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Abstract

The technical approaches for toughening epoxy resins include chemical and physical methods. Regarding the chemically
reactive toughening (CRT) methods, this study employs reactive toughening agents and compares the toughening effects of
several agents such as carboxyl-terminated polyether (CTPE), carboxyl-terminated polytetrahydrofuran (CTPF),
carboxyl-terminated liquid butadiene nitrile rubber (CTBN), and core-shell polymers containing polybutadiene (CSP), on
epoxy resins. These toughening agents are incorporated into the epoxy resin through chemical reactions or dispersion, forming
flexible segments with impact resistance. During the curing process, micro-phase separation occurs, forming an island
structure that absorbs energy under stress. At equivalent dosages, all toughening agents have a significant toughening effect on
epoxy resin, with a notable improvement in impact resistance. Among them, CTPF and CTBN demonstrated particularly
pronounced improvements, with the impact strength of CTPF-modified resin increasing by 257%. These agents form
homogeneous phases in epoxy resin with minimal impact on transparency, making them viable options for transparent
toughening. CTPE and CTPF lead to a decrease in thermal resistance, while CTBN and CSP have almost no effect on thermal
resistance. CTPE and CTPF exhibited decreased volume resistivity due to enhanced impurity ion migration caused by flexible
polyether segments. CSP improved electrical strength by reducing the effective carrier mobility of its structure. For the
physical added thoughening (PAT) methods of toughening epoxy resin, this paper adopts the physical addition approach and
compares the effects of special engineering plastics (SEP) such as polyetheretherketone (PEEK), polyimide (PI), thermoplastic
polyimide (TPI), and polyphenylene sulfide (PPS) on the mechanical, thermal, and electrical properties of epoxy resin. The
rigid and active group-containing SEP forms a difference phase during the curing process of epoxy resin, absorbing energy
under stress, preventing the propagation of microcracks, and improving the mechanical properties of epoxy resin, including
tensile, compressive, and impact strength. Due to the phase separation caused by the physical toughening method, there is
significant light reflection and absorption loss, making it usually difficult to be used as a transparent toughening method. SEP
has better heat resistance than epoxy resin, which is beneficial for enhancing the heat resistance of epoxy resin. During the
curing process of epoxy, a strong intermolecular force is generated between SEP and epoxy resin, further enhancing the heat
resistance of the modified epoxy resin. Adding SEP with better insulation performance can effectively improve the insulation
performance of epoxy resin.
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1. Introduction

Epoxy resin is a widely utilized thermosetting polymer
renowned for its outstanding mechanical properties, low
shrinkage, excellent chemical resistance, and superior elec-
trical insulation [1-3]. It finds extensive applications in di-
verse industries, including electronics and electrical engi-
neering, machinery, construction, and aerospace. However,
the cured epoxy resin exhibits a highly cross-linked network
structure. Concurrently, volume shrinkage during the curing
process induces internal stresses, which compromise re-
sistance to crack initiation and propagation, resulting in high
brittleness [4, 5]. This significantly restricts its applicability
in electronic packaging and other fields requiring high impact
resistance and flexibility. Therefore, enhancing the toughness
of epoxy resins is of critical importance. Moreover, conven-
tional epoxy resins typically exhibit moderate thermal stabil-
ity, which limits their performance in demanding engineering
environments and constrains their broader application poten-
tial [6, 7]. Consequently, enhancing toughness and improving
thermal resistance have long remained central research ob-
jectives in the development of epoxy resins. In contemporary
applications particularly in electronic material bonding and
packaging, there is a growing demand for superior dielectric
properties, driving increased interest in optimizing the elec-
trical insulation performance of epoxy-based materials [8, 9].

Currently, the toughening mechanisms of epoxy resins can be
categorized into three types based on their microstructural dif-
ferences. The first method involves toughening by forming a
phase-separated structure between the modifier and the matrix
[10, 11]. Key modifiers include rubber elastomers, rigid inor-
ganic nanoparticles, block copolymers, thermoplastic resins, and
core-shell structured polymers. The critical factors for this mod-
ification approach are the compatibility between the modifier
and the epoxy resin, as well as the regulation of the phase struc-
ture. The second method involves toughening through the for-
mation of two interlocking crosslinked networks [12]. For in-
stance, co-curing long-chain polymers with epoxy resin allows
the long chains to continuously traverse the epoxy crosslinking
network, forming interpenetrating or semi-interpenetrating net-
works to achieve toughening. The key to this method lies in
controlling the domain size to achieve optimal interpenetration.
The final approach involves modifying the chemical structure of
the crosslinked network [13, 14]. This is achieved by introducing
flexible segments or hybrid crosslinking to enhance segment
mobility and improve toughness. Examples include incorporat-
ing flexible groups such as ether bonds, carbon-nitrogen bonds,
and siloxane bonds, or introducing highly tough epoxy segments
to reduce the resin's rigidity. The key to this method lies in the
selection and introduction of flexible segments, with the final
structure and properties being regulated by adjusting the ratio of
different structural combinations.

Zhou et al [15] utilized epoxy-hydroxyl-terminated poly-
butadiene (EHTPB) liquid rubber to toughen epoxy resin. Re-
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sults indicated that the introduction of epoxy groups enhanced
interfacial compatibility between the two materials and im-
proved dispersion. Upon adding 15% EHTPB, the elongation at
break reached its maximum value (7.3%), while the flexural
strength and tensile strength remained unchanged. However,
the instability of double bonds in EHTPB at elevated temper-
atures may lead to reduced thermal stability in the modified
epoxy. Di et al [16] investigated the mechanical properties,
thermal properties, and processing characteristics of CSR na-
noparticles and nano-SiO: modified EP. Within a certain addi-
tion range, CSR particles enhanced the resin's elongation at
break and toughness, while SiO. improved the matrix's strength
and modulus. The prepared composites featured simple pro-
cessing, low system viscosity, and extended service life. Jung et
al [17] incorporated the thermoplastic polymer polyethersul-
fone (PES) as a toughening agent into bisphenol A-type epoxy
resin. They observed that when the PES content was below 15
phr, agglomerated PES particles were scarcely visible because
they formed a semi-interpenetrating polymer network within
the epoxy matrix. Dispersed PES particles improved the tensile
properties and fracture toughness of the epoxy resin by im-
peding rapid crack propagation during fracture. As the PES
content in the samples increased, the interfacial adhesion be-
tween PES particles and the epoxy matrix grew, gradually
enhancing the thermal resistance of the epoxy resin.

Furthermore, a substantial body of literature indicated that
rubber elastomer-toughened epoxy resins lower the system's
glass transition temperature, making them unsuitable for appli-
cations with high temperature requirements. In contrast, incor-
porating thermoplastic resins into epoxy resins offers the ad-
vantage of enhanced heat resistance, which cannot be achieved
through rubber toughening. However, adding thermoplastic
resins typically causes a significant increase in system viscosity.
Therefore, when selecting thermoplastic resins as toughening
agents, the molecular weight of the chosen resin must be com-
patible with the blend system. Primary toughening mechanisms
include crosslinking constraint effects, crack pinning, particle
tearing and stretching, and void shear yielding. When composite
materials undergo external stress, fillers within the matrix exert
crosslinking constraint, passivation, and crack propagation inhi-
bition effects. Additionally, crosslinking forces anchor cracks at
crosslinking points, achieving toughening.

Based on the above considerations, this paper adopted two
types of toughening techniques physical addition type and
chemical reaction type to toughen the epoxy resin. Our pre-
liminary work investigated the effects of chemical reactive
toughening [18] and physically added toughening [19] on
epoxy resin properties, but the effects of different technical
routes on epoxy properties were not compared with each other.
Therefore, this paper summarizes the previous work, and
improves the discussion of related heat resistance and optical
properties. For each technique, several materials were se-
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lected for research, and their toughening effects were dis-
cussed. The efficacy of different technical routes and different
toughening materials was also explored. We anticipate that
the conclusions of this paper will provide valuable reference
for selecting toughening agents to enhance the adaptability of
epoxy resins in fields such as electronic packaging.

2. Experimental Section

2.1. Reagents and Materials

The main materials used in this paper were shown in Table 1.

Table 1. Major Materials.

Manufacture

Taiwan South Asia company

Anhui hengyuan new material co., Ltd.
China Bluestar Chengrand Co., Ltd.
China Bluestar Chengrand Co., Ltd.
Huntsman Corporation

Dow Inc.

Jilin Zhongyan Polymer Co., Ltd

Zigong Zhongtiansheng New Materials
Technology Co., Ltd

Wanrun Co., Ltd

Shandong Binhua Binyang Ranhua Co.,
Ltd

BASF

Shanghai McLean Biochemical Tech-

Name model Composition and specification
. epoxy equivalent: 190g/eq, Viscosity: 12000~15000
Epoxy Resin 128R mPa-s (25°C)
Benzyl glycidyl ether XY-692 epoxy equivalent: 220g/eq, Viscosity: 2-8 mPa-s (25°C)
CTPE S50A viscosity: 10000~30000mPa-s (25°C)
CTPF S50F viscosity: 10000~20000mPa-s (25°C)
CTBN 1300*6 acrylonitrile conten 18%
CSP BPM-520  melting point 132 ~ 149°C
PEEK 330UPF density: 1.30 g/cm?, particle size: 900 mesh
PI PI-1 density: 1.31 g/cm?
TPI VATO001 density: 1.33 g/em’, Tg: 245°C
PPS P-32 density: 1.30 g/cm?®, melt flow rate: 330g/10mi
Polyetheramine EC-301 actlzfe hydrogen equivalent: 61 g/eq, viscosity: 10 mPa-s
(25°C)
PMDA - purity: 98%
Fumed silica TS-720 purity: 99%

2.2. Testing Instruments and Equipment

INSTON 5967 electronic universal material testing ma-
chine, INSTRON Company, USA (tensile strength and
breaking elongation test). INSTRON CAST 9050 impact
testing machine, INSTRON Company, USA (Impact per-
formance test). SDTA2+ thermomechanical analyzer, Mettler
toledo Company, USA. SM7120 high impedance meter,
HIOKI Corporation, Japan; DT2-100-50-SP high voltage
breakdown instrument, Sepelec, France. NDJ-1Fmax touch
screen viscometer, Shanghai xiniu leibo instrument Co., Ltd.
UV-26001 ultraviolet-visible spectrophotometer, Shimadzu
Instruments Co., Ltd.

2.3. Preparation of Toughened Epoxy Resin

This study employed two types of materials for toughening,
including chemically reactive toughening agents and physi-
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nology Co, Ltd
CABOT Corp, USA

cally added toughening agents. Among the chemically reac-
tive toughening agents, several materials were selected for
reaction with or dispersion into the epoxy resin matrix, in-
cluding CTPE, CTPF, CTBN, and CSP. These toughening
agents were reacted with epoxy resin component before un-
dergoing a curing reaction with EC-301. For comparative
purposes, all reactive toughening agents were added to the
epoxy resin component at the mass ratio of 18%. The mixture
was subsequently cured under conditions of 80<C for 3 hours.
The mixing ratios are shown in Table 2.

Table 2. Ratio and Dosage of CRT.

Type CRT-0 CRT-1 CRT-2 CRT-3 CRT-4
128R 74 74 72 72 72
XY-692 9 9 9 9 9
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Type CRT-0 CRT-1 CRT-2 CRT-3 CRT-4
KH560 1 1 1 1 1
CTPE - 18 - - -
CTPF - - 18 - -
CTBN - - - 18 -

CSP - - - - 18
EC-301 30 30 30 30 30

Physical additive toughening utilized specialty engineering
plastics such as PEEK, PI, TPI, and PPS. These were directly
blended as powders into epoxy resin, then cured with PMDA
to compare the toughening effects. These engineering plastics
exhibit excellent heat resistance with high glass transition and
melting temperatures (as shown in Table 3). Conversely,
epoxy resin undergoes thermal oxidation decomposition at
180-200<C under aerobic conditions during heating, and even
decomposes at 300C in an oxygen-free environment.
Therefore, it is impossible to dissolve SEP into liquid epoxy
resin via melting. To address this issue, we employed plastic
powder with the finest possible particle size. Through blend-
ing, it was uniformly dispersed into the epoxy resin as a
toughening component.

Table 3. Typical Parameters and Indicators for SPE.

SEP name Model Tg/°C  melting temperature/°C
PEEK 330UPF >200 343-387
PI PI-1 >200 300-400
TPI VAT001 245 260-450
PPS P-32 >200 280-380

For the sake of discussion, the mass fraction of SEP in this
study was controlled at 10% relative to the epoxy resin. These
SEP powders were homogenously blended with the epoxy
resin using a homogenizer, then uniformly mixed with the
PMDA. The mixture was subsequently cured under condi-
tions of 150<C for 3 hours. The mixing ratios are shown in
Table 4.

Table 4. Ratio and Dosage of PAT.

Type PAT-0 PAT-1 PAT-2 PAT-3 PAT-4
128R 95 95 95 95 95
XY-692 5 5 5 5 5

Type PAT-0 PAT-1 PAT-2 PAT-3 PAT-4
TS-720 2 2 2 2 2
PEEK - 10 - - -

PI - - 10 - -

TPI - - - 10 -

PPS - - - - 10
PMDA 43 43 43 43 43

2.4. Characterization Techniques and
Performance Testing

2.4.1. Viscosity Measurements

In accordance with standard GB/T 2794—2022, the vis-
cosity of the resin was measured using a rotary viscometer.
The rotor model used was No. 29, and the test temperature
was 25°C.

2.4.2. Mechanical Properties

The tensile properties were assessed using an electronic
universal testing machine, in compliance with Chinese
standard GB/T 2567-2021. Tensile tests utilized dumb-
bell-shaped specimens measuring 250x20x4 mm?®, and the
stretching speed was 2 mm/min. The experimental data were
obtained by calculating the average values of 5 specimens and
considering standard deviation. The compressive strength and
compressive modulus of elasticity of the specimens were
tested using the same standard. The specimens were circular
cast specimens with dimensions of @10 mm % 25 mm.

The compressive strength was determined by using a cir-
cular casting body, the size is @ 10mm X 25mm. Impact per-
formance following Chinese standard GB/T 2567-2021.

The impact strength was determined by using an impact
tester utilizing specimens sized at 80x10x4 mm?, following
Chinese standard GB/T 2567-2021. This assessment involved
swinging a pendulum hammer at a 180° angle to impart po-
tential energy onto the un-notched rectangular specimen. The
resulting difference in potential energy (in kJ/m?) before and
after impact per cross-sectional area was measured. Both the
tensile and impact tests were conducted in a controlled la-
boratory environment at 23+2°C and 50+5 RH.

2.4.3. Electrical Insulation Performance Testing

The volume resistivity (pv) and breakdown strength (Eyp) of
the materials were measured, with the samples prepared in the
form of discs with the diameter of 100 mm and thickness of 1
mm. The breakdown strength was performed using a
high-voltage generator under a continuous AC voltage load-
ing supplied by a 100 kV, 50 Hz transformer, and the boosting
speed was about 1 kV/s. The voltage applied to the samples
were continuously boosted until the sample was broken down.
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The thickness of the model and the voltage value at the
breakdown time was recorded.

2.4.4. Coefficient of Thermal Expansion and Glass
Transition Temperature

The thermal stability of the composites was also studied by
characterizing their CTE behavior. Thermomechanical anal-
ysis (TMA) was used to measure the change of the sample
size with the temperature. The temperature test range was
20-80°C and the heating rate was 10K/min. The glass transi-
tion temperature and coefficient of thermal expansion (CTE)
of the materials was calculated according to Chinese standard
GB/T 36800.2-2018.

2.4.5. Light Transmittance Value

The light transmittance of the test specimen was deter-
mined in accordance with GB/T 2410-2008. The specimen
dimensions were 40 mm x 20 mm x 0.1 mm. The light
transmittance value was taken as the average within the
wavelength range of 400—700 nm.

3. Results and Discussion

3.1. Processing Property and Appearance

The processing performance of the EP composite is closely
related to the type of matrix resin and the type and amount of
additives such as toughening agents. Testing the viscosity and
appearance of CRT and PAT, and the results are shown in
Table 5 and Table 6 respectively.

Table 5. Viscosity and Appearance of CRT.

Sample Appearance Viscosity/mPa.s
CRT-0 Colorless and transparent 1760

CRT-1 Nearly colorless and transparent 5040

CRT-2 Nearly colorless and transparent 4261

CRT-3 Light yellow translucent 29540

CRT-4 Milky white and translucent 17965

As shown in Table 5, transparent resins can be obtained
when these reactive toughening agents are added at low
concentrations. As the dosage increases, the resin gradually
becomes translucent until it reaches an opaque, milky state.
The viscosity of these reactive toughened resins is almost

unaffected by shear rate, classifying them as Newtonian fluids.

Different reactive toughening agents cause an increase in
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viscosity, though the magnitude of this increase is typically
not substantial.

Table 6. Viscosity and Appearance of PAT.

Sample Appearance Viscosity/mPa.s
PAT-0 Colorless and transparent 7042

PAT -1 Milky white and translucent 8282

PAT -2 Brownish-yellow translucent 9322

PAT -3 Orange-yellow opaque 11163

PAT-4 milky white and opaque 22846

As shown in Table 6, these additive toughening agents are
inherently opaque. When incorporated into epoxy resin, they
cause light passing through the system to undergo reflection,
absorption, and refraction, resulting in the modified resin
becoming opaque. Additionally, the varying particle sizes and
surface conditions of the plastic particles lead to different
interactions with the epoxy resin. This manifests as differing
oil absorption values in the epoxy resin and varying viscosi-
ties when dispersed within the resin. Among these, PEEK, PI,
and TPI particles measure approximately 500-900 mesh with
high uniformity, dispersing readily in epoxy resin with min-
imal viscosity increase. Conversely, PPS particles are coarser
at around 300 mesh and contain fine rod-like structures, ex-
hibiting high oil absorption values that significantly elevate
the viscosity of resin.

3.2. Analysis of Mechanical Performance

3.2.1. Tensile Properties

The tensile strength and impact strength, which was usually
used to evaluate the resistance ability of the samples to ex-
ternal force, are critical properties of obtained composites for
practical applications, as they ensure the normal use of these
materials under high stress conditions. In chemical reac-
tion-type toughening agents, the curing of long molecular
segments reduces crosslink density, exhibiting softening and
toughening effects. The toughened material becomes more
flexible, with decreased cohesive strength and significantly
improved elongation at break. The impact on tensile proper-
ties is shown in Figure 1. The tensile strength of all toughened
systems decreased. CSP exhibited the best tensile strength
retention at 78.9% of the blank sample, while CTPE showed
the lowest retention at 36.5%. Toughening in this system
concurrently produced a softening effect, with fracture elon-
gation markedly increasing. Specifically, CPPE increased by
457%, and CSP increased by 129%.
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Figure 1. Effect of Reactive Toughening Agents on Tensile Properties.

For physically added toughening agents, the curing agent
used in this study is PMDA. After curing with epoxy resin, it
exhibits high crosslink density, excellent heat resistance in the
cured body, but relatively high brittleness. Figure 2 shows the
comparison of tensile strength and tensile modulus between
the control blank material without plastic particles and the
material with 10% plastic powder added.

When subjected to tensile stress, the epoxy cured material

N Tensile strength/MPa

35

30

25

20

Tensile stength/MPa

BLANK PEEK

develops numerous micro-cracks. The dispersed SEP powder
particles within the resin prevent rapid crack propagation,
resulting in a noticeable increase in tensile strength and
modulus. Among several SEP types, PEEK, PI, TPI, and PPS
exhibit superior dispersion in epoxy resin. These materials
effectively distribute tensile stress, prevent micro-crack for-
mation, and enhance tensile strength and modulus. PPS shows
the most pronounced improvement.

= Elongation at break/%
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Elongation at breal/%

P PPS

Physical Modifier

Figure 2. Effect of Physically Added Toughening Agents on Tensile Properties.

Among these SEP types, PEEK, PI, and TPI are all highly
rigid varieties. Their primary effect on tensile properties lies
in inhibiting micro-crack propagation, with no significant
improvement in elongation at break. In contrast, PPS base
material exhibits superior toughness. Under tensile stress,
besides the aforementioned crack-propagation inhibition, the
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inherent toughness of its plastic particles slightly increases
elongation at break. See the figure below. Among these, PPS
application resulted in a 27.4% increase in tensile strength, a
16% rise in tensile modulus, and a 71% increase in elongation
at break, demonstrating the most pronounced overall effect on
tensile properties.
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3.2.2. Compression Performance molecular chains facilitates compression, leading to reduced
compressive strength. Specifically, the compressive strength
of CTPE and CTPF modifications is only about one-third that
of the blank sample, while CTBN and CSP maintain ap-
proximately 70% of their original strength. Compressive
elastic modulus follows a similar pattern.

As shown in Figure 3, the curing of long molecular seg-
ments in chemically reactive toughening agents reduces
crosslink density, exhibiting softening and toughening effects.
The resulting toughening becomes more flexible, with de-
creased cohesive strength. The enhanced flexibility of the

Compressive strength/MPa == Compression modulus of elasticity/MPa

o 80 2500
S 7 o
< 2000 3 _
= 60 Za
£ 50 e 2
3] 1500 £ =&
b4 653
R 1000 @ "TE
A 23
@ 20 =
5 500 E

10 :
g (5]
Yoo 0

BLANK CTPE CTPF CTBN csP

Chemical modifier

Figure 3. Effect of Reactive Toughening Agents on Compression Properties.

As shown in Figure 6, the PMDA-cured epoxy system ex- monomers, resulting in a higher bulk compressive strength
hibits high bulk rigidity, cohesive strength, and compressive than pure epoxy. Therefore, the introduction of SEP slightly
strength, making the bulk material resistant to compression. increases the compressive properties. Compressive strength
The introduced SEP itself contains a large number of rigid  and compressive modulus exhibit similar patterns.
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Figure 4. Effect of Physically Added Toughening Agents on Compression Properties.

agents and resins, the impact test was carried out to estimate
3.2.3. Impact Strength the composites’ resistance to external impact force.

To further understand the relationship between toughening
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Figure 5. Effect of Reactive Toughening Agents on Impact Strength.

As shown in Figure 5, reactive toughening agents incor-
porated into the epoxy resin curing system form toughening
segments. When the material undergoes impact, these seg-
ments effectively absorb the impact energy, resulting in a
significant increase in impact strength. The materials selected
in this study all exhibit over 100% improvement in impact
strength, with the CTPF system achieving 257% enhancement,
demonstrating excellent impact resistance.

The selection of SEP to modify epoxy resins is expected to
significantly enhance their impact resistance. Among the
engineering plastics examined in this paper, materials such as

2% (T8 o v

Charpy impact strength/(KJ/m~2)

[

0

BLANK PEEK

PEEK, PI, and PPS achieve uniform dispersion within the
epoxy matrix. During resin curing, micro-phase separation
occurs between the plastic molecules and the epoxy resin,
forming island structures, particle crack bridging, and crack
path deflection. These structures collectively improve the
toughness of the epoxy resin. Additionally, certain active
groups within SEP penetrate the epoxy crosslinking network,
acting as network nodes. Upon impact energy absorption,
these nodes disperse stress and absorb energy, contributing to
enhanced impact resistance.

TPI PPS

Pl

Phsical modifier

Figure 6. Effect of Physically Added Toughening Agents on Impact Strength.

3.3. Optical Performance

Reactive toughening agents incorporated into epoxy resins
react with epoxy groups to form a uniform molecular structure.
Furthermore, the reactive toughening agents bear active
groups such as epoxy, hydroxyl, or amino at both ends, ena-
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bling copolymerization with the epoxy-curing agent network.
The molecular chains are “anchored” into the matrix, forming
a homogeneous phase without secondary phase particles,
thereby eliminating interfacial scattering. Among these reac-
tive toughening agents, CTBN undergoes “acid-epoxy”
ring-opening esterification with epoxy groups in epoxy resins,
forming B-hydroxy esters and introducing flexible nitrile
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blocks between macromolecular chains. This reaction occurs
concurrently with epoxy-amine crosslinking, chemically
anchoring CTBN within the crosslinked network to form a

80
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Figure 7. Effect of Reactive Toughening Agents on Light Transmittance.

Physical additives cannot react or dissolve uniformly
within the epoxy resin matrix; instead, they disperse as solid
particles without forming a homogeneous phase. When plastic
powder particle sizes fall within the 0.4-3 pm range (equiv-
alent to or larger than visible light wavelengths), light scatters
at the interfaces. The scattering cross-section increases

60
53.32
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40 37.7

30

Transmittance/%
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BLANK PEEK

sharply with particle size, leading to a significant decrease in
light transmittance. After curing, 50-300nm rubber microre-
gions are precipitated, resulting in Rayleigh-Debye scattering,
with increased haze and relatively large decrease in light
transmittance.

L6t o 3.52
— —_ [
Pl TP PPS

Physical modifier

Figure 8. Effect of Physically Added Toughening Agents on Light Transmittance.

Relatively speaking, smaller particle sizes in these additive
toughening agent result in lower losses, exhibiting reduced
light transmittance loss. For example, the PEEK particles in
the figure have a 900-mesh size, which is smaller than other
additive powders, thus showing slightly lower light trans-
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mittance loss. In addition, the PEEK backbone only contains
aromatic ketones and aromatic ethers, without conjugated
chromophores, and there is no absorption peak for visible
light above 400 nm, the higher transmittance is observed.
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3.4. Heat Resistance

The incorporation of flexible reactive toughening agents
into epoxy resins introduces flexible segments into the epoxy
molecular chains, enhancing molecular chain creepability.

This results in increased toughness and flexibility after curing,
typically lowering the glass transition temperature (Tg), as
shown in Figure 7. Notably, CTPE and CTPF modifications
exhibit a significant decrease in Tg.

Tg/ T e CTE *10%-6
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Figure 9. Effect of Reactive Toughening Agents on Tg and CTE.
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Figure 10. Effect of Physically Added Toughening Agents on Tg and CTE.

Among these reactive toughening agents, core-shell poly-
mers exhibit distinct behavior. This is because CSP is
pre-synthesized via emulsion polymerization into 50-300 nm
hard-shell/soft-core particles, which are then physically dis-
persed in the epoxy matrix. Since the rubber phase is already
crosslinked and cured, the shell functional groups (e.g.,
methacrylic acid) only undergo interfacial grafting with the
epoxy, without releasing low-molecular-weight segments into
the matrix. Consequently, this approach neither reduces
crosslink density nor induces plasticizing dilution effects. The
core layer provides a rigid skeleton that physically restricts
the movement of the epoxy backbone segments, resulting in a
slight increase in Tg.
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Figure 10 summarizes the effects of several SEPs on the Tg
of epoxy resin. The incorporation of these SEPs uniformly
elevated the resin's Tg, with Pl and PPS increasing it by over
20<C, demonstrating excellent heat resistance. The factors
influencing the heat resistance of modified epoxy include:
First, several SEPs inherently contain a large number of rigid
units, making them more heat-resistant than pure epoxy. Their
incorporation enhances heat resistance. Second, the addition
of rigid plastic powders to the epoxy resin occupies part of the
volume, making it more difficult for the molecular segments
in the cured system to move, thereby contributing to improved
heat resistance. Several other engineering plastic powders
exhibit similar curing reaction mechanisms in epoxy resins as
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Pl powder, consequently also elevating the glass transition
temperature of the modified epoxy resin. The impact of en-
gineering plastic powders on the thermal expansion coeffi-
cient stems from two factors. On the other hand, the active
groups within the plastic powder form cross-linked structures
or intermolecular forces with the epoxy resin matrix, reducing
the mobility of the molecular chains. This factor leads to a
decrease in the thermal expansion coefficient. The final ob-
served thermal expansion coefficient is the result of the
combined effects of both factors.

3.5. Electrical Performance

Table 7. Volume Resistivity of CRT.

Sample pv/(Q2.cm)
CRT-0 7.4%101
CRT-1 7.5%10™
CRT-2 9.6*10™
CRT-3 1.5%10%
CRT-4 4.2%10"

The effect of reactive toughening agents on volume resis-
tivity is shown in the Table 7. Among them, CTPE and CTPF
toughening agents contain polyether chain segments
(-CH2-CH.-0O-) or (-CHz-CH.-CH2-CH.-O-), which are flexi-
ble and have high polarity, and play a role in "internal plasti-
cization" in the epoxy cross-linking network, reducing the
glass transition temperature and improving the movement
ability of the chain segment. After the acceleration of the
chain segment movement, the free volume of the system

50.0
45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

5.0

0.0

Eb/(KV/mm)

BLANK CTPE

increases, the ion mobility of trace impurities such as Na* and
CI increases, the DC conductivity increases, and the volume
resistivity decreases by about half an order of magnitude. K-,
Na* catalysts and low molecular weight polyether alcohols
often remain in the synthesis of polyether polyols. These
hydrophilic impurities migrate with the polyether phase dur-
ing curing, forming a local "high ion concentration channel®,
which also reduces the volume resistivity. Therefore, the
toughening system of CTPE and CTPF leads to a reduction of
about an order of magnitude in volumetric resistivity, while
CTBN and CSP do not have this effect, and the volumetric
resistivity remains basically unchanged.

Among these reactive toughening agents, CTPE, CTPF,
and CTBN exhibit negligible effects on electrical strength,
performing essentially equivalent to or slightly better than
un-toughened samples. In contrast, the CSP system demon-
strates significantly enhanced electrical strength. This stems
from several factors: CSP particles are uniformly dispersed at
the nanoscale (50-300 nm), far smaller than common inor-
ganic fillers (>1 pm), enabling uniform dispersion in epoxy
without forming large agglomerates. The cured material
contains no significant voids or impurity clusters, preventing
“weak points” that could nucleate breakdown paths. The hard
shell-core interface introduces “deep traps” that inhibit carrier
migration through the shell layer. Upon forming covalent
bonds with the epoxy matrix, the shell PMMA generates
numerous deep trap energy levels (1.2-1.5 eV) at the rub-
ber-epoxy interface. These traps capture injected elec-
trons/holes, reducing carrier effective mobility and delaying
breakdown occurrence. Simultaneously, nanoparticles induce
a “pinning-forking” effect on the tree channels, increasing the
tortuosity of breakdown paths and effectively raising the
breakdown field strength. The combined effects result in a
macroscopic electrical strength improvement of approxi-
mately 33.4% for CSP-toughened epoxy resins compared to
unmodified materials.

CTPF CTBN Csp

Chemical modifer

Figure 11. Effect of Reactive Toughening Agents on Electrical Strength.

46


http://www.sciencepg.com/journal/ajmsp

American Journal of Materials Synthesis and Processing

http://www.sciencepg.com/journal/ajmsp

The effect of physically added toughening agents on vol-
ume resistivity is shown in the Table 8, on electrical strength
is shown in Figure 12.

Normally, epoxy resin volumetric resistivity (pv) is about
10%Q.cm, while PEEK, PPS and other SEPs are in the order
of 10%Q.cm. Therefore, it is inevitable that the dispersion of
engineering plastic powder with better insulation into epoxy
resin will cause an increase in volume resistivity, of course, it
is also related to the degree of dispersion uniformity and the
interaction between plastic powder groups and epoxy resin
molecules during the curing process.

Similar to their impact on volume resistivity, these SEPs
exhibit excellent electrical insulation properties. When in-
corporated into epoxy resin modification systems, they fully
leverage their superior electrical performance, significantly
enhancing epoxy modification. They undoubtedly represent

25

20

Eb/(KV/mm)

(9a]

BLANK PEEK

0 I I I

an excellent choice for applications requiring high electrical
performance.

Table 8. Volume Resistivity of PAT.

Sample pv/(R.cm)
PAT-0 6.53*10"
PAT-1 2.13*1016
PAT-2 3.39*10"
PAT-3 1.03*1016
PATT-4 9.89*10'3

TPI PPS

PI

Physical modifer

Figure 12. Effect of Physically Added Toughening Agents on Electrical Strength.

4. Conclusions

The main conclusions drawn from this research were as
follows:

1) Modification Effect: Both reactive and additive tough-
ening agents can be used for toughening modification
of epoxy resins;

2) Viscosity Effect: After modification with reactive or
additive toughening agents, viscosity generally in-
creases from low to high depending on the toughening
agents type, with reactive agents having a relatively
smaller impact. Reactive-toughened resins exhibit
Newtonian fluid behavior, while additive-toughened
resins display non-Newtonian fluid characteristics;
Dispersibility: Reactive toughening agents readily dis-
perse in epoxy resin to form a liquid homogeneous
phase, while additive toughening agents form lig-

3)
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uid-solid phases. Different SEP structures exert vary-
ing modification effects on epoxy resin, with SEP
morphology and dispersion state significantly influ-
encing modification outcomes;

Mechanical Effects: Reactive toughening agents en-
hance toughness while exhibiting some plasticizing ef-
fects, typically reducing hardness, tensile strength, and
compressive strength while improving impact strength
and elongation at break. Mechanical Effects: Uniform-
ly dispersed additives like PEEK, PI, TPI, and PPS in
epoxy resins enhance mechanical properties including
tensile, compressive, and impact performance.

Optical Properties: Reactive additives form a homoge-
neous system, dispersing at the molecular scale within
the epoxy matrix, thus minimally affecting light trans-
mission. However, micro-phase separation during cur-
ing can cause a noticeable decrease in transparency.
Additive toughening agents are dispersed in epoxy

4)

5)
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6)

7)

resin via physical blending. Since the particle size of
the dispersed phase exceeds the wavelength of visible
light, significant absorption and diffuse reflection oc-
cur during light transmission, causing a drastic de-
crease in the transparency of the cured material. They
are generally unsuitable for transparent optical applica-
tions;

Thermal Properties: Reactive toughening agents such
as CTPE and CTPF cause a noticeable decrease in Tg,
while CTBN and CSP show no significant change;
Among additive toughening agents, several
SEP-modified epoxy resins exhibit markedly enhanced
heat resistance;

Electrical Properties: Reactive toughening agents show
no significant impact on electrical properties, while
additive toughening agents markedly improve electri-
cal insulation performance, with PEEK exhibiting sub-
stantially increased volume resistivity.

Abbreviations

CTPE
CTPF
CTBN

CSP
SEP

PEEK

PI
TPI
PPS
CRT
PAT

Carboxyl-Terminated Polyether
Carboxyl-Terminated Polytetrahydrofuran
Carboxyl-Terminated Liquid Butadiene Nitrile
Rubber

Core-Shell Polymers Containing Polybutadiene
Special Engineering Plastics

Polyether Ether Ketone

Polyimide

Thermoplastic Polyimide

Polyphenylene Sulfide

Chemically Reactive Toughening

Physically Added Toughening
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