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Abstract: The tensile fracture mechanics and thermo-mechanical properties of mixtures composed
of two kinds of epoxy resins of different chemical structures and functional groups were studied.
The base resin was a bi-functional epoxy resin based on diglycidyl ether of bisphenol-A (DGEBA)
and the other resins were (a) distilled triglycidylether of meta-amino phenol (b) 1, 6–naphthalene
di epoxy and (c) fluorene di epoxy. This research shows that a small number of multifunctional
epoxy systems, both di- and tri-functional, can significantly increase tensile strength (14%) over neat
DGEBA while having no negative impact on other mechanical properties including glass transition
temperature and elastic modulus. In fact, when compared to unmodified DGEBA, the tri-functional
epoxy shows a slight increase (5%) in glass transition temperature at 10 wt.% concentration. The
enhanced crosslinking of DGEBA (90 wt.%)/distilled triglycidylether of meta-amino phenol (10 wt.%)
blends may be the possible reason for the improved glass transition. Finally, the influence of strain
rate, temperature and moisture were investigated for both the neat DGEBA and the best performing
modified system. The neat DGEBA was steadily outperformed by its modified counterpart in
every condition.

Keywords: epoxy resins; mechanical properties; multifunctional epoxies

1. Introduction

Epoxy resins are widely used as matrices in composite materials for structural appli-
cations in the automotive and aerospace industries. This is due to their high strength and
stiffness, as well as their excellent thermal and chemical resistance properties. The highly
crosslinked networks that form, on the other hand, limit the network structure’s mobility
and induces brittleness in the cured system. The addition of soft fillers like rubber or
thermoplastics to thermosets plasticize the structure, enhancing fracture toughness whilst
lowering stiffness, strength, and glass transition temperature [1–3]. Similarly, Improve-
ments in strength and modulus have also been reported where ceramic-based nanoparticles
have been dispersed prior to curing [4–9]. A substantial amount of literature has been
published claiming that both chemical modification and the addition of a secondary phase
can alter the mechanical performance of epoxy polymers. The overarching trends from
which are displayed in Table 1 [10–12].

With respect to reactant concentrations, the quantity of curing agent has been shown
to alter the brittleness of epoxy polymers [13]. The antiplasticization phenomenon occurs
when the hardener mass exceeds its stoichiometric ratio with epoxy, resulting in a rise in
quasi-static modulus and a decrease in glass transition temperature, according to some
researchers [14,15]. Mostovoy et al. [16] reported that ultimate tensile strength peaks at
the stoichiometric ratio, while others suggest that ultimate strength is insensitive to curing
agent concentration. Given the insufficient number of publications pertaining to strength
alterations from chemical modification of epoxy systems, this research aims to elucidate
this relationship. The main objective of this work was to compare blends of bisphenol-A-
based epoxy and various multifunctional epoxies cured with anhydride hardener, with

Appl. Mech. 2021, 2, 419–430. https://doi.org/10.3390/applmech2020023 https://www.mdpi.com/journal/applmech

https://www.mdpi.com/journal/applmech
https://www.mdpi.com
https://orcid.org/0000-0001-6528-7899
https://orcid.org/0000-0001-5035-6134
https://doi.org/10.3390/applmech2020023
https://doi.org/10.3390/applmech2020023
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/applmech2020023
https://www.mdpi.com/journal/applmech
https://www.mdpi.com/article/10.3390/applmech2020023?type=check_update&version=1


Appl. Mech. 2021, 2 420

regards to mechanical properties, fracture mechanics and thermal properties of the obtained
modified systems.

Table 1. Influence of different modifiers on fracture-mechanical properties of epoxy-based mi-
cro/nanocomposites. (where “+” corresponds to a small increase and “−−“ corresponds to a
large reduction).

Modifiers Fracture Toughness
and Fracture Energy Tensile Strength Tensile Modulus

Reactive diluents Increase + Decrease −− Decrease −−
Thermoplastics Increase + Decrease −− Decrease −−

Rigid nanoparticles Increase + Increase + Increase +
CTBN rubber Increase ++ Decrease −− Decrease −
CSR rubber Increase + Decrease − Decrease −

Block copolymer Increase ++ Decrease − Decrease −

2. Materials

In the present work, CA144 liquid epoxy (Sika Chemicals, France) is used as a base
matrix—see Figure 1a for skeletal formula. Alongside, CH141 (Figure 1b) acts as an
anhydride-based hardener and CR144 is used as an accelerator (both from Sika Chemicals,
France) [17]. The properties of the hardener and accelerator are listed in Table 2.
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Figure 1. (a) Molecular structure of CA144 (diglycidyl ether of bisphenol–A) and (b) CH141 (tetrahy-
dromethylphthalic anhydride).

Table 2. Properties of anhydride hardener, and accelerator used in the present work [17].

Properties CA144 CH141 (CR144)

Equivalent weight (gm/eq.) 169 168 -
Density (g/cm3) 1.16 1.20 1.03

Viscosity at 25 ◦C (Pa·s) <12 <0.04 <0.01
Mixing ratio parts by weight 100 100 1.5

Gel time 100 min at 80 ◦C

Araldite MY0610 (Figure 2a) is a particularly effective resin for a wide variety of
formulating applications including composites, adhesives, laminating systems requiring
high modulus, high hot-wet performance, and toughness. It is a high purity, low viscos-
ity trifunctional distilled triglycidylether of meta-amino phenol [18]. Araldite MY0816
(Figure 2b) is a difunctional, low viscosity resin in which the flat rigid core facilitates multi-
molecular association, leading to highly compact networks. MY0816 possesses a strong
aromatic character and low polarity backbone [19]. The developmental resin LME10169
(Figure 2c) is manufactured by Huntsman and supplied in the form of a colorless powder.
LME10169 is a di-functional epoxy resin, with a large/bulky backbone providing structural
rigidity via its high aromatic content. It is recommended for usage in structural composite
matrices [20]. Table 3 lists the properties of the reference epoxy and all the multifunctional
epoxy systems used in this work.
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Figure 2. Molecular structure of (a) distilled triglycidylether of meta-amino phenol (Araldite MY0610), (b) 1,6-Naphthalene
di epoxy (Araldite MY0816) and (c) fluorene di epoxy resin (LME10169).

Table 3. Properties of different epoxy systems used [17,18,21].

Property CA144 (EP) MY0610 MY0816 LME10169

Manufacturer Sika Huntsman Huntsman Huntsman
Viscosity @ 25 ◦C

(Pa·s) 2.5–4.5 1.5–4.8 25–80 –

Epoxide equivalent
weight (gm/eq.) 169 94–102 133–154 245–255

Functionality 2.1 3 2 2

3. Experimental Methods

This section covers the preparation of systems involving reference system CA144
epoxy and multifunctional epoxies such as fluorene di-epoxy (LME10169), 1,6-naphthalene
di-epoxy (Araldite MY0816), and distilled triglycidylether of meta-amino phenol (Araldite
MY0610). Each of the modifiers was stoichiometrically blended with reference CA144
epoxy resin in small amounts equating to 5 wt.%, 7 wt.% and 10 wt.%. Given the high
viscosity of CR144 at room temperature, the component was heated to 60 ◦C for 10 min
prior to being combined with a predetermined weight of the selected multifunctional epoxy.
To maximize homogeneity, a mechanical mixer operating at 250 rpm for 20 min was used
to blend the epoxy/multifunctional epoxies (see Figure 3). The mixture was subsequently
cooled to 40 ◦C, into which the curing agent was added and mixed for an additional 15 min
(at 250 rpm). The combined materials were then placed in a vacuum oven at 40 ◦C for
10 min to eliminate trapped air bubbles. The resultant blend was then cast into glass molds
to produce a square-shaped sheet of 30 mm × 300 mm × 4 mm and into steel molds for
compact tension (CT) specimens, respectively. The samples were then cured for 4 h at
80 ◦C and then post-cured for 8 h at 130 ◦C to complete the curing process. Once the cured
plate was obtained, a CNC machine was used to cut dog-bone-shaped samples for tensile
testing. In accordance with the Biresin CR144 technical datasheet, a post-cure temperature
approximately 10 ◦C below the recommended glass transition temperature was chosen,
where an extended dwell period of 4 h promoted maximum conversion [17].



Appl. Mech. 2021, 2 422Appl. Mech. 2021, 2, FOR PEER REVIEW 4 
 

 

 
Figure 3. Schematic diagram of sample preparation. 

3.1. Tensile Tests 
Tensile tests were conducted at 23 °C, 60 °C, and 80 °C on a universal testing machine 

with a 10 kN load cell (Instron Inc., 5500R, Norwood, MA, USA) in accordance with DIN 
EN ISO 527-2 [22]. Dog-bone-shaped (ISO 572-2 type 1B) samples with gauge lengths of 
50 mm, 10 mm widths, and thicknesses of 4 mm were used- see Figure 4a,b. The distance 
between the clamped surfaces was 115 mm and the testing speed was 2 mm/min. A pre-
cision sensor-arm extensometer was utilized to determine the specimen strain. From the 
resulting stress–strain diagrams, the tensile modulus was determined from the slope of 
the curve between 0.05% and 0.25% of the total strain. The tensile strength was determined 
from the material’s maximum sustained stress. For high-temperature testing, a tempera-
ture cabinet was attached to provide a consistent prescribed temperature at the clamping 
and specimen locations. For all elevated temperature tests, specimens were kept in the 
chamber for a minimum of 2 h, to ensure that samples were evenly heated throughout. As 
required, a minimum of five samples was tested for each formulation [22]. 

  

(a) (b) 

Figure 4. (a) EN ISO 527-2 type 1B geometry for the tensile test specimens. All dimensions are in 
mm. (b) Photograph of epoxy-based dog-bone specimens used for tensile testing. 

 

 

Figure 3. Schematic diagram of sample preparation.

3.1. Tensile Tests

Tensile tests were conducted at 23 ◦C, 60 ◦C, and 80 ◦C on a universal testing machine
with a 10 kN load cell (Instron Inc., 5500R, Norwood, MA, USA) in accordance with DIN
EN ISO 527-2 [22]. Dog-bone-shaped (ISO 572-2 type 1B) samples with gauge lengths of
50 mm, 10 mm widths, and thicknesses of 4 mm were used- see Figure 4a,b. The distance
between the clamped surfaces was 115 mm and the testing speed was 2 mm/min. A
precision sensor-arm extensometer was utilized to determine the specimen strain. From
the resulting stress–strain diagrams, the tensile modulus was determined from the slope of
the curve between 0.05% and 0.25% of the total strain. The tensile strength was determined
from the material’s maximum sustained stress. For high-temperature testing, a temperature
cabinet was attached to provide a consistent prescribed temperature at the clamping and
specimen locations. For all elevated temperature tests, specimens were kept in the chamber
for a minimum of 2 h, to ensure that samples were evenly heated throughout. As required,
a minimum of five samples was tested for each formulation [22].
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3.2. Differential Scanning Calorimetry (DSC)

DSC was performed on a Q100 (TA Instruments, New Castle, DE, USA) system to
measure heat-flux against temperature and time, from which glass transition temperatures
(Tg) could be inferred. To begin, the cured sample material was weighed (approximately
7–13 mg) and put in a crucible, which was then sealed with a lid using a crucible seal-
ing press. Along with an empty reference crucible, the sample was heated from room
temperature to 200 ◦C using a heating rate of 10 ◦C/min.

3.3. Dynamic Mechanical Thermal Analysis (DMA)

In the present study, the storage modulus, loss modulus, and tan δ of all bulk samples
were measured by dynamic mechanical thermal analysis using a DMA machine from TA
Instruments (New Castle, DE, USA). Analyses were performed in 3-point bending mode
at 1 Hz, on 60 mm × 10 mm × 4 mm specimens. Again, the glass transition temperature,
Tg of the bulk epoxy samples were determined; in this case, using the peak value of tan
δ [23]. The peak δ method was selected over derivative approaches for simplicity, and in
accordance with the DMA machine manufacturer recommendations [24]. The temperature
program was set as −120 ◦C to 200 ◦C with a heating rate of 2 ◦C/min.

3.4. Fracture Toughness Tests

The intrinsic fracture toughness of brittle solids can be measured using linear elastic
fracture mechanics (LEFM) [25]. LEFM provides details about the initiation of cracks in
cured epoxy samples regardless of specimen geometry. At 23 ◦C, the plane strain fracture
toughness (KIc) of the composites was measured using compact tension (CT) samples under
tensile loading conditions according to ISO 13586 and a strain rate of 0.2 mm/min [26].
The specimens’ thickness B and width W were selected as 6 mm and 36 mm, respectively.
A minimum of five specimens was tested for each system and samples were tested on a
universal testing unit (Instron Inc., 5500R, Norwood, MA, USA). A sharp crack of length ao
(0.45*W ≤ ao ≤ 0.55*W), where W is the distance between the axis of load application and
the end of the sample, was generated by the controlled impact of a new scalpel blade to
produce the necessary critical stress condition in the material. The form and dimensions of
the compact tension samples used for fracture testing are shown in Figure 5.
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fracture mechanics approach assumes that the plastically deformed region in front of the 
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Figure 5. (a) Geometry of Compact Tension samples used for fracture testing in mode-I condition.
(b) Photograph of compact tension sample prepared with artificial sharp crack.

Previous research [27] indicates that a scalpel blade can be effectively utilized for
introducing an initial crack in rubber toughened and pure epoxy resins. The linear elastic
fracture mechanics approach assumes that the plastically deformed region in front of the
crack tip is small in comparison to the total crack length. Careful tapping results in a
straight crack front, a compact pre-crack tip radius and minimal residual stresses around
the crack tip. As a result, the requirements for using the linear elastic method are met,
further ensuring that the experimental results provide reasonable fracture toughness values
for the materials.
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The fracture toughness KIc was then calculated with Equation (1),

KIc =
F

B
√

W
. f (ao/W) (1)

where F is the maximum force observed in the load–displacement curve, B is the sample
width, W is the distance between the axis of load application and the end of the sample, and
ao is the initial crack length for calculating α = ao/W. The mapping f(ao/W) is the geometry
function for the compact tension sample, which is expressed by (Equation (2)) [26].

f (α) =
(2 + α)

(1− α)3/2 .
(

0.866 + 4.64α− 13.32α2 + 14.72α3 − 5.60α4
)

(2)

The critical energy release rate GIc can then be calculated (Equation (3)) using the
critical stress intensity factor KIc, the elastic modulus Et, and Poisson’s ratio v (~0.35):

GIc =
K2

Ic
(
1− v2)
Et

(3)

3.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used as a means of qualitatively assessing
the failure behavior of tensile and compact tension samples. SEM specimens were prepared
with a 40-nm sputter coating of gold to enhance surface conductivity and imaged at 5 kV
on a JEOL JSM series instrument. Sputtering was applied to the fractured surfaces of both
the tensile and compact tension samples.

4. Results and Discussion
4.1. Tensile and Fracture Properties

Table 4 lists the properties of the reference system and modified systems that were
manufactured by blending the three multifunctional resins at 5 wt.%, 7 wt.% and 10 wt.%.
For all modified epoxy systems, the maximum tensile strength and modulus were ob-
tained at 10 wt.%—see Figure 6 for the representative stress–strain response of the 10 wt.%
modified systems. It can be observed that EP_10MY0610 system exhibited superior perfor-
mance in terms of tensile strength, tensile modulus, and glass transition temperature, when
compared against the reference system. The greater degree of crosslinking and increased
length, contribute to the increased tensile strength over the reference epoxy resin. This
performance improvement may also be partly attributed to a degree of increased polymer
chain entanglement. Another possible reason for higher strength and modulus comes from
the introduction of additional rigid, polar groups with higher functionality in comparison
to the DGEBA system, which ultimately increases the crosslink density within the system.
The EP_10MY0610 was selected for further testing and is discussed more extensively in
the following section. From this part onwards, EP_10MY0610 is simply denoted as MEP,
whilst the reference system remains denoted by EP.

Table 4. Mechanical, thermal, and fracture properties of the reference system and modified systems.

Systems Et (MPa) σm (MPa) εm (%) Tg (◦C) KIc (MPa·m1/2)

EP 3450 (±40) 90 (±0.66) 5.7 (±0.01) 141 0.59 (±0.10)
EP_5LME 3470 (±34) 91 (±0.95) 5.7 (±0.04) 144 0.62 (±0.05)
EP_7LME 3440 (±10) 92 (±0.28) 5.7 (±0.08) 143 0.58 (±0.12)

EP_10LME 3520 (±30) 100 (±1.0) 5.8 (±0.03) 144 0.66 (±0.06)
EP_5MY0816 3500 (±65) 98 (±0.58) 5.8 (±0.06) 143 0.60 (±0.07)
EP_7MY0816 3330 (±18) 95 (±0.50) 5.8 (±0.02) 144 0.55 (±0.05)
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Table 4. Cont.

Systems Et (MPa) σm (MPa) εm (%) Tg (◦C) KIc (MPa·m1/2)

EP_10MY0816 3510 (±36) 100 (±0.65) 5.8 (±0.02) 144 0.65 (±0.08)
EP_5MY0610 3460 (±77) 94 (±0.66) 5.7 (±0.04) 143 0.56 (±0.09)
EP_7MY0610 3440 (±45) 97 (±0.66) 5.8 (±0.06) 145 0.60 (±0.16)

EP_10MY0610 3580 (±78) 102 (±0.66) 5.8 (±0.01) 148 0.64 (±0.11)
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Figure 6. Representative stress–strain diagram for reference (EP) and 10 wt.% modified systems. (all
tests were performed at 23 ◦C).

Fractographs from tensile testing at room temperature are shown in Figure 7a,b. The
crack initiation and crack propagation zones are the two discrete and separate areas of the
fracture surface. Observing the SEM images, the former appears grey and is differentiated
by a comparatively smooth region, as well as various river marks that indicate fracture
propagation on somewhat different planes. The crack propagation zone surrounds the
crack initiation zone and is characterized by an extremely rough surface with hackles or
ribbons radiating radially from the initiation point, and multiple fracture stages in between.
The smooth area generally refers to the sub-critical crack development zone or the zone
where the crack is accelerating, while the rough area refers to the rapid fracture zone, which
is generated owing to the main crack’s extensive branching. Similarly, SEM fractographs
also provide valuable insight into the fracture behaviour of the modified epoxy systems—
see Figure 7c,d. The fracture surface of the MEP specimens (along with the other modified
systems) appears smooth with no large features available for comparison with the fracture
surface of the EP reference system.

4.2. Thermal and Viscoelastic Properties

For each modified system, Tg values obtained from DSC measurements are listed
in Table 4. It is clear that all of the modified systems have either the same or higher
glass transition temperatures than the reference system. For the selected modified system
(MEP), the Tg was 148 ◦C (from DSC), and for the same system, it was also confirmed
by the tan δ vs temperature (DMA) graph shown in Figure 8, the storage modulus vs.
temperature curve shifts towards the right and is larger over the same temperature range,
when compared to the EP system (above 125 ◦C). This indicates that the Tg of the modified
system is higher than the reference anhydride system. Similarly, the tan δ curve displays
the same tendency for the modified system to shift right, highlighting its larger Tg and
reduced damping factor (when compared with the reference anhydride system).
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Figure 7. High Magnification SEM fractographs of representative MEP (a,b) tensile test specimen fracture surfaces and (c,d)
compact tension specimen fracture surfaces, at room temperature.
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Figure 8. Comparison of the DMA curves for the reference epoxy (EP) and the modified epoxy system (MEP). tan vs.
temperature (right) and storage modulus vs. temperature (left).

Figure 9 depicts the effect of frequency on the tan δ vs. temperature and elastic
modulus vs. temperature curves. Both plots demonstrate that as frequency rises, the
system’s glass transition temperature also increases. However, for the rest of the modified
systems, a standard frequency of 1 Hz was selected.
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Figure 9. Effect of varying frequencies on the MEP system. Storage modulus vs. temperature curve (left) and tan δ vs.
temperature (right).

4.3. Effect of Strain Rate on Tensile Properties

In observing Figure 10, it is apparent that increasing the strain rate resulted in an
increase in tensile strength for MEP specimens. These plots were obtained via tensile
tests carried out at a temperature of 23 ◦C. Although the strain rate has a significant
impact on maximum tensile stress at temperatures below Tg, Young’s modulus remains
nearly constant for all strain rates. Furthermore, no such behaviour could be observed for
the tensile strain magnitude, since yield strength is generally only affected by pressure,
temperature, and strain rate [28,29].
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Figure 10. Representative stress–strain curves for the modified system (MEP) with different
stain rates.

4.4. Effect of Temperature on Tensile Properties

Figure 11 shows how temperature affects the tensile strength of EP and MEP systems.
The increase in ductility is accompanied by a decrease in tensile modulus and ultimate
tensile strength as the temperature rises. As the temperature approached the Tg region
at 80 ◦C, the decrease in tensile strength became more pronounced, indicating that the
epoxy/hardener system was transitioning from a glassy to a rubbery state. It is also
possible to deduce that as the temperature rises, the epoxy becomes more ductile, resulting
in a higher strain-to-failure ratio. With the rise in temperature, the mobility of the polymer
chains in the epoxy hardener system increases, resulting in a higher strain to failure. At
temperatures of 23 ◦C, 60 ◦C, and 80 ◦C, Figure 11 shows that the (MEP) system outperforms
the (EP) system.
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Figure 11. Effect of temperature on the stress–strain curve for the anhydride-based reference (EP)
and modified epoxy (MEP) systems. At 23 ◦C, 60 ◦C, and 80 ◦C.

4.5. Effect of Moisture on Tensile Properties

A small extra piece of work was performed for water ageing studies. The dog-bone
samples of the anhydride-based reference (EP) and modified epoxy (MEP) systems were
submerged in de-ionized water at 25 ◦C for 1 week, then removed and tensile testing was
performed. For the EP and MEP systems, weight increases of 0.15% and 0.13%, respectively,
were calculated. As seen in Figure 12, water acts as a plasticizer, reducing mechanical
properties such as strength and moduli [30,31]. In both dry and wet conditions, it can be
shown that the modified system (MEP) has superior properties when compared with the
reference system (EP).
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5. Conclusions

The findings presented here show how di- and tri-functional epoxy copolymers can be
used to improve the tensile strength of an aromatic DGEBA/anhydride epoxy system. The
tensile modulus and tensile strength showed slight increases of 4% and 14%, respectively
while the sample ductility remained the same for the MEP system. The introduction of
different multifunctional epoxy into different epoxy resins increases the storage modulus at
the glassy region and shifts the curve towards higher temperatures, indicating an increased
glass transition temperature in the modified epoxy system (MEP). The plane–strain fracture
toughness almost remains the same with the addition of different multifunctional epoxy
systems. It can be concluded that for mechanical properties such as Young’s modulus and
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tensile strength, modified epoxy systems containing 10 wt.% multifunctional epoxy were
the highest performing. Further, it was revealed that these properties are temperature,
strain rate- and moisture-dependent. Tensile strength and modulus of elasticity increased
by increasing the strain rate at room temperature, while ductility instead decreased. Tensile
strength and modulus of elasticity decreased upon increasing the temperature, while
ductility increased. Compared to the reference system (EP), the selected modified system
(MEP) exhibits superior properties at various temperatures, under both dry and wet
environmental conditions.
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