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Abstract: Despite the considerable research attention paid to block copolymer (BCP)-toughened epoxy
resins, the effects of their terminal groups on their phase structure are not thoroughly understood.
This study fills this gap by closely examining the effects of amino and carboxyl groups on the
fracture toughness of epoxy resins at different temperatures. Through the combination of scanning
electron microscopy and digital image correlation (DIC), it was found that the amino-terminated
BCP was capable of forming a stress-distributing network in pure epoxy resin, resulting in better
toughening effects at room temperature. In a 60 wt.% silica-filled epoxy composite system, the
addition of a carboxyl-terminated BCP showed little toughening effect due to the weaker filler/matrix
interface caused by the random dispersion of the microphase of BCPs and distributed silica. The
fracture toughness of the epoxy system at high temperatures was not affected by the terminal groups,
regardless of the addition of silica. Their dynamic mechanical properties and thermal expansion
coefficients are also reported in this article.
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1. Introduction

Epoxy resins and their composites are widely sought due to their excellent chemical
resistance, novel mechanical and electrical insulation properties, and good adhesion to
various materials. Moreover, the flexible processability of epoxy resin is not possessed
by other thermosetting materials [1-8]. However, unmodified epoxy resin has relatively
poor heat resistance and toughness. Thus, nano-silica-filled epoxy systems are created to
overcome these disadvantages [9,10]. The addition of nano-silica can improve the storage
modulus while significantly reducing the thermal expansion coefficient of epoxy materials
so that they can be used as adhesives for electronic packaging [11].

Epoxy-resin-based composites are often used as underfill adhesives for electronic
assembly for integrated circuit (IC) chips using advanced electronic packaging technology.
They fill the gap between the chip and the substrate under capillary action. After curing,
the thermal stress originally concentrated on the solder joints around the periphery of the
chip can be redistributed to the chip, underfill material, substrate, and all solder joints. As
semiconductor silicon technology develops towards nanometer feature sizes, 3D system-
level packaging with large sizes, narrow pitch, and high interconnected I/O density have
almost become an inevitable trend. The high heat caused by higher power consumption,
the greater warping deformation caused by large-size chips, and the flow filling problems
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caused by a narrow pitch and high I/O density have posed more stringent challenges to
the mechanical properties of epoxy composite underfill.

The toughening of epoxy systems has long been an activity of Interest [12-16], and
the effects of various tougheners (e.g., reactive rubber [17-20], thermoplastic resin [21,22],
and core—shell particles [23-25]) on their fracture toughness have been studied. However,
the addition of these tougheners often decreases the storage modulus and glass transition
temperature (Tg). Among the many toughening studies related to epoxy resin, research
on nanodomain toughening agents in multi-BCPs has attracted the most attention [26-36].
Owing to their long-range ordered nanostructures, BCPs can generate dispersed nan-
odomains in epoxy resin, which can improve toughness while maintaining Tg and the
storage modulus [37-41].

Poly(methyl methacrylate) (PMMA) and poly(n-butyl acrylate) (PnBA) comprise
PMMA-b-PnBA-PMMA, an amphiphilic tri-BCP that is an important BCP toughener. Asada
et al. studied the BCP-induced microphase separation process in epoxy in situ using small-
angle X-ray scattering. They found that the separation of the microphase occurred in
two steps. First, a micelle structure is formed through the self-assembly of the BCP in
uncured epoxy resin. Next, the micelle grows during curing and forms miscible PMMA
blocks embedded in the epoxy network [42]. Klingle et al. studied the effects of nanophase
BCPs on fatigue crack propagation in alicyclic amine-cured epoxy, finding that the anti-
fatigue crack propagation ability of nanophase BCPs is related to the shielding mechanism
around the crack-tip area [43]. Kishi et al. studied the phase size and morphology of BCPs
when using different curing agents, demonstrating that the miscibility between the PMMA
segment of a tri-BCP and the epoxy resin/curing agent is the key factor in producing a
nanophase structure in the blend, and the content and molecular weight of the PMMA-b-
PnBA-b-PMMA tri-BCP can affect the morphology. It was found that the epoxy/tri-BCP
alloy with a nanocylindrical phase has the highest fracture toughness [44]. By treating
the polystyrene (PS)-based PS-b-PnBA-b-PS tri-BCP with hydrogen peroxide, George et al.
obtained butadiene blocks with different degrees of epoxidation, which leads to macroscale—
nanoscale phase separation in the epoxy resin. Phase separation induced by the reaction of
the polystyrene phase and the self-assembly of the polybutadiene produces a nanostructure
that significantly improves fracture toughness and impact strength [45,46]. Taylor et al.
studied a modified anhydride-cured diglycidyl ether (DGEBA) epoxy resin by regulating
the content of three different types of PMMA-b-PnBA-b-PMMA tri-BCPs and found two
types of phase structures in which the nanoscale micelle structure is the most favorable
for toughening. When the amount of BCP increases, the phase structure changes to a
bi-continuous phase structure, and the fracture toughness increases significantly. However,
the tensile and compressive properties decrease slightly [47]. In general, the research on the
toughening of epoxy resin and its composite system has been limited to room temperature
settings and has focused on the influence of molecular weight and block copolymer content
on its phase structure. The influence of block copolymer terminating groups on phase
structure and toughening mechanisms remains poorly understood.

In this study, the effects of PMMA-b-PnBA-b-PMMA tri-BCP phase structures with
amino and carboxyl terminating groups on the fracture toughness of a diamine-cured
epoxy resin system were compared. Additionally, the morphology and distribution of the
toughening agent phase in the silica-filled epoxy system were examined. The effects of
different group-terminated BCPs on the strain field around the crack tip of a single-sided
notch cantilever beam (SENB) specimen were observed using digital image correlation
(DIC). The toughening mechanisms of the two BCPs were compared based on microscopic
fracture surface analysis and strain field characterization, and the fracture toughness of
the composite system was investigated at high temperatures. The storage modulus, glass
transition temperature, and thermal expansion coefficient of the material were evaluated,
providing valuable guidance for the application of BCPs in electronic packaging.
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2. Materials and Methods
2.1. Material

The epoxy resin used in this study was a diglycidyl ether of bisphenol F precursor
purchased from Hexion (Columbus, OH, USA) (epoxy equivalent: 142.857 g/eq), and di-
ethylenediamine was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China (DETDA, active amino hydrogen equivalent: 63 g/eq). Amino-terminated
blocked tri-BCP (Amino-BCP) was purchased from Arkema (GRL, White Pigeons, France),
and carboxyl-terminated tri-BCP (Carboxyl-BCP) was purchased from Kuraray Co., Ltd.
(Tokyo, Japan). Spherical SiO, with a particle size of approximately 900 nm (Suzhou Jinyi
New Material Technology Co., Ltd., Suzhou, China) was used. The chemical structures
of these materials are shown in Figure 1, and in Figure 1c, the asterisk sign represents the
amino group of Amino-BCP and the carboxyl group of Carboxyl-BCP, respectively.
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Figure 1. Chemical structures of (a) epoxy resin, (b) curing agent, and (c) BCPs.

2.2. Preparation of Composites

First, the BCPs were dissolved in epoxy resin at 150 °C with a ratio of 5.714 g of BCP
per 100 g of resin. The mixture was stirred for 30 min until clear, and the curing agent was
added to the cooled premixture and mixed using a planetary mixer (FlackTek SpeedMixer,
Landrum, SC, USA, DAC 600) at 1500 and 2000 rpm for 2 min. For the 60 wt.% silica-filled
epoxy system, silica was added with a hardener, and the same mixing procedure was used
to ensure that the filler was fully dispersed. After the equipment cooled, a 6 min vacuum
defoaming process was performed at 800 rpm. The mixed liquid mixture was preheated
on a hot stage at 60 °C for 3 min, followed by curing in a polytetrafluoroethylene mold at
165 °C for 2 h. After cooling for 30 min, the cured epoxy resin/composite specimens were
removed from the mold. Figure 2 presents a flowchart of the sample preparation. For ease
of reading, the relevant control groups are labeled and details are shown in Table 1.

Triblock copolymer

Mlxmg Adding hardener
—
Epoxy l 60°C

Pre-dispersion

Adding silica

= —]

Mixing l Defoaming

Ci ooLLng

\&\’\\\X\ Demoulding \\-@‘%) @
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Figure 2. Schematic presentation of the processing and fabrication of composites.
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Table 1. Sample label comparison table.

Sample Abbreviation Label
Neat epoxy EP
Epoxy/Amino-terminated BCP EP/Amino-BCP
Epoxy/Carboxyl-terminated BCP EP/Carboxyl-BCP
Epoxy /60 wt.% SiO, EP/SiO,
Epoxy/Amino-terminated BCP/60 wt.% SiO, EP/Amino-BCP/SiO,
Epoxy/Carboxyl-terminated BCP/60 wt.% SiO, EP/Carboxyl-BCP/SiO,

2.3. Characterizations

The storage modulus and Tg of epoxy composites were tested using dynamic thermo-
mechanical analysis (DMA, TA, New Castle, DE, USA, DMAS850) in double-cantilever mode
at 1 Hz and 3 °C/min. The sample size was 60 x 13 x 3 mm?, and the temperature range
was 25-180 °C. The thermal expansion coefficients (CTEs) of the epoxy resin composites
were determined using static thermomechanical analysis (TMA, TA, New Castle, DE, USA,
TMA 450). A sample size of 5 x 5 x 4 mm?® and compression mode were adopted. The
system was heated from 20 to 280 °C at a heating rate of 5 °C/min.

The fracture toughness was measured using an SENB test according to the ASTM
E1820 standard [48] in a universal testing machine (SENS, Shenzhen, China, CMT4503). The
critical stress intensity factors (Kic) of the composites were computed using Equation (1):

_ o ()
where Py is the peak force required to propagate a crack, B is the specimen thickness,
W is the specimen width, a is the crack length, and f(a/W) is the geometric factor. The
sample was a rectangular parallelepiped with rounded edges measuring approximately
36 x 4 x 8 mm?3. Prior to the test, a sharp pre-crack was initiated ahead of the machined
notch in each specimen by tapping it with a fresh razor blade. The initial crack length,
a, was measured using an optical microscope and satisfied the 0.45 <a/W < 0.55 length
requirement. The loading rate was set at 0.5 mm/min.

The plane strain condition requires the specimen to satisfy the following conditions to
ensure its validity:

Kic
azz.5<0y> @)
B>o5(Kic i 3
>2. (Uy) ®

where 0y, is the yield stress of the specimen, and Kjc is its critical stress intensity factor.

The fracture surface of the cured epoxy resin composite was analyzed using a scanning
electron microscope (SEM, Thermo Fisher Scientific, Waltham, MA, USA), and the phase
structure of the BCP was observed. All samples were coated with a thin layer of sputtered
gold to facilitate electrical conduction on the surface. The accelerating voltage was set at 10 kV.

In situ observation of the strain field at the tip of the spline crack during the fracture
toughness test was performed using DIC (Yansuo Instrument Technology (Shanghai, China)
Co., Ltd.) to obtain full-field displacement and strain distribution by comparing two images
with different deformations [49-51].

3. Results
3.1. Dynamic Mechanical Property

The storage modulus and Tg of both the epoxy resin/BCP and epoxy resin—silica/BCP
systems were tested. As shown in Figure 3a, compared with ED, the storage modulus and
Tg of EP/Carboxyl-BCP decreased by 11.9% and 5.11 °C, respectively. This may have
been caused by the blocking effect of the dispersed phase on the crosslinking reaction.
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Notably, the storage modulus at room temperature and the Tg of EP/amino-BCP remained
unchanged. The addition of 60 wt.% silica slightly changed the thermal mechanical prop-
erties of the epoxy/BCP composite system. As shown in Figure 3b, the storage modulus
at room temperature and the Tg of the composites with different terminal groups of BCP
were similar. The introduction of silica led to a decrease in Tg in both epoxy/BCP systems.
This was mainly caused by the adverse effect of silica on the formation of epoxy resin
crosslinking networks, which masked the influence of the introduced BCPs.
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Figure 3. (a) Modulus and Tg of epoxy/BCPs; (b) modulus and Tg of epoxy /BCPs with 60 wt.% silica.
3.2. Coefficient of Thermal Expansion (CTE)

CTE is especially important for ensuring the suitability of epoxy composites in electronic
packaging. Figure 4 shows the thermal expansion curves of the epoxy/BCP and epoxy
resin-silica/BCP systems. The CTE1 and CTE2 values of each system are listed in Table 2.
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Figure 4. TMA results of epoxy/BCPs: (a) 0% silica system, (b) 60 wt.% silica system.

Table 2. Thermal expansion coefficient of epoxy/BCPs with 0% and 60 wt.% silica.

CTE 1/(ppm/K) CTE 2/(ppm/K)
EP 65.8 189.8
EP/Amino-BCP 70.6 178.7
EP/Carboxyl-BCP 69.6 182.7
EP/SiO, 29.6 103.8
EP/Amino-BCP/SiO, 35.7 103.3
EP/Carboxyl-BCP/SiO, 325 102.8

Although the terminal groups were different, the addition of BCPs had a similar effect
on the CTEs of the epoxy resins. The TMA results showed an increase in CTE1 and a
decrease in CTE2 when both BCPs were introduced into the epoxy. The addition of the
amino-terminated BCP led to a more significant increase of 4.8 ppm/K in CTE1 and a
decrease of 11.1 ppm/K in CTE2, compared with neat epoxy. This is mainly caused by the
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lubricating effect of flexible BCPs in the epoxy resin matrix before Tg. However, after Tg,
BCPs occupying a certain spatial position in the matrix can hinder the movement of chain
segments in the matrix.

In the EP/SiO, system, the addition of both types of BCPs had little effect on CTE2, as
shown in Table 2. However, the improvement in the CTE1 of EP/amino-BCP/SiO, was
still significant, and was 3.2 ppm/K higher than that of EP/Carboxyl-BCP/SiO;. Therefore,
it can be inferred that there were differences in the network structure formation of the
epoxy resin between the two different terminal group BCPs, among which the structure of
EP/amino-BCP/SiO, was more conducive to the movement of chain segments.

3.3. Fracture Toughness

The fracture toughness results for the pure and silica-filled epoxy systems are shown
in Figure 5. It can be seen that at room temperature, in the EP system, the addition of the
amino- and carboxyl-terminated BCPs improved fracture toughness by 68.9 and 40.2%,
respectively. In the EP/SiO; system, the addition of the amino-terminated BCP caused an
increase of 1.5 MPa-m'/? in its fracture toughness, whereas the addition of the carboxyl-
terminated BCP reduced the facture toughness by 0.5 MPa-m!/2. At 150 °C, the effect of
the BCP on both pure and silica-filled epoxy systems disappeared. This may have been
caused by the significant decrease in storage modulus after the epoxy system reached Tg
(around 120 °C). Note that the fracture toughness of both the resin and composite systems
at high temperatures was significantly lower than that at room temperature; therefore,
the difference in the BCP systems with different terminal groups was no longer obvious,
suggesting that there was a significant difference in the toughening mechanism at room and
high temperatures. This can be explained by the SEM observations of the fracture surfaces
of the samples at different test temperatures, which are analyzed in detail in Section 3.4.
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Figure 5. Fracture toughness of (a) epoxy/BCPs at 25 °C, (b) epoxy/BCPs at 150 °C, (c) epoxy/BCPs
with 60 wt.% silica at 25 °C, and (d) epoxy/BCPs with 60 wt.% silica at 150 °C.
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3.4. Fracture Surface Analysis

The fracture surfaces of the broken room-temperature SENB specimens were observed
using SEM. As shown in Figure 6, in the EP system, pure epoxy resin exhibits a brittle
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fracture. It can be seen from the cross-section that the crack is composed of a main crack
and some small branch cracks, and its fracture surface is relatively smooth. The addition
of the amino-terminated BCP had little effect on the fracture surface. The fracture surface
of the amino-terminated BCP system was generally as smooth as that of pure epoxy,
and no obvious microphase separation was observed. However, the fracture surface of
the EP/carboxyl-BCP was rough, and a micron-phase structure was observed. Through
fracture surface analysis of the SENB specimens at room temperature, it was observed
that EP/amino-BCP and EP/carboxyl-BCP formed different structures in the epoxy resin.
This is closely related to the differences in the terminal groups of the BCP. In EP/amino-
BCP, the terminal groups can be integrated into the molecular chains of the epoxy resin.
As shown in Figure 7, a large number of flexible chain segments were connected to the
original crosslinked network, which restricted the phase separation of EP/amino-BCP. This
structure was more effective for stress transmission in the matrix and improved fracture
toughness. For EP/carboxyl-BCP, owing to the presence of the amine curing agent, the
carboxyl-terminated BCP underwent self-assembly, followed by agglomeration in the
early stage of the reaction, resulting in significant phase separation in the epoxy resin
matrix [31,36,46].

Further analysis of the fracture surface of the carboxyl-terminated BCP system showed
that after the crosslinking and curing reactions, a significant number of island-phase
structures of different sizes were distributed in the epoxy resin matrix. These dispersed
phases act as fillers. As shown in Figure 8, during the fracture process, the dispersed
phase can induce shear deformation of the matrix. Additionally, microcracking and crack
deflection caused by the island phase can improve fracture toughness [34,36,43].

Figure 6. Fracture surface of the SENB specimens at 25 °C: (a,b) fracture surface of epoxy; (c,d)
fracture surface of EP/Amino-BCP; (e f) fracture surface of EP/Carboxyl-BCP.
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A comparison of the fracture surface results (Figure 9) at room and high temperatures
showed that the main difference was that the matrix exhibited more bulk deformation
during high-temperature testing at low magnification. Amino-BCP is connected to the
crosslinked network of epoxy resin, and a flexible segment structure is embedded in the
original crosslinked network structure. This structure has a forced inclusion effect and
can stabilize the combination of different components. In addition, amino-BCP has good
compatibility with epoxy resin, constraining phase separation and effectively constraining
crack expansion. The main toughening method comes from the shear deformation effect of
this structure on the matrix. The carboxyl-terminated triblock copolymer C is affected by
the amine curing agent in the homogeneous mixture, and agglomeration occurs first during
the crosslinking and curing process, resulting in the appearance of “island phase” structures
of different sizes. These dispersed phases act as stress concentration, and debonding and
microcracks can occur during the fracture process, hindering crack propagation. This is
related to the chain segment movement above Tg and the matrix undergoing high elastic
deformation. Although the matrix deformation of the epoxy resin changed significantly at
high temperatures, the significant reduction in the storage modulus resulted in a significant
decrease in the fracture energy absorption capacity of the matrix. Therefore, BCPs with
different terminal groups at high temperatures led to a limited improvement in the fracture
toughness of the epoxy resin.

Figure 9. Fracture surface of the SENB specimens tested at 25 and 150 °C: (a) epoxy, (b) EP/Amino-
BCP, and (c¢) EP/Carboxyl-BCP were tested at 25 °C; (d) epoxy, (e) EP/Amino-BCP, and
(f) EP/Carboxyl-BCP were tested at 150 °C.

Additionally, the fracture surface of the silica-filled epoxy system was investigated
(Figure 10). At room temperature, the fracture surface differences between EP/SiO, and
EP/amino-BCP/SiO, were not significant, and there was a large amount of residual matrix
on the surface of the 5iO,. However, on the fracture surface of EP/carboxyl-BCP/SiO,,
most of the SiO; surface was relatively smooth, and the dispersed phase size of the carboxyl
system was significantly smaller than that prior to the introduction of SiO,. The fracture
surface differences between the three groups of samples tested at high temperatures were
generally small. However, by comparing the surfaces of the samples at different test
temperatures, it was found that the phenomena of debonding and void growth were very
common at room temperature. At high temperatures, most of the silica deboned directly,
and voids caused by filler extrusion and matrix deformation could hardly be observed.
Combined with the storage modulus in thermomechanical analysis, it can be seen that
when the temperature of the samples reaches 150 °C, the chain segment movement is easily
opened, causing the storage modulus of the epoxy resin to significantly reduce to less than
10 MPa. The matrix undergoes highly elastic deformation under shear conditions, forming
the shear morphology in the cross-section. Due to the low modulus, even if the deformation
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of the matrix on the cross-section is significantly greater than that of the cross-section at
room temperature, the energy that can be stored based on the deformation is significantly
reduced, resulting in the fracture toughness of various systems at high temperatures being
generally small and basically consistent.

Figure 10. (a) Fracture surface of EP/SiO; at 25 °C, (b) fracture surface of EP/ Amino-BCP/SiO, at
25 °C, (c) fracture surface of epoxy/carboxyl-terminated BCP with 60 wt.% SiO; at 25 °C, (d) fracture
surface of EP/SiO; at 150 °C, (e) fracture surface of EP/ Amino-BCP/SiO; at 150 °C, and (f) fracture
surface of EP/Carboxyl-BCP/SiO, at 150 °C.

After further analysis of the fracture surface of EP/carboxyl-BCP/SiO; tested at room
temperature, the cause of the decrease in the fracture toughness of the system after the
introduction of 60 wt.% SiO, was found. As shown in Figure 11, when a large amount
of S5iO, was introduced, the island phase became smaller and was distributed around
the SiO,, disrupting the original resin network system. This caused cracks to propagate
preferentially along the deboned void edge rather than within the matrix.

Carboxyl-BCP phase

Debonding

Crack Deflection

Cracks propagate preferentially at the Debonding
interface

Figure 11. Proposed mechanism for explaining the increase in fracture toughness of EP/Carboxyl-
BCP/SiO,.
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3.5. Strain Field at the Crack Tip

Using DIC technology, in situ observations of the crack propagation process at room
temperature were performed. The strain distribution of the spline was obtained when
it reached its maximum load, compared with the initial state at zero load. As shown in
Figure 12a, the results of the crack-tip strain of the epoxy and epoxy/BCP systems were
consistent with the previous discussion. The distributions of the strain field and the value
at the crack tip of the EP/amino-BCP were higher, indicating that the system was capable
of absorbing higher strain energy. This is closely related to the effective stress transmission
of the block copolymers as flexible segments in the matrix.

eyy [%]-
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07 lagrange
’ 0.6
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Figure 12. Results of crack-tip strain of (a) epoxy and epoxy/BCP system at maximum load, (b) epoxy
and epoxy/BCP with 60 wt.% SiO, system at maximum load.

The strain distribution in the silica-filled epoxy system was also observed (Figure 12b),
and the results were similar. Owing to the introduction of SiO; and BCP, the network
structure of the epoxy resin changed, and the molecular chains of the different systems un-
derwent changes to their maximum strain. Generally, the wider the strain distribution, the
greater the strain, the more fracture energy absorbed, and the better the fracture toughness.

4. Conclusions

This work proved that amino-terminated BCPs had the most obvious effect on the
fracture toughness of an epoxy resin-amine curing system at room temperature. Due to
the effective stress transmission of block copolymers as flexible segments in the matrix,
compared with the control group, the fracture toughness at room temperature increased
by 68.9% without adding SiO;; after 60 wt.% SiO, was introduced, the fracture toughness
at room temperature increased by 31.2%. Additionally, the fracture toughness of the
epoxy resin system at high temperatures was not affected by the terminal groups of block
copolymers. In terms of thermal mechanical properties, the storage modulus and Tg of
EP/Amino-BCP were basically not affected, but there was a slight amplification effect on
CTE1l. Compared with the control group, there was an increase of 4.8 ppm/K in CTE1
without the introduction of silica; after 60 wt.% SiO, was introduced, there was an increase
of 6.1 ppm/K in CTEL. In addition, based on the characterization results of SEM and DIC,
it was found that the SiO;, /Epoxy de-bonding, void growth, and the stress transmission
of the block copolymer are the reasons for toughening. The discussion of results in this
work provide an in-depth understanding of the effect of the different toughening agents on
material properties and, therefore, provide guidance for the design of epoxy-resin-based
composites in underfill applications.
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