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A B S T R A C T

The natural rubber (NR) and styrene butadiene rubber (SBR) based composites are used in
several industrial applications, mainly tires. The mechanical properties can be tailored by blend-
ing them in appropriate ratios. In the present study, blended polymer–matrix composites are
tested for uniaxial and bulge tests. Simultaneous constitutive modeling with failure description
is done for uniaxial and equibiaxial test results. Using the computational modeling we study
the problem of cavitation and compare these results with morphological analysis. The finite
element analysis (FEA) is used to analyze state of stress throughout the bulge. We find that
the rubber composites can behave contradictorily under different types of mechanical testing
environments. For instance, the pressure at failure for SBR composite is found to be 3% more
than NR composite under bulge test. However, tensile strength of NR composite is found to
40% more than that of SBR composite, when tested uniaxially. The critical hydrostatic tension
corresponding to onset of cavitation is observed to decreasing by more than 20% when NR
composite is compared with SBR composite. The dual phase rubber composite with 25% NR and
75% SBR exhibits better mechanical properties, when compared with other blended composites.

. Introduction

The elastomeric composites are used in various industrial and daily life products, mainly in tires. Tires are constructed using
ubbers, steel cords, and fabrics. However, durability and strength majorly depend on type of rubber composite used. Natural rubber
NR) based composites are used for their unique property called strain induced crystallization (SIC) which enhances their mechanical
trength [1–3]. The styrene butadiene rubber (SBR) composites excel in terms of high abrasion resistance, flex resistance, and crack
nitiation resistance [4,5]. The fatigue life of NR is better than SBR at large strains; the reverse is true for small strains [6]. The
lending of both rubbers can result in composites with favorable mechanical properties; however, it is important to optimize the
lend ratio.

Hess et al. blended NR and SBR in 50:50 ratio to elaborate mechanical properties by varying type of carbon black (CB) [7].
he rubber composites filled with high abrasion furnace (HAF) CB were found to exhibit better mechanical properties. CB is also
ound to be having high reinforcing efficacy and better fracture properties when compared with silica [8,9]. Latter is the reason
or choosing HAF CB as filler in our study. It is also evident that NR/SBR blends filled with CB outperform in terms of mechanical
roperties after thermal ageing [10]. The type of curing system and the structural properties of the chain influence cross-linking and
hain degradation [11]. The conventional curing system is used in the present study, which ensures higher number of poly-sulfidic
nd di-sulfidic crosslinks, resulting in improved mechanical properties.
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Table 1
Compounding formulation of rubber composites.

Material Ingredients, phr Fuction

N100 N75S25 N50S50 N25S75 S100

NR 100 75 50 25 0 Raw elastomer
SBR 0 25 50 75 100 Raw elastomer
CB(N330) 45 45 45 45 45 Filler
Peptizer 0.2 0.2 0.2 0.2 0.2 Catalyst
ZnO 5 5 5 5 5 Activator
Stearic acid 2 2 2 2 2 Activator
TQ 1 1 1 1 1 Antioxidant
6PPD 1.5 1.5 1.5 1.5 1.5 Antiozonant
Processing oil 5 5 5 5 5 Plasticizer
CBS 1 1 1 1 1 Accelerator
TMTD 0.2 0.2 0.2 0.2 0.2 Accelerator
PVI 0.15 0.15 0.15 0.15 0.15 Scorch inhibitor
Sulfur 2.5 2.5 2.5 2.5 2.5 Curing agent

The rubber composites used in engineering applications experience multiaxial state of stress. Latter is the reason to perform bulge
est, where equibiaxial stress is observed at the top of the pole [12]. In this procedure, a thin sheet of rubber composite is clamped

at the edges and pressure is supplied to inflate the material. In the bulge test, the stress–strain state is not uniform and the maximum
equibiaxial stresses and strains develop on the top of the inflated membrane, where the damage also starts. Localization of damage
on the top of the membrane provides robust testing processes unaffected by the boundary conditions. However, the interpretation
of results is not trivial due to non-uniformity in strain distribution. Balakhovsky et al. elaborated a finite element method based
procedure to interpret bulge test results [13]. Meunier et al. investigated behavior of silicone rubbers undergoing bulge tests [14].
Savio et al. proposed a new theoretical model to interpret bulge test results, but this model is confined to very low strains and
lacks a description of failure [15]. These bulge tests are not limited to only inflation by means of air, they can be done by using
various gases, even water [16]. The literature lacks bulge tests of blended rubber composites. However, there are several studies on
crack propagation and fracture of rubber composites using experimental and finite element methods [17–20]. The micro-cracks are
initiated by cavity formation by filler-matrix debonding depending on the interfacial bonding, which depends on several factors like
uring temperature, crosslinking, and type of filler. The latter phenomenon is generally expressed in constitutive models by using
nergy limiters.

Still, the literature lacks information on the formation of cracks, which depends on the instigation of cavities and their
propagation through the rubber matrix [21–23]. The study of these phenomena becomes very difficult and costly using exper-
mental investigations. In-situ scanning electron microscopy (SEM) assisted mechanical testing devices can be used to see void
ucleation [24–26]. Eric et al. studied cavitation using in-Situ synchrotron X-ray microtomography, and following this methodology,

several researchers investigated different types of rubber composites [27,28]. The other simple way is to use theoretical models
developed concerning instability during cavitation [29]. There are several constitutive models for various classes of polymers [30],
but they lack a description of failure. Latter is needed to study cavitation theoretically. These theoretical studies are confined to
ingle-phase rubber composites, and the need arises to extend them to dual-phase rubber composites.

In summary, we envisage developing NR/SBR blended rubber composites filled with CB and optimizing the ratio of rubbers in the
elastomer matrix. The biaxial testing is done using in house developed bulge test device. The material modeling is done with failure
description using simultaneous fit methodology. Morphological analysis is performed to study the phase separation and dispersion
of filler in the composites. The cavitation instability in developed rubber composites is studied thoroughly.

2. Materials and methods

The following materials were used to prepare the rubber composites: Natural rubber (Ribbed Smoked Sheet) RSS-3, Emulsion
Styrene-Butadiene rubber (SBR) 1502, High Abrasion Furnace Carbon Black (N330), Zinc oxide (ZnO), Stearic acid, N-Cyclohexyl-
2-benzothiazole Sulfenamide (CBS), Tetramethylthiuram Disulfide (TMTD), 2,2,4-trimethyl 1,2-dihydroquinoline (TQ), N-(1,3-
Dimethylbutyl)-N′-phenyl-p-phenylenediamine (6PPD), N-(Cyclohexylthio) phthalimide (PVI), Peptizer, Processing oil, and Sulfur.
The raw rubbers were procured from Arlanxeo Performance Elastomers Germany, CB was purchased from PCBL India, and other
chemicals were purchased from local vendors.

The ingredients mentioned above are mixed conventionally to ensure high cure efficiency as per methodology described in Fig. 1.
The quantities of ingredients are shown in Table 1. The optimum cure temperature (T𝐶90) for each compound was evaluated using
Monsanto R100 oscillating disc rheometer (ODR) by performing rheological studies at 150 ◦C. The rheographs of rubber composites
are shown in Fig. 2, and cure characteristics are exhibited in Table 2. Later, these compounds were vulcanized using a hydraulic
compression machine (David Bridge and Group) at a temperature of 150 ◦C, maintaining a pressure of 5 MPa till T𝐶90 obtained
rom rheological studies, to produce rubber composite sheets (2 mm thick).

Atomic force microscopy (AFM) is performed to study phase morphology and filler dispersion in rubber composites using Park
system NX10 AFM in non-contact mode. The specimens for microscopy were prepared from the cryo- fractured surface of composites,
which were cleaned using a solvent to get rid of contaminants. The resonance frequency is set to be 330 kHz at a tip radius of 10 nm.
2 
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Fig. 1. Methodology of compounding.

Fig. 2. Rheographs of rubber composites.

Table 2
Cure characteristics of rubber composites.

Rubber composite TS2, min TC90, min 𝛥T, dN m CRI, min−1

N𝟏𝟎𝟎 2.15 4.51 71.02 42.39
N𝟕𝟓S𝟐𝟓 3.23 6.34 75.01 32.23
N𝟓𝟎S𝟓𝟎 3.70 9.32 77.77 17.79
N𝟐𝟓S𝟕𝟓 4.23 12.80 81.3 11.67
S𝟏𝟎𝟎 5.72 18.64 75.75 7.74

The dumbbell-shaped smooth samples were made from vulcanized rubber composite sheets with a gauge length of 33 mm and
a cross-section of 6 mm × 2 mm (ASTM D412, type C). These specimens were uniaxially tested using Zwick-Roell UTM at room
temperature and an extension rate of 500 mm/min. Three samples of each rubber composite are tested to ensure repeatability, and
average of these results are considered for further analysis.

The bulge test [31,32] is used to interpret equibiaxial response of rubber composites. The readers are referred to our previous
works [12,33] to understand the bulge test procedure. The schematic view and experimental setup of the in house-developed bulge
3 
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Fig. 3. (a) Experimental setup and (b) process for bulge test.

test device are elaborated in Fig. 3. The rubber composites (15 cm × 15 cm) are clamped between top and bottom flanges of bulge
test device. The top flange (15 mm thick) has a circular opening 60 mm diameter. Channel ‘A’ is used to supply compressed air
through the bottom flange. The pressure is supplied very slowly (0.02 bar/s) to avoid viscous effects. Channel ‘B’ is attached with
a pressure transducer (range 0–10 bar, 0.5% accuracy) to record pressure inside bulge test device. The laser distance sensor is used
to record vertical displacement (𝛿) at the top of bulge. All the measurements are recorded using NI data acquisition card and stored
using in house developed LabView program.

3. Theory

In this section we discuss about constitutive modeling of rubber composites (including description for failure). The calibration
of these models with experimental results obtained using uniaxial and biaxial experiments is also discussed. We encourage readers
to go through [34,35] for a general background.
4 
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3.1. The free Helmholtz energy with failure

The Helmholtz free energy per unit reference volume can be written as

𝑤(𝐅, 𝛾) = 𝑤𝑓 −(𝛾)𝑤𝑒(𝐅), (1)

where

𝑤𝑒(𝐅) =
𝜙
𝑚
𝛤
[

1
𝑚
,
(

𝑊 (𝐅)
𝜙

)𝑚]

, 𝑤𝑓 = 𝑤𝑒(𝟏), (2)

and 𝛤 (𝑠, 𝑥) = ∫ ∞
𝑥 𝑡𝑠−1𝑒−𝑡𝑑 𝑡 is the upper incomplete gamma function; 𝐅 is the deformation gradient; 𝑤𝑓 (𝐅) and 𝑤𝑒(𝐅) corresponds to

ailure energy and elastic energy, respectively; 𝑊 (𝐅) is the strain energy function of intact material; 𝑚 is a dimensionless parameter,
hich controls sharpness of transition to material failure; 𝜙 is the energy limiter; 𝟏 is second order identity tensor; (𝛾) is the
eaviside step function, which prevents material healing: (𝛾) = 0 if 𝛾 = 0 and (𝛾) = 1, otherwise. The switch parameter
∈ (−∞, 0] is calculated using the evolution equation

�̇� = −
(

𝜁 −
𝑤𝑒
𝑤𝑓

)

, 𝛾(0) = 0, (3)

where 0 < 𝜁 ≪ 1 is the precision limit. We assume, the rubber composites used in this study to be nearly incompressible (det𝐅 = 1),
as they have carbon black as filler. We use the thermodynamic reasoning elaborated in [36] and calculate the first Piola–Kirchhoff
stress tensor (𝐏) as

𝐏 = 𝜕 𝑤
𝜕𝐅

−𝛱𝐅−T = −(𝛾)
𝜕 𝑤𝑒
𝜕𝐅

−𝛱𝐅−T = (𝛾)exp
[

−
(

𝑊 (𝐅)
𝜙

)𝑚] 𝜕 𝑊
𝜕𝐅

−𝛱𝐅−T, (4)

where 𝛱 is the Lagrange multiplier, which can be determined using boundary/equilibrium conditions. Alternatively, we can write
auchy stress as

𝝈 = 𝐏𝐅T = (𝛾)exp
[

−
(

𝑊 (𝐅)
𝜙

)𝑚] 𝜕 𝑊
𝜕𝐅

𝐅T −𝛱𝟏. (5)

3.2. Strain energy function and experimental calibration

We can write deformation gradient as

𝐅 = 𝜆1𝐞1 ⊗ 𝐞1 + 𝜆2𝐞2 ⊗ 𝐞2 + 𝜆3𝐞3 ⊗ 𝐞3, (6)

where 𝐞1, 𝐞2, 𝐞3 are Cartesian basis vectors and 𝜆1, 𝜆2, 𝜆3 are their corresponding principal stretches. We consider three term Ogden
hyperelastic model [37,38] as strain energy function, which can be written as

𝑊 =
3
∑

𝑗=1

𝜇𝑗
𝛼𝑗

(𝜆1
𝛼𝑗 + 𝜆2

𝛼𝑗 + 𝜆3
𝛼𝑗 − 3), 𝜇𝑗𝛼𝑗 > 0 (7)

where 𝜇𝑗 and 𝛼𝑗 are material parameters. Using Eq. (4), we can write diagonal principal values of the first Piola–Kirchhoff stress
tensor as

𝑃1 =
𝜕 𝑤
𝜕 𝜆1

− 𝛱
𝜆1

, 𝑃2 =
𝜕 𝑤
𝜕 𝜆2

− 𝛱
𝜆2

, 𝑃3 =
𝜕 𝑤
𝜕 𝜆3

− 𝛱
𝜆3

. (8)

For uniaxial deformation we have

𝜆1 = 𝜆, 𝜆2 = 𝜆3 =
√

1
𝜆
, (9)

and, consequently using Eqs. (7) and (8), we can write diagonal principal values of the Piola–Kirchhoff stresses as

𝑃1 = exp
(

−𝑊 𝑚

𝜙𝑚

)

(

𝜇1𝜆
𝛼1−1 + 𝜇2𝜆

𝛼2−1 + 𝜇3𝜆
𝛼3−1

)

− 𝛱
𝜆
, (10)

and

𝑃2 = 𝑃3 = exp
(

−𝑊 𝑚

𝜙𝑚

)

(

𝜇1(
√

𝜆)1−𝛼1 + 𝜇2(
√

𝜆)1−𝛼2 + 𝜇3(
√

𝜆)1−𝛼3
)

−𝛱
√

𝜆. (11)

Since there is no unloading in this mode, we have eliminated the step function. There are no lateral stresses in uniaxial tension,
thus equating Eq. (11) to zero, we evaluate the Lagrange multiplier as

𝛱 = exp
(

−𝑊 𝑚

𝜙𝑚

)

(

𝜇1(
√

𝜆)−𝛼1 + 𝜇2(
√

𝜆)−𝛼2 + 𝜇3(
√

𝜆)−𝛼3
)

, (12)

substituting the above result in Eq. (10), we obtain

𝑃 = 𝑃 = exp
(

−𝑊 𝑚)

(

𝜇 (𝜆𝛼1 − 𝜆−0.5𝛼1 ) + 𝜇 (𝜆𝛼2 − 𝜆−0.5𝛼2 ) + 𝜇 (𝜆𝛼3 − 𝜆−0.5𝛼3 )
)

( 1) , (13)
𝑢 1 𝜙𝑚 1 2 3 𝜆

5 
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Fig. 4. Expansion of void in a spherical material particle.

or we can write constitutive equations for Cauchy stress using (5) as

𝜎𝑢 = exp
(

−𝑊 𝑚

𝜙𝑚

)

(

𝜇1(𝜆𝛼1 − 𝜆−0.5𝛼1 ) + 𝜇2(𝜆𝛼2 − 𝜆−0.5𝛼2 ) + 𝜇3(𝜆𝛼3 − 𝜆−0.5𝛼3 )
)

. (14)

The principal stretches for equibiaxial tension take the form

𝜆1 = 𝜆2 = 𝜆, 𝜆3 =
1
𝜆2

, (15)

using above procedure for uniaxial tension and assuming 𝑃3 = 0 we calculate Lagrange multiplier for equibiaxial tension as

𝛱 = exp
(

−𝑊 𝑚

𝜙𝑚

)

(

𝜇1(𝜆)−2𝛼1 + 𝜇2(𝜆)−2𝛼2 + 𝜇3(𝜆)−2𝛼3
)

, (16)

we can evaluate stresses for equibiaxial tension as

𝑃𝑏𝑖 = exp
(

−𝑊 𝑚

𝜙𝑚

)

(

𝜇1(𝜆𝛼1 − 𝜆−2𝛼1 ) + 𝜇2(𝜆𝛼2 − 𝜆−2𝛼2 ) + 𝜇3(𝜆𝛼3 − 𝜆−2𝛼3 )
)

( 1
𝜆

)

, (17)

and

𝜎𝑏𝑖 = exp
(

−𝑊 𝑚

𝜙𝑚

)

(

𝜇1(𝜆𝛼1 − 𝜆−2𝛼1 ) + 𝜇2(𝜆𝛼2 − 𝜆−2𝛼2 ) + 𝜇3(𝜆𝛼3 − 𝜆−2𝛼3 )
)

. (18)

The experimental results obtained using uniaxial tests can be fit using constitutive equation elaborated in Eq. (13). The material
parameters are calculated using nonlinear least squares optimization method with the curve fitting toolbox of MATLAB [39].
However, the calibration for biaxial test is not trivial. The finite element simulations are used to calibrate material parameters of
constitutive model for bulge tests. The top aluminium flange is modeled as a rigid, rigid surface. However, discretization of rubber
composites is done using three noded axisymmetric elements. The interaction property between rubber and aluminium is governed
by keeping 0.3 as coefficient of friction. The pressure is applied as load on inner surface of axisymmetric beam elements. 8401
four-node bilinear, reduced integration with hourglass control, hybrid elements are used for analysis; mesh convergence analysis is
performed prior simulation to optimize number of elements. The finite element analysis (FEA) is performed using ABAQUS [40]. The
pressure and vertical displacement at top (𝛿) obtained form FEA is compared with respect to experimental results for each iteration
with different sets of material parameters. The optimization of material parameters is done using optimization toolbox of [39]. The
optimized material parameters are thereafter used to interpret material response under equibiaxial tension using Eq. (18).

3.3. Cavitation

The unstable expansion of voids caused by hydrostatic stresses in a elastomeric composite is known as cavitation. Gent et al.
discovered the yielding of micron-scale cavities into the apparent ones when they conducted ‘‘poker-chip’’ experiments on natural
rubber specimens [41]. However, this phenomenon has not been studied for NR/SBR blended rubber composites. Volokh postulated
instabilities in single-phase rubber composites due to cavitation [29]; however, in the present work, we extend it for blended rubber
composites. We assume that deformation is centrally symmetric and write law of deformation as
𝑟 = 𝑟(𝑅), 𝜃 = 𝛩 , 𝜔 = 𝛺 , (19)

6 
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where spherical coordinates 𝑅, 𝛩 , 𝛺 corresponds to initial configuration whereas 𝑟, 𝜃 , 𝜔 represent current configuration as shown in
Fig. 4. The principal stretches in this instance coincide with the stretches along the spherical coordinate lines, and the deformation
radient is diagonal. Using the latter condition, we write principal stretches as

𝜆1 =
𝜕 𝑟
𝜕 𝑅 , 𝜆2 = 𝜆3 =

𝑟
𝑅
, (20)

where subscript 1 corresponds to radial direction, whereas subscripts 2 and 3 represent hoop directions. Since we consider rubber
composites used in this study to be incompressible and during deformation, their volume is conserved (𝑅3 − 𝑅𝑖

3 = 𝑟3 − 𝑟𝑖3). The
diagonal components of Cauchy stress can be written as

𝜎1 = 𝜎𝑟𝑟 = 𝜆1
𝜕 𝑤
𝜕 𝜆1

−𝛱 , (21)

𝜎2 = 𝜎𝜃 𝜃 = 𝜆2
𝜕 𝑤
𝜕 𝜆2

−𝛱 , (22)

𝜎3 = 𝜎𝜔𝜔 = 𝜆3
𝜕 𝑤
𝜕 𝜆3

−𝛱 . (23)

We write boundary conditions as

𝜎1(𝑟𝑖) = 0, 𝜎1(𝑟𝑜) = 𝑔 , (24)

and equilibrium condition as

2
𝜎1 − 𝜎2

𝑟
+

𝜕 𝜎1
𝜕 𝑟 = 0, (25)

which can be integrated as

𝜎1(𝑟𝑜) − 𝜎1(𝑟𝑖) = 𝑔 = 2∫
𝑟𝑜

𝑟𝑖

𝜎2 − 𝜎1
𝑟

𝑑 𝑟 = 2∫
𝑟𝑜

𝑟𝑖

(

𝜆2
𝜕 𝑤
𝜕 𝜆2

− 𝜆1
𝜕 𝑤
𝜕 𝜆1

)

𝑑 𝑟
𝑟

(26)

where 𝑔 is hydrostatic tension. The incompressibility condition states

𝜆1𝜆2𝜆3 =
𝜕 𝑟
𝜕 𝑅

𝑟2

𝑅2
= 1, (27)

and considering volume conservation during deformation, we have

𝑅 = (𝑟3 − 𝑟𝑖
3 + 𝑅𝑖

3)1∕3. (28)

We make this formulation dimensionless in terms of length and rewrite Eq. (26) as

𝑔 = 2∫
𝑟𝑜

𝑟𝑖

(

𝜆2
𝜕 𝑤
𝜕 𝜆2

− 𝜆1
𝜕 𝑤
𝜕 𝜆1

)

𝑑 ̄𝑟
�̄�
, (29)

where

�̄� = 𝑟
𝑅𝑖

, �̄� = 𝑅
𝑅𝑖

, 𝑟𝑖 =
𝑟𝑖
𝑅𝑖

, 𝑟𝑜 =
𝑟𝑜
𝑅𝑖

, (30)

and

𝜆1 =
𝑅2

𝑟2
= �̄�2

�̄�2
, 𝜆2 = 𝜆3 =

𝑟
𝑅

= �̄�
�̄�
. (31)

4. Results and discussions

The scorch time (𝑇𝑆2) and optimum cure time (𝑇𝐶90) increases with the increasing quantity of SBR in the blend; this behavior
an be attributed to the un-saturation of NR in the composites. The cure rate index (CRI) decreases with increasing SBR; this is
ue to increment in styrene content, which provides more cross-linking sites and lowers the CRI. The difference between highest

and lowest values of torque in a rheo-curve is known as 𝛥𝑇 which reflects rigidity of a rubber composite [42]. It is observed that
blended rubber composites have higher 𝛥𝑇 when compared with single-phase rubber composites. This is attributed to presence of
tyrene and high cross-linking efficacy in blended rubber composites.

The morphological analysis utilizing AFM is shown in Fig. 5. The N50S50 composite exhibits a co-continuous morphology with
ome carbon black aggregates, while N25S75 shows the coexistence structure of globule and percolation for NR domains in the SBR
atrix, owing to the higher viscosity of the NR phase. Hence, the domain size of the irregular globule in N25S75 is also larger than

hat of the irregularly shaped structure in N75S25. We followed the standard mixing procedure where NR and SBR are mixed first,
nd thereafter, CB is added. Furthermore, SBR has a higher affinity towards CB, resulting in a highly filled SBR phase, and interphase

in N50S50, whereas the NR phase is lowly filled. This trend can also be observed in S100, which results in aggregates of higher size
hen compared with N100.

The tensile strength was seen to be decreasing with increasing SBR content in rubber composites, however, the ultimate tensile
strain was more in case of blended rubber composites. The comparison between experimental and FEA results concerning pressure
nd vertical displacement (𝛿) is shown in Fig. 6. The maximum pressure at failure decreases till we increase SBR content up to 50%,
7 
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Fig. 5. AFM micrographs of rubber composites.

whereas, it increases when SBR content is more than 50% in rubber composites. The latter observation can be related to increased
styrene content, which enhances the rigidity, favoring the distribution of biaxial stresses.

The failed specimen of rubber composites for bulge tests can be seen in Fig. 7(a). It is observed that blown area increases with
increasing SBR content in rubber composites and is maximum for single phase SBR composite. The reason for the latter observation
is an increment of styrene content in the rubber composites having a high content of SBR. The FEA results (Fig. 7(b)) revealed that
the ratio of maximum axial to lateral stress is higher for composites having more NR content, which can be associated with an
increment in rigidity in composites having a high concentration of SBR favoring accommodation of higher lateral stress.

The material parameters obtained for three term Ogden model were used to evaluate experimental equibiaxial tension response
of rubber composites. These results are further used for further theoretical modeling. Since we deal with different sets experimental
results, the need arises for simultaneous fit using a single material model. Ogden et al. introduced a methodology based on optimizing
material parameters and relative errors [43]. The squared residuals for both uniaxial and equibiaxial test fits are calculated
and minimized. The material parameters obtained from simultaneous modeling are shown in Table 3 and the comparison with
experimental results can be visualized in Fig. 8.

The cross-link density of a rubber composite reveals about density of connections between polymeric chains. The latter property
of rubber composites is directly proportional to initial shear modulus (𝐺), which is calculated as

𝐺 = 1
2

3
∑

𝑗=1
𝜇𝑗𝛼𝑗 . (32)
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Fig. 6. Experimental and simulation results for pressure-vertical displacement response of rubber composites during bulge test.

Table 3
Material parameters for Ogden model with three parameters with energy limiter (𝑚=50).

Rubber composite 𝜇1, MPa 𝜇2, MPa 𝜇3, MPa 𝛼1 𝛼2 𝛼3 𝜙, MPa

N𝟏𝟎𝟎 −0.400 −0.058 0.547 −1.495 −1.495 2.865 80
N𝟕𝟓S25 −0.131 −0.214 0.331 −1.569 −1.569 2.934 72
N50S𝟓𝟎 −9.999 −0.133 0.413 −0.001 −1.844 2.810 58
N𝟐𝟓S75 −10 −0.220 0.497 −0.022 −1.727 2.724 55
S100 −10 −0.030 0.482 −0.043 −2.844 2.696 45
9 



M. Goswami et al. Engineering Fracture Mechanics 312 (2024) 110625 
Fig. 7. (a) Rubber composites after failure, and (b) distribution of axial and lateral stress in single phase rubber composites.

Table 4
Material parameters for energy limiter function.

Control rubber in composite 𝛽1, MPa 𝛽2, MPa 𝛽3, MPa 𝛽4, MPa 𝜙0, MPa

NR −373.3 752 −456.7 113 45
SBR −373.3 741.3 −440.7 37.66 80

𝐺 decreases by 19.3% when we compare N100 with S100. Whereas, for blended rubber composites, N25S75 is found to have
maximum value of 𝐺. The latter observations can be associated with crosslink density of rubber composites.

The material parameter ’𝑚’ governs the sharpness of transition to the material failure on the stress–strain response. There is
no reported literature concerning value of 𝑚 for blended rubber composites; however, based on optimization we assume 𝑚 = 50.
The energy limiter (𝜙) decreases with increasing SBR content in rubber composites. 𝜙 drops by 43.75% when we compare single
phase NR composite (N100) with SBR composite (S100), which can be attributed to strain induced crystallization in NR. This change
is marginal when NR content is reduced from 50% to 25%. The rubber content in these blends is generally optimized as per the
required properties; however, the correct interpretation of energy limiter can give a purview of their mechanical properties. It is
observed that the energy limiters vary with varying volume fraction (𝛾) of rubber in the composite. A constitutive equation relating
volume fraction and energy limiter based on a polynomial function of fourth degree is derived as

𝜙 = 𝛽1𝛾
4 + 𝛽2𝛾

3 + 𝛽3𝛾
2 + 𝛽3𝛾 + 𝜙0, (33)

where 𝜙0 is energy limiter at 𝛾 = 0; 𝛽1, 𝛽2, 𝛽3, and 𝛽4 are material constants. These material constants for varied volume fraction of
NR and SBR in the elastomeric composites are shown in Table 4 and the fit can be seen in Fig. 9.

The horizontal lines in Fig. 10 represent onset of instability in material. This phenomenon can only be observed by infusing
failure description in the constitutive model. The critical hoop stretch at which voids grow unstable is minimum for single-phase SBR
composite, whereas its variation is marginal for dual-phase rubber composites. The hydrostatic tension corresponding to unstable
void growth is maximum for N100, whereas when we compare blended rubber composites 𝑔 is maximum for N25S75. These results
highly depend on the extent of agglomerates. The histograms shown in Fig. 5 can be correlated with these observations.

5. Conclusion

The current study presents novel results concerning biaxial testing and modeling of blended rubber composites. Mechanical and
morphological characterization is done for NR and SBR blended rubber composites with different ratios in elastomeric matrix. The
pressure at failure (𝑃𝑢) increased by 6% while comparing single phase NR composite with SBR composite. However the vertical
displacement at failure (𝛿𝑢) is decreased by 18%. The trend of these results is different from what we observed in uniaxial tests.
The ultimate stress and stretch decreases by 47% and 12%, respectively when we compare single phase NR composite with SBR
composite. The latter observation can be related with strain induced crystallization (SIC), which enhances mechanical properties
10 
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Fig. 8. Comparison between experimental and theoretical model for Cauchy stress versus stretch relationship of rubber composites.

when we perform strain-based experiments (uniaxial tensile test), whereas the SBR performs well in accommodating more stresses
due to rigidity provided by styrene. The latter observation motivated us to study biaxial inflation of NR and SBR blended composites.

The interpretation of bulge test is not trivial, and finite element method based optimization is done to calibrate material
parameters. These material parameters are thereafter used to interpret equibiaxial results. The Ogden material model with three
parameters is used with failure description (energy limiter) for theoretical modeling. These constitutive equations are further used
to fit equibiaxial and uniaxial test results of rubber composites, simultaneously. A good correlation is found between fits and
experimental results. The energy limiter is decreased by 43.75% when we compare single-phase NR composite with SBR composite.
When we increase content of SBR more than 25% in blended composites the change in 𝜙 is 5%, which can be considered marginal.

The phase separation and extent of agglomeration governs mechanical properties of blended rubber composites. Atomic force
microscopy results reveal that the blended composites having 50:50 ratio of NR and SBR exhibit co-continuous morphology with
11 
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Fig. 9. Energy limiter as a function of volume fraction.

Fig. 10. Hydrostatic tension versus normalized radius for single phase and blended rubber composites.

carbon black aggregates. The blended composite with 75% SBR exhibits coexistence structure of globule and percolation of NR
domains in SBR matrix. Similar trend is also observed in cavitation analysis, where critical hydrostatic tension (onset of unstable
void growth) increases by 12% when we increase quantity of SBR from 50% to 75% in blended rubber composites. However when
we compare single phase NR with SBR critical hydrostatic tension decreases by 23%.

Summarisingly, it can be concluded that NR/SBR blended composite with 25% NR and 75% SBR outperforms most of the
mechanical properties. The NR composites are always superior due to strain-induced crystallization, and styrene in SBR composites
favors accommodation of biaxial stresses. Furthermore, it will be interesting to see how these composites behave at elevated
temperature.
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