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Abstract: The effect of the presence of a silane coupling agent containing different functional groups
on the reaction kinetics and physical properties of epoxy resin generated via cationic thermopolymer-
ization was investigated. The kinetics of cationic polymerization of epoxy resin was studied using a
nonisothermal DSC method. The polymerization is propagated by activated chain end (ACE) and
activated monomer (AM) processes. With an increase in silane content, the ACE apparent activation
energy first decreased and then increased, while the AM apparent activation energy increased. More-
over, the shear strength, coefficient of linear thermal expansion, gelation time, environmental testing
of damp heat, and steady state with varied contents of silane coupling agents were evaluated. The
results indicated that the presence of a silane coupling agent has more adhesion and lower water
absorption than pure EP. The coefficient of linear thermal expansion and gelation time increased
with the increase in silane content, while the water absorption decreased with the increase in silane
content. Comparing the overall performance of three silane coupling agents used in the research, the
curing system obtained by blending with vinyltrimethoxysliane (VTS) is a much better option for
practical application as an adhesive.

Keywords: epoxy resin; silane; cationic polymerization; cure kinetics; adhesive

1. Introduction

Epoxy resin (EP) refers to a class of substances generated from precursors containing
two or more epoxy groups [1]. It is one of the most widely used matrix resins in polymer
matrix composites, such as in aerospace and electronic materials, because of its excellent
mechanical properties, low cost, and excellent weather resistance [2–5]. However, the
uncured epoxy monomer has no application value and must be cured using an appropriate
curing agent, such as amines, imidazoles, or anhydrides, to form a three-dimensional
network structure [6]. After a suitable curing process, EP displays excellent chemical and
mechanical properties. In practice, several hours are required for curing EP, which may be
accompanied by significant energy consumption [7].

In recent decades, the fast curing of EP initiated by cationic initiators has attracted
great concern; it is characterized by the formation of no byproducts, fast reaction rate,
and absence of oxygen inhibition [8,9]. Detailed studies on the cationic polymerization of
EP have been reported [10–13]. The cationic polymerization of EP consists of a series of
reactions. Taking cationic initiator 4-hydroxyphenyl-2-methylbenzyl-methyl sulfonium
hexafluorophosphate as an example, the cationic curing agent protonates and produces
the strong Brønsted acid HPF6 during the pyrolysis process. This Brønsted acid triggers
the ring-opening polymerization of EP in the subsequent process. After a rapid chemical
equilibrium with inactive initiators, the active initiators react with epoxy groups, producing
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active propagating dimer species containing tertiary oxonium ions. Relevant reports
suggest that the chain propagation process for EP cationic polymerization consists of
activated chain end (ACE) and activated monomer (AM) processes [14,15]. In the early
stage of the chain propagation process, polymer chains grow primarily by ACE processes
with a fast curing rate. In this process, the chain end active species are propagated by the
nucleophilic attack of the heteroatom on the epoxy groups, and the tertiary oxonium ions
react with epoxy groups to form new tertiary oxonium ions. The AM process is dominant
in late-stage curing and occurs at a low rate, while the hydroxyls react with the secondary
oxonium ions to form new hydroxyls and protons, involving the nucleophilic attack of
chain ends on the monomers activated by the cationic initiators. The processes for EP
cationic polymerization are illustrated in Scheme 1.
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The highly crosslinked structure of EP leads to high brittleness and poor impact
resistance that greatly limits its further application in some high-tech fields. Thus, it is
of great importance to modify EP to improve its mechanical properties. Silane coupling
agents are widely applied as additives in EP adhesives to improve this problem [16–18].
In some research, via the application of a coupling agent, the durability of the interfacial
bond was significantly enhanced because the hydrogen bonding plays a large role in the
degradation of the interfacial bond between epoxy and substrate [19,20]. Silanol groups can
be produced both by siloxane hydrolysis and interacting with the Brønsted acid released
by the cationic curing agent. The low-molecular-weight byproducts produced by silane
hydrolysis function as plasticizers to reduce the high brittleness of EP. Furthermore, silanol
groups can react with related groups on the surface of the bonded materials to form strong
covalent bonds or form hydrogen bonds with polar groups to increase the bond strength of
an EP adhesive [21–23].

Therefore, the effect of the presence of silane coupling agents containing different
functional groups on the cationic thermopolymerization of EP was evaluated utilizing
reaction kinetics. The physical properties of these systems were determined.

2. Materials and Method

Alicyclic EP (ERL-4221) was supplied by Daicel Co., Ltd. (Tokyo, Japan). 4-hydroxyphenyl-
2-methylbenzyl-methyl sulfonium hexafluorophosphate, which was used as a cationic cur-
ing agent, was provided by Jiangsu Lingnuoxuan Co., Ltd. (Tongzhou, China). Propylene
carbonate was purchased from Sigma-Aldrich (St. Louis, MO, USA). The silane coupling
agents, including vinyltrimethoxysliane (VTS), 3-glycidoxypropyltrimethoxysilane (GPTS),
and 3-methacryloxypropyltrimethoxysilane (MPTS), were purchased from Sigma-Aldrich.
The chemical structures of all of these materials are illustrated in Scheme 2. The aluminum
oxide chips (3.3 × 5.1 mil) and silver-plated brackets were provided by Ji’an MuLinSen
Industrial Co., Ltd. (Ji’an, China).
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The cationic initiator solution was prepared by dissolving the cationic curing agent
in propylene carbonate (with a mass ratio of 1:1). The ingredients EP, cationic initiator
solution (1 wt%), and one of the selected silane coupling agents with a certain proportion
(0%, 10%, 20%, or 30%) were blended in given amounts depending on the experiment.
Then, the mixtures were stirred for 10 min at a revolution of 1500 rpm and a rotation of
900 rpm using a double planetary centrifugal debubbling stirring machine. The curing
process of this mixed resin system was 80 ◦C/0.5 h + 100 ◦C/0.5 h + 130 ◦C/0.5 h.

Fourier-transform infrared spectroscopy (Nicolet-iS20) was performed to identify
the reaction between ingredients used in the experiment. The DSC studies of the curing
behavior of EP were performed using a TA Instruments DSC 25 differential scanning
calorimeter from 50 to 200 ◦C under a nitrogen atmosphere. All of the samples (7~10 mg)
were contained within sealed aluminum DSC pans. The heating rate were 5, 10, 15, and
20 K min−1, respectively. Shear strength tests were conducted using a bong tester (DAGE
4000, Nordson DAGE, Aylesbury, UK) with a shear height of 35µm and a shear speed
of 200 µm s−1. The samples were prepared by using an adhesive to paste the die on the
silver-plated bracket. The samples were tested under each condition, and the average
values were reported.

The samples for the coefficient of linear thermal expansion were cut into a dimension
of 5 × 5 × 16 mm3. Then, the samples were transferred in TMA 402 F3 Hyperion for testing
at a heating rate of 5 K min−1 from 30 to 300 ◦C. The coefficient of linear thermal expansion
from 40 to 110 ◦C was recorded. The generation time was measured using an indentation
method. A glass slide was heated to a desired temperature (90, 110, 130, 150, 170, and
190 ◦C) for 5 min, and the mixed resin system was added to the glass slide. The surface of
the resin mixture was pierced at a certain time, and the time was recorded when the pin
did not pierce the surface.

The cured samples were cut into a dimension of 10 × 10 × 16 mm3 and then transferred
in a Jeasi S constant temperature and humidity testing chamber (set as 85 ◦C and 85%
humidity) for a damp heat, steady-state experiment. The weight of each sample was
recorded every 48 h.

3. Results and Discussion
3.1. Curing Process of the EP System

Infrared spectroscopy analysis is an important method to analyze the change of
functional groups in EP during polymerization. The infrared spectrum of pure EP and EP
blending with silane coupling agents containing different functional groups is shown in
Figure 1 (The added content of each silane is 10%). The discussion below focuses on certain
absorption peaks that suggest the processes of EP cationic polymerization.
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Figure 1. The infrared spectra of pure EP and EP blending with silane system. (a) Uncured; (b) after
curing process.

Based on the previous research [24,25], in the infrared spectra of uncured EP adhesive,
the absorption peaks at 1435 cm−1 and 789 cm−1 are related to the bending vibration of
–CH2 and –CH, respectively. At the same time, the characteristic bands at 2938 cm−1 corre-
spond to the stretching vibration of alkyl. In addition, the absorption peaks at 1729 cm−1

and 1174 cm−1 are attributed to the stretching vibration of C=O in the ester groups and
C–O–C in the epoxy groups on the EP of ERL-4221, respectively. The absorption peaks
at 1081 cm−1 indicate the presence of –SiOCH3 on the silane coupling agent. After the
designed curing process, the peak area of absorption peak at 1081 cm−1 increases obviously
due to the superposition of –SiOCH3 and C–O–C in the ether bonds. It suggests the forma-
tion of ether bonds via the ring-opening reaction of epoxy groups, which corresponds to
the ACE chain propagation processes. On the other hand, a broad shoulder at 3425 cm−1

due to the stretching of –OH indicates that the monomer was bonded to the chain end to
form hydroxyl groups after the epoxy groups ring opening, and it is consistent with the
AM chain propagation processes. It is worth noting that in the EP-GPTS system, the peak
area at 3425 cm−1 is obviously larger than the other three systems, showing that the epoxy
groups in GPTS are also involved in the polymerization.

3.2. Kinetics of Epoxy Cationic Polymerization

A statistical modeling procedure is established for predicting the cure behavior of the
cationic polymerization. Based on the general equation of dynamics (Equation (1)) [26,27],
the reaction rate dα

dt is determined by the rate constant k(T) and the reaction model function
f (α). Additionally, the rate constant k(T) can be further defined by Equation (2) according
to the Arrhenius equation.

As mentioned above, cationic polymerization of EP is propagated by two processes
with different rates in different stages. Thus, the reaction kinetics of this system should
be divided into ( dα

dt ) ACE and ( dα
dt ) AM for further discussion. Kissinger’s method [28]

was used to evaluate the apparent activation energy of theoretically simulated complex
processes that can be obtained by the slope of the linear fit between ln

(
β/T2

i
)

and 1/Ti
(Equation (3)).

dα

dt
= k(T) f (α) (1)

k(T) = Ae(−
Eα
RT ) (2)

d
(

ln β

T2
i

)
d
(

1
Ti

) = −Eα

R
(3)
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where α is the conversion degree, T is the absolute temperature, Eα is the apparent activation
energy, R is the universal gas constant, A is the frequency factor, β is the heating rate, and
Ti is the exothermic peak temperature.

The pure EP system cured at temperatures ranging from 50 ◦C to 200 ◦C with a heating
rate of 5 K min−1 is demonstrated in Figure 2a. It reveals that there are two exothermic
peaks corresponding to the ACE and AM chain propagation processes mentioned above,
respectively. To study the reaction kinetics of the EP system and monitor the change of
apparent activation energy during the polymerization process, the DSC curves of each EP
system at different heating rates were tested, and the corresponding peak temperatures
were recorded. Each DSC curve has similar exothermic peak shapes and different peak
temperatures. Thus, Kissinger’s model is adopted for linear fitting to calculate apparent
activation energy, as shown in Figure 2b,c. It is noticed that the R2 > 0.999 in each fitting line
indicates that the EP cationic polymerization system conforms to the Kissinger theory. The
apparent activation energy Eα calculated by the slope of the fitting line − Eα

R is summarized
in Table 1. In the systems of EP blending with 30 wt% VTS and blending with 30 wt%
MPTS, the apparent activation energy corresponding to ACE propagation processes cannot
be calculated due to the overlap of two exothermic peaks.
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Figure 2. (a) Nonisothermal DSC curve of pure EP system with 5 K min−1; (b) linear fit for calculation
of reaction activation energy of ACE processes; and (c) linear fit for calculation of reaction activation
energy of AM processes.

Table 1. Apparent activation energy of EP system blending with different silane coupling agents.

Content of Silane
Coupling Agent/wt%

Activation Energy Eα/(kJ mol−1)

VTS GPTS MPTS

Eα(ACE) Eα(AM) Eα(ACE) Eα(AM) Eα(ACE) Eα(AM)

0 84.81 90.38 84.81 90.38 84.81 90.38
10 71.27 93.7 71.61 93.14 60.43 98.51
20 91.35 94.87 60.05 95.3 75.07 98.57
30 / 102.5 / 110.15 98.57 99.01
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At the beginning of the curing process, a number of active centers at a relatively low
temperature are formed, and the polymer chain propagates primarily via ACE processes.
The effect of the silane coupling agent on the activation energy of EP cationic polymerization
is mainly reflected in two aspects: the small molecular products that are produced by
the decomposition of siloxane groups have a plasticizing effect to improve molecular
activity and reduce reaction activation energy. On the other hand, the introduction of
inorganic chains blocks the movement of molecules and increases the reaction activation
energy. Under the joint influence of these two processes, the activation energy of ACE
processes first decreases and then increases with the increasing of silane coupling agent
content. However, the activation energy of ACE processes decreases from 84.81 kJ mol−1

to 60.05 kJ mol−1 with the increasing of silane coupling agent content because the ACE
processes in the system of EP-GPTS is propagated by the reaction between tertiary oxonium
ion and epoxy groups, at the late stage of the curing process, the reaction is dominated by
AM processes. The reaction rate changes from chemical concentration control to diffusion
control. The activation energy is increased from 90.38 to 102.5 kJ mol−1, 110.15 kJ mol−1,
and 99.01 kJ mol−1, respectively, due to the concentration of reactive substance is decreased
with the increasing of silane coupling agent content. The added value of activation energy
of the system of EP-GPTS is obviously greater than that of the other two systems because
the higher content of epoxy groups in this system makes a better crosslinking density and a
more difficult molecular movement.

3.3. Adhesion Properties of the EP System

Figure 3 shows the shear strength of EP adhesive blending with different types of
silane coupling agents evaluated. The slow curing group adopts the curing process of
60 ◦C/3 h + 90 ◦C/3 h + 130 ◦C/6 h for the pure EP system. At the same time, the fast-
curing group and the groups containing silane coupling agents used the curing process of
80 ◦C/0.5 h + 100 ◦C/0.5 h + 130 ◦C/0.5 h. When the silane content is 10 wt%, the order of
shear strength was found to be slow curing > VTS ≈ MPTS > GPTS > fast curing, and the
values of shear strength are 117.4 g, 92.1 g, 91.7 g, 64.1 g, and 20.2 g, respectively. This is
consistent with the results of relevant reports [21,28]. For each system, the shear strength
decreased with the increase in silane content due to the reduction in EP concentration.
There are two factors that affect the shear strength of EP adhesive: chemical properties of
organic functional groups and shrinkage or deformation of adhesives during the curing
process. The sequence of polarity of functional groups is –COO– > –C–O–C > –C=C–. In
addition, the vinyl and methacrylic groups contained in silane can promote free radical
polymerization, which also contributes to the shear strength [29,30]. The shrinkage and
deformation of adhesives is regarded as the main factor affecting the shear strength. In
the pure EP fast-curing group, the internal stress cannot be released in time due to the
rapid reaction rate that results in cracking and greatly affects its shear strength. However,
for pure EP slow curing group, although with high shear strength, it costs more time and
energy. For EP blending with the silane system, it will be further discussed.

Expansion and shrinkage are two important factors that lead to the deformation of
adhesives and affect the shear strength. The coefficient of linear thermal expansion (CTE)
of cured EP adhesive is evaluated using the TMA method, and the average values between
40 and 110 ◦C were recorded in Figure 4. When the silane content is 30 wt%, the order of
CTE was found to be MPTS > GPTS > VTS ≈ pure EP and the values are 180.3, 155.1, 95.3,
and 90.0 (×10−6 K−1), respectively. For each system, the CTE increased with the increase
in silane content.

Another factor that causes the deformation of adhesives is the cracks that are generated
during the curing process due to the fast curing rate. Therefore, it is necessary to control
the curing rate. Gelation refers to the phenomenon of loss of fluidity in a linear polymer
system due to the infinite increase in viscosity during the crosslinking reaction process.
It is associated with the curing rate of EP. The gelation time–temperature relation curves
are shown in Figure 5. Compared to pure EP, the introduction of silane agents reduces the
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activity of polymerization. For each system, the gelation time decreased with the curing
temperature increasing or the silane content decreasing. The order of gelation time is found
to be EP-MPTS > EP-VTS > EP-GPTS > pure EP. It is worth noting that, compared to the
other two silanes, the EP-GPTS system has a shorter gelation time due to its higher content
of epoxy groups and lower activation energy that was described in the nonisothermal
DSC test.
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The EP-VTS system has a low linear expansion coefficient, and the EP-MPTS system
has a longer gelation time that is conducive to the release of internal stress. Thus, the two
systems both have excellent adhesion ability.

Ensuring excellent adhesion ability and great environmental stability are important
aspects for the reliability of the EP curing system as an adhesive. The weight change of
each system at the condition of 85 ◦C and 85% humidity was tested, and the weight change
curves are shown in Figure 6. When the content of the silane coupling agent is 10 wt%, the
EP-VTS, EP-GPTS, and EP-MPTS systems begin to lose weight on day 12, day 8, and day 4,
respectively. For a certain silane coupling agent, the weight is lost earlier with the increase
in silane content. That is because the content of the inorganic chain segment in the system
increases, resulting in an increase in the degree of phase separation and instability.
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4. Conclusions

The effect of the presence of a silane coupling agent on the reaction kinetics and
physical properties of epoxy resin made via cationic thermopolymerization was studied.
For the ACE processes, with the increasing of silane content, the activation energy of the
EP-VTS system decreases from 84.81 kJ mol−1 to 71.27 kJ mol−1, and then increases to
91.35 kJ mol−1. The activation energy of the EP-MPTS system decreases from 84.81 kJ mol−1

to 60.43 kJ mol−1 and then increases to 98.57 kJ mol−1. At the same time, the activation



Coatings 2023, 13, 1782 9 of 10

energy of the EP-GPTS system decreased from 84.81 kJ mol−1 to 60.05 kJ mol−1 due to
the increasing epoxy group content. For the AM chain growth processes, the apparent
activation energy of the EP-VTS system, EP-GPTS system, and EP-MPTS system increased
from 90.38 kJ mol−1 to 102.50 kJ mol−1, 110.15 kJ mol−1, and 99.01 kJ mol−1 with the
increase in silane content, respectively. For each system, the shear strength is 30.2 g, 92.1 g,
64.1 g, and 91.7 g, respectively, when the content of silane is 10 wt%. Taking the results
of the thermal expansion coefficient and thermal stability into consideration, the EP-VTS
system is suitable for practical application as an adhesive.
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