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Abstract: Hyperelastic materials are widely used in many industries. Their use requires
thorough knowledge of their strength parameters over a wide temperature range. However,
determination of the parameters of hyperelastic materials is still a challenge. Therefore, the
paper presents research methodology allowing determination of the properties of
hyperelastic materials in a wide range of stretch and temperatures (from +50°C to -25°C)
on the example of NBR (nitrile butadiene rubber) and CR (chloroprene rubber) elastomers.
On the basis of physical premises, a hyperelastic constitutive model was also modified
through introducing an explicit dependence of strain energy on temperature, allowing an
accurate reflection of the properties of the tested materials. The material parameters of the
adopted strain energy functions for the NBR and CR were determined with R2 not less than
0.999.

Keywords: elastomers; polymers; uniaxial tension; temperature effects; failure

1 Introduction

Nowadays, hyperelastic materials are as often used in industry as other, more
traditional materials. Particularly the automotive industry shows its great interest in
this type of materials. In addition to their main application, i.e., for car tires,
elastomers are used as vehicle suspension components, engine vibration dampers,
and sealing in various types of connections. Hyperelastic materials are also used in
other industries, including civil engineering, aviation or also biomechanics.
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Due to such a wide spectrum of a usage of hyperelastic materials, it is crucial to
precisely determine their mechanical properties. Hyperelastic materials, similarly
as other elastomers in general, are polymers in which polymer chains are joined by
intermolecular bonds. It should be noted that due to their internal structure, those
materials properties, such as tensile strength, stiffness or stress, change depending
on the temperature [1-3]. This relationship was not noticed at the beginning,
therefore, their parameters were initially determined only in an ambient
temperature. In a later period of the experimental studies this influence taken into
account, however, mainly in the range of positive temperatures [4-9]. It could be
assumed that as the temperature increases, much larger displacements and
elongation of the sample are obtained. However, in the case of hyperelastic
materials, at elevated temperatures, there occurs a rapid degradation of polymer
chains as well as their weakening and breaking. For this reason, higher elongation
values are obtained for negative temperatures [10]. This phenomenon only occurs
to a certain limit called the brittleness temperature [11]. Thus, testing properties of
this type of materials over a wide temperature range is crucial.

There is a whole range of hyperelastic materials differing significantly in their
mechanical properties and, thus, their usage [12]. The presented article focuses on
two commonly used materials, namely, NBR (nitrile butadiene rubber) and CR
(chloroprene rubber) rubbers. NBR, which is a copolymer of acrylonitrile and
butadiene, is characterised by an excellent resistance to a wide range of oils of
mineral, animal and vegetable origin as well as to fuels and other chemicals [13].
It is an elastic material with a high tensile strength and a low compression
deformation [14]. For this reason, it is frequently used in the automotive or aviation
industry, to produce seals (for both hydraulic and pneumatic installations), vibration
damping elements and self-sealing fuel tanks. This material owes its oil-resistant
properties to the presence of nitrile: the greater the proportion of nitrile, the better
the resistance to chemicals while reducing the flexibility [15]. A theoretical range
of the operating temperature is between -40°C and 110°C [16].

CR is a synthetic material created in the process of polymerisation of chloroprene
[17]. This material is characterised by high resistance to weather conditions, ozone
and even to weak acids. Due to high chemical stability, it is relatively well resistant
to aging [18]. It shows some resistance to oils and fuels, however, not as strong as
NBR rubber does. Due to its properties, it is widely used for production of gaskets
for joints exposed to environmental and corrosive factors. However, the most
common use is the production of all kinds of wetsuits since CR provides very good
insulation form the cold. In the case of CR, the maximum operating temperature is
about 80°C.

While analysing available literature on the subject, it can be concluded that a
relatively small number of publications concern the testing of material properties of
rubber materials at both positive and negative temperatures [19]. For example, in
work [20], the authors analyse butadiene rubber filled with carbon black, subjected
to dynamic loading at three temperatures: -40, 20 and 70°C. Based on the results
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obtained from experimental studies the authors proposed a new constitutive model
for finite rubber viscoelasticity. In paper [21] the results of tests on the dependence
of temperature on mechanical properties of the reinforced rubber are presented.
In this paper, the range from -20 to 100°C was considered and cylindrical samples
were tested. Two thermocouples were used to control the sample temperature during
the tests: one was attached to the external surface of the sample, the other was placed
in a hole drilled in the centre of the sample. It was found that the temperature
equilibrium was obtained after about 20 minutes from placing the sample in the
temperature chamber. The research showed that both the elastic and the rate
dependent properties depend on the temperature: the elastic behaviour is determined
by entropy elasticity, whereas the viscous behaviour by a non-linear temperature
dependent viscosity. In [22], the authors analysed silicone elastomer filled with
silica. Uniaxial tension and shear tests were performed in a wide range of
temperatures (from -55 to 70°C). Similarly to other works, the dependence of the
temperature on the material properties was confirmed.

The basic experimental test, not only in the case of hyperelastic materials, is the
tensile test [10, 23-25]. In the case of elastomers, due to significant deformations
that they undergo, measuring mechanical parameters is a more difficult issue than
in the case of traditional materials. The use of traditional extensometers in this case
is significantly limited, therefore, it is necessary to utilise specialized extensometers
for high elongations [25] or optical and digital image correlation (DIC) methods
[26, 27]. The DIC method assumes the use of a series of markers, placed on the
tested sample, whose position change during the test is recorded by an optical device
(e.g., video camera). The recorded images are compared with each other and the
desired parameters are determined on this basis. The use of each of the
abovementioned methods has some advantages as well as limitations.
The extensometers need to be placed near the sample since in the case of tests with
use of a small-scale temperature chamber their use can be difficult due to low space.
In addition, their operating temperature is in the range of -40°C to 80°C, due to the
properties of the material from which the measuring element is made (usually in the
form of a long tape, attached to the tested sample). The use of DIC methods requires
special preparation of the surface of the tested samples by applying the measuring
points or a layer of paint, in such a way that they are clearly visible in the camera
lens throughout the test. Testing in sub-zero temperatures also requires proper
preparation of the observation field to prevent frost build-up.

Hyperelastic materials are used in a wide range of temperatures, both positive and
negative. In the literature it is possible to find descriptions and results of studies on
the impact of positive temperatures on the properties of such materials, however, in
the case of the negative temperatures there are much less publications on this
subject. In addition, the number of constitutive models describing the behaviour of
hyperelastic materials with regard to the thermal load is relatively small.

The main aim of presented article is to show the impact of a wide range of
temperatures on the properties of CR and NBR materials. The selected temperature
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range corresponds to the typical operating conditions of such materials. In addition,
numerical models are currently used in many research areas, so an attempt was
made to modify the constitutive model of hyperelastic materials by a part describing
the effect of the thermal load.

2 Materials and Methods

2.1 Speciment Preparation

As it was mentioned earlier, two materials commonly used in the industry were
selected for the research: NBR and CR. The test materials were delivered in the
form of premade 300x300 mm and 2 mm thick sheets. The composition of tested
materials is presented in the Table 1. The dimensions of the samples were
determined on the basis of the PN-1SO 37:2007 standard concerning determination
of the tensile properties of rubber (Fig. 1). The water jet cutting technique was used
to prepare the test samples presented in Fig. 2.

i— 115 —|

Ri4— R25
Figure 1
Dimensions of the test samples according to the PN-1SO 37:2007 standard

Table 1
Composition of tested hyper elastic materials (phr - weight parts per 100 parts of rubber)

Component [phr] CR NBR
Chloroprene rubber (Denka S-40) 100 -
Acrylonitrile-butadiene rubber (Ker N-29) - 100
Carbon black (N-550) 45 50
Crosslinking complex (sulfur, ZnO, et al.) - 13,6
Crosslinking complex (MgO, ZnO, et al.) 14,6 -
Softener (ADO or AN-68%*) 10 15
Hardness Shore A (at 21°C) 65 62

White paint markers were applied on every sample in the measuring part. It was
necessary to determine the deformations of the samples during the tensile test using
a motion tracking method.
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Figure 2
Test samples: (a) NBR; (b) CR

2.2 Tensile Test Method

The test was carried out on the MTS Criterion Model 45 electromechanical
universal test system (Fig. 3). The maximum displacement range was + 500 mm
and the maximum piston speed was 750 mm/min. During the test, LED lighting
(Fig. 4a) was used to increase the brightness and quality of the recordings.

Tests in negative and positive temperatures were carried out using the ThermCraft
temperature chamber, installed on the MTS test system, which allows conducting
the test at temperatures from -150°C to 320°. To reduce the temperature in the
chamber below the ambient temperature, liquid nitrogen fed from a Dewar
cryogenic storage was used (Fig. 3).

The test system automatically recorded the loading force and the position of the
traverse in time with 50 Hz frequency. The tests were performed by applying
displacement-controlled loading. The speed of the traverse was equal to 50 mm/min
and a strain rate during the test was constant and equal to 3.3-102 1/s. The forces
recorded by the test system along with the displacements determined using the
motion tracking method allowed for determination of strain and stress curves for all
considered samples.

The tensile tests were carried out on the basis of the PN-ISO 37:2007 standard.
According to the standard the tests are performed with use of the dog bone samples
at a constant strain rate. The test samples can be formed directly at the manufacturer
or cut out from the premade sheets. Tensile stress is calculated as the force related
to the initial cross-section area of the gage length of the tested sample. Tensile
strength is defined as the maximum recorder tensile stress and elongation at break
as the gage length deformation at break. The effect of transverse deformations of
the sample during the test is not taken into account.
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LED lamps Dewar with liquid
nitrogen
Clamps
Figure 3
MTS Criterion Model 45 universal test system

b

Figure 4
Sample installed in the test system clamps:
(a) general view; (b) close-up of a sample; (c) temperature chamber

The samples were tested in the following temperature range: -25°C, 0°C, 25°C,
50°C. After mounting the samples in the clamps of the testing system and closing
the climate chamber, about 10 minutes were allowed to settle and normalize the
temperature inside the chamber. Measurements of the temperature inside the
chamber were performed by using the two K type thermocouples: one placed in the
working field of the chamber and the other fixed between two layers of the tested
material (two pieces of the test material were applied to each other and a
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thermocouple was placed between them). The tests were carried out when the
control system was showing a constant, set temperature. According to the chamber
specification it allows temperature stabilization in the range of +1°C, and the
permissible K type thermocouple error is £1.5°C.

At the ambient temperature 5 samples of every material were tested, while in other
temperatures it was 3 samples.

The motion tracking method was used to determine the deformation of the samples
during the tensile tests. Each test was recorded using a high resolution (1920x1080
px) camera with a speed of 25 frames/second. The recorded movies were imported
into the TEMA software and then subjected to the image analysis. Figure 5a
presents a sample with markers used as measuring points (Fig. 5b). During the
image analysis process three points were tracked by the software and a change of
their coordinates in time was recorded. The example of the motion tracking process
for the sample during the tensile test is presented in Fig. 5c. It can be observed that
markers are stretching along with the sample; however the measuring points are
located in the centre of the markers during the whole test procedure. Based on the
obtained data, the strains of the samples were calculated.

a)

Figure 5
Method of strain determination measurement: (a) sample with visible markers;
(b) measurement points; (c) sample during the analysis process
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3 Results

As it was mentioned earlier the tensile test was performed on the NBR and CR
materials. In Figure 6, the samples destroyed during the tests at the ambient

temperature are presented.
a)
Figure 6
Test samples: (a) NBR; (b) CR

b)

adda

The stresses, determined with the use of the motion tracking method, for all 5
samples of both tested materials at the ambient temperature are presented in Fig. 7.
It can be observed that all the curves are located in relatively narrow range. The
standard deviation of extension for CR is only 0.1 and 0.17 for NBR. On this basis,

it was found that at the remaining temperatures only 3 samples made from each
material will be tested.

A
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Figure 7
Stress-extension curves for tests at the ambient temperature: (a) NBR ; (b) CR
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The averaged curves of stress-extension rate for tests performed in the considered
range of temperatures are presented in Fig. 8.

a) b)
20 25
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—— Temp.= 0°C 204 — Temp.= 0°C
15 4 —— Temp. = 25°C —— Temp. = 25°C
— —— Temp. = 50°C —_ Temp. = 50°C
g g
= 104 =
Y o 104
5 //
5
=
0 T LM B A p e 0 T T T T
1.0 1.5 2.0 25 3.0 35 4.0 1.0 15 20 25 3.0 3.5
s Al
Figure 8

Stress-extension curves for a wide range of temperatures: (a) NBR; (b) CR

Analysing the above graphs, it can be observed that the curves for the NBR material
for temperatures in the range from 0 to 50°C are very similar. Up to extension A=2
the curves practically coincide. When A>2 a change in the slope of the curve
representing tests at 50°C can be observed, whereas the curves for 0 and 25°C
continue to coincide until they are finally separated at A=3. Such behaviour means
that NBR is characterised by similar stiffness in this temperature range.
The difference in the maximum stresses, and thus in the strength, results from the
degradation process of the polymer chains in the material. This process occurs faster
as the thermal load of the sample increases, therefore, the lowest strain value (6
MPa) was obtained at 50°C.

At -25°C there is a significant change in the stiffness and strength of the NBR
material. The maximum stress was 19 MPa, which is almost a twofold increase
compared to the stress at 0°C (10 MPa). The maximum extension A was about 3.4,
similarly to the values obtained from temperature of 071C. It resulted from to the
fact that in these cases the sample was not fractured due to a limited movement
range of the test system traverse caused by the size limitation of the used
temperature chamber.

In the case of the CR material it can be observed that only the curves for ambient
and 50°C temperatures coincide to the value of the extension of about 1.8. In other
cases the distribution of the stress-extension curves is even and a difference in the
maximum stress is about 6 MPa. For the ambient temperature, the maximum
obtained stress was 12 MPa, for 0°C it was about 18 MPa, while the maximum value
of 23 MPa was obtained for a temperature of -25°C. Therefore, there is no rapid
change in the stiffness after exceeding a certain critical temperature.

The influence of the temperature on both NBR and CR samples stretching process
is also presented in Fig. 9. It shows a relationship between the stress and the
temperature for selected extension values. In the case of the NBR (Fig. 9a), a change
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in the temperature influence occurs at 0°C, whereas in the case of the CR (Fig. 9b)
at 25°C. Above these values the temperature has a significantly smaller effect on
the stress of the deformed material.

a) b)

—— =15
—A— =20
—e— =25

 [MPa]
& [MPa]

Temperature [°C] Temperature [°C]

Figure 9
Stress-temperature curve for different values of extension (a) NBR; (b) CR

Such effects is also seen in Fig. 10. Stress-extension curves for 0°C and 25°C
temperatures in the case of the NBR practically coincide. However, in the case of
the CR material a significant influence of the temperature can be observed. It should
be noted that despite, such a different impact of the temperature in both cases, the
maximum deformation increases with a decrease in temperature.
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Figure 10

Stress-extension curves for selected temperatures
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3 Hyperelastic Constitutive Models

The behaviour of hyperelastic material is usually described by means of the Cauchy
stress tensor [28]:

~ B @ B (0WOl, OWal, = 0Wals\ ~ B oW
=2 ——=2—(—=3+—224+==2 =2—=—=
° o la (011 aB 0 9B 0l3 aB) 0 JIz 9B 1)
2 B ("_W"_Ig awal, "_W‘lg)
JIs\oly g 01, 9B 013 9B
I, = trB (2)
1 ~
— 172 _ 2

L= |12 —er (B2)] ®)
Iy = detB 4)

where: B is the left Cauchy — Green tensor, |; (i = 1, 2, 3) are strain invariants, W is
strain energy function dependent on strain invariants W(l, Iz, 13).

Derivatives of strain energy functions occurring on the right side of equation (1)
can be described by the following relationships:

oh _
i ®)
L,  ~ -~
—=LI—-B (6)
0B
— =1,] —1,B + B? @)
0B

For incompressible material, what is conventional assumption for hyperelastic
materials, taking into account (5) - (7) the Cauchy stress tensor (1) takes the form:

5= _pl w WNp _ W p2
o= p1+2(611+11612)B ZZ)IZB (8)
where p is pressure.

The assumption of rubber incompressibility also limits the number of variables on
which strain energy functions depends (I3 = 1, to W(ly, 12)).

Strain energy functions should allow reflecting the behaviour of hyperelastic
material including dependence on symmetry, thermodynamic, energetic and
entropic considerations in the whole range of extension variability. Functions
should also meet certain conditions [29]:

1.  Energy vanishes in the undeformed configuration:
Wl=3=0 ©)
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2. strain energy functions and stress tends to infinity at very large deformation:

ow

lim W= li w_ 11
lil}’ﬁr—loo - +Oo’ /-{l'LTDO all - +oo’ ( )

3. stress is equal to zero in the undeformed configuration and strain energy
functions achieves minimum

a a2
= =0, 27 >0, det[H;;] >0, (12)
il =2,=25=1 i 2 =0,=05=1

where: Hj; is Hessian matrix and i, j =1, 2, 3

Numerous articles are devoted to the problems associated with the definition of
strain energy functions. Those articles present phenomenological approach [30-33],
theoretical approach using statistical mechanics of molecular chains network [34,
35] or a mixed approach.

Based on the kinetic theory of elasticity developed by Wall [36], Treloar defined
the simplest form of strain energy functions commonly known as neo-Hookean
model [37]:

I
W = 5(11 -3) (13)
where: m is shear modulus.

The value of the shear modulus is related to the temperature and chain density
dependence:

u =nkT (14)
where: k is Boltzmann constant, T is temperature, n is chain density.

This relationship shows that strain energy functions W are dependent on
temperature. In [37] Xu Li and others used a model for thermal deformation to show
that m can be described with a good approximation as the square function of
temperature:

AT AT ?

U= Ho [1 + CTlT_O + Cr (T_o) ] (15)
where: Ty is a reference temperature, DT =T - Ty, , T is a temperature at which the
experiments were carried out, mg is shear modulus at T, temperature, Cri, C are
materials constants.

Arruda and Boyce [34, 35], using phenomenological approach, developed a model
with other material constants dependent on temperature assuming their linear
temperature dependence. They also showed that the adopted model successfully
reflects the behaviour of tire rubbers even at relatively high temperatures and under
a moderate finite deformation.
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Using the above-described approach, an explicit dependence of the strain energy
function on temperature was introduced to the equation [38]:

W = Afexp[m, (I, —3)] — 1} + B{exp[mp (I, — 3)] — 1} (16)
which after modification took the form of:
2
W =[do + Ar 2+ Ary (3) | Cexplma(l = 9] - 1) +
° 2
[Bo + Brq AT_: + Br; (AT_OT) ]{exP[mB(Iz -3)] -1}

The modified equation (17) as well as equation (16) meet conditions 1-3 described
before.

(17)

Equation (17) was chosen with a trial-and-error method using the review work [37]
thus R? and RMSE in the case of tested materials reach the largest and smallest
value, respectively in the whole range of temperatures considered with the smallest
number of material parameters.

Based on the experimental tests the determination of the material parameters is
carried out by minimizing the functional:

g =min [Z{F(yexpi - ynumi)2 ] (18)

where: Yexp i — i-th measured experimental quantity, yami — i-th calculated function
value, k — number of measuring points.

Process of minimizing the functional is accomplished using a non-linear least
squares method [39] and in particular using the Levenberg—Marquardt (LM)
method [40-42].

In accordance with the methodology presented in [33], initially the parameters Ao,
Bo, mao and mgo were determined by analysing the reference temperature To = 25 C.
Then, using the experimental results for temperatures different from the reference
temperature, other material constants were determined (Ar1, Arz, Br1, Br2) using the
LM algorithm and Matlab software. In the case of both tested materials the last term
of equation (17) dependent on the invariant I, is almost a linear function of the
temperature. Therefore, Br, = 0 was adopted. The obtained material parameters are
presented in Table 2. In each considered case R was greater than 0.999, while the
RMSE was less than 0.1.

Table 2
Determined material parameters

Ao At A ma Bo Bm1 ms R? RMSE

NBR 0.353 -0.963 | 4.221 | 0.03112 | 0.2804 | 1.675 -3.928 0.9997 0.03

CR 0.3917 | -1.228 | 6.782 | 0.06884 | 0.2886 | 0.9735 | -4.134 0.999 0.1
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The comparison of the experimental results with the results of the calculations for
the reference temperature is presented in Fig. 11. The obtained parameters allow for
a good mapping of the behaviour of the tested materials in the entire range of
temperatures and deformations. The accuracy of the approximation decreases at the
negative temperatures at which the rubber properties change significantly.

a) NBR b) CR
14 18
12 1 13: — T=-25C P
10 4 T=25"C #
T = 21| — T1=50"C
e 81 o 10 -
T % e >
i 6 | =
N 4 A
2 4 2 = ’_,:—//
0 0 . . .

10 12 14 16 18 20 22 24 26 28
e Al
Figure 11
Comparison of the experiment (solid line) and numerical (dashed line) stress-extension curves:
(a) NBR; (b) CR

10 12 14 16 18 20 22 24 26 28

Conclusions

The article presents the results of the research on the NBR and CR hyperelastic
materials. Static tensile tests were carried out in the wide range of temperatures (-
25, 0, 25, 50°C) using a temperature chamber. The motion tracking technique was
used to determine the deformation of the samples. Analysing the obtained results it
can be concluded that:

e the strain-extension curves for the NBR are similar in the range of 0-50°C. No
change in the NBR stiffness was observed in this temperature range contrary
to the temperature of -25°C at which strength and stiffness increased
significantly;

e the maximum achieved stress for the NBR material was 19 MPa (for
temperature -25°C), while the lowest value of 6 MPa was obtained at 50°C
with extension A=3;

e the stress-extension curves for the CR material for the ambient temperature
and 50°C coincide up to the value of the extension of 1.8. For other
temperatures the distribution of the curves is even;

e the maximum stress of 23 MPa was obtained for the temperature of -25°C
temperature, whereas for the 50°C a value of the stress was about 6 MPa;

e at temperature of 50°C there is a significant reduction in strength for both the
tested hyperelastic materials.

e the CR in the considered temperature range is characterised by a greater
strength than the NBR, while maintaining the same extension as the NBR.
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On the basis of the experimental data the hyperelastic constitutive model was also
modified by introducing an explicit dependence of strain energy on the temperature,
allowing to accurately reflect the properties of the tested materials. The material
parameters of the adopted strain energy functions for the NBR and CR were
determined with R? not less than 0.999.

The results presented in the article do not exhaust the hyper elastic materials issue.
Further research is needed in order to accurately determine the properties and
behaviour of such materials in various loading conditions and temperatures.
Examples of such tests can be tensile tests at temperatures below -25°C in order to
determine the brittleness temperature, compression tests in the range of high strain
rates with simultaneous thermal load or biaxial tensile tests.
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