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Abstract: Elastomers are widely used in many industries. Their use requires thorough knowledge of their strength and stiffness
parameters over a wide temperature range. However, determination of the parameters of such materials is still a challenge. Therefore,
the paper presents research methodology allowing determination of the properties of rubber-like materials in a wide range of stretch
and temperatures (from +50°C to —25°C) by using the example of styrene-butadiene rubber (SBR) and natural rubber (NR) elastomers.
Additionally, two blends, chloroprene rubber/nitrile-butadiene rubber (CR/NBR) and NR/SBR blends, were also considered. Based
on physical premises, a polynomial and Arruda-Boyce hyperelastic constitutive models parameters were determined using two different
methods, namely curve-fitting and the successive response surface method.
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1. INTRODUCTION

Elastomers are currently one of the most commonly used ma-
terial groups in modern industry. Their usage extends from the
automotive industry, where they are used mostly for car tires and
suspension components, up to civil engineering, aviation and
biomechanics.

The determination of the mechanical properties of such mate-
rials is crucial due to their wide usage in different industries. Es-
pecially, it is very important to take into account the influence of
the operating temperature on the change of the mechanical prop-
erties [1]. The change of such parameters as tensile strength,
stress or stiffness with the temperature change results from the
internal structure of rubber-like materials in which polymer chains
are joined by intermolecular bonds [2, 3]. The study of this influ-
ence is all the more important as, during the tensile tests of such
materials, we observe an increase in displacement when the
temperature is lowered and not when it is increased, contrary to
what might intuitively be hypothesised to be the case [4, 5]. In the
case of elastomers, we observe a rapid degradation of the poly-
mer chains at elevated temperatures [6].

There is a whole range of elastomers differing significantly in
their mechanical properties and, thus, their usage [7]. The pre-
sented article focuses on several commonly used materials and
blends, namely styrene-butadiene rubber (SBR), natural rubber
(NR), and NR/SBR and chloroprene rubber/nitrile-butadiene rub-
ber (CR/NBR) blends.

SBR is a synthetic copolymer consisting of styrene and buta-
diene [8]. Due to its properties, it is widely used in the automotive
tires industry and for various parts of car interiors [9]. Owing to the

addition of the styrene, the strength, abrasion resistance and
blend properties of butadiene are improved [10]. On the other
hand, the SBR is vulnerable to thermal and oxidative degradation
due to the presence of double bonds in the polydiene backbone.
This process manifests itself by an increase in stiffness of the
material due to the cross-linking [11]. The typical operating tem-
perature of SBRis in a range between -50°C and 100°C.

NR is one of the oldest materials known to man, but only the
discovery of the vulcanisation process caused the rapid develop-
ment of the rubber processing industry [12]. The main application
of NR is in the truck tire industry, because of its high tear re-
sistance, toughness and high tensile strength [13]. Additionally,
NR is chemically stable, except for oils. However NR is also char-
acterised by low thermal resistance and low organic solvent re-
sistance, and thus various chemical modifications are required in
some cases of usage [14].

Chloroprene rubber (CR) is a synthetic material created in the
process of polymerisation of chloroprene [15]. This material is
characterised by high resistance to weather conditions, to ozone
and even to weak acids. Due to high chemical stability, it is rela-
tively well resistant to aging [16].

Nitrile-butadiene rubber (NBR), which is a copolymer of acry-
lonitrile 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 [17]. It is an elastic material
with a high tensile strength and a low compression deformation
[18]. For this reason, it is frequently used in the automotive or
aviation industry, to produce seals (for both hydraulic and pneu-
matic installations), vibration damping elements and self-sealing
fuel tanks.
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In order to improve the properties of rubber-like materials, the
technology of polymer-polymer blends was extensively re-
searched. Development of the multi-component systems allowed
for enhancing the properties, especially mechanical, of polymeric
materials [19]. One of the most commonly used materials is the
above-mentioned rubber, which — due to its properties (especially
high tensile strength) — is commonly blended with synthetic rub-
bers [19, 20]. In the case of the NR/SBR blends, the main ad-
vantage is improved oxidative stability [21], whereas in case of the
CR/NBR blend, an increase in the mechanical properties is ob-
served [22].

In the literature, a description of a series of constitutive mate-
rial models that can be used to describe the behaviour of elasto-
mers can be found. They include, among others, the Mooney-
Rivlin model, neo-Hookean, Gent-Thomas, Yeoh, polynomial and
Arruda-Boyce [23]. The greatest difficulty in their use is the need
to have a set of appropriate material parameters. Since the me-
chanical properties of this type of materials are strongly influenced
by e.g. the ambient temperature, one universal data set covering
the entire temperature range is insufficient to correctly describe
the material's behaviour under operating conditions. It is neces-
sary to conduct experimental tests in the required temperature
range, and then use the obtained data to determine the required
parameters of the constitutive model. In order to determine the
aforementioned parameters, usually a tensile or compression test
is carried out. The stress—strain curve obtained as a result of the
tests then forms the basis for determining the parameters using
the curve-fitting technique. In this method, in subsequent itera-
tions, the values of the parameters are being substituted, and then
the resulting output curve is compared with the input curve. The
iterations are repeated until the desired convergence is obtained,
usually determined by the value of R-squared, which is a statisti-
cal metric used to evaluate the degree to which variations in the
dependent variable, which is the target of the analysis, are ac-
counted for by variations in the independent variables, which are
the predictors. It is a ratio expressed as a value between 0 and 1,
where a higher value indicates that the model explains a larger
proportion of the variance in the dependent variable, and a value
of 0 indicates that the model does not explain any of the variance.

The article aimed mainly to show the change in properties and
to determine the constitutive models’ parameters of various elas-
tomers such as SBR and NR rubbers and their blends, NR/SBR
and CR/NBR, in a wide range of temperatures. Both the experi-
mental and numerical approach were utilised during the research.
The experimental research allowed for determining the glass
transition temperatures with use of the both dynamic mechanical
analysis (DMA) and differential scanning calorimetry (DSC) meth-
ods. The tensile tests allowed for determination of the change in
the stiffness and the fracture energy of the tested materials in
conditions of both lowered and increased ambient temperatures
(ranging from -25°C up to 50°C). The selected temperature range
corresponds to the typical operating conditions of such materials.
During the tests in the negative temperature, the crystallisation
process was observed for NR material. Additionally, in the case of
the NR/SBR blend, a crystallisation of the NR component can be
witnessed at low temperatures, which indicates that this blend is
characterised by a low miscibility.

The results of the experimental tests served as the basis on
which, using the curve-fitting method, the material constants of
two commonly used hyperelastic constitutive models — polynomial
and Arruda-Boyce — were determined for the presented tempera-
ture range. The obtained values were also verified numerically
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using the finite element method and the results were compared
with the experimental tests. By means of application of the suc-
cessive response surface method (SRSM), the optimisation pro-
cess of the previously obtained values was carried out. It was
found that in most cases the true-strain vs. true-stress curve
representing the polynomial model coincides with the average
curve obtained from experimental tests, whereas for the Arruda—
Boyce material model the discrepancies are greater. The average
difference between the values obtained from the Arruda-Boyce
model and experimental tests is about 16%, whereas for the
polynomial model the difference is about 4%.

In practice, especially in numerical analysis, rubber materials
are assumed to be practically incompressible. For this reason, a
significant proportion of hyperelastic models are able to correctly
predict the behaviour of the material in different deformation
states (e.g. tensile, biaxial tension or compression). Therefore,
only the tensile test curves were used for curve-fitting and param-
eter determination. It should be noted, however, that the use of
the presented parameters in deformation states other than uniaxi-
al stress may lead to slight inaccuracies.

Such a large database of parameters — covering both a wide
range of different materials and taking into account the high varia-
bility of thermal conditions — gathered in one place is an extremely
large help for all those interested in the most accurate numerical
modelling of construction elements made of elastomers.

2. MATERIALS AND METHODS
2.1. Specimen preparation

In order to conduct the research, commercially available mate-
rials were selected, namely SBR and NR, and two additional
blends, NR/SBR and CR/NBR. Materials were obtained from the
manufacturer in the form of 300 mm 1 300 mm and 2 mm thick
sheets. Prior to preparing specimens, the hardness of the materi-
als was measured using the Shore A scale at a temperature of
21°C. The values of the hardness are in the range from 61 to 64.
Accordingly, all tested materials have a comparable hardness at
ambient temperature and can be classified as rather hard rubbers.
The exact composition of the tested materials and results of the
hardness measurements are presented in Tab. 1.

The dimensions of the samples were determined based on the
PN-ISO 37:2007 standard concerning the determination of the
tensile properties of rubber (Fig. 1). The water jet cutting tech-
nique was used to prepare the test samples. In order to minimise
deformation caused by the water jet cutting process, the material
sheets were clamped between two steel plates during the cutting
operation. Due to the low stiffness exhibited by all the tested
materials, it was not feasible to perform machining on their sur-
faces to enhance their parallelism accuracy. An example of the
prepared samples is presented in Fig. 2.
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Fig. 1. Dimensions of the test samples according to the PN-ISO 37:2007
standard
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Tab. 1. Composition of tested materials

Component (phr) CR/NBR NR SBR | NR/SBR
NR (RSS 1) - 100 - 50
CR (Denka S-40) 50 - - -
Acrylonitrile-butadiene 50 i ) 3
rubber (Perbunan 1847)

SBR (Ker 1500) - - 100 50
Carbon black (N-550) 83.3 40 50 45
Cross-linking complex

(sulphur, ZnO and - 20 13.8 19
others)
Cross-linking complex 13.8 i i i
(MgO, ZnO and others)
Softener (AE)O or AN- 97 7 10* 12
68%)
Hardness Shore A (at
21°C) ( 64 62 61 64

* AN-68 softener

phr, weight parts per 100 parts of rubber.

CR, chloroprene rubber; NBR, nitrile-butadiene rubber; NR, natural
rubber; SBR, styrene-butadiene rubber.

White paint markers were applied on every sample in the
measuring part. They were necessary to determine the defor-
mations of the samples during the tensile test using a motion

tracking method.

Fig. 2. Example of the test samples. NR, natural rubber
2.2. DMA

DMA is one of the most frequently used methods for determin-
ing the viscoelastic properties of materials. Generally, in this
method, a sinusoidal force (stress) is applied to the sample, which
results in a sinusoidal deformation (strain). In case of the viscoe-
lastic materials, the shift in the corresponding stress and strain
curves is observed. The phase difference between those curves is
called phase angle or phase lag & [24].

From the DMA tests, several viscoelastic terms can be calcu-
lated [25]:

E'=(0y/€p) * cos & (1
E"=(0y/€y) *sind (2)
Tan§=E"/E’ 3)

where E' is the storage (elastic) modulus, E" is the loss (viscous)
modulus, tan 6 is an index of viscoelasticity (loss factor), g, is the
maximum applied stress, &, is the maximum strain amplitude and
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¢ is the phase angle. The storage modulus is a measure of elastic
energy stored in the material, the loss modulus measures the
energy dissipation during each cycle of the loading and tan 6 is a
ratio of the two previously mentioned values.

DMA was performed by using TA Instruments’ DMA Q800 an-
alyser. Strips in dimensions of 55 mm x 10 mm x 3 mm (length x
width x thickness) were used as samples. They were made in the
same way as the tensile test specimens, using a water jet cutter.
A dual cantilever clamp was used to examine the thermo-
mechanical properties. The storage and loss modulus and tan &
were measured at a frequency of 1 Hz over a temperature range
of —90°C to 50°C at a heating rate of 5°C/min. The amplitude of
test sample deformation was established at 20 um.

2.3. DSC

Another commonly used thermal test method is DSC [26]. The
main principle of the method is to heat a sample of a known mass
and track changes in its heat capacity as changes in the heat flow
[27]. Typically, the test sample is enclosed in the pan and mount-
ed inside the furnace on the thermoelectric disk. The empty refer-
ence pan is also present [24]. Throughout the test procedure, the
temperature inside the furnace is changed at a constant rate, the
temperature difference AT between the samples is measured and
recorded, and then the heat flow is determined based on the
following expressions [28]:

q=AT/R (4)
q=c,(dT/dt) + f(T,t) (5)

where q is sample heat flow, AT is the temperature difference
between the samples, R is the resistance of the thermoelectric
disk, cp is sample-specific heat capacity, dT/dt is a heating rate
and f(T, t) is kinetic response at a specific temperature and time.

A DSC Q250 calorimeter from TA Instruments with Refrigerat-
ed Cooling System RCS90 was used to perform the DSC analy-
sis. Measurements were carried out in an inert gas atmosphere
(nitrogen) at a heating rate of 10°C/min, in the range from —80°C
to 70°C, using non-hermetic aluminium pans. During the tests, the
glass transition temperature was obtained.

2.4. Tensile test

In order to perform the tensile tests, an MTS Criterion Model
45 electromechanical universal test system was used. The system
is characterised by a maximum displacement range of £500 mm
and the maximum piston speed is 750 mm/min. Additionally, the
ThermCraft temperature chamber was utilised to perform tests in
both negative and positive temperatures.

The tensile test was carried out based on the PN-ISO 37:2007
standard with the speed of the traverse of 50 mm/min. The strain
rate during the tests was constant and equal to 3.3 1072 s,
The force and the position of the transverse were recorded with
50 Hz frequency. Additionally, the motion tracking method was
used in order to determine the strain of the test samples. For this
purpose, every test was recorded using a high-resolution camera
(1,920 x 1,080 pixels). In the next step, recordings were imported
into TEMA software, which allowed for tracking the points painted
on the samples and recording their position-change over time.
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Recorded coordinates were the basis for calculation of the strain.
The stress was calculated as the loading force related to the initial
cross-section area of the tested sample. The effect of transverse
deformations of the sample during the test was not taken into
account.

The samples were tested in the following temperatures:
—25°C, 0°C, 25°C and 50°C. Prior to the tests, the samples were
placed in the chamber for 1 h in the test temperature. After that,
the samples were sequentially mounted in the clamps of the
testing system and an additional 15 min was allowed to pass for
the samples’ settling and temperature-normalisation. The tests
were performed when the control system was showing constant,
set temperature. Temperature measurements were obtained
using two K type thermocouples — one located within the working
field of the chamber, and another inserted between two layers of
the test material. To obtain the latter, two pieces of the test mate-
rial were placed in contact, with the thermocouple inserted be-
tween them. The tests were carried out once the control system
indicated a constant, predetermined temperature. The chamber
specifications indicated that the temperature stabilisation accuracy
was within £1°C, whereas the acceptable error range for the K
type thermocouples was +1.5°C.

3. RESULTS AND DISCUSSION

3.1. DMA

The DMA allowed us to investigate two-component rubber
compounds and their interactions. The storage modulus value of
the NR in the below-Tg plateau region is considerably higher than
for any other considered elastomer and equal to 21,310 MPa,
whereas for SBR it is only 8,640 MPa (the lowest value of all
considered samples) (Fig. 3a). The addition of the NR to SBR
causes a slight increase in its value to 9,215 MPa and considera-
ble widening of the glass transition by approximately 57% (onset
at —56°C, termination at —27°C). Additionally, the course of the
storage modulus curve in the glass transition temperature is not
linear, and a slight change in the slope can be observed at ap-
proximately —44°C. It indicates the two-phase structure of the
NR/SBR blend, and thus a low miscibility of the individual compo-
nents. The glass transition temperature of the NR is equal to
—51.7°C, which is a similar value to that obtained for the CR/NBR
blend, whereas in the case of the SBR it is —40.7°C. The blend of
those two components shows a slightly lower Tg of about
-56.2°C.

Analysing the storage modulus of the CR/NBR blend, we can
observe that at —90°C, its value attains 15,830 MPa and is 71%
higher than that corresponding to the NR/SBR blend. The change
in stiffness is more pronounced than in the NR/SBR blend. The
onset of the glass transition is observed at a relatively low tem-
perature of —80°C, whereas termination at —30°C. The glass
transition temperature is —55.8°C.

Concerning the cases of the NR, SBR and their blend, we can
make the common observation that the peak value of the loss
modulus of the NR (4,340 MPa at —45.5°C) is considerably higher
compared with the corresponding values for other materials, due
to its storage modulus having a high value (Fig. 3b). The SBR
peak value is equal to 1,420 MPa at —32.3°C. The NR/SBR blend
is characterised by two clearly visible peak values in both loss
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modulus and tan & curves, corresponding to the values of the
glass transition temperature of individual NR and SBR rubber.
Such behaviour proves that individual components of the blend
are rather immiscible.

(a) Storage modulus
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Fig. 3. Values of: a) storage modulus, b) loss modulus and c) tan &
modulus received by DMA. CR, chloroprene rubber; DMA,
dynamic mechanical analysis; NBR, nitrile-butadiene rubber;
NR, natural rubber; SBR, styrene-butadiene rubber.

In the case of the CR/NBR blend, the lost modulus peak value
is equal to 2,115 MPa at a temperature of —45.7°C (Fig. 3b).
Additionally, only one peak is observed, which proves the good
miscibility of the blend components. In the case of the tan 9, for
the CR/NBR, the maximum value is equal to 0.71 at —33.1°C (Fig.
3c). Analogically as in the loss modulus curve, only one peak is
visible.

The values of the glass transition temperature (Tg) of rubber
were estimated based on the temperature DMA curves and are
presented in Tab. 2.
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Tab. 2. The glass transition temperatures of rubbers received by DMA

Glass transition temperature Tg (°C)
E’ E” Tand
NR -51.7 —455 -374
CRINBR -55.8 —45.7 -33.1
SBR -40.7 -32.3 —24.7
NR/SBR —48.4 -32.7
%62 -327 -24.5

CR, chloroprene rubber; DMA, dynamic mechanical analysis; NBR,
nitrile-butadiene rubber; NR, natural rubber; SBR, styrene-butadiene
rubber.

3.2. DSC

The thermograms for all considered materials are presented in
Fig. 4. The obtained results allow the conclusion that for all sam-
ples except NR/SBR, the glass transition process was one-stage.
In the case of sample NR/SBR, a two-stage incidence of the glass
transition process was observed, due to the presence of two
immiscible components with different glass transition tempera-
tures. In the case of the CR/NBR blend, we can observe a single-
stage thermal conversion, which can be an indication of the good
miscibility of the blend components. The glass transition tempera-
tures obtained by DSC are presented in Tab. 3.

The test results obtained by DSC confirm the results gained
based on analysis performed by DMA, and thus the behaviour of
CR/NBR and NR/SBR blends.

—NR —SBR —NR/SBR —CR/NBR

Heat flow [W/g]

2100 80 60 -40 20 0 20 40 60 80
Temperature [°C]

Fig. 4. DSC thermograms for considered rubbers. CR, chloroprene
rubber; DSC, differential scanning calorimetry; NBR,
nitrile-butadiene rubber; NR, natural rubber; SBR,
styrene-butadiene rubber.

Tab. 3. The glass transition temperatures of rubbers received by DSC

Glass transition temperature Tg (°C)

Tonset Tmidpoint Tend

(°C) (°C) (°C)
NR —64.6 —61.4 —58.7
CR/INBR —69.0 —64.2 —59.3
SBR —54.5 -50.4 —46.1
NR/SBR —67.9 —65.2 —62.4
-51.3 —46.3 -41.4

CR, chloroprene rubber; DSC, differential scanning calorimetry; NBR,
nitrile-butadiene rubber; NR, natural rubber, SBR, styrene-butadiene
rubber.
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3.3. Tensile tests

In Fig. 5, an example of the test sample during the tensile test
in the elevated temperature is presented.

Fig. 5. Example of the specimen during the tensile test at 50°C

The stress (o)-extension ratio (A) plots for all tested materials
at the ambient temperature are presented in Fig. 6. Extension
ratio is defined as:

A=e+1 (6)

where ¢ is an engineering strain.

It can be observed that all the curves are located in a relative-
ly narrow range in all considered cases. The standard deviation of
maximum extension ratio at ambient temperature is 0.16 for
CRINBR, 0.23 for SBR, 0.41 for NR and 0.42 for NR/SBR.

(a) CRINBR
10
1 test 1
test 2
test 3 //
test 4 4
oy ] — test 5
a _ avr.
S 51
- 4
0 LI L L B B B B B L B RN B B L BN HNL L B B
1.0 1:5 2.0 25 3.0 35
Al
(b) NR
10
test 1
test 2
4
test 3
test 4 Z
r— test 5
g 1 — —i— avr.
S 59
g 4
0 T T T T

1.0 1.5 20 25 3.0 35

gy
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(c) SBR
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(d) NRISBR
15 T
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test 2
test 3

] ————  test4
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| =—ir—— avr. /

c [MPa]
\

Al
Fig. 6. Stress-extension ratio curves for tests at the ambient temperature:
(a) CRINBR, (b) NR, (c) SBR, (d) NR/SBR. CR, chloroprene
rubber; NBR, nitrile-butadiene rubber; NR, natural rubber; SBR,
styrene-butadiene rubber.

The averaged curves of stress-extension ratio for tests per-
formed in the considered range of temperatures are presented in
Fig. 7.
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(c) SBR
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0 T e e
1.0 1.5 2.0 2.5 3.0 3.5 4.0
AL
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Fig. 7. Stress-extension ratio curves for for a wide range of temperatures:
(a) CRINBR, (b) NR, (c) SBR, (d) NR/SBR. CR, chloroprene
rubber; NBR, nitrile-butadiene rubber; NR, natural rubber; SBR,
styrene-butadiene rubber.

In the case of the CR/NBR blend, the stiffness values at 0°C
and 25°C are almost identical up to an extension ratio of 2.5 (Fig.
7a). Although both of the blend components are characterised by
the upturn in the stress, no such behaviour is observed for the
CR/NBR. The mechanical behaviour of the blend can somewhat
be visualised as a mixture of the properties of its components, i.e.
unlike in the NBR, there is no rapid change in the material stiff-
ness at —25°C, whereas the maximum stress values are lower
than those obtained for the CR. For the temperature of 50°C, the
maximum stress value was equal to 6.5 MPa, whereas for —25°C
it was higher and equal to 17 MPa.

In the case of NR, we can observe that curves for ambient
temperature and 50°C coincide to the value of the extension ratio
of 1.6, whereas other curves have different slopes (Fig. 7b). Two
phenomena related to crystallisation can be observed. The first
one is strain-induced crystallisation. High deformations result in a
change of molecular orientation of its network, whereas the in-
duced crystallites slow down the crack growth [29]. The second
phenomenon is the ability to crystallise in the un-stretched state in
the lowered temperatures, the so-called thermally induced crystal-
lisation (TIC). As a previous research showed, the maximal crys-
tallisation rate takes place at approximately —25°C [30]. These
two behaviours are especially visible in the stress-extension ratio
for —25°C when a rapid change in the slope is observed at A =
2.2. Analogically as in other considered cases, the lowest value of
stress (9 MPa) was obtained at 50°C.

For the SBR material, we can observe that initially the curves
in the temperature-range from 0°C to 50°C coincide, but com-
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mencing from the extension ratio A = 1.5, the slope of the 50°C
curve changes (Fig. 7c). The curves for 0°C and 25°C continue to
coincide until the extension ratio reaches the value of 1.75, but
even after that, the value of stress in both cases remains at a very
similar level. Analogically as in the case of the NBR, we can ob-
serve a change in the stiffness and strength of the SBR at —25°C;
however, the maximum stress value is lower and equal to 17.5
MPa. The lowest value of 7 MPa was obtained at 50°C. A slight
upturn in the stress is visible in the range from 50°C to 0°C,
whereas for —25°C it is significantly more pronounced. As indicat-
ed in a previous research, when there is an absence of the crys-
tallisation effect in the SBR rubbers, such behaviour can be ex-
plained by the limited extensibility of the network [31].

The NR/SBR blend is characterised by a stiffness that is al-
most identical at both 25°C and 50°C (Fig. 7d). Additionally, the
curve for 0°C coincides with the curves for 25°C and 50°C up to
an extension ratio of 2.3. The lowest value of the stress was
obtained for 50°C (8.5 MPa), but it was only slightly lower than the
stress for 25°C (9.2 MPa). The highest value of 17 MPa was
obtained for 50°C. Particularly worth noting is the fact that for the
temperature range from 0°C to 50°C, the curves have a single-
phase nature, without the visible onset of the stress value. For
—25°C, the two-stage characteristic is clearly visible. It is caused
by the crystallisation process in the NR component of this low-
miscible blend, due to the strain and low temperature.

The influence of the temperature on the material samples’
stretching process is also presented in Fig. 8. It shows a relation-
ship between the stress and the temperature for selected exten-
sion ratio values. The observed variation exhibits almost monoton-
ic behaviour. In the case of CR/NBR and SBR, a deviation from
this trend is evident at 25°C, resulting in an increase in stress
values. Conversely, the NR/SBR blend demonstrates a slight
increment in stress at 50°C.
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(c) SBR
15

o [MPa]

Temperature [°C]

(d) NRISBR
15

o [MPa]

Temperature [°C]

Fig. 8. The stress-temperature curve for different values of extension
ratio: (a) CRINBR, (b) NR, (c) SBR, (d) NR/SBR. CR, chloroprene
rubber; NBR, nitrile-butadiene rubber; NR, natural rubber; SBR,
styrene-butadiene rubber.

The change in fracture energy Wf is presented in Fig. 9. The
fracture energy is calculated as the area below the stress-strain
curve. For a given temperature and for a particular material,
stress—strain curves obtained from the tensile test of multiple
samples were consolidated into a single curve. Subsequently, the
area beneath the consolidated curve was determined via a numer-
ical integral algorithm and Excel. It can be observed that the
decrease in its value is steady in the whole temperature range.
Only in the case of the NR/SBR blend is a rapid decrease ob-
served in the 0-25°C area.

WNR +SBR ®NR/SBR -&CR/NBR
25000

22500 4

20000

17500

15000

12500

10000

7500 4

Fracture energy W [kJ/m?]

5000

2500

-25 ‘ 0 I 25 S0
T'emperature [°C]
Fig. 9. Fracture energy at various temperatures. CR, chloroprene rubber;
NR, natural rubber; NBR, nitrile-butadiene rubber; SBR, styrene-
butadiene rubber
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In order to better understand the tensile test method results, a
so-called Mooney-Rivlin plot can be used [32]. The basis of this
plot is the Mooney-Rivlin equation [33,34]:

0:2<C1+%)<A—%2) (7)

where Ci and C: are material constants and A is the extension
ratio. These constants are associated with the intermolecular
forces between the polymer chains and Ci is related to the
crosslink density for elastomers without fillers [35]. Eq. (6) can be
rewritten using the term of reduced stress o™ [32]:

g
o =
A= (

The Mooney-Rivlin plots were constructed by plotting the re-
duced stress o* against the inverse extension ratio 1/4 and are
presented in Fig. 10. Three regions of strain can be distinguished
on the plots: low strain (1/4 >0.8), intermediate strain and high
strain (generally 1/1 <0.4, but the border value may vary from
material to material). Generally, at low strain, the reduced stress
decreases up to a certain value, after which it starts to grow,
which is associated with the limited chain extensibility between
crosslinks (in the non-crystallisable rubbers) and strain-induced
crystallisation [36]. Analysing those plots, we can clearly observe
that practically in every considered case, the material is character-
ised by a linear curve in the intermediate strain range at 25°C and
above. The only exception is CR/NBR blend, where such behav-
iour is observed only at 50°C. In the high strain, an upturn is
visible in every material at every considered temperature. In the
case of NR, the upturn is caused mainly by strain crystallisation.
In the case of the non-crystallisable rubbers, the extensibility is
reduced due to the presence of the filler (i.e. carbon black). As a
result of the interactions between the rubber chains and the filler
particles, a bound rubber is formed. The ‘tightly bounded rubber’
and ‘loosely bounded rubber’ can be distinguished. The tightly
bounded rubber is characterised by low elasticity and high
strength [37]. Additionally, some rubber chains are trapped in the
filler aggregates and act as part of the filler, thus effectively in-
creasing the volume of the filler and the high strain modulus [38].
In all cases, the reduced stress value increases with the tempera-
ture decrease.

In Fig. 11, the upturn strain values are presented. The upturn
strain was defined as the strain corresponding to the minimum
reduced stress. It is worth noting that in all considered materials, a
rapid decrease in the upturn strain at 25°C is observed. At 50°C
the value increases again.
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Fig. 10. Mooney-Rivlin plots for the considered materials: (a) CR/NBR,
(b) NR, (c) SBR, (d) NR/SBR. CR, chloroprene rubber; NBR,
nitrile-butadiene rubber; NR, natural rubber; SBR,
styrene-butadiene rubber.

MNR 4SBR @®NR/SBR -&CR/NBR

60

50

40

30

Upturn strain &, [%]

10 1

-50 25 0 2 50 75
Temperature [°C]
Fig. 11. Values of upturn strain at various temperatures. CR, chloroprene

rubber; NBR, nitrile-butadiene rubber; NR, natural rubber; SBR,
styrene-butadiene rubber
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Similar effects are also seen in Fig. 12. Stress-extension ratio
curves for 0°C and 25°C temperatures are presented for all tested
materials. It can be observed that in the case of 25°C, all curves
are located in a relatively narrow range. Additionally, the exten-
sion ratios of all materials in the ambient temperature are practi-
cally equal (A = 3), except the NR material, which is characterised
by the highest extension ratio (A = 5).

(a) 0°C

— NR
—— 8BR
— NR/SBR
—— CR/NBR

a3

Fig. 12. Stress-extension ratio curves for (a) 0°C and (b) 25°C
temperatures. CR, chloroprene rubber; NBR, nitrile-butadiene
rubber; NR, natural rubber; SBR, natural rubber.

4. NUMERICAL MODELLING
4.1. Hyperelastic constitutive models

The behaviour of hyperelastic material, which is frequently as-
sumed to be incompressible, is usually described trough of the
Cauchy stress tensor [39]:

B—2—B? )

6W) ~ ow ~

o 1+2 (aW +1
g=-p al, T3,
where p is pressure, é = FFT is the left Cauchy-Green tensor, F
is a deformation gradient tensor, /i (i= 1, 2, 3) are strain
invariants, Wis a strain-energy function dependent on strain

invariants W(l1, Iz, Is) and I is an identity tensor.
The left Cauchy-Green tensor is defined as:

B =FF" (10)

where F is the deformation gradient tensor.

The assumption of rubber incompressibility also limits the
number of variables on which strain-energy functions depend (/s =
1, to W(ly, I2)).
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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 ratio variability. Functions should also
meet certain conditions [40]:

— energy vanishes in the undeformed configuration:

W|11=3 =0 (1)

— strain-energy functions and stress tend to infinity at very large
deformation:

%fﬂ}) W= too, ){f—rz}) d4; *
lim W = li 9 = 13
Ail)r-{—loo =t lilr-{lw 6/11 -t ( )

— stress is equal to 0 in the undeformed configuration and
strain-energy functions achieve a minimum:

ow _o
04; A1=Ay=13=1 ’
o*w (14)
6_/1l? Ay=2Ap=13=1 ~ 0
det[H;;] >0,

where Hj is a Hessian matrix and /, j = 1, 2, 3 and 4; is the
principal stretch ratio.

Numerous articles are devoted to the problems associated
with the definition of strain-energy functions. These articles pre-
sent a phenomenological approach [39, 40], a theoretical ap-
proach using statistical mechanics of molecular chains network
[41, 42] or a mixed approach.

Based on the kinetic theory of elasticity developed by Wall,
Treloar defined the simplest form of strain-energy functions,
commonly known as the neo-Hookean model [43]:

u
W=20-3) (15)

where u is the shear modulus.
The value of the shear modulus is related to the temperature
and chain density dependence [43]:

u =nkT (16)

where k is the Boltzmann constant, T is temperature and n is
chain density.

Arruda and Boyce [42], using a phenomenological
approach, developed a model with other material constants
dependent on temperature assuming their linear temperature
dependence:

L

Achain = 3 ()
W = NKTVA [ Acnain — Vit In (Sizhﬁ l (19)

where n is the number of chain segments, T is temperature, k is
the Boltzmann constant, N is the number of chains in the network
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of a cross-linked polymer, 1 is the first invariant of the left
Cauchy-Green strain tensor and L' is the inverse Langevin
function.

The Arruda-Boyce model can be expressed also in the
following form, which is often implemented in the finite element
method software [40]:

R 1 ..,
W—GE(11—3)+M(11 —9)

519 ;.
t 673750N" (11 B 243)]

K 17
+§(1— )

where G is the shear modulus, N is the number of statistical links,
Jiis relative volume and K is the bulk modulus.

This model also showed that the adopted model successfully
reflects the behaviour of tire rubbers even at relatively high
temperatures and under a moderate finite deformation.

The polynomial model was discussed in the study of Rivlin
and Saunders [45] as the strain-energy function:

N
W= Gl =30, - 3)7 (21)

p,q=0

with Coo = 0, which is a generalisation of the Mooney-Riviin and
neo-Hookean strain-energy functions.

Note that the invariant based formulation is valid for isotropic
materials. However, rubber-like materials are often isotropic, and
thus this approach is valid.

4.2. Material model parameters identification

In the first stage of preparation of the numerical model of the
studied phenomenon, it was necessary to properly determine the
Tab. 4. Polynomial model constants obtained through curve-fitting technique

material constants of the constitutive model, which can correctly
describe the behaviour of the hyperelastic material. After
reviewing the available models, two models that are commonly
used in various types of analyses involving the use of the finite
element method were selected, namely the polynomial and
Arruda-Boyce models. To determine the values of both
constitutive models, the curve-fitting technique was used. The
principle underlying this method is the determination of the
function describing the series of data in relation to which analyses
are required — in this case, the strain and stress values obtained
during the experimental tests — in the best possible way,
concomitant with taking into account any predefined constraints.

In the case of the model described by Eq. (27), the values of
all material constants (Ci, Cot, C11, C2o, Co2 and Cso) were
determined, with the proviso that all values must be greater than
0. Such a limitation was adopted because negative values of the
constants, despite potentially very good curve fitting, may lead to
instability during numerical analyses [46]. The determined
constant values are presented in Tab. 4.

The Arruda—Boyce material model requires a much smaller
number of constants. In practice only two, in addition to density
and bulk modulus, are needed: the shear modulus (G) and the
number of statistical links (N). The constraint was that both values
should be greater than 0 and we assumed that the number of
statistical links should be an integer. The values determined for
this constitutive model are presented in Tab. 5.

After determining all the necessary constants, a finite element
method numerical model was constructed, which allowed for the
numerical validation of the material model constants’ correctness
and evaluation of the difference in the stress values between the
experimental tests and numerical analyses. A geometrical model
of the used tensile sample was created, which was then
discretised using fully integrated solid elements. In order to
replicate the real test, the application of the loading and boundary
conditions is made as similar as possible to that relevant to the
actual tensile experiment. Since the study is static, it was decided
to use the implicit scheme of integrating the equations of motion
implemented in the LS-Dyna solver.

o Cuo Co1 Cn C Co2 Cao
Temp.(°C)  wpa) (MPa) (MPa) (MPa) (MPa) (MPa)
50 053698 001331 0.00007 0.07965 000058 000002
CRINER 25 066766 000002 0.06605 005914 000034 0.00001
0 052132 0.00905 024118 000868 000006 0.00000
25 053088 0.00810 001617 004099 0.79866 000017
50 0.70485 0.00042 000002 001733 000043 0.00070
\R 25 106824 000000 000088 001164 000003 0.00083
0 116604 000046 000047 0.00803 001057 0.00231
25 092199 0.00995 000013 0.07905 000002 000244
50 050133 001044 002173 0.04461 000002 0.00020
SR 25 116859 001050 001124 0.00014 000000 0.00161
0 0.25055 001184 017839 0.04629 0.00006 0.00088
25 112534 000126 003109 004438 0.00001 0.00200
50 082210 0.00085 002343 0.04706 000391 0.00001
NRISER 25 108278 0.00058 000000 002202 0.00058 0.00000
0 147437 0.00013 001408 0.00726 000055 000214
25 092199 000995 000013 0.07905 000002 0.00244

CR, chloroprene rubber; NBR, nitrile-butadiene rubber; NR, natural rubber; SBR, styrene-butadiene rubber.
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Tab. 5. Arruda-Boyce constitutive material model constants obtained
through curve-fitting technique

Temp.

) N() G (MPa)

50 7 133213

2 12 1.92605

"R 0 6 166705

25 5 1.86775

CRINBR 50 3 103194

25 4 153908

0 6 193717

25 9 2.90620

50 4 102686

25 6 162532

SBR 0 6 155613
25 6 218831

50 5 158015

2 5 161376

NRISBR 0 7 1.99259
25 5 2.1981

CR, chloroprene rubber; NBR, nitrile-butadiene rubber; NR, natural
rubber; SBR, styrene-butadiene rubber.

In total, a mesh of 6,080 elements is used for the analyses.
The prepared numerical model is presented in Fig. 13. The
constitutive model parameters are presented in Tabs. 4 and 5.
The value of Poisson ratio was constant for every tested material
and equal to 0.495.

The obtained results and comparison between the considered
constitutive models are presented in Figs. 14a—d. To facilitate a
comparison between the outcomes of the experimental tests and
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numerical analyses, the engineering values were transformed into
true values by utilising the following set of formulae:

Etrue = ln(l + geng) (22)

Otrue = Oeng * eftrue = Oeng * (1 + geng) (23)

where &, represents true strain, €, 4 engineering strain, oy;,¢
true stress, o4 engineering stress and e Euler's number.

Prescribed

motion

=)

of

Fig. 13. Numerical model of the test sample with visible boundary
conditions

When analysing the graphs in fig. 14, we can observe a high
degree of agreement among the true-strain vs. true-stress curves
representative of both constitutive models in the entire
temperature range. Comparing them qualitatively, we can see that
in most cases the curve representing the polynomial model
coincides with the average curve obtained from the experimental
test. The quantitative comparison of the obtained values of
maximum true stress is presented in Tab. 6. Additionally, the
difference between the experimental and numerical results is
presented for both constitutive models. The average difference
between the values obtained from the Arruda—Boyce model and
experimental tests is about 16%, which is four times greater than
from the polynomial model, where the difference is about 4%.
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Tab. 6. True stress obtained for constant true strain in every considered case
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Fig. 14. True-strain vs. true-stress curves for polynomial and Arruda—-Boyce material models in comparison with experimental results: a) CR/NBR, b) NR,
c) SBR, d) NR/SBR. CR, chloroprene rubber; NBR, nitrile-butadiene rubber; NR, natural rubber; SBR, styrene-butadiene rubber.

True stress (MPa)

Exp. avg. Polynomial Arruda-Boyce Fz)lynomlal diff. ﬁ/:;uda—Boyce diff.
50°C 15.42 16.15 19.55 473 26.78
25°C 26.37 29.00 35.21 9.97 33.52
CRINBR 0°C 43.69 46.08 53.40 5.47 2222
—25°C 58.85 63.57 60.06 8.02 2.06
50°C 33.14 34.34 39.79 3.62 20.07
NR 25°C 77.08 7718 71.06 0.13 7.81
0°C 56.55 49.85 50.19 11.85 11.25
—25°C 67.07 67.16 68.84 0.13 2.64
50°C 23.46 2517 33.06 7.29 40.92
SBR 25°C 41.77 43.97 51.16 5.27 22.48
0°C 49.71 50.14 58.78 0.87 18.25
—25°C 65.95 65.13 65.64 1.24 0.47
50°C 18.56 18.33 18.05 1.24 2.75
25°C 27.89 26.54 34.67 4.84 24.31
NRISRB 0°C 59.96 65.66 69.93 9.51 16.63
—25°C 70.08 66.39 85.04 5.27 21.35

4.3. Material model parameters calibration

The material model constants determined above served as a
starting point for the optimisation process using the SRSM
implemented in the LS-OPT software. SRSM is based on the
response surface methodology (RSM), which is a statistical
method for constructing approximations to the objective function in
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the multi-dimensional parameter space. In this approach, a design
space is defined, and variable sets are selected within it:

1% 2
G mlnEZ[Fexp (&) = Frum(&9)]
i=1

(24)

where G is an objective function and K is the number of sampling
points.
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In the optimisation process, both variables and constraints
were normalised, following the classical, commonly used
approach:

— variable:
Xi — Ximi
Yi=———————; i=1,2,.. (25)

Ximax — Ximin

— constraints:

129, 21,2, (26)
max

0<g;j=12. (27)

The dynamic leapfrog method for constrained minimisation
was used to solve the optimisation problem [47].

A series of finite element method analyses are performed for
the variable combinations, the model response is calculated and
polynomial functions are fitted to the previously selected variables
[48]. In the SRSM, a sub-region is defined in the design space
and the optimum is determined on the approximated response
surface. In the subsequent step, a new region is defined in such a
way that its centre is located on the previous successive optimum
and its size is reduced [49].

The parameters obtained through optimisation process for
both polynomial and Arruda-Boyce material models are presented
in Tabs. 7 and 8.

The comparison between the true-strain and true-stress
curves is depicted in Fig. 15. A significant degree of agreement is
observed between the curves for the post-calibration models and
the experimental curve. The polynomial model shows better

Tab. 8. Optimised material parameters for polynomial constitutive material model
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agreement with the experimental data at higher true-strain values,
particularly above the value of 1.2. However, despite the calibra-
tion process, the Arruda—Boyce model exhibits an overestimation
of the true-stress values and an underestimation of the true-strain
values for large strain values.

Tab. 7. Optimised material parameters
for Arruda-Boyce constitutive model

Temp.(°C) N(-) G (MPa)

50 7 1.27683

25 6 1.38102

NR 0 5 1.50824
-25 4 1.50441

50 4 1.23285

25 5 1.51941

CRINBR 0 5 1.68370
-25 5 1.87934

50 6 1.18632

25 6 1.56921

SBR 0 6 1.44424
-25 5 1.67927

50 6 1.58506

25 5 1.46674

NRISBR 0 4 1.49668
25 4 1.46575

CR, chloroprene rubber; NBR, nitrile-butadiene rubber; NR, natural
rubber; SBR, styrene-butadiene rubber.

o Cuo Co1 C11 Cx Co2 ()
Temp.(°C)  (wpa) (MPa) (MPa) (MPa) (MPa) (MPa)
50 0.11474 0.00001 037600 0.10684 0.04652 0.00024
25 006402 031676 030453 010772 001939 0.00000
CRINBR 0 000563 003458 036411 0.30683 000288 0.00000
25 004090 036302 062358 0.10171 0.04711 0.00000
50 0.06811 0.04967 050681 0.00408 003136 0.00050
\R 25 0.18600 0.01373 042619 0.05592 003299 0.00055
0 008466 002086 055986 0.09241 002707 000202
25 0.11986 0.04841 052687 0.02299 008504 0.00406
50 002147 0.00000 037557 005590 004300 000023
SR 25 0.02460 0.04584 043551 0.10649 0.04947 0.00000
0 007404 001176 044553 0.04083 005496 000103
25 0.20000 000000 056579 0.09205 007829 000072
50 0.04796 0.03702 060932 0.15244 0.00246 0.00000
\RISER 25 0.02381 0.05043 053841 0.18494 000000 0.00000
0 0.11481 0.08666 056767 001504 006928 0.00000
25 019999 0.05387 052350 0.14427 007685 0.00051
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Fig. 15. Comparison of true-strain vs. true-stress curves for calibrated and non-calibrated polynomial and Arruda—-Boyce models parameters
for NR at temperatures: a) 50°C, b) 25°C, ¢) 0°C and d) -25°C. NR, natural rubber.
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5. CONCLUSION

In conclusion, we report the change in the thermal and me-
chanical properties of several hyperelastic materials tested in the
temperature ranging from —25°C up to 50°C. The results of the
experimental tests show a significant change in the materials’
behaviour, especially in the lowered temperatures.

Such changes in the properties of hyperelastic materials clear-
ly shows that, in order to perform a correct numerical analysis of
components prepared with the use of these materials, a wide
range of the material parameters is necessary. There are a num-
ber of a constitutive material models that can be used to describe
the behaviour of rubber-like materials; however, we have focused
on the two most commonly used: the Arruda—-Boyce and polyno-
mial models. A combination of the experimental tests and the
finite element method, along with the curve fitting, allowed for the
determination of a set of material constants for both models for
the whole considered temperature range. The performed analyses
showed that for true-strain values above 1, the hyperelastic poly-
nomial model provides a better representation of the material
behaviour than the Arruda-Boyce model.

We believe that the determined parameters would be a great
help for anybody interested in numerical simulations of the com-
ponents made from rubber-like materials.
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