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Abstract A three-dimensional viscoelastic-viscoplastic constitutive model is presented for predicting the
dynamic mechanical behavior of an epoxy resin at low-to-medium strain rates. The model utilizes the gener-
alized Maxwell model, incorporating two Maxwell elements in parallel with a nonlinear spring to represent
the viscoelastic response at low and medium strain rates. By utilizing an empirical logarithmic relationship to
predict the material properties at different strain rates, a nonlinear exponential relation based on overstress con-
cepts is proposed for modeling the viscoplastic behavior. Comparing the tensile and shear stress–strain curves
predicted by the proposed model with the experimentally measured curves, a good agreement is observed.
Implementing the viscoelastic-viscoplastic model in commercial finite element software, a three-dimensional
numerical discretization is performed. Through simulations of stress-relaxation and loading–unloading tests
at various strain rates using the proposed material model, relaxation and hysteresis responses are analyzed.
The model successfully predicts the experimentally measured hysteresis response of a specific epoxy resin
during the loading cycle, consistent with other nonlinear viscoelasticmodels. Thismaterial model not onlywell
replicates the nonlinear viscoelastic responses below the yield strain but also captures plastic nonlinearities at
different strain rates.

1 Introduction

Nowadays, due to the increasing emergence of novel materials [1–4] and the effects of various factors such
as strain rate and temperature on the behavior of different materials [5–9], there is a growing need to develop
new efficient material models. Despite the old history of polymer materials emergence, extensive research
is still being conducted due to the high sensitivity of these materials to the loading rates. Depending on the
loading rate and its amplitude, these materials may exhibit both viscoelastic and viscoplastic behaviors. Based
on numerous experimental observations, the viscoelastic behavior of epoxy resin, which is extensively used
in various applications such as aerospace, marine, and automotive industries, is significant even at low strain
rates in the elastic strain range up to about 7% [8–11]. For stress ranges exceeding the yield point, viscoplastic
behavior emerges with permanent deformation [8–12]. Upon reviewing the literature, three main types of
material models have been proposed for these materials: linear/nonlinear viscoelastic, elasto-viscoplastic, and
viscoelastic-viscoplastic. Due to the high sensitivity of polymers to the strain rate, even close to the quasi-
static range, the modeling of the viscoelastic response of these materials initially received much attention [10].
In this regard, some linear/nonlinear formulations were developed based on the Maxwell model for stress
relaxation under constant strain and the Voigt or Kelvin model for creep under constant stress [13, 14]. Since
the Maxwell and Kelvin elements alone were not sufficient to describe the behavior of polymeric materials
due to the considerable variety of molecular chains, the generalized Maxwell and Kelvin models were further
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established [13, 14]. Thus, the rheological modeling of polymeric materials was described using Maxwell
elements in parallel with a spring (also known as the Zener model [13]) or special Kelvin elements in series
with a spring or damper [13, 14].

For larger elastic strains where the infinitesimal strain tensor can no longer be used, models based on finite
strains were proposed to analyze the nonlinear viscoelastic behavior of these materials [8, 14–17]. Further
efforts were made to expand the research frontier of viscoelastic behavior of polymeric materials to higher
strain rates [9, 10]. Various experimental studies were conducted on engineering polymeric materials, utilizing
the ZWT (Zhu-Wang-Tang) nonlinear viscoelastic constitutive relation for low-to-high-velocity impact loading
[9, 10]. By combining two Maxwell elements in parallel with a nonlinear spring, the viscoelastic response of
the epoxy resin was modeled for both low and high strain rates [9, 10].

For strains greater than the yield point, the material exhibits distinct characteristics [18]. After yielding,
polymeric materials possess a response of strain softening with time-dependent behavior similar to viscosity
in a fluid [18, 19]. According to experimental observations [20–22] and the empirical Eyring’s model [23], the
yield strength increases in a logarithmic manner with increasing strain rate. Hence, inheriting from previous
macroscopic [24, 25] and microscopic [26, 27] viscoplastic models established for metals, various models
were also developed to describe the behavior of polymeric materials. Shokrieh et al. [28] and Chen and Zhou
[11], based on the Johnson–Cook material model [24], and also Goldberg et al. [29, 30] and Shafiei and
Kiasat [31], based on the Bonder–Partom material model [25], adapted the previous macroscopic viscoplastic
models for epoxy resin. Due to microstructural differences, the microscopic models presented for metals are
not well developed for polymeric materials [32]. A few models are also presented based on the assumption of
a polycrystalline structure for polymer materials [32].

In addition to the two modeling approaches mentioned, more comprehensive models have been developed
to describe the viscoelastic and viscoplastic behaviors of polymer materials. Dufour et al. [33] proposed a fully
coupled finite strain-based viscoelastic-viscoplastic damagemodel for epoxy adhesive based on the generalized
Maxwell and von Mises plasticity models. Zhu et al. [7] presented a thermodynamically consistent rate-
type viscoelastic–viscoplastic constitutive model within the framework of isothermal and small deformation
for polymers. According to their one-dimensional rheological model, the viscoelasticity was described by
introducing pseudo potentials, and the viscoplastic flows were derived from the directionality hypotheses [7].
Gudimetla and Dori [34] proposed a finite strain viscoelastic-viscoplastic model for polymeric materials based
on isotropic and isothermal conditions assumptions. Chen and Smith [12] developed a 3D nonlinear model that
was a combination of a nonlinear viscoelastic model and a viscoplastic model based on the von Mises yield
criterion and nonlinear kinetic hardening. Zhang et al. [35] proposed a viscoelastic-viscoplastic model using
the Drucker–Prager yield function, isotropic and kinematic nonlinear hardening laws, and Perzyna viscosity
function for modeling viscoplasticity and a closed-form nonlinear relation to model viscoelasticity. Based
on the assumptions of isotropic and small deformation, Liang et al. [5] recently presented a 3D viscoelastic-
viscoplastic hybrid model for polymers with an amorphous structure.

It can be seen from the literature survey that various material models have been presented by researchers.
However, more comprehensive models are still needed to describe the dynamic behavior of epoxy resin under
impact loading. A significant part of the previous models has only addressed the viscoelastic or viscoplastic
behavior of epoxy resins within a limited range of strain rates. Recently developed 3D viscoelastic–viscoplastic
models are limited to small deformations or low strain rates. However, the current study introduces a nonlinear
3D viscoelastic-viscoplastic model to characterize the behavior of Epon-828 epoxy resin for the ranges of
low and medium strain rates. By conducting experimental tests at various strain rates, the tension and shear
stress–strain curves of Epon-828 epoxy resin are analyzed to determine the material model parameters. The
3D numerical discretization of the proposed rate-dependent material model is then performed to develop a
UMAT subroutine for implementing the proposed material model in ABAQUS software.

2 Experiments

This section deals with the experimental determination of tensile and shear properties and behaviors of Epon-
828 epoxy resin in the range of low and medium strain rates.
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Fig. 1 Silicone molds for fabricating a tensile and b shear samples

Fig. 2 a Tensile and b shear samples made of Epon-828 epoxy resin

3 Materials and specimens preparation

The Epon-828 epoxy resin (Di-Glycidyl Ether of Bisphenol A (DGEBA)) with Triethylenetetramine (TETA)
hardener at a ratio of 10:1 is used to fabricate the specimens. Silicon molds are utilized for fabricating the
specimens as shown in Fig. 1. The specimens are first vacuumed to a pressure of 20 mbar for 30 min for
degassing. Then, the samples are cured for two days at room temperature and atmospheric pressure, and
subsequently placed in an 80°C oven for 2 h. Figure 2 shows the fabricated testing samples prepared for shear
and tensile tests.

4 Test procedure

Using a 15-ton-force universal servo-electric tensile machine (see Fig. 3a) in displacement-control mode, the
tensile stress–strain curves of epoxy resinwere obtained based onASTMD638-10 [36] for plasticmaterials. By
selecting 15 test samples and allocating 5 of them to perform 5 tensile tests at each tensile speed, experimental
measurements were taken at three tensile speeds with strain rates of 0.0015 s−1, 0.003 s−1, and 0.015 s−1.

For extracting the shear stress–strain curve of epoxy resin, similar to previous studies [28, 29, 37], a
torsion testing machine (TecQuipment-SM21, UK) is utilized at three different torsion speeds (see Fig. 3b).
By choosing a total of 15 test samples and assigning 5 of them for conducting 5 tests at each torsional speed,
measurements were carried out with strain rates of 0.00015 s−1, 1.5 s−1, and 150 s−1.
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Fig. 3 Experimental facilities

Fig. 4 Average stress–strain curves for Epon-828 epoxy resin

5 Experimental results

The measured average tensile and shear stress–strain curves associated with three different strain rates are
shown in Fig. 4. The average stress–strain curve representing the mean of 5 data points at a specific strain is
used. Using the obtained curves, the average material properties including tensile/shear modulus (E and G),
tensile/shear strength (S), and corresponding strain (εy) at each strain rate are determined and presented in
Table 1.

Referring to Fig. 4, it is evident that as the strain rate increases, the flow stress changes significantly due
to an increase in the maximum strength and elastic modulus. Resembling the consistency of presented results
with published data in open literature, the dynamic stress–strain curve shifts upwards as the strain rate increases
[10, 11, 20, 21, 23, 28, 29, 37–39], leading to a clear difference between dynamic and static stress, known as
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Table 1 Average tensile/shear elastic moduli, maximum stress (strength), and strain at maximum stress

Loading case Strain rate (1/s) Modulus (GPa) Strength (MPa) Strain at maximum stress

Tensile 0.0015 1.217±0.12 36.07±1.16 0.0287±0.0011
0.0030 1.938±0.07 45.80±0.95 0.0267±0.0017
0.015 2.720±0.17 47.71±1.11 0.0189±0.0023

Shear 0.00015 0.553±0.008 43.98±2.43 0.396±0.018
1.5 0.834±0.013 57.57±1.15 0.308±0.025
150 0.955±0.013 63.35±3.62 0.263±0.031

Table 2 Material constants of proposed strain rate-dependent material model

Loading case Tensile Shear

f (ε o) εy(ε o) S (ε o) E(ε o) εy(ε o) S (ε o) G(ε o)

α − 0.00436 − 4.908×10–11 5.212×10–8 − 0.009617 1.705 0.03537
β 1 15 9 1 1 1
γ 0.00077 47.96 2.308 0.3115 55.58 0.7935

overstress or extra stress [10, 20]. Purposefully, in this paper in order to predict the properties of epoxy resin
at any desired strain rate, following empirical logarithmic relationship is used:

f (ε o) � α (ln (ε o))β + γ (1)

where εo is strain rate, f is a desired material property and α, β and γ are the material constants. For any
desired material property f , the corresponding material constants can be determined by fitting the logarithmic
function of Eq. (1) with the material property values determined experimentally at three different strain rates
using Fig. 4 (presented in Table 1). The resulting material constants corresponding to the properties including
tensile/shear modulus (E/G), tensile/shear strength (S), and strain at maximum stress (εy) are listed in Table 2
for Epon-828 epoxy resin. In this empirical relationship, similar to variations of the well-known Eyring model
[23] and the model suggested by Shokrieh et al. [28], peak stress (i.e., strength) is directly proportional to the
logarithm of strain rate. Furthermore, the elastic modulus also varies logarithmically with strain rates.

The resulting curves extracted from Eq. (1) for predicting the material properties of Epon-828 epoxy resin
in the range of low and medium rates shown in Fig. 5. As it can be seen, the introduced rate-dependent material
model (Eq. (1)) is in a good agreement with the experimental measurements and predicts thematerial properties
at any desired strain rate.

6 Constitutive model

Acting forces in polymers can arise as a result of intermolecular and molecular network resistances [40].
Energetic intermolecular bond stretching accounts for the elastic (visco) part and thermally activated plastic
flow represents the inelastic (visco) part of the total deformation field [40]. Thus, the total strain of polymers
can be decomposed into fully recoverable viscoelastic and unrecoverable viscoplastic components assuming
that they are decoupled [12, 33, 41].

In this research, a linear viscoelastic model is coupled with a nonlinear viscoplastic model to account for
strain rate sensitivity. The behavior of the material is based on the assumption that the rate of deformation is
divided into viscoelastic and viscoplastic parts. The viscoelastic model is established based on the generalized
Maxwell model, namely two Maxwell elements (including serial spring and damper) in parallel with a spring
element are used for modeling viscoelastic response of material at low and medium strain rates. For higher
strain ranges where the strain softening is pertinent, a sliding element in the form of two parallel dampers
is used to simulate the viscoplastic response resembling the yield surface and overstress concept. Here, the
sliding element is fixed until the stress in the material reaches its maximum value (yield stress). When sliding
begins, a viscous plastic force develops in the damper element that is proportional to the sliding speed (strain
rate).
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Fig. 5 Predicted properties at different strain rates in comparison with experimental results

Showing the proposed rheological model in Fig. 6, the resulting constitutive equation for the proposed
model is presented as below:

σ (t) � f (ε, εo) + μ1

t∫

0

ε o exp

(
− t − τ

τ1

)
dτ + μ2

t∫

0

ε o exp

(
− t − τ

τ2

)
dτ (2)

where τ1 and τ2 are the relaxation times corresponding to the viscoelastic response of the epoxy resin at low
and high strain rates, respectively. μ1 and μ2 refer to the elastic constants of two Maxwell elements. The first
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Fig. 6 Rheological model for viscoelastic-viscoplastic behavior

part of this relationship represents the elasto-viscoplastic response of epoxy resin and is expressed in the form
of a nonlinear exponential relation as follows:

f (ε, εo) � μ0ε
pe[− f ×(ε/εy )q] (3)

where μ0 is the elastic constant of the material and p is the strain hardening factor. The exponential part of the
relation represents the viscoplastic behavior of the material, where f is the overstress coefficient representing
the difference in stress at any desired strain rate relative to the strain rate of ε0, i.e., quasi-static strain. εy is
the strain associated with the maximum stress and q is a strain factor. Since the material properties of μ0 and
εy used in Eq. (3) depend on strain rate according to the logarithmic-based relation (Eq. (1)), the proposed
VE-VP material model in this paper exhibited nonlinear behavior at different strain rates.

7 Numerical formulation

3D numerical form of Eq. (2) needs to be developed in order to implement it in the commercial Finite Element
(FE) packageAbaqus as aUserMaterial (UMAT) subroutine. This is done based on the discretization technique
by Kaliske and Rothert [42]. For this purpose, Eq. (2) is rewritten as

σ (t) � μ0ε
pe[− f ×(ε/εy )q] +

t∫

0

2∑
i�1

μi exp

(
− t − s

τ1

)
∂ε(s)

∂s
ds (4)

which can be shortened to the general form:

σ (t) � σ0(t) +
2∑

i�1

hi (t) (5)

In this equation, σ0(t) represents the stress related to the nonlinear elasto-viscoplastic term, and hi (t) is
the internal stress in two Maxwell elements. Considering linear springs for Maxwell elements where ε(s) �
σ (s)/μi , hi (t) can be rewritten in terms of stress using Eqs. (4) and (5) as follows [42]:

hi (t) �
∫ t

0
exp

(
− t − s

τi

)
∂σ (s)

∂s
ds (6)

In this formulation, hi (t) can be determined as a state variable at different time steps using the finite
difference method. Hence, for time 0 to tn+1, it can be expressed as follows [42]:

hi (tn+1) �
∫ tn

0
exp

(
− tn+1 − s

τi

)
dσ (s)

ds
ds +

∫ tn+1

tn
exp

(
− tn+1 − s

τi

)
dσ (s)

ds
ds (7)

For an arbitrary time interval [tn , tn+1] with a time step 	t � tn+1 − tn , one can write:

exp

(
− tn+1

τi

)
� exp

(
− tn + 	t

τi

)
� exp

(
− tn

τi

)
exp

(
−	tn

τi

)
(8)



R. Yazdanparast, R. Rafiee

Consequently, Eq. (7) can be also simplified to [42]:

hi (tn+1) � exp

(
−	t

τi

)
hi (tn) +

∫ tn+1

tn
exp

(
− tn+1 − s

τi

)
dσ (s)

ds
ds (9)

Meanwhile, it can be expressed using a simple finite difference technique as:

dσ (s)

ds
� lim

	s→0

(
	σ (s)

	s

)
� lim

	s→0

(
σ n+1 − σ n

	s

)
(10)

Thus, the time discrete form of Eq. (9) is resulted in following equation [42]:

hn+1i � exp

(
−	t

τi

)
hni +

1 − exp
(
−	t

τi

)
	t
τi

(σ n+1 − σ n) (11)

Finally, we have:

hn+1i � exp

(
−	t

τi

)
hni +

1 − exp
(
−	t

τi

)
	t
τi

(
Ce
MK εn+1 − Ce

MK εn
)

(12)

Therefore, knowing hi (t) at the current time step, its value for the next time step can be obtained. Then,
the 3D form of Eq. (2) can be expressed as below based on the iterative formula:

σ n+1
M � μ0 ε pe

[
− f ×

(
ε
εy

)q]
+

2∑
j�1

⎛
⎜⎜⎝hnj e

(
− 	t

τ j

)
+ τ j

1 − e

(
− 	t

τ j

)

	t

[
Ce
MK εn+1K − Ce

MK εnK
]
⎞
⎟⎟⎠ (13)

Here, usingEq. (13) the Jacobianmodulus ormaterial tangent required for developing theUMATsubroutine
can be expressed as follows [43]:

C
n+1 � ∂	σ

∂	ε
�

⎧⎨
⎩1 +

2∑
j�1

1 − exp
(−	t

τ j

)
	t
τ j

⎫⎬
⎭Cn+1 (14)

where 	σ is a small increment in Cauchy stress, 	ε is the increment in strain, and C is the stiffness matrix
defined as following:

CKM � D(i , j) �

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

K + 4
3μ0 K − 2

3μ0 K − 2
3μ0 0 0 0

K − 2
3μ0 K + 4

3μ0 K − 2
3μ0 0 0 0

K − 2
3μ0 K − 2

3μ0 K + 4
3μ0 0 0 0

0 0 0 μ0 0 0

0 0 0 0 μ0 0

0 0 0 0 0 μ0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(15)

when K represents the bulk modulus of the epoxy resin.
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Fig. 7 Flow chart of the UMAT subroutine interacting with the FE Abaqus/Standard

8 Implementing in the FE software

This section provides details on the implementation of the 3D rate-dependent proposedmaterial model through
the UAMT subroutine interacting with the FE Abaqus/Standard software, as shown in Fig. 7. This subroutine
returns the updated stress tensor and Jacobian matrix to the Abaqus/Standard software for any small increment
of strain 	εK , at a time increment 	t , using Eqs. (13) and (14) respectively, through the following steps:

1. Reads the known material constants α, β and γ from Table 1.
2. Calculates the elastic modulus (E/G), strength (S), and strain at maximum stress εy using Eq. (1) at the

given strain rate 	εK /	t ,
3. Reads the known material model parameters μ1,μ2,τ1,τ2, q, p, and f at the given strain rate 	εK /	t .
4. Calculates the new updated stress tensor σM using Eq. (13),
5. Calculates the Jacobian matrix 	σ/	ε using Eq. (14).

9 Results and discussion

In this section, the proposed viscoelastic-viscoplastic constitutive model is first evaluated by comparing the
predicted dynamic mechanical behavior of epoxy resin with experimental data. Subsequently, the accuracy
of the implemented 3D numerical formulation for the proposed material model and the resulting UMAT
subroutine is examined.

10 Validation of proposed material model

The parameters of the model described by Eq. (2) are obtained through the curve-fitting process of proposed
constitutive models to experimental results. The material constants of relaxation times associated with low and
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Table 3 Material constants of proposed viscoelastic-viscoplastic model

Loading type f p q ε o
0 E1 (GPa) E2 (GPa) τ1(s) τ2(s)

Tensile ε o

ε o
0
(0.85 + 0.05 ln(

ε o

ε o
0
)

+0.6

∣∣∣∣log10( ε
o

ε o
0
)

∣∣∣∣
(

ε o

105ε o
0
))0.3)8

1.05 − 0.01 ln
(
ε o/εo0

)
8 0.0015 0.437 0.437 0.0001 108

Shear 2.6642 1.25 − 0.1 εo/εo0 1.2 0.00015 0.120 0.120 0.0001 108

Fig. 8 Prediction of tensile stress–strain curves by the proposed model in comparison with experimental measurements

high strain rates are set at τ1 � 108 s and τ2 � 0.0001 s, respectively, based on experiments conducted by
Wang et al. [10] on epoxy resin. Extensive dynamic tests on epoxy resin concluded that the relaxation time for
low strain rates falls within the range of 10–102 s, while for high strain rates (impact loading), it falls within
the range of 10–6–10–4 s [10]. The parameters obtained for the proposed model are listed in Table 3.

Figure 8a shows the predicted stress–strain curve using the proposed constitutivematerial model for various
strain rates, ranging from low to medium. The accuracy of the material model is evaluated by comparing the
predicted results with the average stress–strain curves extracted experimentally at three strain rates of 0.0015
s−1, 0.003 s−1, and 0.015 s−1. It can be seen that the proposed model (solid line) predicts the behavior of
epoxy resin very well from elastic to plastic deformation until strain softening occurs which is consistent with
the average stress–strain curve (dashed line) presented in Fig. 4a. For three strain rates of 0.0015 s−1, 0.003
s−1, and 0.015 s−1, the deviation of the estimated strain–stress curve by the proposed model from the average
stress–strain curve of epoxy resin is shown in Fig. 8b. Comparing the predicted stress with the corresponding
experimentally measured data (average stress) at the same strain ranges, a maximum deviation of about 11.5%
can be observed across all strain ranges. By ensuring the accuracy of the proposed constitutive model in
estimating material behavior for low strain rates, this model further predicted the stress–strain curves in the
medium strain rate range (from 0.015 s−1 up to 150 s−1) as shown in Fig. 8a.

Similarly, as shown in Fig. 9a, under shear loading, the proposedmodel (solid line) approximates the elastic
and plastic behavior of epoxy resin in accordance with the average stress–strain curve (dashed line) measured
experimentally (as shown in Fig. 4b). According to Fig. 9b, for three strain rates of 0.00015 s−1, 1.5 s−1, and 150
s−1, the deviation of the estimated strain–stress curve by the proposed model from the averaged stress–strain
curve is lower by approximately 12% across all strain ranges. Although the observed discrepancy between
the predicted and experimental curves may be noticeable at very low strains, it decreases to less than 4% as
the strain increases. Achieving the appropriate agreement between the shear stress–strain curves predicted by
the proposed constitutive model and the experimental measurements, the presented material model facilitates
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Fig. 9 Prediction of shear stress–strain curves by the proposed model compared to experimental measurements

Fig. 10 a Loading profile applied to the FE model and b the resulting stress-relaxation response

the estimation of the shear behavior of epoxy resin for any arbitrary strain rate up to 150 s−1 with reliable
accuracy.

11 Verification of numerical modeling

In order to ensure the proper performance of the developed 3D numerical formulation, the viscous behavior
of Epon-828 epoxy resin is evaluated in this section. For this purpose, the stress-relaxation test and hysteresis
behavior of the investigated resin are simulated based on the proposed material model using the developed
UMAT subroutine in the commercial FE package of Abaqus.

Simulating the stress-relaxation test involves applying a strain at a constant rate along the axis of a cylinder
with a diameter of 12.7 mm and a length of 3 mm for a short time of t0 � 0.03 s until it reaches a maximum
value. Subsequently, the strain is maintained constant, as illustrated in Fig. 10a. The FE model of this cylinder,
fixed at one end and deforming at the other end, is shown in Fig. 10a. The resulting deformed shape of this
FE model is depicted in Fig. 10b. Referring to Fig. 10b, as the strain increases, the stress initially reaches its
maximum value at time t0. After the strain reaches to a constant value, the stress starts decreasing exponentially
with a noticeable lag until it also becomes constant at t0 � 0.1 s. As it can be seen, the 3D material model used
in the simulation demonstrates a rational response, since it properly captures the stress-relaxation behavior.
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Fig. 11 Predicted hysteresis curve of Epon-828 epoxy resin at different strain rates

Formaterials with nonlinear viscoelastic behavior, in loading and unloading conditions, the stress and strain
curves are different and form the hysteresis curve [10, 44]. For more accurate description of the polymeric
materials behavior with dominant nonlinear viscoelastic behavior, it is suitable to examine the constitutive
equation in two states of loading and unloading conditions. The 3D numerical implementation of the proposed
model is investigated to show the hysteresis behavior caused by the viscoelastic properties of Epon-828 resin.
For this purpose, a strain with constant rates is applied along the longitudinal axis of the cylindrical sample
used in the stress-relaxation test, and then it is suddenly unloaded. Figure 11 shows the resulting stress–strain
curves at different strain rates for both loading and unloading conditions. It can be seen that the hysteresis
behavior of the epoxy resin is well predicted by the 3D material model developed in the UMAT subroutine.

To verify the accuracy and universality of the proposed 3D numerical material model for a particular epoxy
resin, the hysteresis behavior is predicted and compared with the response of various VE material models and
experimental data. Xia et al. [45] conducted cyclic uniaxial loading/unloading tests to extract the hysteresis
behavior of an epoxy polymer (Epon 826/Epi-Cure 9551) in order to evaluate the predictive capabilities of
three basic types of nonlinear viscoelastic constitutive models. They chose a mechanical analog model in
differential form [46], a modified Schapery’s model based on nonequilibrium thermodynamics in integral
form [47], and a modified Knauss-Emri free volume model, also in integral form [48]. Considering τ1 � 1 s,
τ2 � 10 s, μ1 � 12.8293 MPa, μ2 � 44.5651 MPa, and μ0 � 2129 MPa for this type of epoxy resin [45],
the resulting hysteresis response predicted by the proposed 3D numerical method and three previous nonlinear
viscoelastic models [46–48] are shown in Fig. 12 accompanied with the experimental data [45] at a strain
rate of 1.5×10–5 s−1. The hysteresis simulation is conducted on a solid cylindrical specimen with the same
geometry and loading conditions as those used in the uniaxial loading/unloading test by a servo-controlled
electrohydraulic test machine [45, 46, 49]. It can be observed that, similar to the other three nonlinear VE
models and experimental data, the slope (tangent modulus) of the loading branch decreases with increasing
stress. However, the trend is reversed in the unloading phase. Referring to this figure again, it is evident that
through all loading/unloading cycles, the proposed 3D viscoelastic model, similar to the modified free volume
model [48], remarkably predicts the experimental data during both loading and unloading phases better than
themodified analog [46] and thermodynamic [47] models. Due to establishing the VE response of the proposed
material model and the modified free volume model based on the generalized Maxwell method, the hysteresis
response obtained is nearly identical.

In comparison with the previous nonlinear VE models, the proposed material model not only estimates
the VE response of a material under yield strain but also considers the VP response of epoxy resin in the
plastic region at low-to-medium strain rates. This model is suitable for low-to-medium strain rates, unlike
many previous viscoelastic, elasto-viscoplastic, and recently developed 3D viscoelastic-viscoplastic models
for epoxy resins, which were developed only for a range of low strain rates. This developed 3DVE-VPmaterial
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Fig. 12 The predicted hysteresis curve by the proposed material model and other theoretical models [46–48], in comparison to
experimental data [45]

model; however, is accompanied by some limitations and assumptions. It assumes the same axial properties for
epoxy resin in both tensile and compressive directions. It is developed at standard room temperature, making it
suitable for situations where the effect of temperature on the material behavior of epoxy resin is not significant.
For applying this model at higher strain rates and different temperatures, new experimental data are needed to
characterize the proposed material model.

12 Conclusion

The dynamic mechanical behavior of an epoxy resin as a matrix phase is studied experimentally and numeri-
cally. An empirical constitutive model is proposed to predict material properties at different strain rates for an
epoxy resin, taking into account its viscoelastic-viscoplastic behavior. According to the presented results, for
epoxy resin at standard room temperature, the dynamic stress–strain curve can be divided into three stages:
initial elastic, yield, and strain softening. The elastic modulus and strength of Epon-828 epoxy resin increase
logarithmically with increasing strain rate, while the strain at maximum stress decreases logarithmically. By
comparing the predicted tensile and shear stress–strain curves with the experimentally measured ones at the
corresponding strain rates, a good agreement between the results is observed in the entire range of elastic and
plastic deformation. FE simulations of stress-relaxation and loading–unloading tests, based on the proposed
material model, demonstrate a reasonable prediction of the expected relaxation and hysteresis behavior of
epoxy resin. Therefore, it can be concluded that the proposed material model and its 3D discretized form
provide a reasonable estimate of the dynamic material behavior for Epon-828 epoxy resin within the range of
low-to-medium strain rates.
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