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ABSTRACT: Presented here is an investigation of the structure–property relationships of crosslinked networks using three bi-functional
glycidyl ether aromatic epoxy resins, two bi-aryl and one tri-aryl, cured with bi- and tri-aryl amines. Subtle changes to the monomer
chemistry including changing aromatic substitution patterns from meta to para, methylene to isopropyl and isopropyl to ether were
explored. Changing an epoxy resin backbone from methylene to isopropyl enhances backbone rigidity thus increasing glass transition
temperature (Tg), yield strength, and strain despite reducing modulus. Changing meta-substitution to para increases Tg and yield strain
while leaving strength unaffected and reducing modulus. Changing isopropyl linkages to ether reduces modulus, strength, Tg, and yield
strain reflecting increased molecular flexibility. Using three instead of two aromatic rings increases the molecular weight between cross-
links thereby decreasing Tg and yield strain while increasing modulus and strength. Despite the complexities of multiple systems for
varying epoxy resins and amine hardeners, the effect upon network properties is explained in terms of short- and long-range molecular
and segmental mobility, crosslink density, and equilibrium packing density. © 2020 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2020, 137, 48874.
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INTRODUCTION

Since the discovery of epoxy resins in the 1940s, they have found
widespread usage across an enormous number of applications in
adhesives, sealants, coatings, insulators, and composites, in every
imaginable manufacturing industry.1–3 Their benefits are many,
and well known, including excellent mechanical properties and
corrosion, thermal and chemical resistance to name a few.1,4–6

Another important advantage is their comparative ease of pro-
cessability, such as low viscosity, long pot life and importantly lit-
tle to no evolution of volatiles during cure.7,8 However, another
major factor that has continued to aid their proliferation
throughout various industries is the enormous range of available
monomers of varying structure, viscosity, and reactivity.9–13 This
has enabled formulators and resin chemists to continuously
refine and modify resin systems with specific properties tailored
to the intended application. However, much of this formulating
is based upon practical experience and know-how, rather than a
fundamental understanding of the structure–property relation-
ships in crosslinked epoxy–amine networks. The purpose of this
article, therefore, is to expound on the effect of systematically
varying some subtle structural features of an epoxy resin or an
amine hardener on the properties of the cured network. In this

way, the insights gained may provide guidance to the develop-
ment of new resin formulations for fine control of properties.

Structure–property processing relationships in common epoxy–
amine networks are generally well established with respect to var-
iables such as aliphatic versus aromatic moieties,14–16 crosslink
density,17–19and substituent effects.17,20–22 For example, increas-
ing aromaticity in a polymer network increases thermal stability
and mechanical properties, while likely reducing processability
through increased viscosity and reduced reactivity. Similarly,
increasing crosslink density increases the glass transition
temperature,18,19 stiffness,17,23 and strength,17,24–26 but tends to
make the network more brittle and susceptible to impact damage.
Finally, substituent effects21,22,27–29 whether through steric hin-
drances, resonance effects, and electronic inductive effects are
known to impact reactivity and hence final properties of the net-
work. However, more subtle structure–property relationships are
also critically important, as small changes in a network have been
shown to have large effects on the final network. A common
example of this is the difference in reactivity and final properties
arising from varying the substitution in diamino diphenyl sulfone
(DDS) from meta to para (i.e., 33 DDS to 44 DDS). Changing
substitution from meta to para significantly increases Tg and yield
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strain while reducing modulus and can be attributed to anti-
plasticization reducing equilibrium packing density. A recent
study by Ramsdale-Cooper and Foreman found some similar
trends in meta to para substitution in common epoxy–amine
resin systems but additionally reported that fracture toughness
was only improved for networks based upon meta-substituted
amines and not epoxy resins.17 Indeed, Vogel et al. have comple-
mented these findings for various substituted isomers of tri-aryl
ether amines and reported a profound yet systematic impact
upon reactivity, glass transition temperature, and mechanical
properties.21

This article, therefore, focuses on much less studied subtle varia-
tions in structure and the resultant impact upon mechanical and
thermal properties of the fully cured network. Three commer-
cially available and relatively common epoxy resins were used,
diglycidyl ether of bisphenol A (DGEBA), diglycidyl ether of
bisphenol F (DGEBF), and diglycidyl ether of bisphenol M
(DGEBM), and cured with four different amine hardeners.
DGEBA and DGEBF differ only in the central linkage between
the two aryl groups, DGEBA containing a central isopropyl group
while DGEBF a methylene group. The DGEBM differs from
DGEBA in that it is a tri-aryl epoxy resin consisting of two meta-
substituted isopropyl groups linking a central aromatic ring with
para-substituted outer aromatic rings. The amine hardeners used
were methylene dianiline (MDA), 1,4 bis(4-isopropyl aniline)
benzene (BisPA), 1,3 bis(4-isopropyl aniline) benzene, (BisMA),
and 1,3-bis(4-aminophenoxy) benzene (TPE-R). The MDA acts
as a bi-aryl benchmark from which other tri-aryl amines are
compared. The BisPA and BisMA contain two isopropyl linkages
differing only by their substitution of the central aromatic ring.
TPE-R consists of ether linkages instead of isopropyl groups and
is centrally meta substituted similar to BisMA. In summary,
therefore, the structural variations explored here are

• methylene versus isopropyl groups of the epoxy,
• bi- versus tri-aryl rings in the epoxy and amine,
• meta versus para isopropyl substitution of the central aromatic

ring, and
• ether versus isopropyl substitution of the meta-substituted cen-

tral aromatic ring.

The chemical structures are shown in Figure 1. The 12 formula-
tions were fully cured and the polymer networks were character-
ized using near-infrared spectroscopy, compressive properties,
thermal properties [dynamic mechanical and thermomechanical
analysis and differential scanning calorimetry (DSC)], and solvent
resistance. Through these studies, the development of new epoxy
resin systems for applications in the aerospace, wind energy,
automotive and construction industries requiring no additional
modification will be enabled.

EXPERIMENTAL

Materials
The epoxy resins used were diglycidyl ether of bisphenol A
referred to as DGEBA (DER331, The Dow Chemical Company,
Australia, EEW 189 g/eq.), diglycidyl ether of bisphenol F
referred as DGEBF (GY285, Hunstman Advanced Materials,
Australia, EEW 168 g/eq.), and 1,3 bis(4-isopropyl phenyl

glycidyl ether) benzene referred to as DGEBM (Solvay, Longview,
WA, EEW 229 g/eq.). The amines used were MDA (Sigma-
Aldrich, Australia, AEW 49 g/eq.), BisPA, Chriskev, Lenexa, KS,
AEW 86 g/eq.), BisMA (Chriskev, AEW 86 g/eq.), and TPE-R
(Hunstman Advanced Technologies Australia, AEW 73 g/eq.).
The amines were all powders while the epoxy resins were viscous
liquids. All chemicals were used as received, though prior to
blending and curing, they were all degassed under vacuum at
80 �C overnight.

Sample Preparation
Each epoxy–amine formulation was prepared according to the
following general procedure. The epoxy resin was further
degassed at 100 �C on a rotary evaporator under vacuum at
about 120 �C and −100 kPa for 1 h. The hardener was then
added slowly to the epoxy such that the overall stoichiometry
was 1:1 epoxide:amino groups and mixing continued until the
hardener had dissolved into the epoxy resin and was free of bub-
bles. The resin was then poured into preheated Teflon-coated
molds and cured at 150 �C for 2 h, 177 �C for 4 h, and finally
205 �C for 2 h.

Characterization
Thermal Analysis. Dynamic mechanical thermal analysis
(DMTA) was performed using a Perkin-Elmer SEIKO DMA Dia-
mond II Series. Samples of dimensions 12 × 50 × 2.8 mm3 were
placed in a dual cantilever fixture using a force amplitude of
20 μm at a frequency of 1 Hz. The glass transition temperature
(Tg) of the network was determined from the peak in the tan δ
spectra after a temperature ramp from 50 to 250 �C at a rate of
2 �C min−1. The glassy and rubbery moduli were measured at
50 and 50 �C above the Tg, respectively. From the theory of rub-
bery elasticity, the crosslink density (νe) of the network was
determined from the value of the rubbery modulus Er at Tr

(Tg + 50 �C)

νe =
Er

3RTr

DSC was performed using a Mettler DSC821e DSC in the
dynamic mode by placing 10 mg of the resin in an aluminum
crucible inside the furnace under a blanket of nitrogen at a con-
stant flow rate of 50 mL min−1. The resin was then heated from
50 to 300 �C at a rate of 10 �C min−1 to determine the Tg of the
network and also to establish if the network was completely
cured. The temperature range over which the Tg occurred was
measured by taking the difference between the onset and offset
temperature of the glass transition (ΔT = Toffset − Tonset).

The coefficients of thermal expansion (CTE) of the networks
were determined using a TA Thermomechanical Analyser
Q400 and following the test method ASTM E831. Samples
were machined into dimensions 5 × 5 × 2 mm3 (length ×
width × thickness) using a diamond saw. An expansion quartz
probe, with an initial applied force of 10 mN, determined the
dimensional changes from 25 to 250 �C at a heating rate of
5 �C min−1 and nitrogen gas purging of 50 mL min−1. Glassy
CTE were derived between 25 and 100 �C using the following
equation:
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α=
1
L
ΔL
ΔT

ð1Þ

where L is the initial length of the specimen at 25 �C, ΔL is the
difference of the length of the specimen at 100 �C (T2) and
25 �C (T1) and ΔT is the difference between T2 and T1.

Compressive properties were determined using an Instron 3880
Universal Testing Machine fitted with a 100 kN load cell and flat
platens. Cylindrical samples of approximately 12 mm in height
and a diameter of 12 mm were placed between the platens and
compressed using a crosshead displacement of 1 mm min−1.

Near-infrared (NIR) analysis was determined using a Bruker
Alpha Fourier-Transform Infrared Spectrometer. The samples
were placed inside the universal sampling module and measure-
ments were made between 4000 and 7000 cm−1 in transmission
using a resolution of 4 cm−1 and an average of 64 scans.

Methyl ethyl ketone (MEK) ingress was determined by placing
cured resin cylinders, with dimensions of 15 × 15 mm2 (diameter
× height) and mass of around 3 g, in a 50 mL Schott bottles con-
taining 40 mL of MEK. The bottles were sealed and were incu-
bated at 25 �C for 1, 4, 8, 11, 15, 18, 22, 28, 29 days.

%change in mass =
mt −mi

mi
× 100%

where mt is the mass at the collection time and mi is the initial
mass. The change in mass was determined in triplicate.

RESULTS AND DISCUSSION

Network Formation
Epoxy–amine cure is initiated through primary amine addition to
the strained three-membered oxirane group increasing molecular
weight and modestly increasing the glass transition temperature
(Tg).

20 The depletion of the primary amine coincides with gela-
tion, the incipient formation of a 3D single macromolecular net-
work, beyond which it is no longer completely soluble. Gelation

occurs at a defined epoxide conversion dependent controlled by
the functionality of the amine and epoxide reactants according to
the Flory–Stockmayer’s equation as follows:

α2gel =
1

f e−1
� �

f a−1
� �

where αgel is the cure conversion at the gel point, and the fe
and fa are the functionalities of the epoxy and amine, respec-
tively.30 Given that each of the resin systems has the same
epoxy and amine functionality, the gelation is theoretically the
same at 58% epoxide conversion. Beyond gelation, the second-
ary amine groups are consumed as continued nucleophilic
addition to the oxirane groups cause crosslinking and a rapid
increase in mechanical and thermal properties. As the Tg of
the network approaches the cure temperature, vitrification
drastically reduces molecular mobility transforming the mech-
anism from being chemically controlled to diffusion con-
trolled. At this point, side reactions such as internal
cyclization and homopolymerization begin to compete with
secondary amine addition.21,29 Given the potential disparity
between the epoxide conversion, reaction kinetics, and mecha-
nism, it is necessary to characterize the network structure to
ensure that any differences can be attributed to structure
rather than incomplete cure, unreacted functional groups, or
variations in the cure mechanism.

NIR spectroscopy is an ideal technique to characterize this net-
work since the epoxide, primary and secondary amine, and
hydroxyl groups all have strong and distinct peaks in the
4000–7000 cm−1 range. Figure 2(a) shows NIR spectra for the
DGEBA networks cured with each amine, and the lack of any sig-
nificant epoxide peak at about 4570 cm−1 suggests extremely high
epoxide consumption. Although the primary amine peak at
4700 cm−1 is completely depleted as expected, a strong hydroxyl
peak at just under 7000 cm−1 and a weak secondary amine peak
at about 6640 cm−1 are present. The hydroxyl peak is evidence of
nucleophilic addition to the epoxide groups, while the very low

Figure 1. Chemical structures of epoxy resins and amine hardeners.
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intensity and diffuse secondary amine peak is indirect evidence
again for very high levels of epoxide cure. An expanded view of
this region in Figure 2(b) suggests the different amines have little
impact on the DGEBA-based networks. Similar results were
found for the DGEBF and DGEBM networks, although for the
DGEBF network, no secondary amine peak was observed at all
indicating even higher secondary amine conversion for the meth-
ylene linked epoxy resin as shown in Figure 2(c). It is surmised
then that the methylene linkage, para to the reactive oxirane
group is still able to impart higher reactivity to the epoxy resin
compared with the isopropyl-linked DGEBA and DGEBM resins.
Furthermore, Figure 2(d) shows two examples of uncured resin
systems, DGEBF/MDA and DGEBF/TPER, to illustrate the pres-
ence of the epoxide and primary amine groups prior to cure. The
large epoxide peak at 4570 cm−1 and the primary amine peaks at
4700 cm−1 at about 6640 cm-1 are all consumed during cure and
for this reason, the peak at 6640 cm−1 after cure can be attributed
solely to secondary amine groups in the cured network. It is
important to note that the peak at about 6000 cm−1 is attributed
to phenyl group vibrations of the epoxy backbone, which act as a
kind of internal standard enabling qualitative evaluation of the

spectra. Despite some differences in the secondary amine conver-
sions, an objective comparison of the NIR spectra, therefore, sug-
gests that the chemical structure of the networks is similar and
chemical conversion is very high. As a result, property variations
can indeed be attributed to the network structure, rather than
any unreacted functional groups or incomplete cure. Further-
more, given the high degree of consumption of primary and sec-
ondary amine groups, there is little evidence of significant
amounts of etherification, internal cyclization, or homo-
polymerization in these examples.

Thermal Properties of the Epoxy Thermosets
The DSC thermograms showing the Tg endotherms after cure are
shown in Figure 3(a–c) for DGEBA, DGEBF, and DGEBM,
respectively. Each system reveals a single endothermic transition
associated with the α type transition or Tg. For amorphous glassy
network polymers, the Tg can be attributed to long-range cooper-
ative motion of the constituent epoxy and amine segments over
the entire network. No system exhibited a residual exotherm sub-
sequent to the glass transition, indicative of complete cure and
supporting the NIR results mentioned above. A preliminary

(a) (b)

(c) (d)

Figure 2. Near-infrared spectra of the cured epoxy–amine networks showing (a) the effect of the different amines using DGEBA, (b) an expanded view of
the hydroxyl and secondary amine region for the DGEBA cured networks, (c) the effect of the different epoxy resins cured with MDA and d) the DGEBF/
MDA and DGEBF/TPER resin systems prior to cure. The inset expands the view of the hydroxyl and secondary amine region. [Color figure can be viewed

at wileyonlinelibrary.com]
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comparison of the glass transition temperatures, also shown in
Table I, reveals the effect of epoxy resin on Tg is generally in the
following order: DGEBA > DGEBF > DGEBM regardless of the
hardener. The higher Tg for DGEBA compared to DGEBF

suggests that isopropyl groups confer enhanced rigidity in the
chain segment, inhibiting the polymer segments from undergoing
large-scale conformational changes. Both DGEBA and DGEBF
networks, however, have higher Tgs than DGEBM, which can be

(a) (b)

(c) (d)

Figure 3. DSC thermograms of the cured epoxy–amine networks for (a) DGEBA, (b) DGEBF, and (c) DGEBM illustrating the lack of any residual exotherm
evidence for complete cure. (d) Represents ΔT, which quantifies the breadth of the glass transition regime. [Color figure can be viewed at
wileyonlinelibrary.com]

Table I. Thermal Properties Derived from DSC and DMTA

Samples Tg (DSC) (�C) Tg (DMTA) (�C) CTE (ppm K−1) Eglassy (MPa) Erubbery (MPa) νe (mol m−3)

DGEBA-MDA 151.4 160.8 73.96 1640.64 292.91 2334.69

DGEBA-BisPA 168.3 179.3 59.64 318.96 43.22 344.49

DGEBA-BisMA 145.1 154.1 73.04 335.23 40.99 326.69

DGEBA-TPE-R 143.6 151.4 67.88 311.28 45.32 361.28

DGEBF-MDA 147.4 150.8 68.54 968.70 372.01 2965.24

DGEBF-BisPA 120.4 157.4 45.78 278.09 33.86 269.911

DGEBF-BisMA 136.3 139.4 69.43 385.08 31.09 247.85

DGEBF-TPE-R 134.2 139.8 69.12 353.50 36.47 290.67

DGEBM-MDA 131.8 140.0 56.27 373.52 25.40 202.48

DGEBM-BisPA 136.1 155.1 76.58 222.29 20.14 160.53

DGEBM-BisMA 131.5 139.4 62.88 322.21 17.46 139.19

DGEBM-TPE-R 126.9 132.0 60.33 322.06 27.24 217.11
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directly attributed to the higher molecular weight between cross-
links for DGEBM from the additional aromatic ring.

With respect to the impact of the hardener on the network Tg,
the order was somewhat less systematic, but generally followed:
BisPA > MDA > BisMA > TPE-R, despite the BisPA-DGEBF sys-
tem displaying a particularly anomalous low result due to two
overlapping endotherms at about 120 and 153 �C. The higher Tgs
of the MDA and BisPA can be attributed to their rigid para sub-
stitution chain segments in contrast to the centrally meta-
substituted and more flexible BisMA and TPE-R hardeners. The
even lower Tg of the TPE-R cured is likely a result of the ether
linkages being more flexible than isopropyl groups.31

Interestingly, however, there is a difference in the breadth of the
glass transition endotherms as measured by the difference in
temperature between the onset and offset temperature (ΔT). The
results are quantified in Figure 3(d) and despite some scatter, a
dependency upon the degree of para substitution within either
the epoxy or the amine component of the network is again
observed. The higher the level of para substitution generally rev-
ealed a wider breadth of transition compared with more meta-
substituted systems, which displayed a more abrupt endothermic
step. It is proposed here that since rigid polymer chains are
known to have higher free volume due to poorer molecular pack-
ing, there is more local mobility or short-range motions at or
near the Tg. These short-range motions may facilitate the

dissipation of thermal energy over a wider temperature range and
thus broaden the glass transition.28 In contrast, the more flexible
meta-substituted amines have more efficient molecular packing
and reduced short-range mobility leading to a more abrupt ther-
mal activation of the chain segments and Tg.

DMTA of the Epoxy Thermosets
The dynamic mechanical storage moduli and tan δ spectra of the
networks are shown in Figure 4(a–c) for DGEBA, DGEBF, and
DGEBM respectively. Each of the spectra displayed behavior typi-
cal for cured epoxy networks, consisting of a glassy elastic region
prior to the glass transition temperature than a relatively stable
rubbery region above Tg. During the glass transition, the storage
moduli (E0) decreases exponentially in a single step decrement
while the tan δ spectra exhibited a clear and mostly symmetrical
peak implying a homogenous network.

Although the glassy modulus determined from DMTA can be
problematic, useful trends can still be inferred and provide
insights into the molecular origin of macroscale properties. From
Figure 4 and Table I, the glassy moduli at 50 �C for the MDA
network was significantly higher than other networks indicating
reduced local mobility and lower free volume. In the case of the
BisPA, BisMA, and TPE-R cured networks, the differences are
more modest, although trends could still be observed. The meta-
substituted BisMA and TPE-R cured networks tended to have a

(a) (b)

(c) (d)

Figure 4. Dynamic mechanical thermal analysis spectra of the storage modulus (E0) and tan δ after cure of the epoxy–amine networks based on (a) DGEBA,
(b) DGEBF, and (c) DGEBM. Also shown is (d) a summary of the Tgs of the cured networks. [Color figure can be viewed at wileyonlinelibrary.com]
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higher storage modulus compared with the para-substituted
BisPA for the DGEBF and DGEBM networks supporting the
hypothesis that meta-substitution increases modulus through
reduced free volume and better equilibrium packing.17 The glassy
modulus for the DGEBA networks appeared comparatively simi-
lar regardless of tri-aryl amine hardener.

The crosslink densities calculated using eq. (1) shown in Table I
again follow quite consistent trends. With respect to the different
epoxy resins, crosslink density exhibits a decreasing trend from
DGEBA to DGEBF and finally to DGEBM which has the lowest
value. Although it is not surprising that the DGEBM epoxy resin
has the lowest crosslink density, it is interesting to note that the
presence of the isopropyl groups increases crosslink density com-
plementing the higher Tgs measured for DGEBA from DMTA
and DSC. With respect to the amine hardeners, the bi-aryl MDA
networks cured with DGEBA and DGEBF in particular have by
far the highest crosslink densities due to its lower molecular
weight between crosslinks compared with the tri-aryl amine net-
works. Considering the impact of the tri-aryl amines, although
somewhat varied, a modest trend can be observed with the
crosslink density of the TPE-R generally being a little higher than
the relatively similar BisPA and BisMA amines.

Regardless of the amine, the DGEBA networks exhibited the
highest Tgs, followed by DGEBF and then DGEBM, supporting
the crosslink density calculations in Table I and the higher rigid-
ity of the isopropyl groups. With respect to the amine hardeners,
however, the network with the highest crosslink density, MDA,
did not, in fact, display the highest Tg, being lower than the para-
substituted BisPA networks. The BisMA and TPE-R networks
were both significantly lower than BisPA due to their meta-
substituted structures again providing enhanced flexibility,
particularly for the ether linkage in TPE-R.31 Given that the
epoxy–amine networks in this study have been shown to be fully
cured using NIR, the changes in Tg can be unambiguously
ascribed to variations in the molecular structure. Indeed, it is
important to remember that DGEBA and DGEBF themselves are
all para-substituted compared with DGEBM, which has two
para-substituted outer aromatic rings and a meta-substituted cen-
tral para aromatic ring. Although the lower Tg of the DGEBM

networks is to be expected, Tg is clearly not completely controlled
by the molecular weight between crosslinks since the BisMA and
BisPA networks have the same chemical structure and different
Tg. Furthermore, networks cured with MDA had higher calcu-
lated crosslink densities, yet lower Tg

0s than any of the tri-aryl
BisPA networks. Indeed, the networks that exhibited the highest
Tg were the DGEBA-BisPA (179 �C), followed by DGEBF-BisPA
(162 �C) and finally the DGEBM-BisPA (156 �C), which is based
upon a tri-aryl amine and epoxy resin. Clearly, therefore, the aro-
matic substitution pattern on the backbone has a significant effect.
Para substitution patterns allow the phenyl ring to rotate as shown
in Figure 5, which acts as an energy dissipation mechanism that
increases the energy required to initiate cooperative segmental
motion hence increasing Tg. It is proposed that the isopropyl
groups in the tri-aryl amines must provide some additional rota-
tional ability, which may cumulatively add to the energy dissipat-
ing mechanism leading to an even higher Tg.

27 The BisPA
hardener, therefore would benefit from both the rotational ability
of an all para tri-aryl backbone and two additional isopropyl moie-
ties. The increase in Tg likely results from the additional energy
required to initiate segmental cooperative motion of tri-aryl struc-
tural segments rather than bi-aryl segments. Interestingly though,
the centrally meta-substituted amine cured networks, BisMA and
TPE-R, did not have the same effect as the para-substituted BisPA
hardener. Meta-substitution has been shown to not undergo
phenylene rotation or π flips due to the absence of the axis of rota-
tion, reducing the spontaneous energy dissipating mechanism and
hence reducing Tg.

27,28 This lack of rotation caused by meta-
substitution provides further reinforcement and higher modulus
but lowers the energy required to initiate cooperative segmental
motion of the crosslinks.

Thermomechanical Analysis of the Epoxy Thermosets
TMA was used to determine the thermal expansion characteris-
tics of the epoxy networks below the network Tg as shown in
Figure 6. The glassy CTE showed that the DGEBA-based net-
works tended to exhibit the highest CTE apart from the unusu-
ally low DGEBA-BisPA network. This can be attributed to higher
chain rigidity, which can be defined as the resistance of the poly-
mer chain to undergo long-range and cooperative conformational

Figure 5. Comparison of the local rotational mobility of epoxy or amine segments for both the bi- and tri-aryl structures within the cured network in the
case of para- and meta-substituted structures. [Color figure can be viewed at wileyonlinelibrary.com]
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changes when energy is supplied to the system.28 As a result, the
rigid polymer chains cannot pack efficiently resulting in a higher
free volume in the cured network, resulting in a greater release of
stress and hence thermal expansion when heated.17 Although

modest, the lower CTE for the DGEBF and DGEBM networks
can be attributed to greater conformational freedom to pack
more efficiently that releases less stress during heating. An addi-
tional factor with the DGEBM, which might influence CTE, is
that it is a nonsymmetric meta-substituted epoxy resin homolo-
gous to DGEBA having phenyl rings linked by isopropyl groups.
These groups may increase steric hindrances below the Tg
resulting in resistance to volumetric expansion during heating.32

Compressive Properties of the Epoxy Thermosets
Under compressive loading shown in Figure 7(a–c), all of the
epoxy networks exhibited somewhat ductile behavior, exhibiting
yielding at strains of more than 10% and fracture at strains more
than 45%. The stress versus strain data shows that an elastic
regime (<5% strain) occurred followed by yielding, strain harden-
ing and then further hardening until failure. Post-yield, the poly-
mer chains in the network undergo reorientation resulting in less
molecular interaction prior to catastrophic failure. Closer exami-
nation of each stress versus strain plot for the DGEBA, DGEBF,
and DGEBM networks, reveals a modest increase in strain-
softening by the DGEBF and DGEBM resins compared with
DGEBA. This can be attributed due to an increased rigidity and
reduced molecular mobility of the isopropyl containing DGEBA
networks.27–29

Figure 6. Coefficients of thermal expansion of the epoxy–amine networks
in the glassy state. [Color figure can be viewed at wileyonlinelibrary.com]

(a) (b)

(c)

Figure 7. Stress–strain curves of the epoxy–amine networks based on (a) DGEBA, (b) DGEBF, and DGEBM epoxy resins. [Color figure can be viewed at
wileyonlinelibrary.com]
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Closer examination of the effect of the amines from the insets
in Figure 7(a–c) shows there is an increase in the maximum
yield stress and a reduction in degree of strain-softening,
regardless of the epoxy resin, in order of BisPA ~ BisMA >
TPE-R > MDA. This is despite the yield strains not changing
noticeably and highlights the increased stress required to initi-
ate longer-range cooperative motion of the tri-aryl networks
compared with the bi-aryl MDA networks. Furthermore, the
tri-aryl isopropyl networks based upon BisPA and BisMA both
had higher yield stress than the TPE-R networks regardless of
epoxy resin. This likely reflects an increased mobility of the
ether linkages compared with the isopropyl groups that allow
for greater molecular rearrangement or relaxation during yield
and hence lower stress levels.27,33

The compressive modulus, strength, and yield strain are shown
in Figure 8(a–c), respectively. For the modulus, the DGEBA net-
works generally have the lowest values, followed by DGEBF and
then DGEBM. With respect to the hardeners, the tri-aryl amines
all increased the modulus compared with the bi-aryl MDA, with
the meta-substituted BisMA increasing modulus the most,
followed by TPE-R and the least improvement being BisPA. All
of these variations can be explained in relation to the restricted
phenylene ring rotation in the glassy state providing molecular

reinforcement or anti-plasticization and an improved equilibrium
packing density leading to a lower free volume.5,17

For the yield strengths, the DGEBF networks have the lowest
values, followed by DGEBA and then the DGEBM, which has the
highest. This can be attributed to the higher forces required to
initiate long-range cooperative motion of a crosslinked network
as discussed earlier. The isopropyl groups again impart rigidity
compared with the methylene linkages of the DGEBF, while the
additional isopropyl aromatic group in DGEBM increases
strength by further restricting longer-range cooperative motion.
In comparison, the bi-aryl MDA cured network has lower
strength than all of the tri-aryl amine networks. The effect of the
tri-aryl amines on the strength was opposite to that of the modu-
lus, decreasing from BisPA to BisMA and TPE-R as shown in
Figure 8(b). Clearly, rigid rather than flexible substructures are
more beneficial to increased strength.

The yield strain is shown in Figure 8(c) displays different behav-
ior again, this time decreasing in order of DGEBA, DGEBF, and
finally DGEBM, again suggesting that chain rigidity is paramount
in determining the yield strain. As a function of amine, the more
rigid, the higher the yield strain. As can be seen, MDA and BisPA
were similarly high regardless of epoxy resin, while the flexible
BisMA and TPE-R amines imparted the lowest yield strains.

(a)

(b) (c)

Figure 8. Compressive (a) modulus, (b) yield strength, and (c) yield strain properties of the cured epoxy–amine networks. [Color figure can be viewed at
wileyonlinelibrary.com]
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MEK Resistance of the Epoxy Thermosets
Resistance to solvent ingress such as MEK is a critical require-
ment for any high-performance epoxy network and composites.
In the present study, the epoxy networks were immersed in MEK
at room temperature and ingress monitored over the course of
4 weeks. The resultant changes in mass are shown in
Figure 9(a–c) for the DGEBA, DGEBF, and DGEBM networks.
As can be clearly seen from the plots, the DGEBF networks are
significantly more resistant to MEK ingress compared with
DGEBA. After 28 days, the mass of the DGEBF networks has
increased by an average of 0.32, 1.50, 1.42, and 0.41% cured with
MDA, BisPA, BisMA, and TPE-R, respectively, while the DGEBA
networks mass increased by a corresponding 0.66, 4.56, 3.23, and
0.97% cured with MDA, BisPA, BisMA, and TPE-R, respectively.
The DGEBM networks displayed very poor behavior increasing
in mass by at least 10% over this time, with the BisMA and TPE-
R networks essentially dissolving in MEK only after 10 days.

With respect to the impact of the amines, the MDA displayed the
greatest resistance to MEK ingress overall, although, for the
DGEBA and DGEBGF networks, the TPE-R cured networks
showed similar MEK resistance. The DGEBM networks had
extremely poor MEK resistance for all of the networks making it
difficult to relate the observed changes to network structure.
However, for the DGEBA and DGEBF networks, it was clear that
the MDA and TPE-R networks had superior MEK resistance
compared with the BisMA and BisPA networks after 28 days
soaking.

The MEK ingress has been observed to be affected by several dif-
ferent network parameters such as crosslink, free volume hole
size (Vh), and fractional free volume. MEK is a good solvent for
multi-aryl compounds having a hydrodynamic volume of 81 Å3,
and resins with Vh of around 61 Å3 prevent the solvent ingress.34

Effect of aromatic substitution on the cure reaction and network
properties of anhydride cured triphenyl ether tetraglycidyl epoxy
resins. And so, the MEK ingress test will give an idea about the
average hole volume size (Vh) of the polymer network that is
formed after cure. Frank et al. showed that the solvent ingress
could be used to gain insight into the free volume of the network.
Using the hydrodynamic volume of MEK as 63 Å3, if the free
volume voids are larger than 63 Å3, MEK can be absorbed, but
much less so if the voids are smaller.

CONCLUSIONS

Three different epoxy resins have been cured with a series of
bi- and tri-aryl amines to systematically explore their
structure–property relationships after cure. The research
focused on the effect of changing (1) the aromatic linkages
from methylene to isopropyl within an epoxy resin, (2) the
substitution pattern within the central aromatic rings of the
amine hardeners from meta to para, (3) the meta-substituted
aromatic linkage of the central aromatic ring from isopropyl
to ether, and (4) the number of aromatic rings from 2 to 3 in
either the epoxy or amine.

Isopropyl versus methylene linkages in the epoxy resin increased
Tg, yield strength, yield strain, CTE, and MEK ingress while
reducing modulus. These changes were described in terms of the
isopropyl group increasing stiffness, reducing short-range molec-
ular mobility and cooperative segmental motion, and reducing
packing efficiency.

Varying substitution of the central aromatic group in the amine
from meta to para increased Tg, left yield strength unaffected,
increased yield strain while reducing modulus, and left CTE and
MEK ingress unaffected. In addition to the increased molecular
rigidity reducing packing efficiency and short-range molecular
mobility, the increased phenylene rotations provided additional
energy dissipation mechanisms, which increased Tg and strain yield.

Varying the meta-substituted aromatic linkages in the amines from
isopropyl to ether reduced Tg, strength and modulus, left MEK
unaffected while increasing yield strain. These changes were
described in terms of the enhanced flexibility of the ether linkages.

Increasing the aromatic rings in the epoxy reduced Tg, CTE, and
yield strain, while increasing modulus, strength, and MEK
ingress. Increasing the aromatic rings from 2 to 3, reduced
crosslinked density and also aided packing efficiency.
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Figure 9. MEK ingress as a function of time for the (a) DGEBF, (b) DGEBA, and DGEBM cured networks. [Color figure can be viewed at
wileyonlinelibrary.com]
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