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Abstract: Epoxy resin (EP) can be flexibly bonded to various materials and has a wide range of
applications in aerospace manufacturing. One of the most common applications is as a matrix phase
in the preparation of advanced fiber composites. Therefore, it determines the mechanical properties
of composites, particularly in view of the effect of differences in strength. To this end, we prepared
tensile and compressive specimens of EP according to the ASTM standard and carried out quasi-static
loading tests at different strain rates (0.001 to 0.1 s−1). The results show that EP has an obvious strain
rate dependence, and the elastic modulus, yield strength, and plastic flow platform in tension and
compression have obvious differences. Furthermore, by fitting the experimental stress-strain curves in
tension, we used the power function to establish a theoretical model in terms of yield stress and elastic
modulus. Subsequently, the nonlinear constitutive models in the compressive state were established
based on the Sherwood-Frost model. Thus, a complete constitutive model was obtained which takes into
account both tensile and compressive differences. Based on these constitutive models, the tensile and
compressive mechanical behaviors obtained by parameter inversion are in good agreement with their
experimental results, proving that the developed constitutive models have good theoretical prediction
capability. These research results provide a reference for the practical engineering application of EP,
especially for the fiber-reinforced EP composites.

Keywords: Epoxy resin (EP), polymers, strength-differential material, mechanical behavior, constitutive
model, strain rate effect

1. Introduction
Epoxy resin (EP) is widely used in the aerospace industry as an electrical insulator to resist dust

and moisture, and as a filler to provide electromagnetic shielding, due to its advantages such as easy
processing, high safety, good toughness, corrosion resistance, and excellent adhesion [1–3]. In addition,
with the development of additive manufacturing technology, the application of polymer plastics has
been significantly promoted, and EP has also ushered in a new stage [4,5]. It is worth noting that one
of the uses of EP is as a matrix for the production of advanced fiber composites like CFRP (carbon
fiber reinforced plastic) and GFRP (glass fiber reinforced plastic). These composites boast excellent
mechanical properties and are used in the design of lightweight, and high-strength functional structures,
so it is significant to conduct research on the mechanical properties of EP.

With regard to the mechanical study of EP, Yao et al. [6] performed the tensile impact test
of EP by SHPB (split Hopkinson pressure bar), where the results show that the strain rate has a
significant influence on the tensile modulus, which is manifested by the stress-strain response gradually
becoming nonlinear with increasing strain rate. Littell et al. [7] investigated the tensile, compressive,
and torsional mechanical properties of Epon E862 at different strain rates. The results show that the
mechanical response of EP is related to strain rate. In terms of Epon 828/T-403 and PMMA (polymethyl
methacrylate), Chen et al. [8] investigated their quasi-static and dynamic behavior under uniaxial tensile
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and compressive loading states. The experimental results show that the dynamic mechanical behavior of
the two polymer materials under tension is different from the dynamic compression behavior. Besides,
in the quasi-static experiment, the tensile and compressive strengths have an obvious difference, which
is called the strength-difference effect. Cohen and Ishai [9] conducted some tests on EP composites to
investigate the strain-rate dependence of the modulus of filled and porous epoxy composites. They found
that the compressive modulus of both filled and porous EP systems increased with the increase in strain
rate. Gómez-del Río et al. [10] added different types of nanoparticles, including SBM (poly methyl
methacrylate), triblock copolymers (rubber nanoparticles), and carbon nanotubes (rigid nanofillers), to
the EP system, analyzing its compressive properties at different strain rates. The results demonstrate
that the mechanical properties of the modified EP are similar to those of pure EP. At a constant strain
rate, the EP specimen showed an obvious yield stage followed by a stress drop [11]. Tamrakar et al. [12]
investigated the strain rate-related mechanical properties of DER 353 EP under quasi-static (0.001 to 1
s−1) and high-rate (1000 to 12,000 s−1) compression loads and ambient temperature conditions. Their
results reveal that the elastic modulus is related to strain rate, and the stress-strain response is softening
after yielding, followed by plastic flow and strain hardening at lower strain rates. Zhong et al. [13]
conducted tensile and compression tests on flame-retardant epoxy resin at different loading rates. The
results showed that the mechanical properties of EP at low and medium loading rates were significantly
affected by strain rate and the difference between tensile and compression.

Generally, the constitutive relationship is a mathematical expression used to describe the regularity
of deformation of a material under external influences (such as stress, strain, etc.), which reflects the
material mechanics. Through the constitutive relationship, we can predict the material behavior under
different loading conditions, i.e., the material constitutive relationship is important. Zhu et al. [14] used
SHPB to explore the viscoelastic behavior of EP at high strain rates (102 to 103 s−1) and up to 7.5%
strain, and proposed a simple and practical nonlinear thermo-viscoelastic constitutive equation, but the
mechanical properties at low strain rates were not discussed. Ning [15] proposed an analytical expression
of the stress-strain relationship and used this equation to fit the tensile results of twenty epoxy castings.
The theoretical results were found to be in good agreement with the experimental results, but a complete
constitutive model including tensile and compressive properties is lacking. Wu [16] studied the quasi-
static compression behavior of TDE86 EP at four temperatures and three strain rates, and conducted
a dynamic compression test using the SHPB. It was found that the dynamic stress-strain behavior of
EP can be divided into four phases: the initial elastic section, yielding, strain softening, and unloading.
Colak and Cakir [17] presented a constitutive equation for the rate- and temperature-dependent stress-
strain behavior of amorphous polymers, which is an improvement on the cooperative viscoplastic theory
based on the overstress model. Their model was shown to predict the quasi-static compression and
high-strain-rate impact behavior of DER353 EP.

Furthermore, Theocaris [18] found that EP followed a linear viscoelastic law at a medium strain
rate and within a certain time range in creep and relaxation tests at different temperatures without or
with plasticizers. Zhao et al. [19] combined DSC (differential scanning calorimetry) curves and gel
time-temperature curves to study the processing performance of the EP system in VARI, selecting
60◦C as the cure temperature; and found that the temperature effect on mechanical properties under
low-strain conditions is almost negligible. Sun et al. [20] established a micromechanical model of
unidirectional composites; and used it to analyze the mechanism of compressive failure. They found that
the compressive strength and failure mode of composites are mainly affected by the stress state of the
matrix with a kink band. Zhao et al. [21] tested the tensile and compressive mechanical properties of
hand-applied plain woven carbon fiber and EP. They found that the compression of EP must take into
account the size effect of the sample, and that the size effect of the sample is not obvious under tension.
Koerber et al. [22] studied the high-strain-rate characteristics of unidirectional carbon/EP IM7-8552
under transverse compression and in-plane shear loading. The results show that the Puck failure criterion
can provide a good strength prediction under both quasi-static and dynamic loading. Xia et al. [23]
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conducted mechanical tests on EP at different temperatures, and found that temperature enhanced the
nonlinear behavior of the stress-strain relationship. They incorporated the temperature factor into the
constitutive equation to realize the nonlinear behavior, but did not discuss the mechanical differences at
various strain rates.

Recently, Liu et al. [24] pointed out that the tensile and compressive behavior of unidirectional GFRP
laminates varies at medium and low strain rates. The result shows that the modulus and failure strength
of unidirectional GFRP laminates are positively correlated with the loading rate. In an experimental
research on carbon/EP composites related to strain rate effect, Gilat et al. [25] found that the deformation
rate has an influence on the response of the IM7/977-2 EP system. This observation indicate that
the sensitivity of composites to strain rate is driven by the EP behavior. However, there is a lack of
research into the influence of different strain rates. At the same time, experimental data demonstrate
that constitutive relations related to strain rate are necessary for the full prediction of polymer-based
composites. Shokrieh and others [26] employed a high-speed servo-hydraulic tester to study the tensile
failure modes of unidirectional glass/EP composites at strain rates from 0.001 to 100 s−1. The results
show that at low strain rates, the damage area covers a small part of the fracture surface, while as
the strain rate increases, the damage path covers the whole standard section, and extensive debonding
between the fiber and matrix is also observed. Zhang et al. designed a CFRP damping modification
method based on the in-situ construction of a directional graphene oxide coating on the CF surface, and
found that the intralayer slip between EP/fiber would preferentially convert into interlayer slip within the
coating [27]. Moreover, many EP-based composites and structures have been studied, especially for the
design of lightweight structures, such as the CFRP auxetic structures [28], the CFRP-aluminum foam
composites [29], etc.

The above discussion shows that the current research on tensile and compressive properties of EP
mainly discusses the two separately or does not establish constitutive equations or study high strain rates,
but its complete constitutive model still needs further development [5–9,16–19]. To study the mechanical
properties of EP under tensile and compressive loading and various strain rates, we have performed the
low strain rate loading tests and developed constitutive models. Therefore, the main innovations of this
paper are: preparing the standard specimens, revealing the mechanical behavior under different strain
rates, and establishing the constitutive model with a strength-difference effect. Most importantly, the
yield stress model in an exponential function form, the tensile constitutive model in a power function
form, and the complete constitutive model have been established, providing a reference for studying the
tensile and compressive behavior of EP and its composites.

2. Material preparation and test methods
2.1. Preparation of EP specimens

The EP casting system was prepared using E-51 liquid reagent. The preparation process was as
follows: The EP and the curing agent were mixed at a mass ratio of 5:1, poured into the mould, and
then heated to 140◦C for 12 h. After cooling, demolding was performed to obtain the corresponding
EP specimens. Figure 1a shows the tensile specimens and Figure 1b shows the compression specimens.
The cross-section of the compression sample is square or circular. The gauge section size of the EP
tensile sample is length × width × thickness of 60 mm × 4 mm × 10 mm, in accordance with the
ASTM D638-22 standard. The length × diameter of the circular EP compression specimen is 25 mm ×
10 mm, which complies with the ASTM D695-15 standard. The length × side length of the square EP
compression specimen is 25 mm × 10 mm, which also complies with the ASTM D695-15 standard.

2.2. Quasi-static test methods
The experiments are performed using a CSS44300-MTS universal electronic testing machine, which

can conduct tensile and compression tests. The experiments are in a quasi-static mode, with a low strain
rate in the range of 0.001 to 0.1 s−1. The experimental parameters are shown in Table 1, and the loading
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and installation site is shown in Figure 2. For the tensile tests, the loading strain rates are 0.001, 0.01, and
0.1 s−1, respectively. For the compression tests, the loading strain rates are 0.001, 0.01, 0.05, and 0.1 s−1,
respectively. The experimental data are collected using Test Expert Version 3.6. The mechanical behavior
of EP is analyzed using the collected force-displacement curves and the observed damage conditions.

Figure 1. EP tensile specimens (a), and compression specimens (b) including circular and square cross
sections

Table 1. Experimental information

Type Loading rate (mm/min) Repetitions Strain rate (s−1)

Tensile test
3.6 3 0.001
36 3 0.01
360 3 0.1

Compression test

1.5 3 0.001
15 4 0.01
75 3 0.05
150 4 0.1

Figure 2. Specimen installation during (a) the tensile process, and (b) the compression process including
circular and square specimens

Here, the true stress-strain relationship was used to express the mechanical properties of EP [30]. In
the equations, the subscript T was adopted to represent true stress and strain, and the subscript e is used
to represent engineering stress and strain. According to the definitions of stress and strain, the force-
displacement curves are converted into engineering stress σe and strain εe, and then converted into true
stress and strain. The strain rate ε̇ is calculated as follows:

ε̇ = v

l
(1)
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The calculation equation for engineering stress is

σe = Fi

Ai
(2)

The calculation equation of engineering strain is

εe = Δli

Li
(3)

In the above equations, v represents the loading speed, l represents the original length of the
specimen, F represents the tensile or compressive force, A represents the cross-sectional area of the
specimen, L represents the original length of the specimen, Δli represents the change in length of the
specimen after being subjected to F, and i represents the i-th independent repeated test.

The calculation equation of true stress σT and strain εT is{
σT = (1 + εe)σe

εT = ln(1 + εe)
(4)

The calculation equation of elastic modulus E is

E = σT

εT
(5)

3. Experimental results and discussion
3.1. Tensile mechanical properties

The force-displacement curves of the EP tensile specimen are shown in Figure 3. In order to improve
the reliability and accuracy of the experimental results, we repeated the independent experiment 3 to
4 times at each loading rate, and calculated the average value at each loading rate as the experimental
result describing the mechanical properties of EP. At the strain rate of 0.001 s−1, the force-displacement
curves of the three EP specimens have good repeatability (Figure 3a). When the tensile load reaches
about 2200 N, the specimen breaks; when the strain rate is 0.01 s−1, the specimen breaks when the
tensile load reaches about 880 N (Figure 3b); when the strain rate is 0.1 s−1, the specimen breaks when
the tensile load reaches about 800 N (Figure 3c). During the experiment with a strain rate of 0.1 s−1, the
specimen broke at the clamping end due to the clamping problem. Therefore, the experimental data of
specimen 3© is not referenceable. Here, specimen 3© is discarded and only the average of test results 1©
and 2© is calculated. The test results show that the maximum load-bearing capacity of EP during tension
decreases with the increase of strain rate. During the tensile process, it can be seen that the mechanical
behavior of EP before failure is mainly linear elastic, but a nonlinear segment is observed in the initial
stage, which may be caused by slip and instability at the specimen’s clamped end. At the same time, the
load of EP suddenly dropped when the tensile load reached the material failure limit, which is similar to
the results in [11].

The engineering stress-strain curves at different strain rates were calculated according to Eqs. (2)
and (3), as shown in Figure 3d. The true stress-strain curve was obtained using Eq. (4) [30]. As can
be seen from Figure 3d, the loading process can be divided into two stages, the initial nonlinear stage
and the linear elastic stage, but the nonlinear segment is caused by the experimental process and will
not be discussed here. When the load reaches the yield stress of EP, the specimen breaks and fails.
According to Eq. (5), the elastic modulus of the material at different strain rates can be calculated,
namely Et0.001 = 763.236 MPa, Et0.01 = 840.333 MPaand Et0.1 = 848.000 MPa, respectively. Here, the
subscript “t” represents the tensile state. It can be seen that the modulus of EP gradually increases
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with the increase of strain rate under tensile conditions. The yield stress of the material is σt0.001 =
49.624 MPa, σt0.01 = 20.014 MPa and σt0.1 = 17.633 MPa, respectively. It can be seen that the yield
stress decreases with the increase of strain rate. Therefore, in the process of analyzing the tensile
mechanical behavior of EP, it is necessary to consider the influence of the strain rate effect on the
mechanical behavior.

Figure 3. Tensile force-displacement curves of EP at strain rates of (a) 0.001 s−1, (b) 0.01 s−1,
(c) 0.1 s−1, and (d) stress-strain curves at these three strain rates including their extension lines

3.2. Compression mechanical properties
The force-displacement curves of EP under compression are shown in Figure 4. The stress-strain

trends of the four strain rates are similar, including initial linear elasticity, yield, strain softening and
unloading segments [17]. The mechanical behavior of the square-sectional specimens is similar to that
of the circular-sectional specimens at strain rates of 0.01 and 0.1 s−1, which shows that the influence
of the cross-sectional shape is not significant, indicating that the experimental data of the square-
sectional specimens can be used as a research object. Due to the process defects in the preparation of the
specimen, there are some pores and pre-damage [31], the EP does not have perfect mechanical behavior.
Therefore, under compression, a suitable representative is selected from independent experiments as
the research object. When the strain rate is 0.001 s−1, the repeatablity of 2© and 3© is better, and the
flow stress of 2© is more, so this specimen is selected as the research object; when the strain rate is
0.01 s−1, specimen 3© is selected as the object; when the strain rate is 0.1 s−1, specimen 1© is selected
as the object; when the strain rate is 0.05 s−1, specimen 1© is selected as the object. The stress-strain
curves at different strain rates were calculated and are shown in Figure 4e. EP exhibits linear elastic
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behavior before reaching the yield point during compression, and the stress at the highest point is the
failure limit under compression [32]. The stresses at different strain rates are σc0.001 = 114.082 MPa,
σc0.01 = 126.825 MPa, σc0.05 = 127.780 MPa and σc0.1 = 140.004 MPa, respectively, where the subscript
“c” indicates the compression state. The elastic modulus in compression are Ec0.001 = 1878.848 MPa,
Ec0.01 = 2240.105 MPa, Ec0.05 = 2280.622 MPa and Ec0.1 = 2801.874 MPa, respectively. It can be found
that under compression, as the strain rate increases, the yield strength and elastic modulus also increase,
showing a positive correlation, which is consistent with the experimental results in [13]. Compared to
the stress-strain curve under tensile loading, the stress-strain curve under compressive loading has the
obvious feature of an additional nonlinear yield and strain softening stage [17].

Figure 4. (Continued)
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Figure 4. Force-displacement curves of EP under compression with strain rates of (a) 0.001 s−1,
(b) 0.01 s−1, (c) 0.05 s−1, (d) 0.1 s−1, and (e) stress-strain curves at these strain rates

3.3. Failure analysis
From the tensile test results in Figure 3, it can be found that EP is a brittle material, but

from the compression test results in Figure 4, it can be seen that EP also has a certain degree of
viscoelasticity [14]. The failure morphology of the EP fracture surface under compression (0.001 s−1)
is shown in Figure 5. During the compressive loading process, obvious wrinkles appear on the outer
contour of the specimens, and micro-cracks are gradually initiated in their vicinity. As the load
increases, these micro-cracks rapidly expand to form more cracks, and finally fracture occurs. The brittle
cross-section is relatively smooth, similar to previous studies [31].

Figure 5. Microscopic morphology of the EP fracture surface taken from the compressed specimen at
a loading rate of 0.001 s−1

4. Establishment of constitutive model
4.1. EP yield stress model

Tensile and compressive loading are important due to their different mechanical behavior, and the
influence of the strain rate effect must also be considered when establishing the constitutive model [24].
The strength of materials usually has a power law relationship [33], such as a logarithmic relationship.
For this reason, the Allometric1 function was used to describe the yield stress of EP. The yield stress
models under tension and compression are as follows:

σt = atε̇
bt (6)
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σc = acε̇
bc (7)

where σt is the tensile yield stress of EP, σc is the compressive yield stress of EP, ε̇ is the strain rate of EP
in tension and compression, a and b are material constants determined by experiments, and the subscript
‘t’ represents tension and ‘c’ represents compression. Furthermore, the relationship between the yield
stress and strain rate of EP in tension and compression can be obtained by fitting the experimental
results as shown in Figure 6, and the material parameters are shown in Table 2. It is worth noting that
the variance Rt

2 obtained by fitting is 0.923 and Rc
2 is 0.999, indicating that within a certain strain rate

range, Eqs. (6) and (7) can be applied to describe the yield limit of EP.

Figure 6. Relationship between yield stress and strain rate under (a) tensile and (b) compressive loading

Table 2. Yield stress parameters in tension and compression

Experiment type Tensile loading Compressed loading

Parameters at bt Rt
2 ac bc Rc

2

Value 6.632 −0.287 0.923 147.529 11.160 0.999

4.2. Constitutive model of EP under tension
Through analysis, we found that the relationship between modulus and strain rate is an exponential

function type curve, which is described here using the Asymptotic1 function. The fitting results are
shown in Figure 7. The relationship between modulus and strain rate is

Et = a − b · cε̇ (8)

The parameter values in Eq. (8) are: a = 848.609, b = 0.045, c = 0.073. Based on Hooke’s law, the
relationship between modulus and stress-strain can be used to establish a mechanical constitutive model
for EP under tension.

The obtained constitutive model can predict the tensile stress-strain curves of EP at strain rates of
0.001, 0.01, and 0.1 s−1, and compare them with the experimental stress-strain curves to verify the
effectiveness. The initial nonlinear segment caused by the clamping end of the instrument is ignored
here. It can be found that the predicted results are in good agreement with the experimental results in
the linear segment, as shown in Figure 8a. Based on this constitutive model, the stress-strain behavior of
EP under tensile load at strain rates of 0.005, 0.05, 0.5, 1 s−1, and 5 s−1 is predicted, and the predicted
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results are shown in Figure 8b. It can be seen from the figure that when the strain rate exceeds a certain
range, the influence of the modulus becomes insignificant, but the strength gradually decreases. The
constitutive equation is expressed as Eq. (9), namely

σt = Etε = [
848.609 − 0.045 · (0.073)ε̇

] · ε (9)

Figure 7. Relationship between modulus and strain rate under tension

Figure 8. Validation and application of the models. (a) predicted tensile behavior compared to
experimental results, where the initial phase is discarded, and (b) predicted tensile behavior for other
strain rate conditions

4.3. Compressive constitutive model based on the sherwood-frost model
There are many studies on the compressive constitutive model of EP [14,15,17,18]. Among them,

the mechanical behavior described by the constitutive model proposed by Sherwood et al. has a good
correlation with our compression test results. Therefore, it was selected for constitutive modelling in the
compressed state. The Sherwood-Frost constitutive model expresses the true stress of the material as a

Mater. Plast., 62 (2), 2025, 88–107 97 https://doi.org/10.37358/MP.25.2.69572

https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964
https://doi.org/10.37358/MP.25.2.69572


MATERIALE PLASTICE
https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

combination of the shape function f (ε), temperature function H(T), density function G(ρ) and strain
rate function M(ε, ε̇) [34], that is

σc = H(T)G(ρ)M(ε, ε̇)f (ε) (10)

where f (ε) is a polynomial function describing the shape of the stress-strain curve under the reference
state, which is given by

f (ε) =
k∑

n=1

Anε
n (11)

Under the condition of reference strain rate ε̇c0, strain rate function M(ε, ε̇c0) = 1, discarding
temperature and density terms, then

σc0 = f (ε) =
10∑

n=1

Anε
n (12)

where ε̇c0 represents the minimum strain rate of the compression test. On this basis, the true stress-strain
curve of EP when the strain rate is ε̇c = ε̇c0 = 0.001 s−1 was fitted using the polynomial function, and
the fitting results are shown in Figure 9, and the parameters of f (ε) are given in Table 3. Therefore, the
polynomial function f (ε) can be obtained, namely

σc0 = f (ε) = −12.056 + 3535.876ε − 34606.125ε2 + 139116.814ε3 − 187654.343ε4 (13)

Figure 9. Compressive stress-strain curves including fit result using f (ε) function and experimental
result with strain rate 0.001 s−1

Table 3. Material parameters of An in f (ε) polynomial function

Compression Parameters Ac0 Ac1 Ac2 Ac3 Ac4
(k = 4) Value −12.056 3535.876 −34,606.125 139,116.814 −187,654.343
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In Eq. (10), M (ε, ε̇) is the exponential strain rate term proposed by Nagy et al. [35], which is
expressed as

M(ε, ε̇) = (ε̇/ε̇0)
n(ε) (14)

n(ε) = b1 + b2ε + b3ε
2 + b4ε

3 + b5ε
4 (15)

where, the material parameter b1 ∼ b5 are determined by experiment, and have a unit of 1. Here the
specific form of Eq. (10) is

σc = M (ε, ε̇) f (ε) (16)

In order to obtain the relationship between M (ε, ε̇) and strain ε, we rewrite Eq. (16) as follows [36]:

M(ε, ε̇) = σc

f (ε)
= σc

σc0
(17)

Taking the strain rate of 0.001 s−1 as the reference strain rate, the relationship between M (ε, ε̇) and
strain ε can be obtained by Eq. (17), and the fitting results are shown in Figure 10.

Figure 10. Relationship between M (ε, ε̇) and ε under different strain rates the compression state

To obtain the parameter of n (ε) in Eq. (14), take the logarithm of both sides of Eq. (14), then we can
obtain

n(ε) = ln[M(ε, ε̇)]

ln (ε̇/ε̇0)
(18)

Combining Figure 10 and Eq. (18) for calculation, the relationship between n (ε) and strain is
obtained, as shown in Figure 11. It can be seen that there is a nonlinear relationship between n (ε) and
strain ε. At the same time, the fitted curve is in good agreement with the experimental results. The
parameter values in n (ε) are given in Table 4, and its equation the compressive state is
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n (ε)c = −0.185 + 6.989ε − 73.814ε2 + 312.358ε3 − 466.129ε4 (19)

Figure 11. Relationship between n (ε) and strain ε in compression state

Table 4. Experimental constants in n (ε)

Compression
Parameter b1 b2 b3 b4 b5

Value −0.185 6.989 −73.814 312.358 −466.129

According to the obtained shape function f (ε) and strain rate function M (ε, ε̇), combined with n (ε),
we can obtain the stress-strain constitutive model of EP under compression, that is⎧⎪⎪⎨
⎪⎪⎩

σc = (
ε̇/ε̇c0

)n(ε)c · f (ε)

n (ε)c = −0.185 + 6.989ε − 73.814ε2 + 312.358ε3 − 466.129ε4

f (ε) = −12.056 + 3535.876ε − 34606.125ε2 + 139116.814ε3 − 187654.343ε4

(20)

Compared with the experimental results, the compressive mechanical behaviors at different strain
rates can be predicted based on the obtained constitutive model. Figure 12a to d shows the comparison
between the stress-strain curve calculated based on the constitutive model Eq. (20) under compression
and the experimental results. It can be found that the predicted results are in good agreement with the
experimental results. Furthermore, we calculated the stress-strain curves of EP at strain rates of 0.005,
0.5, 10 and 100 s−1, as shown in Figure 12e. It can be seen that as the strain rate increases, the failure
strength increases, the modulus increases, the flow stress increases, but the overall trends of these are
the same. However, the platform stability decreases. In summary, this constitutive model can be used to
predict the compressive mechanics of EP at different strain rates.
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Figure 12. Validation and application of the models. Stress-strain prediction results compared to
experimental results at strain rates of (a) 0.001 s−1, (b) 0.01 s−1, (c) 0.05 s−1, (d) 0.1 s−1, and (e) prediction
results at other strain rates

4.4. Tensile constitutive model based on the sherwood-frost model
By observing the stress-strain curve of the material under tension, due to the existence of the initial

nonlinear segment, a quadratic polynomial is used to fit the stress-strain curve. It is assumed here that
there is an initial nonlinearity in the tensile behavior, otherwise, the polynomial function f (ε) is useless.
The result is shown in Figure 13, and the parameters of the shape function f (ε) are given the Table 5,
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and the polynomial function f (ε) is

σt0 = f (ε) = 0.748 + 234.879ε + 7834.590ε2 (21)

Figure 13. Tensile stress-strain curve experimental result and its f (ε) fitting result

Table 5. Material parameters of An in the polynomial function f (ε)

Tensile condition (k = 2)
Parameter At0 At1 At2

Value 0.748 234.879 7834.590

Taking the strain rate of 0.001 s−1 as the reference strain rate, the relationship between M (ε, ε̇)
and strain ε under tension can be obtained through Eq. (17), and the calculation results are shown
in Figure 14.

Figure 14. Relationship between M (ε, ε̇) and ε under different strain rates in the tensile state

Combining Figure 14 and Eq. (18) for calculation, the relationship between n (ε) and strain ε is
obtained, where the fitting result is shown in Figure 15 and the parameters in n (ε) are shown in Table 6.
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The equation of n (ε) in tensile state is

n (ε)t = −0.342 + 59.766ε − 4836.902ε2 + 170222.058ε3 − 2.053ε4 (22)

Figure 15. Relationship between n (ε) and material strain ε under tension

Table 6. Experimental constants in n (ε) in tension

Tensile condition
Parameters b1 b2 b3 b4 b5

Value −0.342 59.766 −4836.902 170,222.058 −2.053

Similarly, the constitutive model of EP in the Sherwood-Frost form under tension can be obtained,
namely

⎧⎪⎪⎨
⎪⎪⎩

σt = (
ε̇/ε̇t0

)n(ε)t · f (ε)

n (ε)t = 0.748 + 234.879ε + 7834.590ε2

f (ε) = −0.342 + 59.766ε − 4836.902ε2 + 170222.058ε3 − 2.053ε4

(23)

Then, we can discuss its predictive effect. After the calculation, the theoretical prediction results
were compared with the experimental results and other predictions under tension, as shown in Figure 16.
The results show that the predictions in the initial segment are consistent with the experimental results.
However, the predictions in the subsequent linear segment are inaccurate. This is because there are
two nonlinear terms in the constitutive equation, namely f (ε) and n (ε). In addition, according to the
relationship in Figure 14, it can be seen that the regularity of the three M (ε, ε̇) is poor, and their fitting
results are nonlinear. As a result, although a nonlinear assumption is introduced for the constitutive
establishment, the obtained nonlinear Sherwood-Frost model cannot reflect the linear elastic behavior
well. Therefore, for the prediction of mechanical behavior under tension, the simple constitutive
model of Eq. (9) in Section 4.2 is more appropriate, as it has a better predictive effect on the overall
mechanical behavior.
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Figure 16. Predicted and experimental results of stress-strain curves under tension

As a result, the complete constitutive model of EP under tension and compression is

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

tension: σt = [
848.609 − 0.045 · (0.073)ε̇

] · ε

compression

⎧⎪⎨
⎪⎩

σc = (
ε̇/ε̇c0

)n(ε)c · f (ε)

n (ε)c = −0.185 + 6.989ε − 73.814ε2 + 312.358ε3 − 466.129ε4

f (ε) = −12.056 + 3535.876ε − 34606.125ε2 + 139116.814ε3 − 187654.343ε4

(24)

5. Conclusion
EP has an obvious strain rate effect and strength-difference effect under tension-compression

loading. This indicates that the form of applied load should be considered when studying its mechanical
behavior. In this paper, we have studied the uniaxial tensile and compressive behavior of EP under
different low strain rates by quasi-static tests, and established the constitutive models. The main
conclusions are:

(1) For the tensile test of EP, the results show that there is a negative correlation between yield
stress and strain rate, and the elastic modulus increases with increasing strain rate. The prediction
results obtained from the established simple constitutive model are in good agreement with the
experimental results.

(2) For the compression test of EP, the results show that both yield stress and elastic modulus increase
with increasing strain rate. The results of predicting the mechanical behavior based on the Sherwood-
Frost constitutive model are in good agreement with the experimental results, among which the nonlinear
terms of the shape function, strain rate function, and strain rate exponential function together constitute
the nonlinear elastoplastic behavior under compression.

(3) The results at different strain rates show that the mechanical behavior of EP is strain rate
dependent. For the mechanical properties of EP in tension and compression at the same strain rate,
the yield strength, elastic modulus, and plastic behavior show obvious differences, that is, a strength-
difference effect under tension and compression, and the compressive behavior has an obvious plastic
flow phase.

(4) The Sherwood-Frost constitutive model is not suitable for the mechanical properties of EP under
tension, which is mainly manifested by the fact that the constitutive model has two polynomial nonlinear
terms, namely f (ε) and n (ε). This indicates that the nonlinear Sherwood-Frost model has a drawback in
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predicting the linear behavior, thus the simple linear model is more appropriate for the tensile mechanics
of EP.

Although this paper has discussed the tensile and compressive behavior of EP at a strain rate of
0.001 to 0.1 s−1 and established tensile and compressive constitutive models, the prediction of tensile
and compressive behavior at other strain rate conditions is not supported by experimental data. In the
future, the mechanical behavior of EP at strain rates of 0.005, 0.5, 5, 10, 50 and 100 s−1 can be further
discussed. In addition, the constitutive model established in this paper is still a theoretical equation and
needs further development to form a material subroutine that can be used in numerical simulations.
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