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A comprehensive study on the large uniaxial deformation responses of two elastomers, Hydrogenated
Nitrile Butadiene Rubbers (HNBR A and HNBR B), over wide ranges of strain rates ð10�4

6 _e 6 5 �
103 s�1Þ and temperatures (348 6 T 6 450 K) are presented. The material is found to be non-linearly
dependent on strain-rate and temperature. The large deformation responses of HNBR are determined
to be almost purely viscoelastic. It is observed that, the instantaneous stress drop during the stress relax-
ation is dependent on the strain-rate. The relaxation and creep responses during the equilibrium state (a
state where there is no drop in stress during relaxation and no increase in strain during creep) are depen-
dent on strain/stress level at which the phenomenon is started.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymers are an important class of engineering materials that
consist of many self-repeating smaller units called monomers.
The different properties of the polymers are based on arrangement
and synthesis of these monomers. Polymers are increasingly used
as engineering materials due to their high manufacturability, low
weight, low cost and good mechanical properties. In general, they
are classified into three major groups-thermoplastics (repeatedly
soften when heated and then solidify when cooled), thermosets
(sets irreversibly when heated) and elastomers (rubbery polymers
that can stretch to several times their initial length and return to
its original dimensions when the applied load is released). The
material Hydrogenated Nitrile Butadiene Rubber (HNBR) used in
the present study is an elastomer. Elastomers in general are used
as shock absorbers because of their low modulus and high damp-
ing characteristics (Fatt and Ouyang, 2008). HNBRs are widely used
in the automotive industry for a multitude of seals, belts and hoses
because of its strength and retention of its properties after long
term exposure to heat, oil and fuel. They are also used as sealing
materials in oil exploration and its processing. Due to their high
damping characteristics, elastomers are increasingly used in appli-
cations that are subjected to shock, impact and vibrations. Thus,
understanding the mechanical behavior of elastomers over a wide
range of strain-rates and temperatures could significantly improve
the design capabilities of such applications.
ll rights reserved.
Numerous studies (Jerrams et al., 1998; Haupt et al., 2000; Chen
et al., 1999; Khan and Zhang, 2001; Khan and Pamies, 2002; Beda,
2007; Khan and Farrokh, 2006; Fatt and Ouyang, 2008; Spathis and
Kontou, 2008; Zaïri et al., 2008; Anand et al., 2009; Ames et al.,
2009; Regrain et al., 2009) have been performed to characterize
the responses of polymeric materials. In order to characterize the
material responses at high rates of loading, Chen et al. (1999) made
modifications to a conventional split Hopkinson pressure bar
(SHPB) to perform high strain-rate compression experiments on
low-impedance materials. Quasi-static and dynamic experiments
were performed on RTV630 silicon rubber, an elastomer with low
compressive strength. The maximum strain-rate and strain
achieved in dynamic experiments was 7960 s�1 and 79% true
strain, respectively. A significant increase in stress at a given level
of strain was observed when the strain-rate was changed from
quasi-static (2.46 s�1) to dynamic (7960 s�1). Khan and Pamies
(2002) performed a comprehensive study on large deformation of
an elastomer (Adiprene-L100) over a wide range of strain-rates
and temperatures. At room temperature, they observed that Adi-
prene-L100 exhibited stress relaxation, which was dependent on
the strain-rate and level of strain at which the relaxation was
started. Also, at room temperature Adiprene-L100 exhibited a
change in behavior from ‘‘rubbery” to ‘‘glassy” when the strain-rate
was increased from 1 s�1 to 5000 s�1. Bergström and Boyce (1998)
investigated the material response of carbon black filled chloro-
prene and nitrile rubbers at different strain-rates. They observed
that the material responses of elastomers are strain-rate depen-
dent; this is more pronounced during the loading than unloading
period. They also performed stress relaxation experiments with
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relaxation periods during unloading. During the relaxation period,
the stress was observed to decrease while loading and increase
while unloading. Fatt and Ouyang (2008) reported experimental
results on styrene butadiene rubber subjected to constant strain-
rates ranging from 76 s�1 to 450 s�1. These experiments were per-
formed using a Charpy tensile impact apparatus. They observed
that the elastomer tends to exhibit ‘‘stiffer or glassy” behavior with
an increase in strain-rate (a similar observation was made by Khan
and Pamies, 2002). The stiffer response of elastomers with increas-
ing strain-rate is believed to be due to an insufficient relaxation
time during the loading period (Fatt and Ouyang, 2008).

During the last decade, numerous research papers (Chen et al.,
1999; Khan and Zhang, 2001; Khan and Pamies, 2002; Beda, 2007;
Bardenhagen et al., 1997; Qi and Boyce, 2005; Khan and Farrokh,
2006; Fatt and Ouyang, 2008; Spathis, 1995; Bird et al., 1977)
characterized the response of elastomers. However, the majority
of the work is limited to small deformation/or narrow spectrum of
strain-rates and temperatures. The present study deals with char-
acterizing the large deformation response of two elastomers over a
wide range of strain-rates and temperatures. The present work can
be considered to be different from earlier published paper (Khan
et al., 2006) where the results reported were only about 60% true
strain. The present work can be considered to be different from
earlier published paper (Khan et al., 2006) where the results re-
ported were only about 60% true strain. The results of this paper
can be considered to be different (or new) from the earlier version
because the authors observed highly non-linear responses in case
of HNBR polymer after 60% true strain, which were not reported
in the earlier study on a different polymer (Adiprene).
2. Experimental procedure

2.1. Material

All the specimens used in this study were made from HNBR cast
in a plate. The cylindrical specimens of 25.4 mm (1.0 in.) in diam-
eter and 38 mm (1.5 in.) in length were machined for this purpose.
The materials used in the present study, HNBR A and HNBR B are
considered as hard and soft, respectively based on their strength.

2.2. Compression experiments at room temperature

Quasi-static monotonic compression experiments were per-
formed at strain-rates ranging from 10�4 to 100 s�1. These experi-
ments were performed in the displacement-controlled mode to
maintain a constant engineering strain-rate throughout the defor-
mation process. Because of the difficulty in bonding strain gages on
the HNBR elastomer, the displacement from the machine was cor-
rected for machine compliance. The corrected displacement was
used to calculate the strain. The interface between the test speci-
men and MTS fixture platens was lubricated with a combination
of a Teflon sheet (0.076 mm thickness) and Dow Corning high vac-
uum grease. This combination of Teflon and grease was sufficient
to avoid any possible barreling of the specimen during deforma-
tion, thus ensuring a homogeneous deformation and uniform
stress state throughout the experiment.

2.3. Quasi static experiments at different temperatures

To investigate the temperature dependency of the materials, the
samples were subjected to compressive loading at the strain-rate
of 10�2 s�1 and at temperatures ranging from 348 K to 450 K. The
corrected displacement data was used to calculate the strain. High
temperature vacuum grease manufactured by Dow Corning was
used as a lubricant. The thermocouple (Type J) mounted on the sur-
face of the specimen provided the temperature reading. Before per-
forming the experiment, the specimen was heated to the desired
temperature and held at that temperature for at least 30 minutes
to maintain the uniformity of the temperature throughout the
specimen.

2.4. Dynamic compression experiments at room temperature

Dynamic compression experiments were performed to investi-
gate the behavior of HNBR exposed to high strain-rates. These
experiments were performed using a conventional split Hopkinson
pressure bar (SHPB). The typical strain-rates that can be achieved
using this technique range from 200 to 104 s�1. The details of the
apparatus and the experimental procedure can be found in Khan
and Liang (1999), Khan et al. (2004) and Khan and Farrokh (2006).

2.5. Recovery, relaxation and creep experiments

It is well understood that polymers exhibit time dependent vis-
cous behavior. Earlier investigations have demonstrated that at
room temperature, the total deformation of a polymer can be di-
vided into two major portions. A viscoelastic portion, where a part
of the total deformation is recoverable during and after the unload-
ing (also called viscoelastic strain) and a viscoplastic portion,
where the deformation is permanent (also called viscoplastic
strain). To measure the viscoelastic and the viscoplastic strains,
uniaxial compression experiments at three different strain-rates
of 100, 10�2 and 10�4 s�1 were performed. At each strain-rate,
three different specimens were loaded to 30%, 60% and 100% true
strain, respectively and then unloaded. The viscoelastic strains
were obtained by recording the specimen’s length as a function
of time after the unloading. The measurement was continuously
recorded for several weeks. The final viscoelastic strain was ob-
tained when there was no significant change in the length of the
specimen with time.

Uniaxial multi-step stress relaxation experiments at constant
engineering strain-rates of 100, 10�2 and 10�4 s�1 were performed.
At each strain-rate, the specimen was initially loaded to 25% true
strain where the displacement was held constant for 30 minutes.
Then the loading was continued to a true strain level of 50%, where
the displacement was again held constant for another 30 minutes.
This process was followed at 75% true strain, ultimately loading the
sample to 100% true strain before unloading.

Uniaxial multi-step creep experiments were performed in a
similar way to the relaxation experiments, except that during the
creep experiments the load was held constant at true strain levels
of 25%, 50% and 75% for 30 minutes each, ultimately loading the
sample to 100% true strain before unloading.

2.6. Dynamic tensile experiments at room temperature

A tensile split Hopkinson pressure bar (TSHPB) is similar to the
conventional spilt Hopkinson pressure bar with the differences
that due to the specific design of its striker and an anvil, a tensile
elastic wave is generated in the incident bar; this causes the spec-
imen to undergo direct tensile deformation. The apparatus com-
prises of a gas gun, a tube striker, an anvil, a solid incident bar, a
hollow (tube) transmitted bar, and a moment trap bar. In the
experimental setup as shown in Fig. 1, the hollow striker tube is
propelled from a gas gun, while sliding over a portion of the solid
incident bar; the striker then impacts an anvil which is attached to
the end of the incident bar. Due to the impact, a tensile elastic
pulse (incident pulse) is generated in the incident bar while the
corresponding elastic strain is measured through a high elongation
uniaxial strain gage (G1) mounted on this bar. A portion of the inci-
dent pulse traveling towards the specimen gets reflected partly



Fig. 1. Schematic of tensile split Hopkinson pressure bar (SHPB).
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Fig. 3. True stress–strain (loading–unloading) responses of HNBR A (hard) and
HNBR B (soft) polymer at a strain-rate of 10�2 s�1.
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(compressive in nature) from the incident bar-specimen interfer-
ence due to material and geometry mismatch. The remaining por-
tion of the incident pulse (tensile in nature) gets transmitted
through the specimen to the transmitted bar. The resulting strains
from these reflected and transmitted pulses are measured by high
elongation uniaxial strain gages, G1 and G2, respectively. In the
current setup, the length and the diameter of the incident bar is
1.83 m (72 in.) and 25.4 mm (1 in.), respectively. The striker tube
is 0.66 m (26 in.) long with a 38 mm (1.5 in.) outer diameter and
a 6.35 mm (0.25 in.) wall thickness. All bars, the anvil and striker
tube are made of Al 6061-T651.

Due to significant difference between the strength of the trans-
mitted bar and the material being tested (e.g., low-strength, low-
impedance HNBR 7530), the measured signal of the transmitted
pulses were significantly weak. In order to increase the signal
strength of the transmitted strain/pulse under the same stress le-
vel, either the Young’s modulus of the bar material, or the cross-
sectional area ratio of transmitted bar to that of the specimen, or
both, need to be decreased (Chen et al., 1999). To increase the mag-
nitude of the transmitted strain, a hollow tube with the outer
diameter of 25.4 mm (1 in.) and wall thickness of 3.175 mm
(0.125 in.). The length of the transmitted bar is 1.2 m (47 in.) and
is made of same material as the incident bar. The specimens were
dog-bone samples with the gage length of 14 mm (0.55 in.) and the
cross-sectional area of 160 mm2. The detail formulation for the di-
rect TSHPB can be found in Chen et al. (1999).
Fig. 4. True stress–strain (loading–unloading) responses of HNBR A (hard) and
HNBR B (soft) polymer at a strain-rate of 10�4 s�1.
3. Experimental results and discussion

Figs. 2–4 show the room temperature loading–unloading re-
sponses of HNBR at constant engineering strain-rates of 100, 10�2

and 10�4 s�1 respectively. The results show the repeatability be-
tween different samples of the same material. It is observed that
the work hardening responses of HNBR A (hard polymer) is slightly
non-linear to 45% true strain followed by the highly non-linear re-
sponse to 100% true strain. However, the work hardening response
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Fig. 2. True stress–strain (loading–unloading) responses of HNBR A (hard) and
HNBR B (soft) polymer at a strain-rate of 100 s�1. The numbers in the brackets
corresponds to the stretch.
of HNBR B (soft polymer) is observed to be non-linear throughout
the deformation process. At each strain-rate, the recoverable visco-
elastic strain was obtained by measuring the length of the speci-
men for several weeks after the experiment was performed. The
final viscoelastic and viscoplastic strains were obtained from the
maximum strain recovered and the amount of permanent strain
present in the sample, respectively.

Fig. 5 shows the true viscoplastic strain as a function of the total
true strain at different strain-rates. It is observed that out of 104%
total true strain, a maximum viscoplastic strain of 0.8% and 3.16%
was present in HNBR B and HNBR A, respectively. Based on this
observation it is assumed that the HNBR (A and B) used in the pres-
ent study exhibits almost purely viscoelastic behavior. From the
figure, it is clear that the viscoplastic strain is strain-rate depen-
dent. The viscoplastic strains observed in both the elastomers de-
creases with an increase in strain-rate.

Fig. 6 shows the true viscoelastic strain as a function of total
true strain. From the figure, it is obvious that the fraction of true
viscoelastic strain observed in both the elastomers (HNBR A and
HNBR B), as a function of total strain, is independent of loading
rate. Based on the results from Figs. 6 and 7, it is assumed that
the material (HNBR) used in the present investigation is a purely
viscoelastic material. Hence, decomposition of the total strain into
viscoelastic and viscoplastic parts is ignored further in the present
study.
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Fig. 7 shows the true stress–strain responses of HNBR at room
temperature and at different strain-rates. The stress–strain curves
illustrate significant work hardening behavior to 50% true strain for
HNBR B and 45% true strain for HNBR A. However, the work hard-
ening increases non-linearly in both the elastomers as the true
strain exceeds this level of deformation. Also, the level of non-lin-
earity increased with strain-rate. From the figure, it is clear that the
HNBR elastomers (A and B) exhibit strong positive strain-rate sen-
sitivity. The unloading response of HNBR A appears to be some-
what independent of strain-rate. This unloading behavior was
not observed in HNBR B.

Fig. 8 illustrates the uniaxial tensile stress–strain responses of
the elastomers, subjected to different strain rates. From the figure,
it is demonstrated that the experiments are repeatable at the con-
ducted strain rate. The stress–strain curves of both the elastomers,
illustrate linear work hardening behavior throughout the deforma-
tion process. This result is expected because from Fig. 8, it is no-
ticed that HNBR exhibited a small non-linear work hardening
behavior in the small deformation regime.

High strain-rate compressive responses of both the elastomers
are shown in Fig. 9. As reported by other researchers, it is clear that
the HNBR elastomers exhibited change in the material responses
from ‘‘rubbery” at quasi-static strain-rates (10�4 to 100 s�1) to
‘‘glassy” at high strain-rates (>103 s�1). The work hardening behav-
ior increased with strain-rate.

High temperature (348–450 K) responses at a constant strain-
rate of 10�2 s�1 are shown in Fig. 10. It is obvious that HNBR retains
its elastic properties even when exposed to high temperature. This
is concluded because after unloading, the amount of viscoelastic
and viscoplastic strain present in the material is equal to the
amount present in the sample experimented at room temperature.
Also, from the figure it is observed that HNBR (A and B) does not
exhibit significant temperature sensitivity up to 50% true strain.
However, the temperature sensitivity was observed to increase as
the deformation exceeds this level of strain. Comparing Figs. 8
and 11, it is clear that the material (HNBR) exhibits more pro-
nounced strain-rate sensitivity effect than temperature sensitivity.

Fig. 11 shows the responses of HNBR (A and B) at 450 K and at
different strain-rates. It is observed that, the material exhibits po-
sitive strain-rate sensitivity at high temperature. As shown in the
figure, the rate sensitivity is more pronounced during loading than
unloading for both the polymers. Also, at a strain-rate of 10�4 s�1,
HNBR B exhibited a stiffer response and the stress value at true
strain of 100% exceeds the stress value at a strain-rate of
10�2 s�1 at same strain level. However, this behavior may be due
to a long time exposure of the specimen (HNBR B) to a high tem-
perature of 450 K. However, this behavior was not observed in
the case of HNBR A. It should be pointed out that the specimen
(HNBR B) fractured while unloading at the strain-rate of 10�4 s�1.

Fig. 12 shows the relaxation responses at room temperature and
at different strain-rates. From this figure, it is observed that the
stress relaxation responses are dependent on strain-rate and the
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strain-level at which the relaxation process was initiated. From a
more detailed information regarding the stress drop versus the
hold time as shown in Fig. 13 (for HNBR B) and Fig. 14 (for HNBR
A), it is noticed that the instantaneous stress drop is dependent
on strain-rate and the strain-level. The initial instantaneous relax-
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Fig. 11. True stress–strain responses of HNBR A (hard) and HNBR B (soft) polymer
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ation response appears to be strongly dependent on strain-rate.
However, after 5 minutes of relaxation, the stress drop reaches
an equilibrium state and is dependent on the strain-level at which
the relaxation process was initiated.

The experimental responses during creep loading at different
strain-rates are shown in Fig. 15. From the figure, it is observed
that the creep responses of HNBR are dependent on the strain-rate
and the strain level. However, from the true strain versus time re-
sponses of HNBR B and HNBR A at different strain-rates in Figs. 16
and 17, it is clear that HNBR elastomer exhibits instantaneous
creep behavior dependent on the strain-rate. Also similar to the
relaxation responses, the creep responses reach an equilibrium
state in 300 seconds after the process has been initiated. It is ob-
served that, the creep responses during the equilibrium state are
also dependent on strain-rate.

Fig. 18 shows the comparison of various loading conditions at a
constant strain-rate of 100 s�1. From the figure it appears that the
relaxation process does not change the internal structure of HNBR
B and HNBR A. This is because the relaxation responses of both the
elastomers are similar to the responses during the monotonic load-
ing. However, when comparing the creep responses with mono-
tonic loading, the internal structure of HNBR B appears to
undergo a change. This difference could also be due to insufficient
loading time during the creep experiments.
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Fig. 18. A comparison of different loading condition at room temperature and at a
constant engineering strain-rate of 100 s�1.

2658 A.S. Khan et al. / International Journal of Solids and Structures 47 (2010) 2653–2659
Fig. 19 shows the responses of HNBR B and HNBR A subjected to
various loading conditions at 450 K at a constant strain-rate of
10�2 s�1. From the figure, it is clear that, the responses of HNBR
A are not influenced by loading conditions. Hence, it is demon-
strated that HNBR A retains its properties when exposed to high
temperatures. However, HNBR B exhibits stiffer responses under
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Fig. 16. True creep strain vs. time responses of HNBR B (soft polymer) during the
creep experiments at room temperature and at different engineering strain-rates.
relaxation and creep loading conditions compared to monotonic
loading at same strain-rate.

Figs. 20 and 21 show the relaxation and creep responses of
HNBR B and HNBR A at high temperature. Since these experiments
were performed at a constant engineering strain-rate, the relaxa-
tion and creep responses are found to be dependent on the level
of strain at which these phenomenon were initiated. The creep
0

1

2

3

4

5

6

7

8

9

10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
True Strain

Tr
ue

 S
tr

es
s,

 M
Pa

 (H
N

B
R

 B
)

-20

-15

-10

-5

0

5

10

15

20

Tr
ue

 S
tr

es
s,

 M
Pa

 (H
N

B
R

 A
)

Monotonic 

Creep Experiment

Relaxation Experiment

Strain-Rate = 10-2 s-1

Symbols : HNBR A (Top Fig., Right Vertical Scale)
Lines : HNBR B (Bottom Fig., Left Vertical Scale)

Fig. 19. A comparison of different loading condition at 450 K and at a strain-rate of
10�2 s�1.
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and relaxation experiments, at high temperature (450 K) and at
different strain-rates will be conducted in the future.

4. Conclusions

The comprehensive uniaxial responses of the elastomers, HNBR
B and HNBR A over wide ranges of strain-rates and temperatures
were presented. The elastomers were found to exhibit significant
work hardening behavior (linear) to 50% true strain and the work
hardening rate increased non-linearly after this deformation.
Strain-rate sensitivity was found to be more pronounced than tem-
perature sensitivity. The elastomer exhibits change in its behavior
from rubbery at low strain-rates to glassy at high rates of deforma-
tion. The instantaneous stress drop during the stress relaxation
experiment was found to be strain-rate dependent and the stress
drop during the equilibrium state was found to be dependent on
the strain level at which the relaxation phenomenon started.
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