chemistry
maintaining the rigidity of the matrix, achieving an effective
balance between toughness and rigidity.
3.6. Rheological analysis of the Xanthoceras sorbifolia oil-
based adhesive

Acrylate resins typically exhibit high viscosity at room temper-
ature, which may adversely affect the applicability for the gluing
RSC Adv., 2026, 16, 24006–24020 | 24013
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process. To address this, the viscosity-temperature characteris-
tics of the prepared Xanthoceras sorbifolia oil-based adhesive
systems were investigated, and the results are shown in Fig. 8.
The viscosity of all adhesives decreased exponentially with
increasing temperature. At 30 °C, the viscosity of AX-IEM10 was
68.2 mPa s, that of A-15%CTBN increased to 113.98 mPa s, that
of A-0.1%SiC was 72.44 mPa s, and that of A-15%CTBN-0.1%SiC
was 88.02 mPa s. The viscosity of all adhesives at 30 °C was
below 500 mPa s, meeting the processability requirements for
plywood adhesives.34 As the temperature increased, the viscosity
of each system further decreased, indicating that this adhesive
system possesses good thermal uidity, facilitating coating and
wood penetration in practical applications.

The viscosity of A-15%CTBN was signicantly higher than
that of AX-IEM10, which was attributed to the physical entan-
glement of the long-chain structure of CTBN and the three-
dimensional network formed by chemical crosslinking
between its carboxyl groups and the matrix, enhancing inter-
molecular friction. The viscosity of A-0.1%SiC increased slightly
compared with that of AX-IEM10, which was due to the rigid
connement effect of the nanoparticles slightly increasing the
viscosity, while silane bonding suppressed ller agglomeration,
avoiding a sharp rise in viscosity. The viscosity of A-15%CTBN-
0.1%SiC fell between the two, exhibiting an intermediate value,
indicating a synergistic regulation mechanism between CTBN
and SiC: on one hand, the uniformly dispersed SiC nano-
particles reduced excessive entanglement of CTBN molecular
chains through steric hindrance effects, decreasing the physical
crosslinking density between chain segments; on the other
hand, the exible CTBN chain segments partially alleviated the
rigid connement imposed by SiC particles on the molecular
motion of the matrix through molecular slippage. These two
effects counterbalanced each other, resulting in a moderate
viscosity of the composite system under the dual actions of
viscosity increase from CTBN and viscosity reduction from SiC.
The viscosity of A-15%CTBN-0.1%SiC fell between the two,
Fig. 8 Viscosity versus temperature curves of the Xanthoceras sor-
bifolia oil-based adhesive.

24014 | RSC Adv., 2026, 16, 24006–24020
indicating the presence of a synergistic regulation mechanism
between CTBN and SiC. The exible CTBN network alleviated
the rigid connement of SiC particles through molecular chain
slippage, while the uniform dispersion of SiC reduced the
entanglement density of CTBN chain segments. This viscosity
variation pattern reveals the regulatory mechanism of the
synergistic effect between CTBN and nano-SiC on the rheolog-
ical behavior of the adhesive.
3.7. Thermal stability analysis of Xanthoceras sorbifolia oil-
based adhesive

The thermal stability of the four adhesives was characterized
using thermogravimetric analysis (TG) (Fig. 9a). All adhesives
exhibited similar thermal decomposition patterns, but distinct
differences in thermal decomposition behavior were observed
among the different adhesives. AX-IEM10 showed no signicant
weight loss in the range of 0–269 °C, indicating good thermal
stability. In the range of 269–496 °C, it underwent three-stage
decomposition: initial cleavage of ester bonds and decomposi-
tion of fatty acid chains (269–320 °C), thermal pyrolysis of the
ester backbone (320–420 °C), and oxidative carbonization of the
carbon chains (420–496 °C).17 Aer the introduction of CTBN,
the initial decomposition temperature of the adhesive
decreased to 191.62 °C. This is attributed to the poor thermal
stability of CTBN, whose molecular chains begin to undergo
scission at relatively low temperatures. A-0.1%SiC exhibited the
optimal thermal stability, which was attributed to the incorpo-
ration of rigid SiC that suppressed the mobility of polymer
chains by forming constrained regions,25 effectively hindering
the diffusion and escape of volatile small-molecule products
generated from thermal decomposition. In the composite
system, the modication effects of CTBN and SiC balanced each
other. The introduction of CTBN slightly reduced the initial
decomposition temperature of the system, but its molecular
chain energy dissipation mechanism40,41 delayed the thermal
decomposition process; the physical barrier effect of SiC
signicantly increased the char residue. The synergistic effect of
the two enabled the compositely modied system to maintain
good thermal stability, addressing the issue of poor thermal
stability caused by the addition of CTBN. Therefore, the present
study demonstrates that the appropriate combination of CTBN
and SiC with the Xanthoceras sorbifolia oil-based adhesive can
ensure that the adhesive retains its thermal stability while
undergoing toughening modication. Furthermore, the initial
decomposition temperatures of all adhesives shown in the
gure were well above the hot-pressing temperature of plywood,
indicating that their thermal stability meets practical
requirements.42

The curing process of the liquid Xanthoceras sorbifolia oil-
based adhesive was monitored by DSC. As shown in Fig. 9b,
the exothermic peaks in the curves indicate the free radical
polymerization process of the resin 2. The onset curing
temperature of AX-IEM10 was 81.45 °C upon the addition of
15% CTBN (A-15%CTBN), the onset curing temperature
decreased to 75.48 °C, and the intensity of the exothermic peak
weakened. This was attributed to the exible segments of CTBN
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of the Xanthoceras sorbifolia oil-based adhesive: (a) TG curves;
(b) DSC curves.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 1
2:

10
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
increasing the free volume of the system and reducing its
viscosity, allowing the curing reaction to be initiated at a lower
temperature. In contrast, aer the addition of 0.1% SiC (A-0.1%
SiC), the onset curing temperature signicantly increased to
92.11 °C, and the exothermic peak became sharper and more
intense. This may be due to the physical barrier effect of the
nanoparticles, which increased the difficulty for reactive groups
to encounter each other, or because the addition of nano-
particles slightly increased the viscosity of the system,43 delay-
ing the initiation of the reaction. Notably, in the CTBN/SiC
compositely modied system (A-15%CTBN-0.1%SiC), the onset
curing temperature was 80.49 °C, which was close to that of the
unmodied system. This indicates that the effects of CTBN and
SiC on the curing behavior balanced each other, forming an
effective competitive balance mechanism. The tendency of
CTBN to promote chain segment motion and the tendency of
SiC to constrain chain segment motion counteracted each
other, bringing the curing behavior of the composite system
back to the baseline level. This characteristic offers signicant
processing advantages: while meeting the requirements for
Fig. 10 DMA curves and loss factor curves of the Xanthoceras sorbifolia

© 2026 The Author(s). Published by the Royal Society of Chemistry
toughness and rigidity, there is no need to adjust the original
curing process parameters, and the existing hot-pressing
conditions can be directly applied, providing benets in terms
of process adaptability and economic efficiency.
3.8. Dynamic thermomechanical analysis of Xanthoceras
sorbifolia Bunge seed oil-based adhesive

Dynamic mechanical analysis (DMA) of the four Xanthoceras
sorbifolia oil-based adhesives revealed the correlation between
their thermomechanical properties and modication mecha-
nisms. As shown in Fig. 10a, A-0.1%SiC exhibited the highest
initial storage modulus (E0) due to the enhanced interfacial
bonding between the incorporated nano-SiC and the matrix.
However, at high temperatures (>130 °C), the modulus rapidly
decreased because the high thermal conductivity of SiC accel-
erated segmental relaxation and interfacial debonding induced
by differential thermal expansion.43 AX-IEM10, relying on its
high crosslinking density, exhibited a relatively high initial
modulus and a gradual decrease at elevated temperatures. A-
15%CTBN showed the lowest initial modulus due to the
oil-based adhesive: (a) DMA curves; (b) loss factor curves.

RSC Adv., 2026, 16, 24006–24020 | 24015
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Fig. 11 Impact strength of Xanthoceras sorbifolia oil-based adhesive.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 1
2:

10
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
plasticizing effect of the exible segments, which signicantly
reduced the crosslinking density; at high temperatures, the
soening of the rubber phase further weakened the mechanical
properties. The storage modulus of A-15%CTBN-0.1%SiC was
intermediate: at low temperatures, SiC enhanced rigidity, while
at high temperatures, the competition between the plasticizing
effect of CTBN and the connement effect of SiC slowed the
decrease in modulus. As shown in Fig. 10b, loss factor analysis
revealed that AM-IEM10 had the highest glass transition
temperature (Tg) at 112 °C; however, its homogeneous structure
limited energy dissipation capacity,44 resulting in the lowest tan
d peak value. The Tg of A-15%CTBN decreased to 103 °C, and its
Fig. 12 Contact angles between Xanthoceras sorbifolia Bunge seed oil-b
Cross ply, and Top ply, respectively; (d)–(f) A-15%CTBN on core ply, Cross
Cross ply, and Top ply, respectively.

24016 | RSC Adv., 2026, 16, 24006–24020
microphase-separated structure contributed to energy dissipa-
tion through interfacial friction, yielding the second-highest
tan d peak value. For A-0.1%SiC, interfacial connement
increased Tg to 108 °C, but the high thermal conductivity sup-
pressed segmental motion, leading to the lowest tan d peak
value. A-15%CTBN-0.1%SiC exhibited a Tg of 107 °C and the
highest tan d peak value through the synergistic effect of inter-
facial friction from CTBN phase separation and vibration from
SiC, demonstrating the advantage of multiscale energy dissi-
pation. These results indicate that single modications domi-
nate performance through chemical crosslinking or physical
plasticization, whereas composite modication requires
balancing the interfacial synergy between rigid llers and ex-
ible toughening phases.45

3.9. Impact strength analysis of Xanthoceras sorbifolia oil-
based adhesive

The impact properties of AX-IEM10, A-15%CTBN, A-15%CTBN-
0.1%SiC, A-15%CTBN-0.2%SiC, and A-15%CTBN-0.3%SiC were
investigated using a pendulum impact test. As shown in Fig. 11,
the experimental data indicated that the impact strength of AX-
IEM10 was 2.575 kJ m−2, while aer the introduction of 15%
CTBN, the impact strength of A-15%CTBN signicantly
increased to 6.824 kJ m−2. This was mainly attributed to the
CTBN rubber phase absorbing impact energy through cavita-
tion and shear yielding mechanisms,46,47 leading to an
enhancement in the impact strength of the adhesive. When
0.1% nano-SiC was incorporated, the impact strength of A-15%
CTBN-0.1%SiC slightly decreased to 6.25 kJ m−2, indicating that
although the uniform dispersion of SiC could hinder crack
propagation through crack pinning and deection
ased adhesive and various wood veneers. (a)–(c) AX-IEM10 on core ply,
ply, and Top ply, respectively; (g)–(i) A-15%CTBN-0.1%SIC on core ply,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Photographs of fabricated table tennis blades: (a) blade pressed with AX; (b) blade pressed with AX-IEM10; (c) blade pressed with A-15%
CTBN; (d) blade pressed with A-15%CTBN-0.1%SiC.
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mechanisms, its introduction might slightly suppress the
toughening efficiency of the CTBN phase. When the nano-SiC
content increased to 0.2% and 0.3%, the impact strength
further decreased, which was mainly attributed to stress
concentration caused by nanoparticle agglomeration and the
restriction of plastic deformation of the CTBN phase by exces-
sive SiC, resulting in reduced material toughness. In summary,
the introduction of CTBN signicantly improved the impact
strength of the Xanthoceras sorbifolia oil-based adhesive, while
the introduction of nano-SiC appropriately weakened the
toughening effect. However, the impact strength of the CTBN-
SiC compositely modied Xanthoceras sorbifolia oil-based
adhesive remained much higher than that of AX-IEM10.

3.10. Surface wettability analysis of Xanthoceras sorbifolia
oil-based adhesive

Contact angle measurements revealed the differences in surface
wetting behavior of three adhesives, namely AX-IEM10, A-15%
CTBN, and A-15%CTBN-0.1%SiC, on the core ply (Ayous wood),
cross ply (Spruce wood), and top ply (Linden wood). As shown in
Fig. 12, the contact angle measurements indicated that A-15%
CTBN exhibited contact angles of 42.9°, 45.3°, and 48.5°on the
core ply (Ayous wood), cross ply (Spruce wood), and top ply
(Linden wood), respectively, which were signicantly lower than
those of AX-IEM10. This was attributed to the polar interactions
between the carboxyl groups (–COOH) of CTBN and the hydroxyl
groups (–OH) of wood,48 as well as its elastomeric characteristics
promoting interfacial spreading. The contact angles of A-15%
CTBN-0.1%SiC on the various wood species further decreased to
31.4°, 36.6°, and 44.2°. This performance improvement may
originate from two synergistic mechanisms: on one hand, the
uniform dispersion of nano-SiC formed a micro/nano structure
that enhanced surface roughness, promoting capillary pene-
tration of the adhesive; on the other hand, the polar interac-
tions between nano-SiC and the carboxyl groups of CTBN,
combined with the elastomeric characteristics, generated
a synergistic effect,49 ultimately achieving comprehensive opti-
mization of wetting performance. These results indicate that A-
© 2026 The Author(s). Published by the Royal Society of Chemistry
15%CTBN synergistically improved the wettability of the adhe-
sive on wood through polar groups and elastomeric character-
istics, while the synergistic mechanism of A-15%CTBN-0.1%SiC
signicantly optimized the spreading and penetration behavior
of the adhesive on the wood surface, enhancing the interfacial
bonding between the adhesive and the wood veneers.

3.11. Photographs of fabricated table tennis blades

To demonstrate the forming state of the developed adhesive in
actual products, the laminated plywood prepared with different
adhesive formulations was further processed into a typical
laminated structural product—table tennis blades. As shown in
Fig. 13, the nished blades corresponding to all adhesive
formulations exhibited regular shapes, smooth surfaces, and no
visible interlayer defects, preliminarily indicating that this
adhesive system possesses good structural integrity and form-
ability in complex wood components.

4. Conclusions

In this study, a formaldehyde-free, high-performance bio-based
thermosetting adhesive was prepared using Xanthoceras sorbi-
folia oil as the raw material. By introducing CTBN and SiC to
construct a composite toughening network, the brittleness
issue of the adhesive was addressed, and a balance between its
exibility and rigidity was achieved. Fourier transform infrared
(FTIR) spectroscopy conrmed that the carboxyl groups of
CTBN underwent esterication with the matrix, while SiC
formed chemical bonding with the matrix through Si–O–Si and
Si–O–C bonds. Scanning electron microscopy (SEM) revealed
that IEM imparted brittle fracture characteristics to the adhe-
sive, whereas aer the composite modication with CTBN and
SiC, the synergistic effect between the micron-sized CTBN
domains and nano-SiC particles enabled the adhesive to achieve
an effective balance between toughness and rigidity. Thermal
analysis results indicated that the introduction of SiC effectively
compensated for the negative impact of CTBN on thermal
stability, and the onset of curing temperature of the composite
RSC Adv., 2026, 16, 24006–24020 | 24017
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system was essentially consistent with that of the unmodied
system, achieving a balance between thermal stability and
processability. Dynamic mechanical analysis (DMA) and surface
wettability tests further revealed that the compositely modied
adhesive achieved synergistic regulation of toughness and
rigidity through a multiscale energy dissipation mechanism,
while the synergistic effect between CTBN and SiC signicantly
improved the wettability of the adhesive on wood surfaces,
which was benecial for enhancing interfacial bonding quality.
When the addition amounts of CTBN and nano-SiC were 15%
and 0.1%, respectively, the impact strength of the adhesive
increased by 142.7% compared with that of the unmodied
system. Moreover, the plywood specimens prepared with this
adhesive exhibited modulus of rupture, modulus of elasticity,
and dry-state/wet-state bonding strength that met the key
mechanical and water-resistance requirements for high-
performance wood-based composites. Further application vali-
dation in table tennis blades preliminarily demonstrated that
this adhesive system possesses good structural integrity and
formability in complex wood components. This study provides
an effective design and preparation strategy for developing
high-performance bio-based adhesives for plywood as alterna-
tives to petroleum-based products, showing promising appli-
cation prospects.
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