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A B S T R A C T

Dynamic tensile failure of epoxy resin cured with two different curing agents was studied in terms of spall
strength, fracture toughness, and shock behaviour. Plate impact experiments were conducted to examine how
the epoxy responds to one-dimensional, high-strain rate loading. Velocity measurements of the back surface of
the targets were taken during impact with a photonic-Doppler velocimeter (PDV). The velocity profiles that
resulted were analyzed to gain insight on the material interface/stress wave interactions that manifested within
the samples. Spall strength measurements ranged from 404 to 585 MPa in EPON 828 cured with EPIKURE 3223,
and from 339 to 462 MPa in EPON 828 cured with EPIKURE 3233. Evidence for the existence of a quantifiable
relationship between the curing agent used to cure the resin and the dynamic tensile strength of the resulting
epoxy is provided. The discrepancies in the measured spall strengths between the two epoxy systems were
attributed to a difference in the electrostatic forces between adjacent polymer chains within the crosslinked
epoxy network. Strength measurements in both epoxies demonstrated significant strain-rate dependency. Spall
strength measurements presented in this study were noticeably higher than those listed in the literature for
similar thermosetting polymers, likely the result of the choice of curing agent. Finally, shock and particle ve-
locity measurements were shown to be consistent with previously published results, within experimental un-
certainty.

1. Introduction

Epoxy resins are thermosetting polymers that see widespread use in
industry due to their favourable mechanical properties, which include
high modulus and adhesion strength, low creep at elevated tempera-
tures, and ease of application [1]. Epoxies are comprised of two parts: a
resin and a curing agent. Mixing these two parts initiates a chemical
reaction that yields a polymer with a highly-crosslinked network [2].
The kinetics of this reaction have a direct effect on the mechanical
properties of the resulting epoxy, whereby variables such as cure tem-
perature, mixing rate, stoichiometric ratio, and setting time all influ-
ence the polymerization process [2,3]. Developments in composite
technology, such as the introduction of nanocrystalline materials into
composite systems, have led to a resurgence in research relating to the
dynamic characterization of epoxies [4–10]. Relevant applications in-
clude the use of epoxies as surrogate materials for polymeric binder
phases in energetic materials [11,12], and as stand-ins for transparent
armour [13–15].

Fully-integrated transparent armour is designed to resist ballistic
assault without compromising structural integrity and optical trans-
parency [13]. The strategies for selecting the appropriate materials for
transparent armour systems depend primarily on the nature of the
ballistic threats that will likely be encountered. Modern armour systems
generally consist of three functional layers: (1) a hard strike face to
blunt, fragment, and/or erode the projectile, (2) an intermediate layer
with high energy-absorption and crack-arresting characteristics, and (3)
a backing layer designed to arrest fragments and prevent outright pe-
netration [13].

The penetration of armour is the result of competing effects from
several dynamic material properties at appropriate strain rates and
stress states, such as tensile strength, shear strength, compressive
strength, hardness, and fracture toughness [14]. Knowing that micro-
structures influence these critical mechanical properties to varying
extents, it is therefore possible to modify a microstructure in a stand-in
material such as an epoxy to investigate how factors like cure-proces-
sing techniques, particle inclusion, and reaction kinetics affect the
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aforementioned mechanical properties.
Early studies by Barker and Hollenbach [16] used plate impact ex-

periments to study shock-wave propagation in polymethylmethacrylate
(PMMA). They found that wave propagation was affected by the non-
linearity in the material, strain-rate dependence, and elastic-plastic ef-
fects. More recent experimentation by Jordan et al. [17] confirmed and
expanded upon their findings. Carter and Marsh [18] conducted ex-
plosive shock-loading experiments on a selection of representative
polymers. In addition to establishing their Hugoniot equations of state,
they also observed a high-pressure transformation in all polymers
characterized by a change in the slope of the −U us p Hugoniot, and oc-
casionally a large decrease in volume. They attributed these observa-
tions to shock-induced restructuring of the molecular backbone, where
the transformation parameters were shown to be insensitive to the
degree of crystallinity of the original bulk polymer. They also ruled out
the possibility of the transformation being caused by melting or va-
porization, since the behaviour was observed in both thermosetting and
thermoplastic polymers.

Fu et al. [19] examined the shock response of polyethylene nano-
composites using a coarse-grained molecular dynamics simulation.
Their analysis established a linear −U us p Hugoniot relationship for the
material within the range of tested particle velocities. They also found
that nanoparticle modification generated an increase in Young’s mod-
ulus and yield strength, especially for polymers with shorter backbone
chains [19].

Chen et al. [20] used a modified split Hopkinson tension bar to
study dynamic stress-strain responses and failure behaviour of PMMA
and EPON 828/T-403 at strain rates on the order of 103 s−1. They ob-
served that the peak tensile strengths measured for EPON 828/T-403
under dynamic loading were achieved at smaller strains when com-
pared to the quasi-static case. Furthermore, the specimens fractured in a
brittle manner during dynamic tensile loading, while the quasi-static
specimens failed in a ductile manner with a necking process, thereby
providing qualitative evidence for a strain-rate effect. Plate impact
experiments conducted by Curran et al. [21] were used to examine void
nucleation and growth functions in polycarbonate by analyzing the
incipient shock damage observed in recovered samples, while Faye
et al. [22] investigated the mechanics of dynamic fracture of poly-
carbonate relative to that of PMMA using combined numerical and
experimental approaches.

Millett et al. [23] conducted a thorough investigation into the ef-
fects of changing the chemistry of several polymers subjected to plate
impact loading, where the electrostatic repulsion between adjacent
polymer chains, as well as their molecular shape, were found to influ-
ence the shock response of the polymer. Millet et al. [24] also con-
ducted plate impact experiments to study the behaviour of an epoxy
resin under one-dimensional shock loading (impact velocities ranging
from 201 to 833m · s−1). By instrumenting the samples with long-
itudinal and lateral-oriented stress gauges, they were able to provide
evidence for a shear strengthening effect similar to that observed in
PMMA [25]. This result was attributed to the viscoelastic nature of
epoxy resins.

Razack and Varghese [3] used thermogravimetric analysis (TGA),
and differential scanning calorimetry (DSC) to investigate the effect of
various hardeners (two aliphatic and two aromatic) on the properties of
epoxy resin. Their results showed a clear divide in effectiveness be-
tween the thermal and mechanical performance of epoxy resin cured
with aliphatic and aromatic hardeners, which is consistent with the
work of Jain et al. [26] who studied curing kinetics and thermal sta-
bility in epoxy resins.

Munson and May [27] studied the high-pressure compressibility of
EPON 828 resin cured with three curing agents. The equilibrium
compression curves for the three epoxy systems were essentially iden-
tical at pressures above 1 GPa, whereas the quasi-static results showed
significant variation between systems. This effect suggests that varia-
tion in structure and the degree of crosslinking between polymer chains

has a negligible effect on high-pressure compressibility. Differences in
the quasi-static compression curves were attributed to variation in the
equilibrium distances and binding forces between adjacent polymer
chains, which are determined by the choice of curing agent and degree
of cure.

An investigation by Golubev et al. [28] showed that spall strengths
of most amorphous polymers typically range between 100–300 MPa,
where the observed spallation characteristics change with peak pres-
sure. Samples recovered from plate impact experiments conducted at
different temperatures showed zones of increasing plasticity near crack
tips [28]. Despite observing a variety of fracture phenomena across a
range of loading conditions, the spall strength of PMMA was shown to
be invariant to increasing shock pressure [28] and only slightly sensi-
tive to strain rate. Spall failure in epoxy has been studied by several
researchers. Parhomenko and Utkin [29] published a spall strength of
300 ± 50 MPa for epoxy EDT-10 at an impact velocity of 850m · s−1.
Guess [30] reported a spall strength of 76 MPa for EPON 828 epoxy
(strain-rate not specified) in his unpublished work.

While the dynamic tensile properties of these epoxy materials are
well-documented, the effects of their various microstructural features
on their performance under high-strain rate loading conditions is not as
well understood. Specifically, the effect of the curing agent on the spall
strengths of thermosetting polymers presents a knowledge gap in the
literature, where one could expect to see an influence of the micro-
structure on macroscopic mechanical performance. This study seeks to
fill this gap by providing insight into the effect of curing agents on the
dynamic tensile properties of epoxy resin. Plate impact experiments
were conducted to measure the spall strength of EPON 828 resin cured
with two different curing agents. A discussion of the observed failure
behaviour is also provided to supplement the results of this investiga-
tion.

2. Materials and methods

EPON 828 is an undiluted, clear, difunctional, bis-phenol A liquid
epoxy resin with an epoxy equivalent weight (EEW) of
185–192 g · mol−1. The structure of the base EPON 828 resin molecule
is shown in Fig. 1 [2]. The first curing agent used in this study was
EPIKURE 3223, an unmodified aliphatic diethylenetriamine (DETA).
The second curing agent was EPIKURE 3233, which is an unmodified
aliphatic polyoxypropylenetriamine. A concise description of the phy-
sical meanings associated with the nomenclature of each compound is
provided by Razack and Varghese [3]. All epoxy materials (curing
agents and resin) were sourced from Hexion Inc. For clarity, the epoxy
systems that resulted from curing EPON 828 resin with EPIKURE 3223
and EPIKURE 3233 will henceforth be referred to as EPON 828-A and
EPON 828-B, respectively. The EPON 828-A specimens were prepared
with a resin-to-curing agent mix ratio of 100:12 by weight. The EPON
828-B specimens were prepared with a resin-to-curing agent mix ratio
of 100:43 by weight. All specimens were subjected to a post-cure pro-
cedure based on manufacturer recommendations [31–33].

Uniaxial tensile testing was conducted for both epoxy systems under
quasi-static conditions. Five dogbone specimens of each epoxy were
tested according to ISO 527-2 (Type 1BB), where samples with a gauge
length 12.0 mm were loaded at an extension rate of 2 mm · min−1.
Testing was performed at 21°C with a Fullam substage test frame. The

Fig. 1. The molecular structure of EPON 828 resin [2].
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average of the maximum tensile strength (σmax) measurements recorded
for EPON 828-A and EPON 828-B are reported in Table 1 with asso-
ciated standard deviations of 2.46 and 1.53 MPa, respectively. The
average values of tensile strain at σmax (ϵmax) and Young’s modulus (E)
are also reported in Table 1.

Plane-strain fracture toughness (KC) measurements were taken for
both epoxy systems under quasi-static conditions. Five rectangular
specimens (2 mm×4 mm×20 mm) for each epoxy were prepared in a
Teflon mould. A precision saw was used to create a notch on the
samples. The notch was then sharpened with a razor blade. Preparation
of the notches and testing were conducted according to ASTM D 5945 at
21°C with a Fullam substage test frame. The extension rate was
3 mm · min−1. The average of the KC measurements recorded for EPON
828-A and EPON 828-B are reported in Table 1 with associated stan-
dard deviations of 0.14 and 0.24 MPa · m½, respectively.

It is vital to note that the values of CL and C0 reported in Table 1 for
EPON 828-A and EPON 828-B were not obtained from our own ultra-
sounic (pulse-echo transit) measurements, but rather, were taken di-
rectly from data for EPON 828 presented by Carter and Marsh [18].
These sound speeds will be assumed to be independent of the curing
agent and valid for calculations of spall strength.

The epoxy samples used for the plate impact experiments were
machined from cast plates that were subjected to a post-cure procedure.
The surfaces of the EPON 828-A samples were not polished after ma-
chining (i.e., kept in their as-machined state), whereas the front and
back surfaces of the EPON 828-B targets were polished with a stepwise
process that used up to 400 grit sandpaper to remove any visible surface
imperfections. The thicknesses of the targets (wt) used in the experi-
ments ranged between 5.38 and 8.45 mm.

Polymethylmethacrylate (Plexiglas® G) was also tested during this
series of plate impact experiments. It is an amorphous thermoplastic
more commonly referred to as acrylic or PMMA. It was used as a means
of validating our techniques by comparing our results with data re-
ported previously in the literature. The PMMA specimens for these plate
impact spall experiments were machined to size from 9.53 mm sheet
stock. Uniaxial tensile testing and plane-strain fracture toughness
testing was not performed for PMMA under quasi-static loading con-
ditions, since σmax and Kc are quite well documented for this material
[35,36].

A single-stage light gas gun with a smooth internal bore of 64 mm
was used for this series of impact experiments. The gun generated
projectile impact velocities (vi) between 118 and 722m · s−1. A sche-
matic of the gun and the target assembly are shown in Figs. 2 and 3,
respectively. The projectiles comprised of a plastic (nylon or PVC) sabot
fitted with a flyer plate made from either 6061-T6 aluminum or PMMA.
The aluminum and PMMA flyer plates (60 mm diameter) were laser cut
from 1.96 mm and 1.55 mm thick sheet stock, respectively. A relief port
was drilled through the wall of the sabot into an air gap located directly
behind the flyer plate. The purpose of this relief port was to allow the
gas pressure on both sides of the flyer plate to equilibrate during the
evacuation of the catch tank, which helped eliminate any undesired
flexing/loading of the flyer plate. Prior to launching the projectile, the

catch tank was evacuated to a pressure of approximately 150 Pa.
The impact and response of the test samples was investigated with a

piezoelectric (shock) pin and a two-channel photonic-Doppler veloci-
meter (PDV) [16,37] represented schematically in Figs. 2 and 3. The
shock pin was mounted flush with the front face of the target. The PDV
system was used to measure the velocity of the flyer and the back
surface of the target with separate collimators. The velocity history of
the flyer plate was monitored by a spotting laser projected through a
hole drilled through the target. The spotting laser was also used to
provide an ancillary method of measuring the time of arrival (TOA) of
the flyer plate. Our PDV system used a 1550 nm infrared laser, however
EPON 828 epoxy and PMMA are not infrared-reflective, which made it
impossible to take direct measurements of the free surface velocity
during impact. It was therefore necessary to introduce a reflective
buffer material to the back face of each sample. This was achieved by
using a semicore inline sputtering system to coat the back surface with a
40–60 nm layer of aluminum. This process required the samples to be
held in a vacuum chamber for several hours to allow for sufficient
degassing of the material, followed by the coating process, which

Table 1
The relevant physical properties of all materials used in the plate impact experiments.

Material ρ0 C0 CL Z σmax ϵmax E Kc

(g · cm−3) (km · s−1) (km · s−1) (GPa · s · m−1) (MPa) (GPa) (MPa · m½)

6061-T6 2.700a 5.35c 6.40c 14.44 310a 0.120a 68.9a 29a

PMMA 1.193b 2.60c 2.72c 3.08 72.4b 0.050b 3.10b 1.55d

EPON 828-A 1.185c 2.64c 2.63c 3.13 65.0 0.046 2.65 1.02
EPON 828-B 1.185c 2.64c 2.63c 3.13 58.6 0.037 2.85 2.07

a Glemco Inc. [34]
b Arkema Inc. [35]
c Carter and Marsh [18]
d Weerasooriya et al. [36]

Fig. 2. A labeled schematic of the single-stage light gas gun.

Fig. 3. A labeled schematic of the target assembly, where =d 64 mm, =r 25.4 mm, and
wf = 1.96 or 1.55 mm.
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occurred at a temperature of 50°C. It was found that the quality of the
coating improved if the samples were polished prior to subjecting them
to the sputtering system.

3. Theory

The primary wave interactions within the target for a spall test are
illustrated in Fig. 4, where the relationship between the specific
acoustic impedances (Z) of the flyer plate and target influence the
nature of these wave interactions [38]. As seen in Figs. 4 and 5, the
interactions of the rarefaction fans will result in the generation of a
large tensile stress within the sample (state 7 in Fig. 5). If this tensile
stress exceeds the local strength of the material, and partial or complete
fracture is observed, then either incipient or total spall failure is said to
have occurred [39–43]. The magnitude of the tensile stress that pro-
duces any degree of spall damage is designated as the spall strength of
the target material [39,40]. Therefore, spall failure can be defined as
dynamic tensile failure caused by the interaction of rarefaction waves
within a material that are generated during high-strain rate deforma-
tion [41]. Spall strength is often used in combination with parameters
such as fracture toughness, ballistic limit, energy absorption, and
hardness to quantify resistance to dynamic failure caused by ballistic
impact.

Given that spall failure is the result of wave interactions involving

significant material motion (see Fig. 5), the spall strength of a material
is determined from the analysis of the velocity profile of the back (free)
surface of the sample. The features of the velocity profile are directly
representative of the interactions between the compressive shock
waves, rarefaction fans, and target interfaces during impact [39,41]. A
generic example of a free surface velocity profile is shown in Fig. 6,
with the critical features labeled for reference. The post-shock particle
velocity (up) is given by [38]

≈u u1
2

.p peak (1)

Based on the wave interactions at the free surface, the velocity of
the initial shock wave (Us) that is transmitted through the target can be
determined from the transit time of the wave through the sample. In the
case of an attenuated (i.e., triangular) shock front, Us more accurately
describes the average velocity of the shock wave [38]. The experi-
mentally-determined values of Us and up were used to parameterize the
constitutive shock Hugoniots for the two epoxy systems. For most
materials these equations take the linear form [38]

= +U C su ,s p0 (2)

where C0 is the bulk sound speed and s is a non-dimensional parameter.
Many polymers (such as PMMA) possess a distinctly non-linear −U us p
relationship [16]. The Hugoniot state stress (σH) and corresponding
volumetric strain (ϵH) achieved in the shock-compressed target are
determined from the Rankine-Hugoniot equations [38,44,45]

=σ ρ U u ,H s p0 (3)

= − =
−

=
ρ
ρ

V V
V

u
U

ϵ 1 ,H
H

H p

s

0 0

0 (4)

where ρ0 and V0 are bulk density and volume, respectively, and ρH and
VH are density and volume in the shocked state, respectively. Note that
it is necessary to assume steady wave propagation (all parts of the wave
front travel at identical velocities) when using Eq. (3) and (4) to analyze
viscoelastic materials such as epoxy [27]. The spall strength (σsp) of the
target material can be predicted from the free surface velocity profile
using an acoustics approach that gives the well-known linear approx-
imation [39,43,46]

=σ ρ C u* 1
2

Δ ,sp L fs0 (5)

where the characteristic change in the free surface velocity (Δufs) is
given by the difference between the observed peak velocity (upeak) and
pullback velocity (upull) (see Fig. 6)

Fig. 4. A position-time plot depicting the wave interactions that occur during an asym-
metrical plate impact (ZFlyer > ZTarget). Dash lines represent rarefaction wavelets, while
solid lines represent shock waves. Free surface and interface motion are not depicted.

Fig. 5. A schematic of the stress-up plane associated with the impact shown in Fig. 4.
States (1)–(8) are shown in both figures. The dashed line from (5) to (7*) represents the
loading path followed by the target for a sub-critical impact [8].

Fig. 6. A schematic plot of a free surface velocity profile obtained from a spall experi-
ment.
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= −u u uΔ .fs peak pull (6)

An alternative relationship for spall strength was proposed by Stepanov
[47], where

=

+

σ ρ C uΔ 1
1

.sp L fs C
C

0 L
0 (7)

This relationship, rather than Eq. (5), is used in the present study to
calculate spall strength since it accounts for effects of elastic-plastic
deformation in the sample [39]. The tensile strain rate achieved during
the release stage is given by the expression [48]

≈

C
u t

t
ϵ̇ 1

2
d ( )

d
,r

fs

0 release (8)

where the u t
t

d ( )
d
fs term was defined in Fig. 6. The strain rate at which

tension is applied to the test material is determined by the properties
and thicknesses of the flyer plate and target materials. Using the mag-
nitudes of σsp and ϵ̇r it is possible to calculate the fracture toughness (Kc)
of the target using the model proposed by Grady for brittle fracture [49]
such that

=K
σ

ρ C3 ϵ̇
.c

sp

r

3

0 0 (9)

This model assumes that spall failure occurs in a brittle manner (i.e.,
through the lineup of a network of cracks to create an internal a free
surface) [49]. It has been shown that epoxy demonstrates brittle frac-
ture when loaded at elevated strain rates [50–52], which validates the
use of Eq. (9) to determine Kc for the epoxy systems examined in the
present study.

4. Results

An example of a binary waveform retrieved from the raw PDV data
is shown in Fig. 7(a). The binary waveform is processed with a wind-
owed Fourier transform that returns a spectrogram showing a dis-
tribution of laser beat frequencies, where the dominant frequency is
associated with the motion of the target material [37,53]. The spec-
trogram that corresponds to the binary waveform presented in Fig. 7(a)
is shown in Fig. 7(b).

The shock transit times were used to determine the shock Hugoniots
of the test materials. The shock Hugoniot data for the two EPON 828
epoxy systems are plotted against data obtained by Carter and Marsh
[18] (curing agent not specified) in Fig. 8. These results demonstrate
that the shock Hugoniot is not particularly sensitive to the curing agent
in this epoxy. The particle velocity was directly measured from the back
face PDV signal and verified with an analytical impedance-matching
technique [38] using the approach described by Petel and Higgins [54].
These two approaches were in close agreement, despite the presence of
ejecta signals.

Three representative spectrograms are given in Figs. 9–11, which
differ slightly as a result of the flyer plate used in the impact. Aside from
the dominant signal, the spectrograms feature high-velocity horizontal
signal bands at the free surface following shock arrival. These bands are
reminiscent of PDV signals for ejecta plumes and are interpreted as
ejecta from the sputtered aluminum coating on the target [55]. Redu-
cing the surface roughness by polishing the EPON specimens lessened
the severity of the ejecta plume.

There are two main types of results observed in the spectrogram
images: a sub-critical (i.e., non-spall) impact and spall events. Fig. 7(b)
is considered a non-spall event, identified by the oscillatory velocity
profile and the absence of a characteristic spall (i.e., pullback) signal.
Fig. 10 shows the spectrogram of a spall event in the same material,
which exhibits all of the characteristics of the idealized signal shown in
Fig. 6.

The experimental velocity profiles were analyzed to determine the

dynamic tensile properties of EPON 828-A, EPON 828-B, and PMMA.
The spall strengths measured for PMMA ranged between 153 and
199 MPa for impact velocities between 203 and 722 m · s−1. The frac-
ture toughness of PMMA was found to range between 2.03 and
3.76 MPa · m½ for strain rates on the order of 104 s−1. These values are
consistent with spall strengths of 130 to 210MPa [29] and fracture
toughnesses of 2.5 to 4.1MPa · m½ [36] reported in the literature for
PMMA at similar strain rates.

In the present study, the spall strengths for EPON 828-A and EPON
828-B were found to range from 404 to 585 MPa and from 339 to
397 MPa, respectively. The fracture toughness of EPON 828-A ranged
between 14.8 and 19.0 MPa · m½ for strain rates on the order of 104 s− ,1

whereas the values for EPON 828-B were slightly lower, ranging be-
tween 8.95 and 11.6 MPa · m½. A summary of the experimental results
are presented quantitatively in Table 2 and graphically in Figs. 12–15.

5. Discussion

The shock Hugoniot measurements from the present study (Fig. 8)
are in agreement, within experimental uncertainty, with data reported
previously for EPON 828 [18]. This implies that the choice of curing

Fig. 7. (a) The waveform retrieved from the raw PDV signal of a polished EPON 828-B
target impacted with a 6061-T6 aluminum flyer plate at a velocity of 118m · s−1. (b) The
spectrogram of a non-spall event.
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agent had little or no effect on the shock response of the epoxy system.
This is consistent with the work of Munson and May [27], where it was
shown that variations in the molecular structure of the polymer chains
(caused by changing the curing agent) had no effect on the high-pres-
sure compression response of the resulting epoxy systems. They de-
duced from their results that the curing agents had no appreciable effect
on the equilibrium positions of the backbone chains. Similar reasoning
can be used to explain the results of the present study. From Eq. (4), one
can use the −U us p relationship to comparatively discuss material com-
pressibility, so the results can be interpreted as confirming a lack of
variation in the equilibrium spacing of adjacent backbone chains be-
tween EPON 828-A and EPON 828-B.

The present measurements of spall strength and fracture toughness
in PMMA are in agreement with the strain-independent values reported
in the literature [29,36]. This material was used as a verification of the
experimental and analytical methods used in the present study, parti-
cularly the choice of pullback velocity from the spectrograms. From
Fig. 12, the spall strengths measured in both EPON 828-A and EPON
828-B were found to be considerably higher than those of PMMA. These
results also demonstrate that the spall strengths of the epoxies are
strongly dependent on the curing agent. In Fig. 13, the results show a

strain-rate dependence of the spall strengths for both epoxies, which
again differ from the response of PMMA. The spall strength of EPON
828 has been previously reported to be 76 MPa [30,56], which is re-
markably lower than the average value of 444 MPa reported in the
present study.

There are a few possible explanations for this discrepancy between
the results of the present study and those of reported by Guess in 1968
[30]. The strong influence of the curing agent on the spall strength is
evident from Figs. 12 and 13, where the spall strength of EPON 828-A
was, on average, approximately 29% higher than that of EPON 828-B.
Such a considerable difference between contemporary curing agents for
a resin system, which have been optimized throughout years of research
may explain the even larger variation between studies resulting from
the choice of curing agent for the epoxy. An alternative explanation is
the influence of the flyer plate material choice on the interpretation of
the spall signal.

The choice of flyer plate material will also influence the back face
velocity profile, which can lead to the misidentification of the pullback
velocity (upull). The common approach to spall testing involves im-
pacting the specimen with a thin metallic flyer plate. When the test
material is a metal, the backface velocity signal is often identical to the

Fig. 8. −U us p measurements for both EPON 828 variants plotted with data by Carter and

Marsh for comparison [18].

Fig. 9. An unpolished EPON 828-A target impacted with a 6061-T6 aluminum flyer plate
at a velocity of 363m · s−1.

Fig. 10. A polished EPON 828-B target impacted with a PMMA flyer plate at a velocity of
344m · s−1.

Fig. 11. A polished EPON 828-B target impacted with a 6061-T6 aluminum flyer plate at
a velocity of 471m · s−1.
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idealized velocity profile shown in Fig. 6, with a sharp increase in the
velocity to signal the spall event. The backface velocity profiles of spall
tests with polymers often feature only a slight velocity increase fol-
lowing a spall event, which is seen in Fig. 9.

Note that in Figs. 9 and 11 slight velocity plateaus are seen in the
release signal from the test material. In Fig. 9, this feature is seen at
3.5 μs and a velocity near 400 m · s−1, while it is seen at 3 μs and
520 m · s−1 in Fig. 11. These features are only seen for an aluminum
flyer and are not present in the release velocity profile in tests with the
PMMA flyer plate (Fig. 10), resulting in a less ambiguous spall signal.
An analysis of the wave dynamics within the test system will show that
the plateaus seen for the aluminum flyer tests are the result of the finite
thickness of a flyer plate with an impedance that is significantly higher

than the test material and are not indicative of the spall event. The first
minimum in backface velocity, rather than a plateau, was taken for the
spall strength estimate. Using two different flyer plates at similar im-
pact velocities (see shot 17 and shot 20 in Table 2) shows that this
approach results in consistent measurements. Choosing the plateau
velocity from tests with aluminum flyer plates resulted in spall
strengths that were much closer, but still greater than the strength
published by Guess [30], however the results were inconsistent with
PMMA flyer plate tests. The effect of the flyer plate material on the
interpretation of spall signals is a possible cause of the discrepancies
between the values reported in the present study and those published
previously [30].

Table 2
The quantitative results of the plate impact experiments.

Shot # Target wt Flyer Plate vi σsp ϵ˙r Kc up Us σH ϵH
(mm) (m · s−1) (MPa) (s−1) (MPa · m½) (km · s−1) (km · s−1) (GPa)

1 PMMA 6.55 PMMA 203 164 3.8× 104 3.5 0.10 2.98a 0.34a 0.03a

2 PMMA 6.55 PMMA 252 164 3.4× 104 3.8 0.11 3.00a 0.38a 0.04a

3 PMMA 6.60 PMMA 357 158 1.0× 105 2.0 0.18 3.12a 0.67a 0.06a

4 PMMA 6.50 PMMA 498 158 3.4× 104 3.5 0.25 3.20a 0.95a 0.08a

5 PMMA 6.53 PMMA 563 160 5.5× 104 2.8 0.28 3.22a 1.07a 0.09a

6 PMMA 6.55 6061-T6 208 153 8.0× 104 2.2 0.16 1.97 0.38 0.08
7 PMMA 6.53 6061-T6 502 180 6.0× 104 3.3 0.35 3.24 1.36 0.11
8 PMMA 8.26 6061-T6 606 168 5.1× 104 3.2 0.39 3.28a 1.51a 0.12a

9 PMMA 8.45 6061-T6 656 199 1.6× 105 2.3 0.41 3.29a 1.59a 0.12a

10 PMMA 6.55 6061-T6 722 182 7.4× 104 3.0 0.51 3.04 1.83 0.17
11 EPON 828-A 5.44 PMMA 136 N.S.b – – – – – –
12 EPON 828-A 6.50 6061-T6 219 404 3.2× 104 14.8 0.17 1.99d 0.41 0.09
13 EPON 828-A 5.38 6061-T6 363 445 4.0× 104 15.3 0.28 2.64 0.88 0.11
14 EPON 828-A 6.58 6061-T6 503 525 4.5× 104 18.4 0.39 3.04 1.39 0.13
15 EPON 828-A 6.43 6061-T6 671 571 5.5× 104 19.0 0.51 2.32d 1.41 0.22
16 EPON 828-A 6.27 6061-T6 715 585 7.6× 104 16.7 0.55 3.45 2.27 0.16
17 EPON 828-B 6.68 PMMA 344 339 5.2× 104 9.0 0.18 2.87 0.60 0.06
18 EPON 828-B 6.53 PMMA 638 392 7.0× 104 9.6 0.34 3.17c 1.29c 0.11c

19 EPON 828-B 6.58 6061-T6 118 N.S.b – – 0.10 2.33 0.27 0.04
20 EPON 828-B 6.58 6061-T6 318 339 3.1× 104 11.6 0.23 2.72 0.72 0.08
21 EPON 828-B 6.60 6061-T6 471 397 5.6× 104 10.9 0.35 2.89 1.19 0.12

a Shock transit times were not measured in shots 1–5, 8, and 9. Instead, Us was calculated using the empirical polynomial = − + +U u u u6.486 7.823 3.549 2.703s p p p
3 2 provided by Jordan

et al. for up≤ 0.4 km · s−1 [17].
b The term N.S. refers to a no-spall shot, where the characteristic velocity pullback signal was not observed on the velocity profile.
c Shock transit times were not measured in shot 18. Instead, Us was calculated using the empirical polynomial = − + +U u u u0.848 2.221 3.287 2.275,s p p p

3 2 a polynomial fitted to

experimental data by Carter and Marsh for up≤ 1.0 km · s−1 [18].
d Non-planar flyer plate impact appears to have affected the shock transit time measurements for shots 12 and 15, based on our spotting laser measurements, causing error in the

associated shock velocities.

Fig. 12. Strength measurements for EPON 828-A, EPON 828-B, and PMMA plotted
against Hugoniot state stress.

Fig. 13. Strength measurements for EPON 828-A and EPON 828-B at low (quasi-static)
and high (shock) strain rates.
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5.1. Strain rate effects

A significant difference between the quasi-static and dynamic me-
chanical properties of EPON 828-A and EPON 828-B can be observed in
Figs. 13 and 15, where values of tensile strength and fracture toughness
increase by approximately one order of magnitude between the low and
high strain rate domains. The same response is seen for PMMA, albeit to
a lesser extent. Interestingly, while the quasi-static tensile strength of
PMMA is slightly higher than that of either EPON 828 variant (Table 1),
the opposite is seen among the spall strengths of the materials, where
the EPON 828 variants have higher dynamic tensile strengths. A pro-
nounced strain rate dependency is also observed in the fracture
toughness measurements, where the epoxies are significantly tougher
than PMMA at high strain rates, but perform similarly to it under quasi-
static loading conditions.

Pronounced microstructure-dependent strain rate effects are well-
documented for thermoplastic and thermosetting polymers [36,57–59].
The Ree-Eyring theory [60] is quite applicable here, which is an ana-
lytical model that describes the flow of a material as being controlled by
the simultaneous interactions of multiple rate-activated processes.

When applying this theory to plasticity in polymers, these processes are
assumed to be related to specific degrees of freedom of the backbone
chains. From this, the transition in yield behaviour observed from
quasi-static to dynamic loading conditions is explained in terms of
molecular mobility. Resistance to material deformation in the context
of a high strain rate deformation of a polymer has been attributed to the
restriction of the degrees of freedom within a polymer chain [36]. Thus,
the strengthening and toughening effects observed in EPON 828-A,
EPON 828-B, and PMMA can be attributed to the restriction of the
mobility of the individual molecular chains at high strain rate. A similar
effect is seen in dense particle suspensions under high-strain-rate
loading, where the sudden jamming of their structure results in a sig-
nificant increase in stiffness [54,61].

5.2. Effect of shock pressure

The aforementioned strain rate effect is clearly present in these
polymers when comparing the quasi-static maximum tensile strengths
to the spall strengths. The correlation between spall strength and tensile
strain rate (Fig. 13) shows a similar response, where spall strength is
strongly strain-rate dependent; however, this strain rate data is not
independent of increasing shock pressure. From Fig. 12, the spall
strength is shown to be similarly dependent on the shock pressure of the
loading wave. A comparison of the results from shot 17 and shot 21 in
Table 2 suggests that the spall strength in EPON 828-B is more strongly
dependent on the incident shock pressure, as opposed to the strain rate
of unloading. This comparison was achieved through the use of flyer
plates of different materials, which enabled us to vary shock pressure.
The strain rates of these two experiments were 5.2 · 104 s−1 and
5.6 · 104 s− ,1 with corresponding pressures of 0.60 GPa and 1.19 GPa,
resulting in spall strengths of 339 MPa and 397 MPa, respectively. This
suggests that the shock pressure is dominant in the spall response of
these materials, however, the data is too limited to draw definite con-
clusions.

5.3. Effect of curing agent

The results of the present study clearly demonstrates that the choice
of curing agent has a direct effect on the quasi-static and dynamic
mechanical properties of the resultant epoxy, despite its negligible in-
fluence on shock wave propagation. Among the EPON 828 variants,
EPON 828-A has consistently higher tensile strength than EPON 828-B
at any given strain rate. In terms of fracture toughness, the results are
more complex. While EPON 828-B has a higher fracture toughness than
EPON 828-A under quasi-static loading conditions, the opposite trend is
seen for fracture toughness, with EPON 828-A exhibiting a larger
fracture toughness under dynamic loading.

The distinguishing features of these two curing agents may provide
an explanation of this behaviour. Millett et al. [23] demonstrated that
variation in the atoms attached to the polymer backbone in thermo-
plastics can change their macroscopic dynamic behaviour. Functiona-
lizing the backbone chains via the introduction of a curing agent to
encourage crosslinking, reduction of free volume, or reduction of the
characteristic spacing could potentially result in a variation in the
binding forces experienced between adjacent backbone chains. Varia-
tion in the binding forces would likely translate to differences in mac-
roscopic mechanical properties, including spall strength and fracture
toughness. This provides a possible explanation for the observed be-
haviour, where one curing agent may promote more or less crosslinking
between backbone chains than another, which would result in variation
in the dynamic mechanical properties between the different epoxy
systems. Following this explanation leads to the likely conclusion that
EPON 828-A has greater crosslinking between adjacent polymer chains
than EPON 828-B.

Fig. 14. Fracture toughness measurements for EPON 828-A, EPON 828-B, and PMMA
plotted against Hugoniot state stress.

Fig. 15. Fracture toughness measurements for EPON 828-A and EPON 828-B at low
(quasi-static) and high (shock) strain rates.
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6. Conclusions

The objective of this study was to investigate the effect of the curing
agent on the dynamic tensile failure behaviour and shock response of an
epoxy system. This was achieved by comparing the maximum tensile
strength and fracture toughness of the systems measured under both
quasi-static and dynamic loading conditions. The choice of curing agent
was shown to have a significant effect of the spall strength and fracture
toughness of the epoxy resin, but no appreciable effect on shock re-
sponse, as seen from the shock Hugoniot. Spall strength measurements
ranged from 404 to 585 MPa in EPON 828-A and from 339 to 397 MPa
in EPON 828-B at strain rates on the order of 104 s−1. Fracture
toughness measurements ranged from 14.8 to 19.0 MPa · m½ in EPON
828-A and from 8.95 to 11.6 MPa · m½ in EPON 828-B at strain rates on
the order of 104 s−1. These results were attributed to the micro-
mechanical behaviour observed between adjacent polymer chains,
whereby the binding forces and equilibrium spacing were speculated to
present the largest contribution to the failure behaviour.
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