INTERNATIONAL JOURNAL OF SCIENTIFIC & TECHNOLOGY RESEARCH VOLUME 6, ISSUE 07, JULY 2017

ISSN 2277-8616

Study Of The Mechanical Behavior Of Elastomer
Protective Materials
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Abstract: In order to study the mechanical behaviour of elastomers at large deformations, a theoretical description was developed for the loadingunloading hysteresis loop at large deformations and as a function of the strain rate. Bergström and Boyce’s proposition that the elastomer behaviour is
controlled by two contributions, the first one corresponding to the equilibrium state and the second one to a non-linear rate-dependent deviation from that
equilibrium state, and their use of Zener’s rheological model, were applied to an uniaxial tension configuration. A validation of the description was
performed with nitrile rubber. A good agreement of the theoretical description with experimental results was obtained. This simple description of the
hysteresis behaviour of elastomers as a function of the strain rate provides a useful tool for estimating the mechanical behaviour at various strain rates,
with potential application in the design of protective gloves.
Index Terms: elastomer, Nitrile rubber, hysteresis, large deformation, variable strain rate.
————————————————————

1 INTRODUCTION
The use of protective gloves at the workplace allows a
reduction in injury occurrence and seriousness. However,
wearing protective gloves may also cause a decrease in the
ability to perform tasks and an increased level of muscular
fatigue, for example due to their lack of suppleness [1].
Ultimately, this can either lead to resistance to wearing the
needed protective gloves, with an increase in direct injuries
like skin laceration, or to the occurrence of indirect and more
long-term injuries like tendonitis. The design of gloves with
adequate properties requires knowledge of the constitutive
material mechanical behaviour. While some studies have
reported on the development of methods for the
characterization of protective glove stiffness, either mechanical
[2, 3] or with human subjects [3, 4], as well as on the effect of
these properties on task performance [5], not much has been
done on the dynamic mechanical behaviour of gloves. Yet,
deformations subjected to gloves in use may involve a wide
range of strain rates. This question is particularly relevant in
the case of viscoelastic compounds like elastomers, which
constitute a choice material for protective gloves due to their
good flexibility and elasticity as well as their resistance to a
number of hazards [6]. For example, nitrile rubber offers good
chemical performance [7, 8]. In the work reported in this paper,
the dynamic mechanical behaviour of elastomers is studied at
conditions relevant to the use of protective gloves, i.e. at large
deformation and variable strain rates, through the analysis of
the hysteresis loop corresponding to a loading-unloading
cycle. Several authors have worked on the mechanical
behaviour of elastomers [9-30]. Two approaches can be
identified: the molecular approach is based on network
physics [12-14, 21, 22, 27, 31] while the phenomenological
approach relies on mathematical considerations [7, 9-11, 15,
24, 25, 32].
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For example Mooney and Rivlin have lay the basis for large
deformation theories for elastic materials. More recently,
Arruda and Boyce have proposed a new description known as
the eigth chain model, which is derived from non-Gaussian
statistics theory [31]. It has been used successfully to predict
the behaviour of elastomers up to failure. In particular, it has
had applications in optics [33] and structural mechanics [20].
In the case of cyclic loading, even if they are highly elastic,
elastomers display different paths for loading and unloading
[12, 34]. This hysteresis loop corresponds to the energy
dissipated during the loading-unloading process. After a few
cycles, this loop tends to stabilise as shown by Mullins [35].
Even if time is a fundamental factor to consider when dealing
with viscoelastic materials like elastomers, very few people
have looked at the effect of strain rate on the mechanical
behaviour of elastomers, and in particular on the hysteresis
loop. Some have limited their study to the effect of strain and
stress amplitude on the hysteresis loss [36]. Others have
looked at the effect of the strain rate on the parameters of the
model used for finite element analysis [37]. Bergström and
Boyce were the first ones to consider the case with attention;
they studied the effect of strain rate on the hysteresis loop of
elastomers when working in compression and at large
deformation [38]. They proposed a theoretical description
based on the three-element Zener rheological model and the
use of non-linear constants. The same principle was later
applied to the case of thermoplastics for example [39].
Bergström and Boyce’s idea consists in decomposing the
hysteresis loop in two parts, one characterizing the equilibrium
state of the deformed elastomer, and the other a timedependant deviation from that equilibrium [38]. The resulting
total stress combines an elastic contribution and a timedependent one. As an alternative to Bergström and Boyce’s
3D complex tensorial description relative to compression, this
paper proposes a simplified model based on the same
principles but corresponding to a unidirectional treatment of
tensile deformation.
It is validated by comparison with
experimental tests performed with nitrile rubber samples.

2 EXPERIMENTAL METHOD
The studied material is nitrile rubber. Samples were cut from
protective gloves (Best Glove manufacturing, model number
412, thickness 0.6 mm) using dye C of the ASTM D 412
standard test method for measuring the tensile properties of
elastomers [40]. The tests were performed with a MTS
mechanical test frame, model Alliance RF/200 using a 1000 N
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load cell. For each condition, a minimum of three replicates
were measured. Maximum loading and loading-unloading
experiments were carried out at various loading rates. Figure
1 illustrates the loading-unloading sequence applied in the
case of a 50 mm/min loading rate.
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Where E ( R ) is the modulus of spring R1, E ( R ) is the modulus
of spring R2 and  is the viscosity of the damper, σ is the
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stress,  is the variation of the stress with time, ε is the strain
and  is the strain rate. Equation (2) represents the solution
of Equation (1) in terms of time variation of the stress for a
loading-unloading cycle.
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(b) Strain rate

is the strain rate,
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time and H is the Heaviside function defined by Equation (3).

Figure 1: Loading-unloading test (strain rate 50 mm/min)
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3 THEORETICAL MODEL
A combination of a non linear viscoelastic model and Zener
standard rheological description of solids (see Figure 2) has
been used to predict the hysteresis behavior of nitrile rubber at
large deformations and at different strain rates.
More
specifically, it is proposed that the hysteresis behavior of the
elastomer membrane is due to the contribution of two parts:
the first one (A) corresponds to the equilibrium state and can
be represented by a spring R1 while the second one (B) is due
to the deviation from this equilibrium and is described by a
spring R2 in series with a damper. To take into account the
non linear behavior of nitrile rubber, both springs are described
using the Arruda-Boyce eight-chain model [31], while a simple
linear function of the strain rate logarithm is used for the
damper viscosity.

(3)

3.1 Representation of the equilibrium state
The strain-stress relationship corresponding to the part A of
the Zener model (see Figure 2) provides a representation of
the equilibrium state. This part can be modeled by any of the
hyperelasticity-based classical models. Following Bergström
[38], the Arruda-Boyce eight-chain model was selected. In the
case of a unidirectional test, the stress-strain relationship can
be expressed by [31]:
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Figure 2: Schematic representation of the Zener viscoelastic
model
The differential equation corresponding to Zener’s threeelement model is provided by Equation (1).
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Where 
is the true stress of the membrane in the
equilibrium state given, λ is the extension ratio, λlim is the limit
network stretch and L is the Langevin function defined by L(x)
= coth(x) - 1/x. The engineering stress is related to the true
stress by Equation (8).
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The relationship between the spring modulus, the stress and
the strain is given by Equation (9).
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Combining Equations (4) and (9) provides the modulus of the
spring R1.
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Knowing the relation between the strain and the extension,
   1
(11)
The final expression for the modulus of the spring R1 can be
obtained:
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obtain the constants C(R1) and N(R1) for the spring R1, C
N(R2) for the spring R2, and A and B for the damper.
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and

4.1. Determination of the constants relative to the
equilibrium state contribution
The membrane equilibrium state is represented by the
mechanical behavior of the spring R1. The spring modulus
depends on two parameters, C(R1) and N(R1), according to
Equation (12). N(R1) is related to the limit network stretch λlim
(Equation (7)). This limit stretch corresponds to the theoretical
maximum extension that the elastomer molecular chains can
reach in the liquid state. It can be determined from a tension
test as shown in Figure 3. A theoretical stress-strain curve is
fitted to the experimental data, and λlim is provided by its
theoretical asymptotic limit at large extension.

(12)

3.2. Representation of the deviation from the
equilibrium state
The time-dependence behavior which represents the deviation
from the equilibrium state corresponds to part B of the Zener
model (see Figure 2). The spring R2 is characterized by a
non-linear stress-strain behavior while the time dependence is
provided by the damper. The modulus of the spring R2 can be
obtained using the same method as described in section 3.1
for the spring R1:
 R2 

FOR

This section describes the methods that have been used to

As can be seen in Equation (12), the modulus of the spring R 1
is defined by two parameters. The first one, C(R1), which is
provided by Equation (6), is related to the shear modulus of
the network in the equilibrium state. The second parameter is
N(R1), defined in Equation (7), which can be associated with the
stretch limit of the network. Both parameters are material
constants.
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For its part, C(R1) is linked to the number of entanglements and
the temperature (Equation (6)). It can be computed using the
alternative expression provided by the Arruda-Boyce model
[38]:
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are given respectively by Equations
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(5) and (7). C
can be calculated for any location within the
equilibrium state defined by a theoretical path laying between
the sample loading and unloading curves as shown in Figure
4.






1

Figure 3: Determination of the limit network stretch

(13)

where C(R2) and N(R2) are the two parameters defining the
 R2 

spring R2 and 
is the extension ratio relative to the spring
R2. For the damper viscosity  , we propose to use the simple
relationship shown in Equation 14 to describe its variation with

the strain rate .

  A L n ( )  B
where A and B are constants characterizing the damper.

(14)
Figure 4: Location of the theoretical equilibrium path relatively
to the loading and unloading curves
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Since loading rates are comprised between 10 mm/min and
100 mm/min, an intermediate rate of 50 mm/min was selected
for the determination of C

( R1 )
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The inverse of the Langevin function can be approximated by:
3

.
L

4.2. Determination of the constants relative to the
deviation from the equilibrium state
The contribution of the deviation from the equilibrium state to
the elastomer behavior is essentially due to the part B of the
model, i.e. the spring R2 and the damper. In particular, these
two components provide the time dependence of the system.
The damper viscosity is provided in Equation 14. Here, the
determination of the spring R2 constants is shown.
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Equation (19) thus becomes:
4.2.1. Determination of the spring R2 constants
The stress-strain expression for loading is provided by
Equation (16), which is obtained from Equation 2 when
t   1/ 2
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When ε is much smaller than 1, the slope of the curve
representing Equation (16) is given by:
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4.2.2. Determination of the damper viscosity
The damper viscosity is described by a linear function of the
strain rate logarithm (Equation (14)). The values of the
constants A and B are obtained by regression using the mean
square method as shown in Figure 5.
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are
equals according to Equation (5). In addition, we can consider
also that these two springs have the same limit stretch λlim.
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is provided by Equation (23), where C
is deduced
from the experimental data using Equation (15) and Et can be
obtained from the slope of the loading stress-strain curve at
the origin.

The expressions for E
and E
are provided by
Equations (12) and (13) respectively. At the beginning of the
system loading, the springs R1 and R2 have the same
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The physical meaning of this result can be interpreted as the
fact that, at the beginning of the deformation, the system
stress is only controlled by the two springs, with no
contribution of the damper. This can be attributed to the fact
that, when the deformation begins, the damper strain rate is
equal to zero, leading to a zero stress. The stress at the
beginning of the deformation is thus the result of the
contribution of a system composed of the two springs in
parallel. This leads the system modulus at the origin being
provided by the sum of the two spring modulus. Let’s call Et
this slope at the origin deduced from the experimental stressstrain curve measured with the elastomer membrane.
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Figure 5: Damper viscosity constants determination

5. RESULTS AND DISCUSSIONS
The
measured
loading-unloading
stress-strain
data
represented in Figure 6 illustrate the non linear mechanical
behavior of nitrile rubber. They also show the large effect of
strain rate on the hysteresis loop corresponding to a cycle of
loading-unloading.
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Table1: Values of the spring parameters, obtained using 50
mm/min measurements

Figure 6: Stress-strain behavior of nitrile rubber at different
strain rates

Figure 8 displays the experimental results and those provided
by the theoretical description using Table 1 parameter values
for nitrile rubber hysteresis loop at 50 mm/min.

For a given strain rate, the hysteresis loop can be resolved
into two curves as shown in Figure 7. The first one
corresponds to the equilibrium state represented by the spring
R1. The second curve is associated with the deviation from
this equilibrium state, described by part B of the Zener model
(Figure 2).

Figure 8: Hysteresis stress-strain loop at 50mm/min for Nitrile
rubber
The values of the spring parameters obtained with the data
measured at 50 mm/min were used to compute the nitrile
rubber hysteresis stress-strain loop at others strain rates (10,
25, 75 and 100 mm/min). As shown in Figure 9, which
displays the results obtained for strain rates of 10 and 100
mm/min, a relatively good correlation between experimental
and theoretical results is obtained, especially for the loading
part of the curve.

Figure 7: Graphic decomposition of the stress-strain behavior
of the rubber
The values of the spring parameters used for the proposed
description of the nitrile rubber hysteresis behavior, which
should be valid at all strain rates, are determined from the test
performed at 50 mm/min. They are provided in Table 1.

Figure 9: Stress-strain behavior at 10 and 100 mm/min
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2004: p. 37-43.

6 CONCLUSION
When they are used, protective gloves are subjected on a
regular basis to cyclic deformations. In order to study the
behaviour at large deformations and various strain rates of
elastomers, which constitute a choice material for gloves, a
model was developed based on a uniaxial loading-unloading
configuration. The theoretical description was provided using
Zener’s rheological model in agreement with Bergström and
Boyce’s proposition that the elastomer behaviour is controlled
by two contributions, the first one corresponding to the
equilibrium state and the second one to a non-linear ratedependent deviation from that equilibrium state. The validity of
the description was verified with nitrile rubber samples. The
parameters corresponding to the springs were obtained from
measurements carried out at 50 mm/min. The damper
viscosity is approximated by a linear function of the strain rate
logarithm. A good agreement between the theoretical and
experimental results was obtained. This simple description of
the hysteresis behaviour of elastomers as a function of the
strain rate provides a useful tool to estimate the mechanical
behavior at various strain rates. Attempts will be made to
extend this approach to the case of textiles and coated
textiles, which are also used as protective glove materials.
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