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Abstract

Highly cross-linked epoxy resins are ubiquitous in high-performance structural applications,
particularly when used as matrices for fibre-reinforced composites. The optimisation of
composites requires a quantitative and predictive description of the mechanical behaviour
of the matrix. To explore master trends in the mechanical response as well as to guide first-
order modelling, the complete stress-strain response of six epoxies is characterised under
uniaxial compression up to large strain and fracture. A number of characteristic properties
are analysed and rationalised mainly through establishing partly physical and partly empiri-
cal relationships with the ratio T’/ T, of test over glass transition temperature. Among others,
an enhanced Eyring-type model is identified for the yield stress and found valid for a wide
range of temperatures and strain rates below T,. The yield stress of all six epoxies is related
to T, within 10% error without any other adjustment of parameters. A similar relationship
for the modulus with 7'/ T, also accounts for strain rate. Lastly, the failure stress and strain
are found to also correlate to 7/ T, in subgroups of resins with similar molecular structure,
while the re-hardening modulus does not.

Keywords Polymeric material - Elastic-viscoplastic material - Mechanical testing - Glass
transition temperature - Mechanical properties - Yield condition

1 Introduction

In the last few decades, the study of the elasto-viscoplastic behaviour of glassy polymers has
received significant attention as a result of their omnipresence in engineering applications.
Highly cross-linked thermosetting (TS) polymers, heavily used in the aeronautic and naval
industries, partly suffer from a lack of in-depth investigation of their mechanical behaviour.
This is based on the agreement that the general macroscale mechanical response is, to a
large extent, inherently similar to that of thermoplastic polymers (TPs), except for a lower
ductility on average (G’Sell and Souahi 1997; Lee 1988; Mayr et al. 1998; Oleynik 1989).
The underlying assumption is that the plastic flow and the large strain behaviour in TP and
TS glasses stem from a similar origin (Argon and Bessonov 1977; Yamini and Young 1980).
Failure, however, appears to be inherently different. TPs often show progressive damage by
crazing while TSs fail in a brittle manner due to micro-cavitation around defects (Asp et al.
1996; G’Sell and Souahi 1997; Kinloch 1989; Mayr et al. 1998; Yamini and Young 1979).
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Most of the literature addressing the mechanical response of epoxies focuses on lowly or
moderately cross-linked resins, typically based on DGEBA prepolymers and often in the
context of structural adhesives.

A number of recent studies have addressed the mechanical behaviour of epoxies, both
from an experimental and modelling perspective, to push towards a deeper understanding
of the link between the molecular structure and properties (Gu et al. 2024; Tamrakar et al.
2018). The mechanical behaviour of highly cross-linked epoxies is impacted by the cross-
linking density and by the nature of the polymer chains, on top of the test temperature, strain
rate and hydrostatic pressure dependence (Cook et al. 1998; Gu et al. 2024; Moosburger-
Will et al. 2013; Sindt et al. 1996; Tamrakar et al. 2018; Tian et al. 2018). In particular,
the strain rate and temperature dependency of the stress-strain response is of crucial interest
to understand the influence on the modulus and yield stress, but also on the re-hardening
capacity. Furthermore, a strong correlation with the glass transition temperature 7y, is always
observed, and some authors have found clear relationships between the yield strength of TS
resins and the 7, (Calzia and Lesser 2007; Fiedler et al. 2005; Lemay et al. 1984; Lesser and
Calzia 2004). Physical and/or hygrothermal ageing can significantly impact the mechanical
response of epoxies, particularly the yield stress (G’Sell and McKenna 1992; Odegard and
Bandyopadhyay 2011). Hence, first-order correlations with T, can be biased by such effects,
complicating the analysis of the stress-strain response. To the authors’ knowledge, most
studies dealing with the determination of closed-form relationships between the mechanical
properties of epoxies and their molecular structure or physical properties limit themselves
to the analysis of the elastic modulus and yield point (in the case of compressive loads) (e.g.
Behzadi and Jones 2005; Calzia and Lesser 2007).

In parallel to the disproportion in experimental studies between TPs and TSs, the mod-
elling of the constitutive response of TSs displays a similar imbalance. While the most
advanced models devoted to TPs include some strong physical grounds, models for TSs
often stay at a more phenomenological level. Many studies linking the elasto-viscoplastic
response of TPs with the molecular structure have indeed guided and optimised the devel-
opment of advanced constitutive computational models, e.g. (Ames et al. 2009; Anand et al.
2009). The recent literature dealing with the modelling of glassy polymers, mostly on TPs,
includes validation performed on only one or two systems (Barriere et al. 2019; Lan et al.
2022; Mirkhalaf et al. 2017; Park et al. 2020; Uchida et al. 2022; Wang et al. 2019; Xiao
et al. 2022). One of the common characteristics of these models is a high sophistication and
a large number of physical parameters. The positive outcome is a good level of predictiv-
ity but at the expense of a difficulty to separate the first and second order effects and to
understand the dominant physical influences and master trends. In recent years, modelling
based on molecular dynamics simulations aims at linking the mechanical properties to the
fundamental molecular interactions, though many fundamental questions still remain about
the exact nature of the nanoscopic plastic deformation mechanisms (a deeper description of
these mechanisms is given in Sect. 2) (Khare and Phelan 2020; Konrad et al. 2021; Vu-Bac
et al. 2015; Zheng et al. 2022). Plastic flow has been associated with unwinding or sliding
of chain loops and dissociation of nearby links followed by binding with near fertile sites
(Chen et al. 2023; Konrad et al. 2022; Radue et al. 2018; Unger et al. 2019), and can be
related to fundamental reconfiguration mechanisms such as the ones proposed by Argon
(Argon 1973).

Lastly, the extensive use of epoxies as matrices for polymer matrix composites (PMCs)
triggered the development of multiscale characterisation strategies focused on improving the
understanding of the deformation and failure of these TSs (Chevalier et al. 2019a; LLorca
et al. 2013; Tan et al. 2018). The primary motivation guiding these studies is the recognition
that an accurate description of the microscale deformation of epoxies is necessary to ade-
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quately predict the failure of composite structures, even for simple thermoset unidirectional
(UD) fibre-reinforced composites (Chevalier et al. 2019a; Hardiman et al. 2017; Pardoen
et al. 2021). In many loading conditions, plastic flow within the matrix is not negligible,
such as under shear, transverse compression or creep, re-emphasising the need to accurately
describe the viscoplastic response beyond the onset of yielding.

Hence, there is a clear interest for the community to have access to a wider range of ex-
perimental data below 7, to serve as a basis to identify and validate advanced models. The
premises of this work were to gather a vast range of elasto-viscoplastic properties result-
ing from compression tests on different highly cross-linked epoxy systems. The advantage
of compression tests is to allow investigating the large strain behaviour without premature
failure as found for epoxies deformed in tension. Experimental data at different tempera-
tures and strain rates are extracted and rationalised with respect to the magnitude of the Ty,.
Care was taken to consider resins presenting a similar physical state with respect to physical
ageing. The three main objectives are the following:

e To offer a rich database about the mechanical response of epoxies with a range of T,
varying over almost 200°C;

e To establish general master trends regarding the entire stress-strain response, including
elasticity, yielding, softening and re-hardening, serving as a basis for first-order modelling
the mechanical behaviour of epoxy systems (bulk or as used in composites);

e To rationalise regularities within the stress-strain response with respect to physico-
chemical or molecular structure factors based on the current literature and to primarily
link it to the T, to provide simple robust phenomenological relationships, partly based on
physics and partly purely empirical.

In particular, relationships are established to predict the modulus and yield stress of epox-
ies at any temperature (below T,) and strain rate (in the low rate regime). Additionally, the
re-hardening and the failure of the epoxies is related to T,.

2 Basics on the elasto-viscoplastic behaviour of thermosets under
monotonic loading

Figure 1 shows a typical true stress—true strain response of an epoxy loaded under uniaxial
compression, highlighting the parameters of interest in this paper. These parameters are
explained in the next paragraphs.

Upon loading, glassy polymers exhibit an elastic response with a Young’s modulus E
generally between 1 and 4 GPa. This initial resistance to deformation comes from secondary
intermolecular interactions, mainly Van der Waals and hydrogen bonds. At larger strains, the
response becomes non-linear, mainly caused by local stress relaxation due to heterogeneous
molecular movements. This behaviour is temperature and strain rate dependent.

The yield point (s_\,, cry) of glassy polymers has received most of the attention in the
literature. This upper yield marks the transition from reversible to irreversible conforma-
tional changes in the polymer chains and is most often defined as the local maximum of the
stress-strain curve. Ample experimental studies have shown that it is strongly affected by
temperature, strain rate, hydrostatic pressure, thermomechanical history (i.e. ageing), rela-
tive humidity (i.e. water content of the network) and initial chain alignment (Argon 2013;
Bowden 1973; Boyce et al. 1988; G’Sell 1986). Some polymer glasses also present a dif-
ference in yielding in compression and tension (Morelle et al. 2017; Poulain et al. 2014).
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Fig.1 Characteristic quantities
of interest describing the overall (ef, o)
elasto-visco-plastic stress-strain

response of an epoxy up to failure

Ageing, whether natural or induced by the thermomechanical history of the material, leads
to an increase in the yield point (Clarijs et al. 2019; Van Melick et al. 2003; Odegard and
Bandyopadhyay 2011).

The strain softening regime leads to a decrease of the resistance characterised by the
lower yield (g;, 07) corresponding to the local stress minimum. The origin of intrinsic soft-
ening has yet to be fully clarified, but the consensus in the community is that it is tied to
the activation of microshear domains that create local stress concentrations and promote fur-
ther activation within an avalanche mechanism. Argon (2013) suggested using the concept
of shear transformation zones (STZ), akin to the aforementioned microshear domains, to
represent the fundamental mechanism driving the accumulation of permanent deformation.
The deformation within the polymer arises from overcoming a local energy barrier of an
STZ and the subsequent accumulation of such activated STZs. Similar to the upper yield
point, the lower yield point is affected by temperature, strain rate and hydrostatic pressure.

The stress drop Ao, defined as the difference between the upper o, and lower o; yield
stresses, depends on temperature and strain rate within a specific range (Van Breemen et al.
2012), and on the degree of ageing versus rejuvenation (Meijer and Govaert 2005; Van
Melick et al. 2003).

Large strain re-hardening follows after softening and the stress increases again due to the
network response and chain alignment. A re-hardening modulus G, is defined to quantify
the re-hardening capacity. The re-hardening modulus has been shown to increase, decrease
(Hoy and Robbins 2006; van Melick et al. 2003; Morelle 2015; Senden et al. 2012; Tervoort
and Govaert 2000) or remain unchanged (Morelle 2015; Tian et al. 2018) with temperature
and/or strain rate. It is also strongly affected by the network structure and the cross-linking
density (van Melick et al. 2003; Tian et al. 2018). Defining G, is not always straightforward
as some systems may present continuously changing slopes in their stress-strain response.
Hence, in this work, G, is defined based on the assumption that a neo-Hookean represen-
tation is a convenient way to quantify the re-hardening response for comparative purposes
despite being physically wrong (Argon 2013). This implies that the strength is proportional
to g (A\) = A> — 1/A, where A is the longitudinal stretch. Representing the stress in terms
of g (A) means that the re-hardening part becomes linear. Hence, G, is defined as the slope
of the re-hardening part of the curve, expressed as a function of g (A). Note that although
a large strain elasticity-based model is used to represent this part of the response (hence
including elastic stiffening), it does, fundamentally, represent a strain hardening mecha-
nism.
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Several characteristics of the mechanical response of glassy polymers (e.g. elastic modu-
lus and yield stress) can be rationalised by time-temperature superposition principles (Chen
et al. 2022; Diani et al. 2015; Federico et al. 2018; Gu et al. 2024; Tamrakar et al. 2018;
Zhao et al. 2024). A typical starting point is the Eyring-type approach, accounting for the
temperature and strain rate (e.g. Argon 2013; Bauwens-Crowet et al. 1972; Richeton et al.
2006). The yield stress is related to the strain rate as follows:

A o — ),
T Tva(,'t Vact £ )

where AE is the activation energy and v,,, is the activation volume. The time-temperature
superposition can be constructed by plotting o,/T as a function of log(¢) and by defin-
ing horizontal (Eq. (2)) and vertical (Eq. (3)) shift factors to generate a master curve for a
specific polymer. These shift factors are defined as follows:

Alog(¢) =log (é1,,,) — log (é7), )
o\ _ 0y (L) 0, (T)
MF) =T ®

An extended form of the Eyring-based formalism will be used to analyse some of the
experimental data addressed in this paper.

3 Experimental database on highly cross-linked thermosets

In total, six epoxy-amine systems were analysed to determine the master trends in the me-
chanical response of this class of polymers, based on uniaxial compression tests of cylin-
ders of height and diameter equal to 12 mm under constant strain rate. All resins were
tested under well lubricated conditions, avoiding barrelling at large strains, in a screw-driven
Zwick—Roell universal testing machine with a 250 [kN] external loadcell and equipped
with a Wyoming Test Fixture subpress. Strain measurements were performed using a lin-
ear variational displacement transducer and correcting for machine compliance. The stress-
strain responses for the epoxies at all tested temperatures and strain rates can be found in
Appendix B. Table 1 presents their name, glass transition temperature and corresponding
original studies. The T, was systematically measured by differential scanning calorimetry
(DSC) using similar heating rates. A precise physico-chemical description of these resins
was difficult to determine as they are commercial products. The difference between systems
SR8500-1 and 2 comes from the change in hardener (both amine-based). The curing cycles
of each resin, which may slightly differ from the manufacturer’s protocols, can be found in
Appendix A. The T, of the systems investigated in this work varies from 100°C to 287°C,
namely in a range of almost 200°C, providing a relatively wide spectrum of data.

The glass transition temperature 7, will be the main physico-chemical parameter used
to establish relationships valid throughout the entire database between the mechanical prop-
erties and a single characteristic of the epoxies affecting the molecular structure and de-
formation micromechanisms. The T, of polymer glasses is mainly controlled by three
physico-chemical factors: the functionality of the cross-links, the cross-linking density (i.e.
molecular weight between cross-links) and the stiffness of the backbone of the polymer
chains. It therefore represents the stiffness of the polymer network. In general, highly cross-
linked epoxy systems based on high functionality precursors and amine hardeners lead to a
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Table 1 Epoxy systems with corresponding glass transition temperatures and reference studies

Commercial Epoxy Tg (°C) Manufacturer Reference data

name

RTM6 TGMDA 220 Hexcel (Hexcel 2022) (Morelle 2015)

Epikote 827 DGEBA/DDS 100 Westlake Epoxy (Bahrami 2018)
(WestlakeEpoxy 2021)

Araldite MY721 TGDDM/DDS 287 Huntsman (Huntsman 2016)  (Van Velthem et al. 2021)

SR 8500-1 BA-based 105 Sicomin (Sicomin 2014) (Breite 2021; Yu et al. 2024)

SR 8500-2 BA-based 113 Sicomin (Sicomin 2014) (Breite 2021)

8552 TGMDA/TGAP 226 Hexcel (Hexcel 2023) -1

INot yet published.

densely interconnected network made of stiff aromatic-based chains, resulting in high val-
ues of T,. In this work, all epoxy systems are amine-cured. RTM6, 8552 (TGMDA based -
tetraglycidy 1-4,40-methylene dianilin) and TGDDM (tetraglycidy1-4,40-diaminodiphenyl
methane) are based on tetra-functional precursors, whereas SR8500-1 and 2, and DGEBA
(bisphenol A diglycidyl ether) are based on di-functional precursors. TGDDM and DGEBA
were cured using 4,4’ -diaminodiphenyl sulfone (DDS). We will use the principle of corre-
sponding states 7'/ T, to correlate the mechanical properties to 7,, instead of using the rela-
tive molecular mobility 7 — T,. Nevertheless, both options have been shown to be equally
efficient in the case of yielding (Calzia and Lesser 2007; Lemay et al. 1984). The key ques-
tion at the core of the analysis to come is to determine if 7, alone is sufficient to rationalise,
below T, the entire mechanical response up to failure of highly cross-linked epoxies or if
another material/structure parameter plays a primary role on top of 7,.

Lastly, it is important to note that the reported values of o, correspond to naturally aged
systems (i.e. with an arbitrary time between manufacturing and testing) kept at the same
level of relative humidity and constant room temperature. The yield stress can be signifi-
cantly reduced if rejuvenation is imposed by thermomechanical treatment. Ageing is also
known to induce a slight increase in T, (Odegard and Bandyopadhyay 2011). Nevertheless,
a first study on RTM6 highly cross-linked epoxy network (and thus high T,) has shown
that the variation of o, is marginal despite strong accelerated aging treatment or rejuvena-
tion (Morelle 2015). Therefore, in contrast with TPs, we suspect that in the case of highly
cross-linked epoxy networks (such as the ones studied here), these effects of ageing and
rejuvenation on o, might be hampered by the dense and rigid network. Hence, future works
should also consider the comparison between rejuvenated and aged systems and its impact
on the hereafter established linear relationship.

4 Results and discussion

Figure 2 shows the true stress-true strain curves at room temperature and at a true strain rate
equal to 0.01 s~! of all the systems addressed in this study. Evidently, the post-yield response
strongly depends on the type of epoxy. In the subsequent sections, linear correlations will
be established between the mechanical properties and the ratio 7'/ T,. The corresponding R?
values of the regressions are systematically given.

@ Springer



Mechanics of Time-Dependent Materials (2025) 29:68 Page 7 of 27 68
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4.1 Viscoelasticity

Figure 3 shows the variation of the compressive Young’s modulus E¢ as a function of the
normalised temperature 7'/ 7, (a brief description of the method used to determine the mod-
ulus in compression is given in Appendix C). The vertical spread within a set of data points
corresponds to the effect of different imposed strain rates. The shaded area represents the
+10% bounds with respect to a linear regression. As expected, a decrease of temperature
or an increase of strain rate leads to an increased modulus (Foreman et al. 2010; Gilat et al.
2007; Gu et al. 2024; Haward and Young 2012; Littell et al. 2008; Meijer and Govaert 2005;
Poulain et al. 2014). Regardless of the strain rate, E¢ linearly scales with T/ T,,. The linear
relationship with 7/ T, is indeed expected as all systems are highly cross-linked networks
based on aromatic chains; in other words, their polymer backbone nature and stiffness are
rather similar. Hence, despite their differences in 7, as a result of chemistry and cross-
linking density, it is mainly the conditions of the surroundings of the chains set by the test
temperature that appear to affect the modulus. This is very clear for 7/ T, around 0.75-0.8
where three systems present similar moduli for similar 7/ T,. The differences in molecu-
lar configuration and cross-linking density lead to variations typically less than 10% from
system to system.

Nevertheless, two exceptions are worth discussing. For T/ T, higher than 0.95, the cor-
relation fails and E¢ drops significantly. This can be explained by the proximity to 7,. The
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Fig.4 Master curve of Ec/T as 35
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glass transition is a continuous process over a specific temperature range, here defined via its
mid-point 7,. Hence, for T/ T, above 0.95, the polymer systems are already partially in their
transition phase, leading to a drop in the modulus to reach the value of the rubbery plateau
modulus. Conversely, for TGDDM, a more compliant response shows up at lower temper-
atures, yet the behaviour of this polymer does not follow the master trend. Comparing the
different values for different 7/ T, and strain rates shows that it has an overall remarkably
stable E¢ as the data at different strain rates overlap. The reason for this could be found in
the higher functionality of the TGDDM molecules and the inclusion of the strong sulfone
dipoles, favouring the formation of hydrogen bonds. Still, this does not explain the relatively
low value of the modulus.

In order to account for the temperature and strain rate simultaneously, we use the formal-
ism described by Eqs. (1)-(3) in Sect. 2. While originally justified for the yield stress, its
application to the modulus has been shown effective as well (Farotti et al. 2022). However,
to also address the impact of T, the vertical shift factor of Eq. (3) is redefined as follows:

T T, T

where Ec (T,) is the modulus estimated for each resin based on the linear relationship shown
in Fig. 3. The reference strain rate used for the horizontal shift is £ = 0.01 s~!. Figure 4 gives
the new relationship between Ec/T and log(é). A decent fit is found, with the exception of
one data point for SR8500-2. This data point was already ruled out as an outlier in the E¢
versus T'/T, graph, as the test temperature is too close to the T, of the resin. The results of
Fig. 4 show that it is possible to predict the modulus within +10% at different temperatures
and strain rates through the knowledge of 7, only.

While correlations with 7, can be established for E¢, one must look at the factors po-
tentially influencing the actual T, when comparing different data sets and/or using modulus
values in the literature in order to link the modulus to the molecular structure. Indeed, plas-
tifying effects due to water (or other solvents) adsorption (Guo et al. 2021; Ito et al. 2005)
as well as incomplete levels of curing (Moosburger-Will et al. 2013; Morelle 2015) strongly
influence E¢ via a change in 7.
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4.2 Onset of plastic yielding

Figure 5 presents the variation of the upper yield stress o, with 7'/ T,. The temperature and
strain rate dependencies of the resins are as expected, namely an increase of o, as the tem-
perature decreases or as the strain rate increases. Furthermore, a linear relationship between
oy and T /T, is found. The comparison with Fig. 6 (a), showing the strain rate sensitivity
of the upper yield stress, confirms that all systems present a similar dependence on strain
rate with respect to T'/T,. The T, of an epoxy directly dictates its strength as it defines its
molecular mobility, whether it is a mobility associated with reversible changes of config-
uration (i.e. elasticity in Fig. 3) or irreversible changes. From a micromechanical point of
view, the origin of plastic flow is assumed to be the consequence of the nucleation of local
shear events whose collaborative percolation leads to increased chain mobility, allowing for
large conformational changes to occur (Argon 2013; Bowden 1973; Oleynik 1989; Quinson
et al. 1997), also associated with softening, see Sect. 4.3. Hence, in general, high 7, sys-
tems require the overcoming of a larger energy barrier to initiate this chain of events. The
thermomechanical plastic yielding process can be rationalised by relying on an Eyring-type
formalism (see Eq. (1)). The variation of the activation volume v,,, entering in Eq. (1),
with T/ T, is given in Fig. 6. It shows that v, increases with T/ T,, with the exception of
the SR8500-1/2 resins. A simple linear empirical relationship is proposed for 7/T, < 0.9,
which writes as voe, (T/T,) = 1.8T /T, — 0.073 [nm’]. The comparison with Fig. 5 shows
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Fig.7 Variation of the identified 60
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that, for each T'/T,, a higher yield stress system involves a lower activation volume. In gen-
eral, the activation volume has been found to increase with temperature (Cook et al. 1998;
Melot et al. 1994) and with entanglement density (Ho et al. 2003). The exception of the
SR8500-1/2 resins may be due to a slightly lower cross-linking density.

Richeton et al. (2006) extended the Eyring formalism presented in Sect. 2 into the so-
called cooperative model. An expression was established for relating the yield stress to the
temperature and strain rate of TPs in the form:

1/n)
2kyT . | | &
0y =0; (0) —mT + ——sinh Aty )

2T bl
Vact éO exp (I(;,—T)

where &g is a constant pre-exponential factor, AH is the activation energy (to be fitted),
o; (0) is the athermal internal yield stress, v, refers to the activation volume in Eq. (1), m
is a material parameter and 7 is a fitting parameter.

Although Richeton et al. (2006) identified the specific material parameters of Eq. (5) for
each TP under investigation, the goal here is to determine if one can find a single set of
parameters either identical for all thermosets or dependent only on 7,. From the established
linear relationship between oy, and T/ T, in Fig. 5 (o, = —264T /T, + 309), one can readily
identify m = 264/T, MPa/K and o; (0) = 309 MPa. A curve fitting algorithm was applied
to all resins, and the best values are given by n =6, & = 10'3 s~!. The activation volumes
are readily available from Fig. 6, depending on T/ T,. Finally, a different parameter A H has
been identified for each resin and a dependence on 7, has been explored. Figure 7 shows
that the identified values for AH depend linearly on T,. Figure 8 (a) shows the o,/ T versus
log(¢é) plots at different temperatures and strain rates. It compares the experimental data for
o, with the calculated values for the yield stress based on Eq. (5). The model reproduces
the experimental data very well. This is confirmed by looking at Fig. 8 (b), which plots the
relative error for each data point as a function of log(¢). The error is systematically below
10%. This means that the model expressed by Eq. (5) with the identified parameters (which
only depend on T,) can predict the yield stress for many different epoxies within 10% in the
range of strain rates and temperatures covered in the analysis. The final form of the enhanced
Eyring model of Eq. (5) that can be used to estimate the yield stress of highly cross-linked
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Fig.8 (a) Variation of oy /T as a function of log(¢) at different temperatures and strain rates comparing the
experimental values (markers) and the yield stress predicted by the enhanced Eyring’s model of Eq. (5) and
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thermosets (below 7, and at a strain rate below 1 s~1) writes as follows:

oy =309 — 264T

1/6
+ 2T inh™! i [MPa] ©
S1n! a
10-26(1.87/ T, — 0.073) 1015 exp (103<0-i78TTg+14)>
b

The fact that A H increases with increasing T, as AH = 0.078 T, + 14 [kJ/mol] is sur-
prising as, in principle, only one relaxation mechanism, related to the main chain (segmen-
tal) motion, is active within the tested range of temperatures and strain rates. The addition
of AH allows accounting for some of the non-linearity of the yield stress resulting from
some potential variability between the systems. This variability seems limited, leading to a
linear empirical relationship for the fitting parameter A H. At higher strain rates, this simple
linear relationship is likely invalid as secondary processes will start partly affecting the yield
behaviour (Van Breemen et al. 2012).

Early studies already attempted to relate the yield stress of epoxies to T, (based on the
control of the molecular weight between cross-links) based on T — T, and found a clear cor-
relation (Lemay et al. 1984; Mayr et al. 1998). Hence, the correlation in Fig. 5 was expected.
In addition, Calzia et al. (Calzia and Lesser 2007) demonstrated the potential to create an al-
most perfect linear relationship between o, and 7'/ T, for some epoxy networks by account-
ing for secondary factors related to the chain structure. Here, we prove that even though 7,
is certainly not the only factor affecting the yield stress, it is by far the prime characteristic
of highly cross-linked epoxies dictating the resistance to plastic yielding. Nevertheless, this
semi-empirical model needs to be confronted to more data from the literature.

The yield strain &, corresponding to the onset of plasticity has not received much at-
tention in the literature. Figure 9 shows the linear decreasing dependence of &, on T/Ty.
Additionally, it is worth noting that higher strain rates lead to higher &, without any signifi-
cant variations with the rate sensitivity except for TGDDM. Marano et al. (Marano and Rink
2001) studied the onset of yield in terms of the strain and found that the strain at peak yield
does not necessarily coincide with the onset of plasticity. They found that, typically, the real
onset of plasticity takes place beyond the peak yield. Earlier, Quinson et al. (David et al.
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1997; Quinson et al. 1996) studied the strain component evolution for two thermoplastics
and divided the total strain as the sum of three contributions: elastic, anelastic (recoverable
over longer periods) and plastic. Similar results were found by Hasan and Boyce (Hasan
and Boyce 1993). The anelastic strain significantly increases from the beginning and peaks
around the upper yield stress level. Conversely, the plastic strain was only initiated when
the stress reached o,. Hence, a significant portion of &, must be dictated by its anelastic
component &,,. Quinson et al. also showed that ¢,, decreases with increasing temperature
in accordance with Fig. 9. Lastly, as ., is at its highest when the stress reaches oy, the
similarity in tendencies of Fig. 5 and Fig. 9 becomes clear.

Reconsidering the phenomenology of yielding from an STZ physical point of view, the
distinction between anelastic and yield strain becomes meaningless as the macroscopic
strain is then simply the consequence of the accumulation of progressive local conforma-
tion changes that bring forth the pre-peak non-linearity and the yield point (and all subse-
quent changes) (Chevalier et al. 2018; Lin et al. 2023; Van Loock et al. 2021; Voyiadjis
and Samadi-Dooki 2016). Plastic deformation can then be interpreted as the successive per-
colating activation of STZs whose energy barrier to return to their initial configuration is
too high to overcome without the help of external energy in the form of heat or mechanical
loading.

4.3 Softening

Figure 10 illustrates how the lower yield stress o; scales with T/ T,. The correlation appears
to be even better than for the upper yield, which could have been expected as the mechanical
rejuvenation in the post-yield regime erases potential prior ageing-related effects. Naturally,
both upper and lower yield stresses are closely linked and present the same dependencies
on external factors. Hence, a similar dependency on T'/T, was expected. Van Breemen et
al. (Van Breemen et al. 2012) offer a potential argument justifying the stronger correlation.
They investigated the evolution of both the upper and lower yield stresses with temperature
and strain rate of thermoplastics to determine the impact of molecular relaxation mecha-
nisms on softening. They demonstrated that three distinct phases can exist depending on
the temperature and strain rate. At high temperatures or low strain rates, both upper and
lower yield stresses are only affected by «-relaxation. Then, at intermediate temperature or
strain rate, the upper yield stress is affected by both « and g relaxations, while the lower
yield stress remains only affected by «-relaxation. Finally, at low temperatures or high strain
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Fig. 10 Variation of (a) the compressive lower yield stress o7 (R2 =0.85) and (b) the normalised stress drop
Ao /oy as a function of T/ Tg. Coloured figure available online

rates, both upper and lower yield stresses are affected by « and B relaxations. Hence, they
determined that the stress drop Ao is constant only if both the upper and lower yield stresses
are affected by the same mechanisms. Figure 10 (b) gives the evolution of Ao /o, for the
studied epoxy systems. One can see that RTM6 is the only epoxy presenting a limited rate
dependency as T/ T, increases, suggesting that the plastic flow mechanism may be affected
by « relaxations only under these conditions. This implies that the aforementioned correla-
tion for oy in Fig. 5 is impacted by a superposition of two relaxation mechanisms, whereas
the correlation of o; in Fig. 10 is only affected by one and therefore correlates better with
T/T,. In addition, Fig. 10 (b) highlights that the DGEBA epoxy presents a small soften-
ing and lies outside the linear relationship. Odegard (Odegard and Bandyopadhyay 2011),
G’Sell (G’Sell and McKenna 1992) and co-authors (Hasan and Boyce 1995; Kramer 2005;
Van Melick et al. 2003) have shown that ageing does not significantly affect the lower yield
stress. Thus, DGEBA may be in a more rejuvenated state than the other systems, as full
rejuvenation of glassy polymers has been shown to suppress softening completely by reduc-
ing the amplitude of the upper yield. Ultimately, the linear relationship for o; emphasises an
important aspect: plasticity allows these systems to find configurations that tend to suppress
any other effects than the ones affecting 7.

4.4 Re-hardening

Figure 11 illustrates the evolution of the re-hardening modulus G, with T/T,. While no
global correlation with 7'/ T, can be made, three subgroups can be distinguished. Further-
more, G, appears relatively independent of temperature for each subgroup, yet seems to be
slightly impacted by the strain rate. Still, note that data for DGEBA and TGDDM corre-
spond to one temperature only. The effect of temperature is less clear, with studies showing
an increase (Hoy and Robbins 2006; van Melick et al. 2003; Senden et al. 2012) or indepen-
dence on temperature (Morelle 2015; Tian et al. 2018). Additionally, the categorisation of
epoxies with similar 7T, into subgroups suggests that higher 7, resins also present a stronger
re-hardening capacity. Indeed, the lowest group encompasses resins presenting a 7, close to
100 °C, whereas the middle group corresponds to resins with 7, above 200 °C. Van Melick
(van Melick et al. 2003) suggested that G, increases with increasing network density. More
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recently, Tian et al. (Tian et al. 2018) experimentally characterised the re-hardening of a
thermoset polymer over a wide range of temperatures (going from rubbery to glassy state),
strain rate and cross-linking density. They showed that, in the glassy state, G, is almost un-
affected by temperature or strain rate. Furthermore, for highly cross-linked systems, G, is
independent of the network density and the more pronounced re-hardening that is observed
for such systems comes from a lower stretch capacity of the polymer chains in between
cross-links. Hence, future work will consist of characterising the molecular chains of these
resins, to determine their relative stretch capacity and see if it relates to T,. The case of
8552, which shows a large G, can be explained by the thermoplastic toughening inclusions
in the formulation, namely polyethersulfone (PES, T, =~ 225°C). While the addition of
PES only slightly increases the pre-softening properties (Jung et al. 2021), its impact on G,
is significant. Lastly, it should be noted that for the high strain rate of 0.1 s~!, some viscous
heating can impact the stress-strain response (see Appendix B), particularly for the low 7,
group. Viscous heating has been shown to affect re-hardening and, to a lesser extent, the
softening behaviour (Van Breemen et al. 2012; Tamrakar et al. 2020). Here, the value of G,
of the low 7, group corresponding to 0.1 s~! is systematically lower and slightly more out
of trend.

Several modelling studies have shown that entropic and viscous contributions to strain
re-hardening are necessary to reproduce the experimental results (Argon 2013; Hoy and
Robbins 2006; Tervoort and Govaert 2000). Additionally, it appears that irreversible local
conformation changes continue to occur during re-hardening. Hence, a fully neo-Hookean
representation of the re-hardening capacity, albeit successful for certain polymer glasses,
cannot capture all the experimental trends. In the end, the experimental and modelling stud-
ies have shown that no clear physical origin has yet been attributed to the large strain re-
hardening of highly cross-linked epoxies, or glassy polymers in general. Using the idea of
STZs, Voyiadjis et al. (Voyiadjis and Samadi-Dooki 2016) suggested that re-hardening re-
sults from the increased difficulty of activating new STZs.

The re-hardening process is rightly denominated “hardening” as it implies that the yield
stress increases for strain hardening or kinematic hardening reasons. Hence, if one unloads
and reloads the system during that stage, the stress-strain curve resumes at the point of un-
loading. In other words, the connection to the neo-Hookean representation, although conve-
nient and with some physical relevance regarding chain orientation, is not, strictly speaking,
representing the correct physics of plastic yielding. If there is strong re-hardening, further
plastic yielding is made more difficult, which means fewer options to activate STZs and
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find regions available for configurational changes (i.e. due to the aligned elongated chain
configurations).

4.5 Failure

Figure 12 (a) and Fig. 13 (a) show the dependence of the failure stress o and of the fail-
ure strain £ on T/ T,, respectively. In both cases, linear relationships can be identified by
separating the data into subgroups. For o, the 8552 resin is an outlier. As mentioned in the
previous section, 8552 contains tough PES inclusions increasing its re-hardening capacity
and failure resistance. Still, for o, setting aside 8552, the lower subgroup presents a clear
correlation with T'/T, for all resins. In addition, the slope of the regression is almost equal
to the one of 8552. This indeed suggests a dependency on T/T,. However, the correlation
of the subgroup is far from perfect (R? around 0.5). This may not be surprising as failure
is in principle dictated by pre-existing defects, whose presence should not affect 7. Cheva-
lier et al. (2019b, 2016) extensively studied the failure of RTM6 and determined that the
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Table 2 Coefficients of the linear

relationships describing each Property y a b

property of interest with respect

to T/T, E. [MPa] —4050 5475
oy [MPa] —264 309
ey [-] —0.17 0.21
o7 [MPa] —298 314

failure is triggered by the attainment of a local critical stress value o, in the vicinity of an
internal defect, which can be a cluster of voids (Rojek et al. 2020), both in tension and in
compression (which is naturally larger than the overall oy value), explaining the pressure
dependence of o/ in epoxy resins. Additionally, they found that o. = 300 MPa and is valid
for all test temperatures. In addition, the data of the low T, resins at 0.1 s~! are probably
partly affected by viscous heating. Regarding ¢ ¢, the same two subgroups as for G, can be
identified, namely the separation between higher and lower T, systems. Each group presents
a linear correlation (R* around 0.7) with T/T, with similar slopes. The lower 7, resins have
a higher failure strain, which appears to be related to their low re-hardening capacity. The
natural explanation is that lower stress levels build up and, assuming failure is stress driven
in epoxies (Chevalier et al. 2019b, 2016), larger ¢ ¢ are attained.

To put this criterion into context within this analysis, Fig. 12 (b) and Fig. 13 (b) show
the dependency of the ratio oy /oy and £¢/¢, on T/T,, respectively. The ratio £/, for
each resin presents an increasing slope with T/ T,, partly due to the decrease of &, with
T /T, and partly because of the necessity to reach a critical stress condition to cause failure.
In addition, the ratio oy /o, for each resin presents a similar slope with 7'/ T,, but shifted
upwards for the higher T, systems. Hence, the combination of lower initial yield stress at
higher T/ T, and temperature independent re-hardening capacity lead to larger deformations
required to locally reach the o, of the epoxy.

5 Final discussion and conclusion

Linear relationships have been established between several key characteristic parameters
describing the mechanical response of six different epoxy resins, tested at different temper-
atures and strain rates, and the corresponding ratio 7/ T,. The coefficients describing each
property in the form of y =a T /T, 4 b are summarised in Table 2 and are readily available
for first-order modelling of the mechanical response of highly cross-linked epoxies solely
based on the 7, and under the assumption of a limited influence of the strain rate. In addi-
tion, Eq. (4) for the modulus and Eq. (6) for the yield stress fully account for temperature
and strain rate and predict the yield stress of a highly cross-linked thermoset solely based on
the knowledge of the T,.

The fact that the T, is such a dominant marker that sets the magnitude of the elastic
modulus and strength is not a surprise and can be readily understood from a molecular
description of the deformation mechanisms of polymers in the glassy state. What is more
surprising is that such a first-order connection with 7, also remains valid for the fracture
stress. The fracture strain also follows a connection to T,, but this connection seems to
depend on the re-hardening modulus and on the factors influencing the re-hardening. The
re-hardening modulus is the only parameter that cannot be rationalised with T, . Nonetheless,
the data collapse into two subgroups, based on the value of 7, suggesting a first order effect
of a molecular parameter not directly influencing the magnitude of 7,. In other words, T,
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is very much an aggregated signature of the resistance of chain segments towards local
distortion whether small and elastic or larger with some degree of irreversibility. About this
last point, it is important to remember that even heavily deformed (50% or more) epoxy
systems, if heated next to T, almost entirely recover the initial undeformed state, indicating
that the “plastic” deformation is not totally irreversible like in a metal.

A question at this stage could then be to determine what is the best epoxy among all
the systems that have been tested? There is no absolute answer to this question. As for al-
most all material classes, a larger strength (and stiffness) is accompanied by a lower fracture
strain, as shown in Fig. 14, which plots o, as a function of ¢ ;. The requirements associated
with different specific applications will be decided based on the constraints: the load to be
carried, the maximum allowable deflection, the temperature of operation, the maximum de-
formation, etc. Obviously, there are systems in Fig. 14 that are clearly dominated by others,
meaning with both o, and ¢, larger at the same temperature. One could envisage, as a next
step of the analysis, applying a rational materials selection procedure following Ashby’s
method (Ashby 2010) to the data as, for instance, recently pursued for adhesive systems
(often thermosets with lower cross-linking density) (van Innis and Pardoen 2023). However,
it would then be highly relevant to pursue the present effort and extend it to the mapping of
fracture toughness and fatigue resistance.

When using epoxies as matrices for composites, many recent studies have revealed the
need to get a better insight into the local mechanical response at the fibre/matrix scale
(Chevalier et al. 2019a; Klavzer et al. 2023; Macias et al. 2023; Mehdikhani et al. 2016).
Even if globally the strains often remain small (except for specific loading conditions, such
as shear), locally the matrix can reach extremely large strains, especially within tiny shear
bands and characteristics such as the softening amplitude, the re-hardening modulus and the
true fracture strain matter. There is still room for advanced modelling studies to understand
better, using STZ models or MD simulations, the connection between molecular arrange-
ment and configurations, the fracture strain or re-hardening modulus and the 7. This could
also guide the formulation of improved epoxy systems concerning the large strain behaviour.

Appendix A: Curing cycles of the resins
Although cure-dependent network topology changes may occur for epoxies and impact the

fracture toughness, no significant variation of the stress-strain response is expected for these
highly cross-linked and high 7, systems.
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Fig. 15 Curing cycles of all the epoxy resins, which may differ from manufacturer’s protocols. Refer to
references in Sect. 3 for more details
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Appendix B: Stress-strain curves
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Fig. 19 Stress-strain curves for
DGEBA at 25 °C

Fig.20 Stress-strain curves for
TGDDM at 25 °C

Fig.21 Stress-strain curves for
8552
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Appendix C: Determination of compression modulus

The compressive modulus has been determined following the ASTM D695 standard. A cor-
rection for the machine compliance has been systematically applied to the raw displacement
data. Additionally, the initial curve toe has been corrected by applying the procedure de-
tailed in ASTM D695, as illustrated in Fig. 22: a linear regression is made on the linear part
of the stress-strain curve, which is then shifted such that the regression starts at the origin of
the graph. This procedure minimises the error on the compressive modulus determination.

Fig.22 Methodology to remove Stress 4
initial curve toe, as per ASTM
D695

Strain
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