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ABSTRACT

Epoxy resins are extensively used across various industries due to their exceptional adhesive strength, me-
chanical properties, and chemical resistance. However, their inherent brittleness, low crack resistance, and
limited elongation and fracture toughness restrict their standalone applications. Although numerous toughening
strategies have been explored, challenges such as increased viscosity, difficulties in achieving uniform dispersion,
opacity, and limited improvement in elongation remain unresolved. To address these limitations, aliphatic diols
with urethane linkages were synthesized with varying diamine chain lengths (230, 400) and used as additives in
epoxy systems, resulting in the formation of nano-sized domains that promote phase separation. This phase-
separated structure facilitated uniform stress distribution and enhanced energy absorption, leading to an elon-
gation of 11.5 % at 50 % A-D230. A-D400 formed larger domains, exhibiting superior performance under high
impact, with an Izod impact strength of 72 J/m. Furthermore, aliphatic-modified epoxy synthesized through the
thermal reaction of aliphatic diol with epichlorohydrin, when used as a reactant, acted as a flexible segment in
the epoxy matrix, enhancing stress absorption and toughness. This approach also demonstrated improved
thermal stability and shear strength. The toughening strategies utilizing additives and reactants in epoxy can be
tailored to meet the specific performance requirements, such as adhesive strength, impact resistance, durability,

and fatigue life, making these epoxy systems highly applicable for automotive adhesive formulations.

1. Introduction

Epoxy resins are widely used thermosetting materials, valued for
their mechanical and chemical stability, heat resistance, corrosion
resistance, electrical insulation, and strong adhesive properties. These
properties make epoxy resins essential for high-performance applica-
tions in industries such as aerospace, automotive, electronics, and
semiconductor packaging [1-4]. However, the highly cross-linked
structure of epoxy resins results in inherent brittleness, reduced frac-
ture toughness, and limited elongation, restricting their use in more
demanding environments [5-7].

Therefore, epoxy resins are often reinforced using various tough-
ening methods instead of being used alone [8-12]. Traditional tough-
ening approaches include the incorporation of rubber-based modifiers
[13-15], core-shell polymers [16,17], and nanoparticles [18-20],
which are highly effective in enhancing impact strength and toughness.
However, these methods are often associated with challenges such as
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increased viscosity, difficulties in achieving uniform dispersion [21-23],
and reduced transparency [24]. Furthermore, while toughness may
improve, elongation enhancement remains limited, restricting the use of
epoxy resins in applications requiring high flexibility and durability
[25-27].

To overcome these limitations, we introduced aliphatic diols with
urethane linkages as additives to develop a novel epoxy toughening
strategy. These low-molecular-weight diols form nano-scale domains
within the epoxy matrix, which address critical challenges associated
with conventional epoxy toughening agents. Specifically, they mitigate
issues related to viscosity increase, ensure uniform dispersion, maintain
transparency, and exhibit high compatibility with the polymer matrix.
This unique approach is expected to overcome the limitations of existing
toughening materials. Additionally, while impact resistance is typically
improved at the expense of reduced elongation due to the inherent
trade-off relationship, the design of this heterogeneous structure aims to
minimize this trade-off effectively.
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Phase separation mechanisms can be broadly categorized into
reaction-induced phase separation and pre-cure phase-separated reten-
tion. Reaction-induced phase separation occurs during the curing pro-
cess, driven by chemical reactions and changes in interactions among
the components [28-31]. In contrast, pre-cure phase-separated reten-
tion occurs when phase separation is already established before curing
and remains fixed after the curing process [3]. The phase separation
mechanism observed in this study corresponds to pre-cure phase-sepa-
rated retention. Specifically, thermoplastic diols with molecular weights
of 230 and 400 were employed as inert fillers, which do not chemically
react with the epoxy matrix during curing. Due to their inherent
immiscibility with the epoxy resin, these diols form a phase-separated
morphology before curing. As curing progresses, the epoxy matrix so-
lidifies, preserving the dispersed state of the thermoplastic diols and
locking the phase-separated structure in place.

This retained phase-separated structure plays a critical role in
enhancing material properties such as stress relaxation, elongation, and
impact resistance. The thermoplastic domains facilitate energy absorp-
tion and stress redistribution, significantly improving ductility and
impact resistance. Furthermore, the optimized stress distribution and
energy absorption are expected to enhance long-term reliability under
fatigue conditions.

To address the limitations associated with additive-based tough-
ening, such as reduced crosslinking density, diminished thermal stabil-
ity, and weakened adhesive performance due to phase separation, we
developed a urethane-modified epoxy system by thermally reacting
aliphatic diols with epichlorohydrin. This urethane-modified epoxy,
when used as a reactant, forms flexible segments uniformly within the
epoxy matrix, enhancing stress absorption and mechanical strength.
Furthermore, it improves both thermal stability and shear strength,
making it highly advantageous in demanding applications. This study
demonstrates how the combined use of phase separation and urethane
modification can overcome the drawbacks of traditional epoxy tough-
ening strategies, offering tailored enhancements in both mechanical and
thermal performance.

2. Materials and methods
2.1. Materials

Jeffamine D-230 (Mw = 230 g/mol, Huntsman), Jeffamine D-400
(Mw = 430 g/mol, Huntsman), propylene carbonate (PC, 98 %, Sigma-
Aldrich), epichlorohydrin (Sigma-Aldrich), anhydrous magnesium sul-
fate (MgSO4, Samchun Chemical), and tetrabutylammonium bromide
(Alfa Aesar) were used as supplied without further purification. Sodium
hydroxide and dichloromethane (DCM, 99.8 %) were purchased from
Samchun Chemicals.

2.2. Aliphatic diol (A-D230, A-D400)

A 500-mL flask was charged with propylene carbonate and Jeffamine
D-230 or D-400 in molar ratios of 1:1 and 1:2, respectively. The reaction
mixture was mechanically stirred at 100 °C for 4 d for A-D230 and 5
d for A-D400 under ambient conditions. After the reaction, the mixture
was diluted with 1 L of water and 1 L of dichloromethane (DCM), fol-
lowed by five extractions with water. The DCM phase containing the
product was separated, and any residual water was removed using
anhydrous magnesium sulfate (MgSO,). The final solution was dried in a
vacuum oven for 3 d. Details about the content can be found in Table 1
and Table S1.

2.3. Urethane modified epoxy (Reactant U-230, U-400)
A 100-mL vessel was charged with A-D230 or A-D400, sodium hy-

droxide pellets, and epichlorohydrin. The mixture was stirred at room
temperature for 30 min. Tetrabutylammonium bromide was then added

Composites Part A 190 (2025) 108652

Table 1
Components of adhesives.

Material Composition Equivalent (g/eq) Form

DGEBA Bisphenol A diglycidyl ether 187 Liquid
R-UME230 Aliphatic urethane modified epoxy 273.1 Liquid
R-UME400 Aliphatic urethane modified epoxy 410.2 Liquid
A-Diol230 Aliphatic diol Liquid
A-Diol400 Aliphatic diol Liquid
IPDA Isophorone diamine 42.6 Liquid

as a catalyst, and the reaction was allowed to proceed at 50 °C for 3 h.
After the reaction, the resulting brown-colored product and residual
solids were filtered out. To remove any residual monomers, the filtrate
was diluted with water and dichloromethane, following the same pro-
cedure as that for A-D230 and A-D400 preparation. The solution was
then dried using anhydrous magnesium sulfate, and the final product
was placed in a vacuum oven for 3 d to ensure complete drying. Details
about the content can be found in Table 1 and Table S1.

For the A-D230 and A-D400 aliphatic diols, the equivalent ratio
(stoichiometry) was not considered, as they do not react directly with
the curing agent. However, for diglycidyl ether bisphenol A (DGEBA,
Kukdo Chemical, EEW = 184-190 g/eq) and the urethane-modified
epoxies R-U230 (EEW = 273.145 g/eq) and R-U400 (EEW = 410.15
g/eq), the curing agent used was isophorone diamine (IPDA, Sigma-
Aldrich, EEW = 42.58 g/eq), and the resin-to-curing agent ratio was
calculated as 1:1 based on their equivalent weights. For the preparation
of the blends, A-D230 and A-D400 were mixed with epoxy in varying
proportions of 0, 10, 20, 30, 40, and 50 wt%, followed by curing at
115 °C. For R-U230 and R-U400, they were also mixed with epoxy at the
same content levels (0, 10, 20, 30, 40, and 50 wt%), and the combined
equivalent weights of the epoxy and urethane-modified epoxy were used
to calculate the 1:1 ratio with the curing agent. The curing for R-U230
and R-U400 was carried out at 125 °C. The curing temperature was
determined using differential scanning calorimetry (DSC), with the top
peak used as the reference point for setting the curing temperature.

2.4. Small angle X-ray scattering (SAXS)

SAXS data was collected using a XEUSS 2.0 instrument equipped
with a Pilatus 300 K detector (Dectris). The sample-to-detector distance,
wavelength, and sample thickness were set at 1000 mm, 1.542 A, and
60 pm, respectively. The scattering vector (q) was calculated from the
scattering angle (20) using the formula: q = (4n/A)sin6.

2.5. Solvent dissolution

The synthesized DGEBA, A-D230, A-D400, R-U230, and R-U400
samples were placed in conical tubes and immersed in the solvent
dichloromethane (DCM). The tubes were shaken at 50 rpm for 2 d. The
weight loss was measured relative to the initial weight, and the per-
centage of weight loss was calculated using the following formula:

Vvinin'al - Wﬁrml

Weightloss(%) = W
initial

x 100

2.6. Field emission scanning electron microscopy (FE-SEM)

Field emission scanning electron microscopy (FE-SEM; SUPRA 55VP,
Carl Zeiss, Germany) was used to observe the surface morphology of the
samples after solvent dissolution. FE-SEM analysis was employed to
examine the formation of phase separation based on the content and
chain length of the samples. Additionally, the fracture surfaces after the
Izod impact test were analyzed to observe the failure patterns and
fracture mechanisms post-impact.
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2.7. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) was conducted using a Q800
dynamic mechanical analyzer (TA Instruments) in the dual cantilever
mode, operating at an oscillation frequency of 1 Hz with a strain
amplitude of 0.1 %. The temperature was varied from 20 °C to 200 °C at
a heating rate of 5 °C/min. The glass transition temperature (Tg) was
determined from the tan & versus temperature curve. Additionally, DMA
was used to measure the storage modulus, loss modulus, and Tg and to
calculate the crosslinking density, which provided insights into the
mechanical and thermal properties of the materials.

2.7.1. Crosslinking density

The crosslinking density (v.) of the cured epoxy resins A-D230, A-
D400, R-U230, and R-U400 wt% was calculated using the equation. In
this equation, R represents the gas constant, T is the absolute tempera-
ture at Tg + 50 °C + 273.15°C, and E, represents the storage modulus
measured at Tg + 50 °C.

E,

e

T 3RT

Ve

2.8. Izod impact test

The Izod impact test specimens were prepared using rectangular
steel molds with dimensions of 80 mm (length) x 10 mm (width) x 4
mm (thickness). A 2-mm deep notch was placed at the center of each
specimen. The impact strength was determined by measuring the
absorbed energy per unit width under impact conditions. The test had a
capacity of 750 J-m ™. Five specimens from each sample were tested at a
temperature of 23 °C.

2.9. Tensile test

Tensile test specimens were prepared using dumbbell-shaped steel
molds in accordance with ISO 527-2, with the DGEBA, A-D230, A-D400,
R-U230, and R-U400 samples prepared according to their respective wt
% contents. A Universal Testing Machine (UTM, model 5982, Instron)
was used at a constant strain rate of 5 mm/min. For the phase-separated
samples, additional tensile tests were conducted at varying strain rates
(1, 5, 10, 20, 40, and 80 mm/min) to assess their behavior under
different testing speeds. The tensile strength and strain at break were
defined as the maximum stress and elongation at the point of fracture,
respectively. The tests were performed at room temperature (23 °C) and
were repeated five times to ensure accuracy.

2.10. Single-lap shear test

Epoxy resin was applied to a steel substrate (type: CR340, length:
100 mm, width: 25 mm, thickness: 1.6 mm) over an adhesion area of
12.5 mm x 25 mm, followed by curing. Using a Teflon tape spacer (AGF-
100FR, Chukoh Chemical Industries, Ltd.), the thickness of the adhesive
layer was maintained at 0.18 mm. The lap shear strength was defined as
the maximum stress required to destroy the bonded specimen. Stress was
calculated by dividing the applied force by the adhesion area (12.5 mm
x 25 mm) and was evaluated using a UTM (5982, Instron). The lap shear
strength test was repeated five times, and all experiments were con-
ducted at room temperature (23 °C).

3. Results and discussion
3.1. Design and synthesis
To overcome the inherent limitations in epoxy toughening, particu-

larly in achieving an optimal balance between flexibility, toughness, and
thermal properties, we explored a novel approach using urethane
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linkages to create an aliphatic diol-based toughening system. As shown
in Fig. 1(a), unlike conventional toughening methods that often result in
undesirable trade-offs between impact resistance and mechanical
properties such as stiffness, our approach leverages phase separation
with tunable domain sizes along with urethane modification to enhance
both the mechanical and thermal stability of the epoxy matrix. We
synthesized aliphatic diols by polymerizing propylene carbonate with
Jeffamine-230 and Jeffamine-400, which vary in chain length, to create
urethane linkages. These urethane-modified aliphatic diols were sub-
sequently introduced as additives into the epoxy matrix. Specifically, A-
D230 and A-D400 were used to form phase separation domains within
the epoxy matrix, which retained its inherent rigid properties. By
varying the diol content from 10 % to 50 %, we induced a controlled
phase separation, with the domain sizes gradually evolving into a
bicontinuous phase separation structure as the content increased.

In this phase-separated structure, the domains formed by the
urethane-based aliphatic diols act as energy absorption centers. Upon
impact or under dynamic loading, these domains effectively absorb and
redistribute the stress across multiple domains, thereby delaying failure.
Furthermore, this phase separation design is expected to enhance the
fatigue durability under sustained small stresses, as it prevents crack
initiation and propagation by distributing stresses more uniformly
throughout the material. The nanoscale domain size and their distri-
bution are critical in enhancing both impact resistance and elongation
without compromising the structural integrity of the epoxy matrix
[32,33].

However, recognizing that phase separation may introduce trade-
offs, particularly in thermal properties and adhesion performance, we
addressed these potential limitations by synthesizing urethane-modified
epoxy [24]. This was achieved by reacting the aliphatic diol (previously
used as an additive) with epichlorohydrin under thermal conditions in
the presence of sodium hydroxide (NaOH) and a catalytic amount of
tetrabutylammonium bromide (TBAB). The resulting urethane-modified
epoxy possesses terminal epoxide groups, allowing it to react with
amines and integrate homogeneously into the epoxy matrix.

Unlike the bicontinuous phase separation observed with the aliphatic
diol additives, the urethane-modified epoxy forms a uniform, single-
phase network. This structure ensures consistent mechanical proper-
ties throughout the material, leading to higher cross-link density,
improved thermal stability, and enhanced shear strength. The urethane
linkages introduced during synthesis increase toughness while main-
taining high thermal and mechanical stability, making the material
particularly suitable for applications requiring both impact resistance
and high thermal performance.

3.2. Morphology analysis

To confirm the formation of separate phases and examine the size
and distribution of the domains, four analytical methods were
employed. First, small-angle X-ray scattering (SAXS) was used to assess
the scattering peaks of the DGEBA, A-D230 50 %, A-D400 50 %, R-U230
50 %, and R-U400 50 % samples, as shown in Fig. 1(b). Among these,
distinct scattering peaks were observed only in the A-D400 50 % sample,
while A-D230 50 % displayed the same scattering profile as the reactants
and DGEBA, suggesting the absence of significant phase separation.
Fig. 1(c) further illustrates the change in scattering intensity with
increasing A-D400 content. At 10 % content, no scattering was observed,
similar to the case of homogeneous samples, but as the concentration
increased, the scattering intensity rose, indicating growth of the domain
size and formation of larger bicontinuous domains [34,35].

Next, we examined the transparency of the DGEBA, A-D230 50 %, A-
D400 50 %, R-U230 50 %, and R-U400 50 % samples. As depicted in
Fig. 1(d), all samples, including those with significant phase separation
(A-D400 50 %), remained transparent, with no reduction in light
transmittance. This suggests that the phase-separated domain sizes are
in the nanometer range, smaller than the wavelength of visible light, and
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measurements.

thus do not affect optical transparency.

To further investigate the size and distribution of the phase-
separated domains, solvent dissolution using DCM was performed. The
weight changes of the DGEBA, A-D230, A-D400, R-U230, and R-U400
samples before and after dissolution are shown in Fig. 2. This method
provides insights into the amount and size of the phase-separated do-
mains. DGEBA, R-U230, and R-U400 showed no dissolution, indicating
resistance to solvent penetration due to high cross-link density. In the
case of A-D230, no dissolution was observed at 10 % and 20 % con-
centrations, suggesting that small, isolated island domains were formed,
which could not be penetrated by the solvent [36,37]. At higher con-
centrations (30-50 %), A-D230 showed weight losses of 100 %, 87.7 %,
77 %, and 72.2 %, indicating the formation of bicontinuous structures as
well as isolated domains. The 50 % sample exhibited 27.8 % bicontin-
uous structure and 22.2 % isolated domains.

For A-D400, the results were different. The weight losses were 95.8
%, 86.6 %, 70.7 %, 61.6 %, and 56 %, suggesting that as the content of A-
D400 increased, the bicontinuous structure became more dominant. The
A-D400 50 % sample exhibited 44 % bicontinuous structure and only 6
% isolated phase, indicating a greater degree of interconnected domains
compared to A-D230.

Finally, scanning electron microscopy (SEM) was used to visually
analyze the phase-separated microstructure after solvent dissolution.
SEM analysis was conducted on the samples that exhibited weight
changes, allowing for the identification of the size and distribution of the
domains [38]. For A-D230, the 30 %, 40 %, and 50 % samples were
examined, in which only the bicontinuous structure was dissolved,
leaving behind isolated domains. Consistent with the SAXS data, the
bicontinuous domains in A-D230 were extremely small and difficult to
observe in SEM. In contrast, the SEM images of A-D400 revealed clear
bicontinuous domains that increased in size as the concentration
increased. At 40 % concentration, domains ranging from approximately

100 nm to 600 nm were observed. At 50 % concentration, the bicon-
tinuous regions became more prominent, with the largest domains
reaching over 900 nm, confirming that increasing the content of A-D400
leads to larger bicontinuous structures.

3.3. Mechanical performance (Tensile strength)

Tensile testing of DGEBA, A-D230, A-D400, R-U230, and R-U400 was
conducted. As shown in Fig. 3(a), an improvement in the ductility of A-
D230 was observed up to 40 % concentration, but the material overall
exhibited a brittle tendency. This indicates that the isolated domains
were insufficient to disperse stress effectively before significant defor-
mation occurred, leading to early failure. At 50 % concentration of A-
D230, the elongation at break increased sharply to 10.5 %, suggesting
that smaller domain sizes in phase-separated structures promote more
efficient stress distribution. As shown in Fig. 3(b), A-D400 exhibited
larger domain sizes compared to A-D230 and showed ductility im-
provements for concentrations over 30 %. However, at 50 % concen-
tration of A-D400, the elongation at break was 5.1 %, which is
significantly lower than that of A-D230 at 50 %. This result implies that
larger domain sizes reduce the pathways for stress distribution within
the material, leading to less efficient stress dispersion. The presence of
smaller domains creates more pathways for uniform stress distribution
within the material, preventing stress concentration and contributing to
more effective stress dissipation [39-41]. Conversely, larger domain
sizes, as in A-D400, tend to localize stress and absorb energy in specific
regions but are less effective at distributing and dissipating stress
throughout the material. Thus, smaller domain sizes improve the ma-
terial’s deformation and fracture resistance, allowing for better energy
absorption and enhanced toughness.

To further investigate these trends, tensile tests were conducted on
A-D230 50 % and A-D400 50 % at varying strain rates (1, 5, 10, 20, 40,
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Fig. 2. Top: schematic of phase separation, bottom: SEM surface observations after solvent dissolution a) A-D230 wt%, b) A-D400 wt%.

and 80 mm/min). As shown in Fig. 3(c), at lower strain rates, smaller
domains were more effective in dispersing impact energy and dissi-
pating applied energy. At a strain rate of 1 mm/min, the stress level
increased, and the elongation at break reached 12 %, indicating that
smaller domains had sufficient time to distribute the stress throughout
the material, preventing stress concentration. However, as the strain
rate increased, the smaller domains in A-D230 had less time to absorb
and disperse energy, leading to stress concentration and material failure.
At strain rates of 40 mm/min and above, the material was unable to
effectively distribute stress, resulting in significantly lower elongation at
break. At 80 mm/min, the elongation dropped to 4 %. These findings
suggest that A-D230, with its smaller domains, is more effective in en-
vironments with fatigue stress or small, accumulated stresses over time.
The strain-rate-dependent tensile test results for A-D400 50 % are shown
in Fig. 3(d). Unlike A-D230, A-D400 exhibited relatively low stress at
low strain rates, indicating a reduced capacity for effective energy
dispersion and dissipation. Interestingly, as the strain rate increased, A-
D400 displayed higher elongation at break. This can be attributed to its
larger domain sizes, which, at higher strain rates, could absorb the
greater instantaneous stress. Thus, as the strain rate increased, A-D400
exhibited higher elongation, indicating that the larger domains are more
suited to absorbing high impact energy. In contrast, A-D230, with its
smaller domains, was less effective at absorbing high impact energy,
showing lower elongation at higher strain rates. These results highlight
how the domain size in each material significantly influences the ma-
terial’s mechanical performance depending on the strain rate.
Compared to phase separation, uniform dispersion is reduced,
concentrating stress in specific areas and leading to localized weak-
ening. Consequently, in terms of elongation properties, additive mate-
rials exhibit higher elongation rates compared to reactant materials due

to these underlying mechanisms.

The tensile test results for reactants 230 and 400 show lower elon-
gation compared to the additives, as observed in Fig. 4. Fig. 4(a) shows
that the short urethane chains in R-U230 bond with the epoxy matrix,
forming a dense and highly crosslinked network. This results in high
tensile strength, even at 50 % content, due to the material’s effective
resistance to deformation. However, the flexibility of the short chains is
limited, and the high crosslink density restricts chain mobility, leading
to earlier failure under tensile stress, as the material cannot stretch
sufficiently before breaking.

As shown in Fig. 4b, R-U400 exhibits lower tensile strength than R-
U230, but at 50 % content, it achieves an elongation of 3 %. The longer
urethane chains provide greater flexibility and mobility, forming a less
densely crosslinked network. This allows the material to absorb more
energy before failure, indicating improved ductility compared to R-
U230.

3.4. Mechanical performance (Impact strength)

The Izod impact test results are expected to follow a similar trend to
the tensile strength tests performed at high strain rates. This test mea-
sures a material’s resistance to high-impact forces, reflecting its tough-
ness and energy absorption capacity. The DGEBA sample, known for its
inherent brittleness, exhibited the lowest impact strength, as antici-
pated. Fig. 5(a) presents the impact strength values for A-D230 (20.7,
22.6, 24.3, 29, 35.3 J/m). Similar to the results of the high-strain-rate
tensile tests, the impact strength increased with increasing additive
content. However, A-D230 still showed relatively low impact strength
compared to other formulations, aside from DGEBA. This can be
attributed to the small phase-separated domains in A-D230. While these
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small domains can effectively distribute low-level stresses, they are too
small to absorb high-impact energy sufficiently, leading to localized
stress concentrations. As a result, these small domains accelerate crack
initiation and propagation, further reducing the material’s impact
resistance [42]. On the other hand, A-D400 exhibited significantly
higher impact strength as its content increased (24, 31.4, 37.3, 69.7, 72
J/m). The larger phase-separated domains in A-D400 can effectively
absorb and dissipate impact energy, making the material more resistant
to high-impact forces. The fracture surface analysis also confirmed that
these larger, interconnected domains prevent localized stress concen-
trations and delay crack propagation by promoting crack pinning and
stress dispersion across multiple pathways [43-45].

In R-U230 (32.1, 37.7, 37.2, 44.2, 44.6 J/m), a slight increase in
impact strength was observed. Fig. 5(b) shows that R-U400 (35.5, 36.8,
45.8, 49.1, 56.1 J/m) also demonstrated high impact strength. The

urethane-modified epoxy in these samples provides a uniform structure
that allows the material to evenly absorb impact energy across the
matrix. Although R-U230 shows slightly lower impact strength than R-
U400 due to its shorter urethane linkages, it still performs well under
impact, as there are no localized stress concentrations in phase-
separated systems. Instead, the material absorbs energy uniformly,
resulting in improved impact resistance. Fracture surface analysis of R-
U230 and R-U400 revealed distinct fracture patterns compared to the
phase-separated samples. The flexible urethane network in these sys-
tems uniformly absorbs the impact across the matrix, leading to rougher
fracture surfaces under high-impact conditions, as the entire material
structure engages in absorbing and distributing the stress.
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3.5. Dynamic mechanical thermal analysis

Dynamic Mechanical Analysis (DMA) was conducted to evaluate the
thermal stability of the materials. After the glass transition temperature
(Tg), the material transitions into a rubber-like, flexible state, making Tg
a crucial indicator of a material’s thermal stability and resistance to
thermal deformation. As illustrated in Figs. S1 and S2, for A-D230 and A-
D400, the storage modulus decreases significantly with an increase in
additive content. In contrast, R-U230 and R-U400 maintained more
stable storage modulus values compared to the additive-based samples.
This behavior is attributed to the presence of phase-separated domains,
which introduce soft and flexible regions within the polymer matrix,
reducing the overall cross-link density that typically holds the polymer
chains together. Consequently, as seen in Fig. 6(a), (b), (c), and (d), the

cross-linking density and Tg are significantly affected [46,47].

As the proportion of bulk epoxy decreases during the phase separa-
tion process, the presence of phase-separated domains increases with the
addition of A-D230 and A-D400. This change induces the formation of
phase-separated domains within the epoxy network. When the bulk
epoxy proportion decreases by 10 %, the cross-linking between polymer
chains is reduced, leading to a decrease in mechanical strength and
stiffness. This reduction in cross-linking density results in a more relaxed
network, which in turn increases the material’s flexibility. With an
increasing A-D230 content, the cross-linking density decreases from
27,217 mol/m3 to 8,414 mol/m3, which reduces stiffness but increases
elongation. Particularly, longer chains result in a greater reduction in
cross-linking density and stiffness, with A-D400 showing a larger
reduction compared to A-D230, decreasing from 27,217 mol/m3 to
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7,143 mol/m3. In addition, thermal stability, which is closely related to
cross-linking density, is also significantly affected as the bulk epoxy
proportion decreases. When cross-linking density decreases due to phase
separation, there is more space for polymer chains to move freely,

a)

Adhesive

%)
(=}

leading to a decrease in the glass transition temperature (Tg), indicating
a reduction in thermal stability.

On the other hand, R-U230 maintains a high cross-linking density of
27,563 mol/m>, even at an additive concentration of 50 % where the
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value remains at 20,954 mol/m?. Similarly, R-U400 decreases from
26,051 mol/m°® to 12,620 mol/m® at 50 %, but still retains relatively
high cross-linking density. This high cross-linking density suggests that
the urethane linkages form a more uniform and stable network struc-
ture, contributing to greater thermal stability. Thus, R-U230 and R-U400
demonstrate superior thermal stability and are expected to provide more
reliable performance in high-temperature environments.

3.6. Lap shear strength and observation of adhesive failure

The lap shear strength results in Fig. 7(a) show the performance
differences between the base DGEBA epoxy, the phase-separated sys-
tems (A-D230 and A-D400), and the urethane-modified epoxies (R-U230
and R-U400). The shear strength of A-D230 and A-D400 gradually im-
proves with increasing content. For A-D230, the shear strength
increased from 4.8 MPa to 12.1 MPa, whereas for A-D400, it increased
from 7.5 MPa to 11.7 MPa before slightly decreasing to 11.4 MPa. As
shown in the adhesive failure morphology in Fig. 7(b), A-D230 and A-
D400 predominantly exhibit interfacial failure, along with small areas of
mixed failure mode.

In contrast, R-U230 and R-U400 exhibited significantly higher shear
strengths compared to the phase-separated systems. At 10 % concen-
tration, the shear strength of R-U230 was 8.5 MPa, which increased and
peaked at 18.7 MPa at 30 % content before decreasing to 12.4 MPa at 50
% concentration. The decrease in shear strength at higher content levels
is attributed to excessive flexibility, which reduces the structural
integrity of the material. Excessive flexibility may lead to localized stress
concentration, causing the material to fail more easily. The shear
strength of R-U400, on the other hand, steadily increased from 6.79 MPa
at 10 % content to 21.5 MPa at 50 % content. The urethane modification
in the epoxy facilitates strong chemical bonding between the epoxy
matrix and the substrate, promoting a more uniform distribution of
shear stress across the material, thereby enhancing shear strength. As
shown in Fig. 7(b), the mixed failure mode indicates that both the ad-
hesive and substrate exhibit failure evenly at the interface.

The phase-separated structures, however, form only covalent bonds
in the epoxy matrix, excluding the phase-separated regions. Although
these domains can help distribute stress through physical interactions or
intermolecular forces, they do not establish strong chemical bonds with
the substrate, which can result in a reduction in overall shear strength.
Based on these observations, due to their uniform network structure and
stronger adhesive bonding, R-U230 and R-U400 are more suitable for
applications requiring high shear strength.

This study developed aliphatic diol-based materials to overcome the
limitations of conventional rubber-based toughening agents and to
enhance mechanical properties. To evaluate their performance, a direct
comparison of mechanical properties, including shear strength, impact
strength, and elongation, was conducted between the commercial CSR
pre-dispersed DGEBA resin (35 wt%) (KDAD-7101, Kukdo Chemical)
and phase-separated materials (A-D230, A-D400, 50 wt%), as illustrated
in Fig. 8. The experimental results revealed that KDAD exhibited the
highest lap shear strength, reaching 17.8 MPa. However, its elongation
was exceptionally low at 0.65 %, indicating minimal improvement
compared to conventional epoxy systems. This low elongation is likely
to result in reduced fatigue resistance under cyclic deformation.
Furthermore, KDAD demonstrated lower impact strength compared to
A-D400, which forms larger phase-separated domains.

In contrast, the aliphatic diol-based materials demonstrated a sig-
nificant advantage in both impact strength and elongation. The ability to
achieve higher values in both properties highlights the potential of these
materials to address the inherent trade-off often observed between
toughness and ductility in conventional epoxy toughening systems. The
enhanced performance is attributed to the nano- and micro-scale phase-
separated domains, which facilitate effective stress absorption and
redistribution, leading to improved mechanical behavior under dynamic
and static loading conditions.
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Fig. 8. Comparison of mechanical properties between commercial CSR pre-
dispersed DGEBA resin.

4. Conclusion

This study has successfully demonstrated the potential of phase
separation and urethane modification strategies in enhancing the
toughness, adhesion, and thermal stability of epoxy resins, particularly
for demanding applications such as automotive adhesives. The incor-
poration of aliphatic diols with urethane linkages formed nano-sized
domains within the epoxy matrix, promoting uniform stress distribu-
tion and efficient energy absorption. This resulted in improved impact
resistance and elongation, especially in the A-D230 and A-D400 for-
mulations, with the latter exhibiting superior performance under high-
impact conditions due to its larger domain structures.

Additionally, the urethane-modified epoxy systems (R-U230 and R-
U400) displayed enhanced thermal stability and shear strength, which
are attributed to their homogeneous network structures. The increased
cross-linking density in these systems contributed to superior mechan-
ical integrity, making them suitable for high-performance applications
that demand both mechanical strength and thermal resilience.

By leveraging phase-separated structures in conjunction with ure-
thane modifications, this research addresses key limitations in tradi-
tional epoxy toughening strategies. The findings present a promising
pathway for developing customized epoxy systems that can meet the
specific requirements of various industrial applications, particularly
where durability, flexibility, and long-term reliability are critical. These
results provide a solid foundation for future innovations in epoxy for-
mulations, advancing their use in high-performance adhesive
applications.
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