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Abstract: The effect of maleinized polybutadiene (MPB) on the mechanical properties of epoxy resins including
adhesion strength, elongation and impact peel resistance was investigated in this study, in which MPB is an
anhydride-functionalized polybutadiene prepolymer. Different molecular weights (3.1K and 5.6K) of MPB were
added to diglycidyl ether bisphenol-A (DEGBA), an epoxy resin, to increase its impact peel strength and
elongation. At various loading percent (5, 10, 15, 20 and 25 wt%) of MPB in the epoxy resin, significant
improvements of mechanical properties were observed. According to the comparative analysis results, the
modified epoxy system with 15 wt% (3.1K) MPB exhibited the highest lap shear strength, about 40% higher
than that of neat epoxy. The tensile strength and elongation steadily and simultaneously increased as the loading
percent of MPB increased. The impact peel strengths at low (-40°C) and room (23°C) temperatures were
substantially improved by MPB incorporation into epoxy resins. Reactive and flexible MPB prepolymer seems
to construct strong nano-structured networks with rigid epoxy backbones without sacrificing the tensile and
adhesion strengths while increasing impact resistance/toughness and elongation properties. For higher impact
peel while maintaining adhesion and tensile strengths, approximately 10-15 wt% MPB loading in epoxy resin
was suggested. Consequently, incorporation of functionalized MPB prepolymer into epoxy system is an easy
and efficient way for improving some crucial mechanical properties of epoxy resins.
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1. Introduction

Epoxy resins are ubiquitous in industries owing to its
wide applications. They possess special characteristics,
such as high tensile strength, superior adhesion, low re-
sidual stress, and exceptional mechanical and dielectric
properties [1]. The functionality of epoxy groups is de-
termined by the amount of epoxy and other chemical
groups present which are involved in forming a cross-
linked three-dimensional network [2,3].

However, epoxy resins have a lengthy curing process,
weak toughness, low impact strength, and intrinsic brittle-
ness of the cured resin [4-7]. Recently, many researchers
have attempted to improve the adhesive strength, elonga-
tion, toughness, and impact peel strength of epoxy resins
[8-12]. The force required to separate two bonded materi-
als under motion and vibration environment can be re-
ferred to as the shear strength, peel strength and impact
peel strength. Impact peel strength may identify the resist-
ance of the adhesive to delamination or peeling forces as
well as impact strength. Impact peel strength is crucial in
various applications and industries, where strong and last-
ing connections are required[13]. This measurement is crit-
ical for the longevity and dependability of products in
manufacturing, automotive, aerospace, and packaging sec-
tors, where an understanding of behavior of adhesives un-
der peeling pressures is key [14-20]. Elongation is often
expressed as a percentage of the raw material length and
high elongation epoxy resins may bend and consume more
energy before breaking, which increases their durability.
Notably, toughness is not exclusively influenced by elon-
gation [21,22]. The type of the epoxy composition and any
additives employed, among other things, also influence
toughness [23]. Based on the intended purpose of epoxy
resin, balancing these features is critical. A trade-off be-
tween these opposing attributes, obtained by modifying ep-

o oH

0,

o o

Maleinized polybutadiene (MPB)

0 M, =3.1K, 5.6K
———

130°C, 2 hr, HCI

oxy compositions using additives or reinforcements like fi-
bers, increases both strength and toughness [24,25]. Epoxy
resins are employed in various applications where a bal-
ance of toughness and strength is necessary [26]. Unlike
conventional epoxy resins, which can be more brittle,
these toughened epoxy resins are designed to better endure
impact, stress, and environmental variables for use in vari-
ous parts in automotive and others[27-29]. By adding addi-
tives or changing the chemical composition of a resin, the
toughness of epoxy resins is often improved while main-
taining their impact peel strength [30]. Core-shell poly-
mers, inorganic nanoparticles, carbon black, rubber shav-
ings, and other additives have been successfully used to
increase the toughness of epoxy resins. The addition of
proper quantity of core shell polymers can increase the im-
pact strength of epoxy resins, and the adhesion perform-
ance of epoxy can be improved by adding inorganic poly-
mers [31-36]. Elastomers and other polymers that improve
the capacity of resin to absorb energy and resist cracking
or breaking under stress can also be added to epoxy resins.
Depending on the intended qualities and the industry in
which they are employed, the precise formulation and use
of toughened epoxy resins may significantly vary [27].
Maleinized polybutadiene (MPB) is ideal for modifying
the mechanical properties of epoxy resins owing to its out-
standing hydrophobicity, superior compatibility, and extra-
ordinary strengthening properties [32,33]. Owing to its su-
perior chemical and mechanical properties, MPB has a
wide range of applications in the coating, automotive, and
electronics sectors [34,35]. CSR (Core Shell Rubber) nano-
particles considerably increase the toughness of epoxy res-
ins, and thus, strengthen the brittle epoxy resins without
lowering their glass transition temperature (T,) [36]. However,
CSR nanoparticles provide lower elongation properties.
This study was primarily aimed at investigating the ef-
fects of MPB as a modifier on the mechanical properties

E/M Prepolymer

Scheme 1. Synthetic routes of MPB-modified epoxy resin (epoxy/MPB).
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of an epoxy/MPB (E/M) blends. To investigate the per-
formance following epoxy modification, MPB additives
with two molecular weights (3.1K and 5.6K) and varying
quantities were utilized. The effect of MPB on the elonga-
tion and impact peel resistance of the modified epoxy res-
ins was analyzed in terms of lap shear, tensile, and impact
peel strengths. The mechanical properties of epoxy resin
can be affected by variations in the molecular weight and
loading percent of MPB in epoxy resins.

2. Experiment

2.1. Materials

As a liquid epoxy resin based on diglycidyl ether bi-
sphenol-A (DGEBA), YD 128 (Kukdo Chemical Co., Ltd.)
was used and has an epoxide equivalent weight (EEE) of
185 g/eq. Anhydride equivalent weight (AEW) 490 MPB
(Ricon 131MA20) was purchased from Kangshin Industrial
Co., Ltd. Dicyandiamide (DICY) (purity level of above
99%) from Merck was used as a curing agent. A catalyst
called 1-cyanoethyl-2-4-methylimidazole (2E4MZ-CNS) was
used to expedite the polymerization process. Analytical-
grade hydrochloric acid (HCI) was purchased from Sigma-
Aldrich.

2.2. Preparation of epoxy/MPB (E/M) blends

To increase MPB dispersion, two molecular weights of
MPB (3.1 K and 5.6 K) were mixed with an epoxy resin
(28.74 g) in the presence of 2 ml of HCI at 130°C for 2
h using a high-shear mixer at 3000 rpm. DICY (9.30 g)
was added to the mixture, which was then agitated for 3
min at 2000 rpm under air pressure until a homogenous
mixture was obtained. The E/M blend was transferred to a
Teflon mold and cured at 160°C for 3 h. The created E/M
blend mixed with various molecular weights of MPB were
divided into two groups based on their molecular weight
and weight percentage: E/M (3.1K) with 5, 10, 15, 20 and
25 wt% MBP were the first five sets; and E/M (5.6K) with
5, 10, 15, 20, and 25 wt% MBP were the elements of the
second set. Scheme 1 depicts the synthetic routes of MPB-
modified epoxy resin.

2.3. Characterization

The lap shear and impact peel strengths of the specimens
were determined using ASTM D 1002 and ISO 11343, as
shown in the Fig. 1. Tensile properties of neat epoxy and
E/M blends were measured at room temperature according
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Figure 1. Specimen setup for (a) lap shear strength, (b) tensile
strength, and (c) wedge impact peel strength test.

to ASTM D638 using a universal tensile tester (INSTRON
68TM-30). The specimens used in the experiment were in-
jection-molded dumbbells; the length and width of the
measuring section were 25 and 6 mm, respectively; the
thickness of the specimen was 4 mm, and the crosshead
speed was 5 mm/min.

3. Results and Discussion

MPB-modified epoxy resins (E/M blends) with curing
agent were prepared and a lap shear test was performed to
determine the effect of epoxy resins with MPB incorpora-
tion on the bonding strength. The lap shear strength-dis-
placement curves for the neat epoxy resin and MPB-modi-
fied epoxy resins with different molecular weights are
shown in Fig. 2. The lap shear strength of the neat epoxy
resin is approximately 24 MPa, which is lower than that
of the blended samples. The micro cracks on the inside of
the epoxy matrix may explain the weak lap shear strength
of the neat epoxy resin [37]. These cracks may minimize
toughness and compressive strength, possibly resulting in
mechanical instabilities.
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Figure 2. Lap shear strength—displacement curves for both
E/M (3.1K) and E/M (5.6K) containing epoxy/MPB blends.

Polybutadiene segment in MPB-modified epoxy back-
bones efficiently blocks the crack propagation in the cur-
rent epoxy blend matrix leading to improvement of me-
chanical performances. Among the E/M (3.1 K) samples,
E/M (3.1K, 15 wt%) exhibited an outstanding lap shear
strength of 34 MPa, which is about 40% higher than that
of the neat epoxy resin, as shown in Fig. 3 and compared
between E/M 3.1K and 5.6K. This increased lap shear
strength indicated that the use of MPB significantly re-
duces the tendency of the epoxy matrix to break or pre-
vents microcracks from spreading throughout the epoxy
matrix. The addition of high molecular weight MPB (5.6K)
prepolymer significantly enhanced the fracture toughness
of the epoxy resin with the lap shear strength of 32 MPa
(10 wt%), which was about 30% higher than that of the
neat epoxy resin.
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Figure 3. Comparison of lap shear strength between E/M (3.1
K) and E/M (5.6K) epoxy blends with different MPB wt%.
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Additionally, it is recognized that the increased tough-
ness may improve the resistance to impact and tensile
strength [38]. The lap shear strength of E/M (5.6K, 15 wt%)
was 31 MPa, whereas that of E/M (5.6K, 20 wt%) showed
a slight decrease to 28 MPa. E/M (3.1K) exhibited higher
lap shear strength compared to E/M (5.6K) at 15 and 20
wt%. E/M (3.1K, 15 wt%) exhibited the maximum lap
shear strength of 34 MPa, whereas the corresponding value
for E/M (5.6K, 10 wt%) was 32 MPa. These results in-
dicate that short-chain MPBs are better additives for im-
proving the mechanical properties of epoxy resins, where-
as long-chain MPBs provides more segment flexibilities in
epoxy matrix, possibly leading to reducing the resistance
to shearing forces. The blends of E/M can be assumed to
exhibit optimized lap shear strengths within the range of
10~15 wt%.

A decrease in the lap shear strength value is indicated
by a further increase in MPB content since too higher seg-
ment flexibilities could reduce the resistance to shearing
forces in the matrix. The tensile strength of neat epoxy
resin and E/M blends increased until the MPB content in-
creased to 10 wt% regardless of the molecular weight, as
shown in Fig. 4. The tensile strength of the neat epoxy res-
in was 40 MPa. The tensile strength of cured E/M blends
of both molecular weights (3.1K and 5.6K) increased
thereafter. The tensile strength of epoxy incorporated with
5.6K MPB was slightly less than that of 3.1K MPB. It is
known that the tensile strength, a basic mechanical prop-
erty, is the highest pulling or stretching stress that a mate-
rial can bear before failing or breaking [39].

EM (3.1K, 10 wt%) was found to be the most effective
with the highest tensile strength (48 MPa), which was
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Figure 4. Tensile strength of E/M (3.1K and 5.6K) blends with
different MPB weight percentages.
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about 20% higher than that of neat epoxy. From the results
shown in Fig. 4, it can be concluded that the addition of
a particular amount of MPB into the rigid epoxy resin
changes the internal residual stress and eventually enhances
the strength. Moreover, many hydrogen bonds present in
MPB improve the tensile strength of the cured epoxy
matrix. However, the addition of high amount of MPBs
may cause the epoxy matrix to be more flexible and de-
crease the macro-scale stiffness of the epoxy matrix, lead-
ing to a weak tensile strength. The shear strength of E/M
(3.1K and 5.6K) significantly decreased with increase in
the MPB from 10 to 15 wt%. In the previous study, it is
discussed that the phase separation or agglomeration may
result in reduced surface free energy and poor interfacial
bonding in the thermoplastic/epoxy blend system such as
MPB/epoxy blends in the present study [36,40]. Epoxy
loaded with 25 wt% (5.6K) MPB demonstrated the lowest
tensile strength (34.5 MPa) since more flexible domains or
agglomeration among flexible domains could easily break
under tensile forces. To achieve the desired material char-
acteristics in composites such as epoxy-MPB systems, the
proper amount of MPB in the epoxy matrix should be
crucial. Therefore, for a relatively low MPB content in the
epoxy (5~10 wt% of both 3.1K and 5.6K), the tensile
strength increases owing to appropriate toughness effect of
MPB and higher than 10 wt%, the tensile strength begins
to decrease owing to the gradual reduction of cohesive
bonding strength in MPB-rich epoxy networks. Regardless
of the molecular weight, the graph indicates that the ideal
weight percentage of MPB with improved tensile strength
is 10~15 wt%.

Along with the tensile properties, the incorporation of
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Figure 5. Elongation of E/M (3.1K and 5.6K) blends with
different weight percentage.

flexible MBP into epoxy resin can lead to high elongation
properties of E/M blends. In a tensile test, to determine
elongation, a material sample is stretched until it breaks
[24]. The elongation properties increase steadily with in-
creasing MPB content. The highest elongation of 11% was
exhibited by epoxy incorporated with 25 wt% (5.6K) MPB.
Given that MPB is flexible and rubbery, the ductility of
the blend can be considered to have improved. It can be
used as a toughening agent in epoxy to increase the ab-
sorption of energy by the material before breaking and its
resistance to deformation. The higher addition of MPB has
a detrimental effect on other properties, although the elon-
gation increases gradually.

A wedge impact peel test, as shown in Fig. 6, was per-
formed to evaluate the impact resistance of E/M blends.
It involves applying a controlled force to a specimen using
a specially designed wedge, which induces a peeling or
delamination force at the interface of the bonded materials.
It is sensitive to resin characteristics and interlaminar bond
strength. Thus, the wedge peel test was selected as a me-
chanical quality indicator of high performance adhesives
[41]. The addition of MPB in epoxy/MPB (E/M) blends
improves the adhesive strength and fracture energy of the
blends. [36]. This may be caused by the functional groups
of MPB such as maleic anhydride moieties that can form
covalent bonds with the epoxy resin. These interactions
create a stronger and more stable interface between the
MPB and epoxy molecules. In Fig. 6, the impact peel en-
ergy and impact load versus time of E/M at minimum tem-
perature (-40°C) and room temperature (23°C) were plot-
ted. The impact peel strength of material was obtained from
the area under the double-sided arrow. The E/M (5.6K, 10
wt%) at -40°C exhibited higher load value than at 23°C.
However, E/M (3.1 K, 10 wt%) exhibited lower load at
-40°C than at 23°C. The first case exhibited an about 25%
increase, whereas the second case shows an about 50%
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Figure 6. Impact load and impact energy vs. time curves of (a)
E/M at -40°C (b) E//M at 23°C ((i) 5.6K, 10 wt%, (ii) 3.1K,
10 wt%, (iii) fracture energy).
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Figure 7. Comparison of impact-peel strength of E/M (5.6K)
at 23 and -40°C.

decline. This indicates that long-chain MPBs are more ef-
fective on resistance to impact load at lower temperature
ranges. The increased performance of E/M (5.6K, 10 wt%)
indicates that the cohesive interaction inside the epoxy ma-
trix was significantly reduced after the addition of flexible
segments from E/M blends in a sufficient amount into ep-
oxy matrix. In addition, the presence of these flexible seg-
ments form E/M blends improved the energy absorption
of the epoxy resin by preventing the formation of new
microcracks. At both temperatures, the fracture energies of
both specimens increased up to a point and then gradually
decreased.

Influence of molecular weight on impact peel strength
at two temperatures, 23 and -40°C, is shown in Fig. 7 and
8. As shown in Fig. 7, the specimen at 23°C exhibited
higher impact peel strength than the specimen at -40°C.
Impact peel strength increased up to 15 wt% MPB and then
decreased. The impact peel strength of E/M (3.1K) at 23
and -40°C with 15 wt% MPB was about 25% and 20%
higher than that of neat epoxy, respectively. As shown in
Fig. 7, the highest peak of impact peal strength was at 15
wt% for E/M (5.6K) at both low and room temperatures.

The minimum impact peel strength of E/M (5.6K) at
both temperatures was in the 5 wt% range. Among the
specimens, the 15 wt% E/M (5.6K) specimen exhibited a
3% higher impact peel strength than E/M (3.1K) at 15
wit%. That is, E/M (5.6K) at 15 wt% formed exceptionally
efficient resin networks with high impact peel energy and
strength. In both cases, neat epoxy exhibited essentially no
influence on impact peel strength. The impact test results
indicate that preparing epoxy resins with 15 wt% of E/M
prepolymers allows for high impact peel strengths or im-
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Figure 8. Comparison of impact-peel strength of E/M (3.1K)
at 23 and -40°C.

pact peel resistances under room and lower temperature
settings.

4. Conclusion

The study was primarily aimed at evaluating and exam-
ining the enhanced adhesive qualities of modified epoxy
resins containing MPB. The epoxy system with 15 wt%
(3.1K) MPB exhibited the highest lap shear strength (about
40% higher than that of neat epoxy). This confirmed that
there should be strong interactions between the MPB and
epoxy resins at the presence of curing agent. According to
the tensile strength results, the addition of 10 wt% (3.1K)
MPB considerably increased the tensile strength to 48 MPa
(about 20% higher than that of neat epoxy). E/M (5.6K and
3.1K) blend with 15 wt% MPB is considered as exception-
ally efficient epoxy system with high impact peel energy
and strength. The elongation characteristics increased grad-
ually as the MPB loading level increased. All measured
mechanical properties clearly indicate an efficient improve-
ment with an addition of MPB but only up to certain load-
ing amount of MPB in the epoxy resin. The amount of
MPB required for improving the elongation of epoxy while
maintaining its impact peel strength was determined. App-
roximately 10~15 wt% was identified as the ideal range
of MPB that improved elongation while maintaining its ad-
hesion characteristics (3.1K and 5.6K MPB prepolymers).
Thus, MPB incorporation into epoxy resin is an efficient
way to construct high performance epoxy networks for a
variety of future adhesive applications owing to its remark-
able properties.
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