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ABSTRACT: Based on quasi-static and dynamic experi-
mental results, a novel strain-rate-dependent model for eth-
ylene—propylene-diene monomer (EPDM) rubber was de-
veloped. This model, composed of a base model and rate-
sensitivity terms, has a relatively simple form to be
embedded in computer codes for numerical simulations.
The base model combines a Maxwell model and a Mooney
function. The Maxwell model is necessary to describe small-
strain behavior, whereas the Mooney function dominates
the large-strain behavior. Each of these two components is

then multiplied by a rate-sensitive term to describe the
material’s strain-rate sensitivities at both small and large
strains. This model gives a good description of EPDM re-
sponse in both compression and tension over a wide range
of strain rates with a minimum number of material con-
stants. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 92:
1553-1558, 2004
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INTRODUCTION

Ethylene—propylene-diene monomer (EPDM) is a
crosslinked polymer that has been one of commonly
used industrial polymers because of its outstanding re-
sistance to ageing from heat, light, oxygen, and ozone."!
This rubber has also been widely used as shock absorb-
ers in automotive, aerospace, and portable electronics
applications. It is necessary to understand and quantita-
tively describe its mechanical properties at various strain
rates under both compressive and tensile loading condi-
tions such that numerical simulations of structural re-
sponse to shock loading can be conducted for design
optimization.” Because of the long history of the appli-
cation of rubber materials in industry, there are numer-
ous models based on strain-energy functions for rubbers
under quasi-static loading conditions.>”® However, few
efforts have been focused on modeling their behavior
with strain-rate effects, although rubbers are known to
be strongly sensitive to strain rates and are subjected to
shock loadings.

Empirical models, such as a modified Johnson-
Cook model and viscoelastic/viscoplastic constitutive
models, have also been used to describe the mechan-
ical properties of polymers at various strain rates be-
cause of their simplicity, even though they may lack
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the support of physical mechanisms.”® Bergstrém and
Boyce”'” recently used two interacting macromolecu-
lar networks to construct a three-dimensional consti-
tutive model that accounted for rate dependency: the
first network, called the equilibrium network, is rep-
resented by the Arruda-Boyce eight-chain model of
rubber elasticity, and the second network is repre-
sented by another eight-chain network with a relaxed
configuration. This constitutive model is applicable to
a wide strain-rate range in principle, as long as the
assumptions on the mechanisms (eight-chain net-
works) are valid. However, the large number of ma-
terial constants in this model are difficult to be
uniquely determined by experiments. A nonlinear vis-
coelastic constitutive model based on the assumptions
of nonlinear elasticity and linear viscoelasticity has
recently been developed.'' The basic formulation is
based on stress relaxation functions with two different
relaxation times to enable the model to describe strain-
rate effects of polymers. However, this model cannot
describe the mechanical behavior of solid polymers at
large strains. As mentioned earlier, strain-energy func-
tions have been commonly used to describe mechan-
ical properties of rubber or rubberlike materials under
quasi-static loading conditions. When strain-rate ef-
fects are accounted for, a model purely based on
strain-energy functions will become very complicated
because of the rapidly increasing number of material
constants corresponding to strain-rate effects. Song
and Chen'? presented a relatively simple dynamic
model for EPDM rubber with fewer material constants.
However, the application range of this model is limited
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to their experimental conditions. Using a strain-energy
function and a stress-relaxation function with only one
relaxation time, Yang et al.'” presented a viscohyperelas-
tic model that combines static hyperelastic behavior and
a viscoelastic model for incompressible rubberlike mate-
rials. This model provides a good description of com-
pressive behavior for SHA rubber at large strains (>0.2),
but is not accurate in describing small-strain behavior.
Because of the lack of proper rate-dependent material
models, quasi-static models that do not account for
strain-rate effects have been used in dynamic simulation
codes, such as DYNA3D, to describe rubber responses
under impact conditions. This indicates the strong need
for accurate material models covering a wide range from
quasi-static to dynamic strain rates for rubbers, which
have relatively simple forms to be used for numerical
simulations. Given that shock and vibration loads on the
rubber component can be tensile or compressive, or
both, it is desirable to develop a model that describes the
strain-rate—dependent mechanical behaviors of rubbers
under both compressive and tensile loading conditions.
Based on our experimental research on an EPDM
rubber in both compression and tension under both
quasi-static and dynamic loading,'>'® a new rate-de-
pendent material model was developed in this study
to describe both compressive and tensile properties of
the rubber. The seven independent material constants
were determined by compressive and tensile experi-
ments at various strain rates from 107°/s to 10°/s.

MODELING OF UNIAXIAL
STRAIN-RATE-DEPENDENT STRESS-STRAIN
BEHAVIOR

Both compressive and tensile stress—strain behaviors
of EPDM rubber were previously determined to be
strain-rate sensitive and nonlinear.'">'> An empirical
form of a material model typically takes the form

o= fle)g(é) (1)

where the term f(€) represents the strain-rate indepen-
dent behavior, whereas another term g(¢) accounts for
the effects of strain rate. This simple formulation can
describe only the strain-rate sensitivity independent of
the strain in the material, which is not consistent with
the experimental results for the specific EPDM rubber
under investigation.">'> A more general strain-rate—
sensitive model may be expressed as

o= Ef,(«?)g,(S) (2)

i=1

where f(€) and g;(¢) represent strain-rate-independent
behaviors and strain-rate effects at different strain lev-
els. We seek the simplest formulation of eq. (2) in this
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research to accurately represent the EPDM behavior
determined in experiments.'>'® First, we find an ex-
pression to describe the strain-rate-independent be-
havior at some reference strain rate. Strain-rate effects
terms will be added on later. For the description of the
reference behavior at very large strains at a specific
strain rate, strain-energy functions have been success-
fully used.* We also use a strain-energy function to
describe the large-strain response of EPDM at a refer-
ence strain rate. With the assumption of incompress-
ible volume, the strain-energy function approach of
the stress—strain relationship for a rubber material un-
der one-dimensional stress can be expressed as*

ol 1><au+1au ;
7= A\ar T X oL, )

where A is the stretch ratio; I; and I, are strain invari-
ants, defined as

1=)\2+% I=l+2)\ (4)
1 2 )\2

A

and U is the strain-energy function, which can gener-
ally be written as

u= E Cij(ll - 3)1(12 - 3)1 (5)

i=0,j=0

where C;; are polynomial coefficients with Cyy = 0
because strain energy disappears at zero strain; and i
and j are polynomial powers. It is noted that the stress
in eq. (3) refers to true stress. The most general first-order
relationship for U of an incompressible material is

U= Ci(l; —3) + Cy(I, — 3) (6)

where C; and C, are constants. This form of the strain-
energy function, called the Mooney equation, was first
derived by Mooney on the assumption that a linear
stress—strain relationship existed in shear, and has
been accepted by many researchers.>® Substitution of
eq. (6) into eq. (3) yields a stress—stretch model based
on a strain-energy function

o1 1

el elred)] o

which can describe the hyperelastic behavior of EPDM
rubber at large strains well. However, such a simple
model is not accurate to describe the EPDM behavior at
small strains, even after an additional term is adopted.12
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The model accuracy at small strains may be improved by
including many more terms in eq. (5). However, this
approach quickly becomes impractical when a large
number of material constants are encountered.

To keep the model simple and the number of con-
stants small, we adopted a viscoelastic model to de-
scribe the material behavior at small strains."" A gen-
eral constitutive behavior for a linear viscoelastic ma-
terial can be expressed as'®

t de(7)
o(t) = f ot — 1)

dr (8)
where ¢(t) is a stress-relaxation function, expressed as

o(t) = X Eexp(—t/6) 9)

i=1

Equation (9) represents the stress-relaxation behavior
of a viscoelastic material, which consists of N Maxwell
components. Adopting the first two terms in eq. (9) in
addition to a nonlinear elastic component leads to the
constitutive model developed by Wang and associ-
ates,'1® which well described small-strain behavior
for polymers. In eq. (9), E; represents the modulus of
spring component in the Maxwell component num-
bered i; and 6; is the relaxation time of this component:

0=+ (10)

where 7, is the viscosity of dashpot in the Maxwell
component. When 6; is much less than a deformation
time ¢, the stress-relaxation function ¢(t) will approach
zero [eq. (9)]. When the material is loaded over a very
wide strain-rate range, the relaxation time 6, may de-
pend on the strain rate for certain materials. We have
attempted to use only one equivalent rate-dependent
relaxation time © to describe the EPDM small-strain
behavior and found that such a simple formulation
was capable of accurately capturing the material re-
sponses at small strains. This equivalent relaxation
time O increases with deformation time t, or decreases
with strain rate at some fixed strain. Under the condi-
tion of constant strain rate, a constant equivalent strain
€, is proposed to describe the relationship between the
equivalent relaxation time and strain rate:

0=" (11)

With this new variable, eq. (9) is simplified to

¢ = Ee""/® = Ee~(e/*) (12)
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Figure 1 A Maxwell model with a nonlinear dashpot.

where E is the equivalent modulus of the spring com-
ponents. By substituting eq. (12) into eq. (8) we obtain

o=Ee (1 —e ®*)=qg (1 —e /=) (13)

where o, = Eg,.

Equation (13) may also be derived from a nonlinear
Maxwell model with a spring (E) and a dashpot (n
= 0,/¢), as shown in Figure 1. Although the strain-rate
effects disappear in eq. (13), this equation is found to
well describe stress—strain behavior of the EPDM rub-
ber at small strains.

By combining egs. (7) and (13), a strain-rate inde-
pendent stress—strain behavior of EPDM rubber at
both small and large strains can be expressed with
three terms as follows:

1 1
0=2C4ﬁ—k)+2Q<A—ﬁ>+mu—e@mn

(14)

which can also be represented by an illustrative model
as shown in Figure 2. Equation (14) represents the base
model for the EPDM rubber, which is composed of a
simple strain-energy function (first two terms on the
right) and a modified Maxwell model (the last term).
The modified Maxwell component describes the
stress—strain behavior at small strains and will be a
constant at large strains where the strain-energy func-
tion dominates.

We now seek an effective approach to build strain-
rate effects in the model. As mentioned earlier, the
strain-rate sensitivity for EPDM rubber varies with
strain.'>'®> The model should be capable of describing
strain-rate effects as a function of strain. After cross-
examining eq. (14) and our experimental results for
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(o)
Figure 2 Strain-rate-independent base model.

the EPDM rubber in either tension or compression, it
was discovered that the first term in eq. (14) was
strain-rate independent, whereas the last two terms
did depend on strain rate. Therefore the strain-rate—
dependent constitutive model for the EPDM can be
expressed as

=D ()\2_1) + ()(/\—1> + ()(1_ 7(s/sy))
g = 0 /\ fl & )\2 fz & e
(15)

where Dy = 2C;; fi(é)and f,(¢) correspond to strain-
rate effects at large strains and at small strains, respec-
tively, because the term of the second strain invariant
describes the large-strain behavior and the term of the
Maxwell component describes the small-strain behav-
ior. We used an exponential formulation for the rate
sensitivity terms. Such formulations have recently
been used to describe the strain-rate effects of materi-
als including metals'” and composites.'®

f(é) =a + be" (16a)

or

f(&)=a+ bl(;> (16b)

where &, is the reference strain rate; «, 4, and b are
material constants; and

bl = ng

Now, the strain-rate-dependent model for the
EPDM rubber can be expressed as

1 g\
azDo[(1+s)2—1+8] + {AO+A1<(§0) ]

<laver -] [men(E) ]
X (1 — e*(s/sr)) (17)
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where A,, A;, By, and B; are material constants to be
determined experimentally.

DETERMINATION OF MATERIAL
CONSTANTS FOR EPDM RUBBER

Stress—strain curves at various strain rates for EPDM
rubber were previously obtained under valid com-
pressive and tensile testing conditions.'*'> Because
the mechanical responses for EPDM rubber in com-
pression are different from those in tension, some of
the material constants in the model [eq. (17)] for com-
pression and for tension cases may also be different. In
eq. (17), the stress is true stress, whereas the strain is
engineering strain. The engineering strain is negative
in compression and positive in tension.

The material constants for eq. (17) determined using
experimental results'®!® are tabulated in Table I. The
material constants in compression are different from
those in tension. When the EPDM rubber is in com-
pression, the first term in eq. (17) disappears (D, = 0
in compression). However, when the EPDM rubber is
in tension, the last term in eq. (17) is linearly sensitive
to the strain rate. The material model [eq. (17)] can
thus be expressed with seven independent material
constants as follows:

In compression:

- &\ 1
o=|arals) |Jaro- il

&\*
+ {BO + Bl<é) }(1 — e~ (e/e) (18a)
0
In tension:

1 5\
o= DO[(l + &)’ —m] + [AO + Al(;) ]

X [(1 +&) - 1] + [B +B (é)](l — e /=)
(1 + 8)2 0 ! éo
(18b)
TABLE I

Material Constants in Eq. (18) for EPDM Rubber in
Compression and Tension

Constant Compression Tension
D, 0 4.0
A 0.39 -8.0
Ay 7.1425 X 1077 0.06269
B, —-0.20 3.30
B, -1.7271 x 1073 -6.32x10°°
a, 1.0614 0.3502
a, 0.4631 1
€, —0.02 0.18
& 0.0015 0.004
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Figure 3 Comparison of compressive stress—strain curves of EPDM rubber from experiments and from the model at various

strain rates.

Figures 3 and 4 show the comparisons of stress—
strain curves at various strain rates by experiments
and by the model under compressive and tensile load-
ings, respectively. The good agreements between the
model descriptions and the experimental results un-
der both compressive and tensile loadings (Figs. 3 and
4) indicate that the model developed in this study is

capable of accurately describing the strain-rate—depen-
dent mechanical behaviors of the EPDM rubber under
both compressive and tensile loading conditions at both
quasi-static and dynamic loading rates. The relatively
small number of material constants and the relatively
simple formulation make the constitutive model very
efficient for application in numerical simulations.
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Figure 4 Comparison of tensile stress—strain curves of EPDM rubber from experiments and from the model at various strain

rates.
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CONCLUSIONS

A new strain-rate—dependent model for EPDM rub-
ber is developed in this study. A strain-rate inde-
pendent base model is constructed first, which con-
sists of a hyperelastic component derived from
Mooney equation to describe the stress—strain be-
havior at large strains, and a modified nonlinear
Maxwell component, which describes the small-
strain behavior. This unique combination decreases
the number of material constants without compro-
mising model accuracy. Based on experimental re-
sults on EPDM rubber under both compressive and
tensile loading conditions, two exponential strain-
rate sensitivity terms are embedded in the base
model to describe the strain-rate dependencies at
both large and small strains. The model exhibits
good agreement with the experimental results over
wide ranges of strain rates, under both compressive
and tensile loading conditions. The relatively small
number of material constants and simple formula-
tion increase the applicability of the model in nu-
merical simulations.
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