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INTRODUCTION

Investigations on the Mechanical and
Damping Properties of Styrene-
Butadiene Rubber with Graphene and
Carbon Black

An experimental and numerical study on the mechanical and damping
properties of styrene-butadiene rubber (SBR) composites with graphene
nanoparticles (GNP) and carbon black (CB) is presented in this paper. The
composites were tested for mechanical properties such as hardness and
tensile strength. It is observed that the composites with GNP & CB fillers
have higher stiffness and percentage elongation for failure. A scale model
of the chassis was subjected to forced vibration to find the damping
properties of each of the prepared composites. The experimental results
were used to create a numerical model in ANSYS software using Yeoh's
hyper-elastic model to generate a hyper-elastic material to simulate the
composite property and to perform harmonic response analysis in ANSYS.
The results from experiments and theoretical findings exhibited good
agreement.

Keywords: Nanocomposites, Graphene, Hyper-Elastic Model, Viscoelastic
Damping, Harmonic Response.

In engineering, vibrations are essential. In applications
requiring controlled vibrations, they can be reduced
through balancing or using a damping layer. Rubber,
with its viscoelastic nature and high loss factor, is
commonly tested and employed for effective vibration
absorption. Adding fillers to rubbers is a conventional
method to enhance composite properties, supported by
various literature. Due to the obviously improved
qualities attributable to the presence of multifunctional
graphene-based nanofillers, the possibilities, and capa—
cities of graphene for advanced engineering applications
are nearly limitless [1]. An increase in strength, comp—
ression resistance, and hardness in SBR/NBR as a result
of adding CB is reported in [2] and quoted high cross-
linking density as a reason behind it. Cross-linking
degrees of vulcanizates increased with an inc-rease in
carbon nanotubes (CNT), resulting in higher storage
modulus of SBR composites [3]. The oxidation degree
of graphene oxide in SBR & carboxylated acrylonitrile
butadiene rubber (XNBR) had a direct effect on the
mechanical strength and thermal conduc—tivity [4]. The
inclusion of CNT in SBR improved the rigidity of the
composite, which in turn increased the storage modulus
of the material [5]. And comparatively, the effect of CB
on the same material was lesser. Enhancement of tensile
properties was reported when using graphene oxide
(GO) on rubber composite [6-8]. Improvement in mec—
hanical properties was presented when polyvinyl-
pyrrolidone-modified GO was used in SBR [9], and the
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synergistic effect between silica and GO in SBR [10]
was significant. SBR/ natural rubber (NR) with
cellulose nanocrystal (CNC) and graphene exhibited
increased storage modulus and tribological properties
[11]. Conductive carbon black had a maxi—-mum effect
on the hardness and tensile strength of ethylene-
propylene-diene rubber (EPDM) when com-—pared to
other structures of carbon black [12]. The industrial
carbon black had a lesser impact than pyro—lytic carbon
black (pCB) N330 on SBR, with stronger tear strength
and higher tensile strength [13]. The effect of
nanofillers on nitrile rubber/polyvinyl chloride
(NBR/PVC) (50:50) rubber was studied for tensile and
hardness properties and reported that GNP has the upper
hand in enhancing the base rubber when compared to
organically modified montmorillonite (OMMT) nano
clay [14,15].

Viscoelastic materials are widely employed in
energy-absorbing elements in many technical applica—
tions such as automotive, aerospace, and military [16].
Damping characteristics of silica-filled SBR/BR were
studied using a dynamic mechanical analyzer (DMA),
and it was found that the loss factor was higher at lower
frequencies and decreasing trend at higher frequencies
with an increase in styrene loading. The viscoelastic
property of the composite was validated analytically
using the Maxwell-Weichest model [17]. Free vibration
test and corresponding theoretical validation were
conducted to find damping properties of hybrid
composites containing glass fiber which had 44% more
loss modulus than the composite with carbon fiber [18].
Forced and free vibration tests on CNT-epoxy compo—
sites for structural vibration applications emphasizing
damping and stiffness properties are given [19].
Significant improvement in structural damping and
dynamic viscoelastic loss is reported in OMMT-filled
nitrile rubber/polyvinyl chloride (NBR-PVC) 70/30
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(w/w) nanocomposites. Aluminum beam vibration
damping in a constrained layer damping (CLD) revealed
that NVC73-50MMT produced reliably high damping
at all modal frequencies and emphasized that it might be
caused by improved exfoliation and uniform clay
dispersion in the matrix [20]. The loss factor of hybrid
structures and laminates containing viscoelastic
materials with experimental and numerical calculations
was reported [21-24]. The influence of black carbon
structure with the same volume fraction on mechanical
and vibration damping characteristics has been studied
[25], and it observed that smaller particle size of carbon
black increased the stiffness of the rubber along with
hardness, and the forced oscillation test showed that
larger particles lead to improved vibrational damping.
The data from the DMA and high-frequency dynamic
mechanical analyzer (HFDMA) test of SBR-CB was
used to get viscoelastic properties at high frequencies
using General Maxwell Mode (GMM), which will
eliminate the need for using DMA and Williams,
Landel, and Ferry (WLF) relation [26]. To predict the
vibration response of viscoelastic material, it is nece—
ssary to study both viscous damping and viscoelastic
material damping [27]. A reliable way to determine the
damping loss factor for viscoelastic material, which is
unaffected by excitation force, shape, and substance, is
reported [28] and validated using finite element ana—
lysis. Thin plies of carbon fiber in Methylmet—hacrylate
(MMA) resin helped in increasing loss modulus and loss
factor in comparison with epoxy composite [29].

A different approach to finite element analysis of
composite materials to predict structural behavior is
reported [30-34].

The existing studies on vibration damping and
isolation have primarily focused on characterizing and
theoretically modeling viscoelastic materials. However,
there is a scarcity of research on the practical imple—
mentation of SBR nanocomposites as vibration isolation
materials, specifically motor mounts. Consequently, this
current work represents an initial endeavor toward
examining the applicability of SBR composites as
vibration mounts for effectively isolating motor
vibrations in real-world applications.

This paper focuses on the effect of different volume
concentrations of carbon black and graphene in SBR on
mechanical and damping properties. The prepared
samples were subjected to tensile and vibration tests.
Subsequently, the results were validated using a hype—
relastic material model and harmonic response analysis
using ANSYS software.

2. EXPERIMENTAL PROCEDURE
2.1 Materials

Styrene Butadiene Rubber (Relflex Stylamer SBR 1712,
referred to as SBR) was supplied by Relflex Elastomers,
Chennai, India. It consists of 23.5% bound Styrene. High
Abrasion Furnace Carbon black (referred to as CB) N326
of the average agglomerate size of 2—5 um was obtained
from Birla Carbon India Pvt. Ltd., Chennai, India.

The graphene powder (also known as GPN) was
purchased from Adnano Technologies, Karnataka,
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India, and used as received. It had an average thickness
(Z) of 3-8 nm, an average lateral dimension (X and Y)
of 5-10 pm, and a surface area of 180 m*/g with 3-6
layers. Additional ingredients, including zinc oxide
(ZnO), stearic acid, Tetramethyl thiuram disulfide
(TMTD), and sulfur, were used without any changes.

2.2 Sample Preparation

The experiment was carried out on the SBR, a synthetic
rubber made of styrene and butadiene, known for their
good abrasion resistance properties. The samples were
made into blank SBR for reference and 10 & 20 phr of
each GNP and CB according to the composition shown
in Table 1.

Table 1. Composition ratio

Samples
Ingredients SBR SBR SBR SF OR SEOR
k
phr Blank 10CB 20CB GNP GNP
SBR 100 100 100 100 100
Stearic Acid 1 1 1 1 1
ZnO 5 5 5 5 5
TMTD 1.5 1.5 1.5 1.5 1.5
Sulfur 1.5 1.5 1.5 1.5 1.5
CB 0 10 20 0 0
GNP 0 0 0 10 20

*phr — parts per hundred rubber

The chemicals required for the composition were
weighed and compounded using a two-roll mill to
achieve uniform mixing. After a gap of one day, the
processed rubber was cut into 90g pieces and then
molded into 3 mm rubber sheets using a hydraulic press.
Specimens were cut according to the requirement for
various tests. Button samples were prepared from com—
pounded rubber with button mold and were subjected to
post-curing in a hot air oven at 80°C for 8 hours.

2.3 Hardness Test

The hardness test was carried out on right cylindrical
button samples of 12 mm thickness and with a diameter
of 28 mm. Hardness was measured using a durometer
hardness tester (BSE SHR-A) on the Shore-A scale ac—
cording to the ASTM D2240 standard. The durometer
probe was pressed at five different locations on each flat
side of the button samples, and the values were averaged.

2.4 Tensile Testing

The tensile test was conducted using a universal testing
machine (UTM) (Model UTB9251Dak system Inc.,
India) with 5 samples of each composition according to
the ASTM D412 - C standard as per the dimensions
shown in Fig. 1.

The samples were loaded onto the tensile testing
machine and extended at a cross-head speed of 50
mm/min and performed till the samples were broken.
The respective travel/elongation was recorded using the
software.

The vibration test was conducted on a scale model
(1:2 ratio) of a truck chassis, as shown in Fig. 2.
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Figure 1: ASTM D412 - Dog-bone specimen dimensions

2.5 Test for Damping Properties

The chassis is made of sections of mild steel channels
welded together and machined to suit the need. The chasis
supported on two stands kept on the floor was subjected to
forced vibration using an electric motor fastened on top of
it. An accelerometer mounted on the chassis was used to
measure the resulting vibration. The compounded rubber
sheets were packed in between the electric motor and
chassis to study its damping effect, as shown in Fig. 3.

(a) r"_"_l__1 30

3.2 | 196

1080

Figure 2: (a) Chassis dimensions; (b) Fabricated chassis

First, the vibration value without any damping was
recorded for reference. Then the experiment was repeated
with different composite samples as a damping medium.
The collected vibration data was exported into an Excel
file using a Data Acquisition System (DAQ) module,
interfaced with a computer running a MATLAB program.

A tri-axial accelerometer from KISTLER (Model
No. 8763B500BB) with a range of +- 500g and 10
mV/g sensitivity was interfaced with NI 9234 4-channel
compact DAQ hardware.

Table 2: Mechanical properties

Figure 3: (a) Assembled model; (b) Accelerometer; (c)
Motor/Vibration source

3. RESULTS AND DISCUSSION

3.1 Mechanical Properties

The characteristics of mechanical properties of graphene
and carbon black composites are presented in Table 2.
The most prominent mechanical test is hardness testing.
The Shore A hardness was measured in this case, and it
increases with an increase in filler content. Graphene
leads in this parameter against carbon black. This is
mainly attributed to cross-linking of the nanofiller being
greater than that of micro carbon black due to increased
contact and smaller particle size, resulting in better
hardness of graphene samples.

The tensile test reveals an increase in tensile strength
when the fillers are added to the neat SBR. The rise in
tensile strength seems to be in proportion to the volume
fraction of filler particles added to the base rubber. This
indicates good dispersion of filler material with the SBR
base, and also, the interfacial interaction between the
layers is well developed. The GNP serves as an
excellent reinforcing element among the fillers as it
increases the elongation, modulus, and stiffness with the
increase in filler proportion. As a result of the
nanofiller's ability to transfer stress from the matrix, the
modulus at 100% increases rapidly with the addition of
GNPs [35]. Furthermore, graphene can function as a
physical crosslinking spot, improving the modulus even
more [36]. At the same time, the stiffness of the SBR is
not enhanced as effectively with the introduction of
carbon black. With the same filler content (10 phr), the
stiffness of carbon black SBR composite (0.496 kN/m)
is improved only by 13% from the neat SBR (0.439
kN/m), whereas the sample reinforced with GNP (0.606
kN/m) showed 38% improvement, which the sample
with CB content (20 phr) could just match.

Hardness Tensile strength Elongation at break M100 Stiffness @100%
SAMPLES Shore A (MPa) (%) (MPa) (kN/m)
SBR Blank 54+1 1.10+ 0.04 136.67+ 6 0.91+0.03 0.439+0.01
SBR 10 CB 58+1 2.96+0.11 342.36 + 28 1.03£0.03 0.496 £ 0.01
SBR 20 CB 62+1 3.32£0.05 42898 + 11 1.26 £ 0.04 0.607 £0.02
SBR 10 GNP 59+1 2.55+£0.2 347.77 £ 19 1.26 £ 0.05 0.606 +0.03
SBR 20 GNP 63+ 1 2.77+0.2 398.15 +20 1.45+0.09 0.700 + 0.04
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3.2 Vibration Analysis

The increase in stiffness proves the enhancement of
damping properties. The vibration analysis was con—
ducted on the chassis model, and the damping for the
same was conducted by involving the SBR composite as
a damping material. As the sample with higher phr GNP
proved to be better, values of the same are shown in Fig.
4 for blank SBR and undamped conditions.

The

excitation frequency from the vibrating system

was found to be 25Hz, and the experiment was con—
ducted for the same. The undamped system, i.e., without
any rubber padding, had an amplitude of 2.59¢-4 mm,
and when the neat SBR composite sheet was added to
absorb vibration, the amplitude came down to 1.29e-4
mm. It was further reduced to 1.17e-4 mm and 1.14e-4
mm with SBR 10 CB and SBR 20 CB, respectively. In

contrast,

1.09¢e-4

the amplitude lowered to 1.12e-4 mm and
mm with SBR 10 GNP and SBR 20 GNP,

respectively.

The samples displaying higher stiffness values in the
tensile testing have proven to be more effective in
attenuating the vibrations, hence proving to be more
desirable for damping material. As the natural frequency
of a vibrating body greatly depends on the material
stiffness, GNP filler added SBR is more desirable.

The addition of fillers has increased the mechanical
characteristics of the rubber composites, resulting in a
considerable increase in both the mechanical and vibra—
tional properties of the composite over its blank form.

3.3 Ansys Validation - Tensile test

The tensile strength value acquired from the experiment
was used to create a numerical model within Ansys
Material Library, and new material was introduced. And
this material was used to replicate the function of the
damping layer, and the accuracy was validated succes—

sfully.
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Stress [MPa]

Stress [MPa]

Yeoh’s 3™-order model was used for creating a
hyper-elastic material in the Ansys Material library. A
separate model was created for each test case, namely,
SBR Blank, SBR 10 CB, SBR 20 CB, SBR 10 GNP,
and SBR 20 GNP.

03 05 07 09 11

01

0

\nsys

(a) SBR Blank

Yeoh Model —
Tensile data - -

0 010203040506 07080910111213 14
Strain [mm*"-1]

() SBR 10CB \nsys

Yeoh Model =
Tensile data - -

15 2
Strain [mm"-1]

25 3
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(d) SBR 10GNP
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(¢) SBR 20 GNP
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Figure 5: Yeoh 3rd Order curve fit; (a) SBR; (b) SBR10 CB;
(c) SBR 20 CB (d) SBR10 GNP; (e) SBR 20 GNP

To analyze the hyperelastic model, the tensile stress-
strain data of each sample was loaded, and these data
were curve-fitted (refer to Fig. 5) to obtain the material
constants. The “Absolute error” norm was used to cal—
culate the material constants and is listed in the table. 3
Table 4: Reaction Force and Stress from Ansys

Table 3: Yeoh Parameters — Material Constant

SAMPLES Yeoh, 3" Order (Mpa)
C10 C20 C30
SBR Blank 0.284264 -0.00587 0.000319
SBR 10 CB 0.366029 -0.00466 0.000155
SBR 20 CB 0.306269 -0.001 3.71E-05
SBR 10 GNP 0.18709 -0.00064 2.05E-06
SBR20 GNP 0.447115 -0.0081 0.000163

After the material was created, a tensile test was
simulated. For this reason, a dog-bone-shaped specimen
of the ASTM D412 standard was generated using Creo
software.

ANSYS

2020 R2
ACADEMIC

A

Figure 6: Tensile Test Pre-processing; (a) Meshing; (b)
Boundary Conditioning

20y

00 €

The model was imported into Ansys Workbench for
performing the tensile test. From the convergence test, it
was observed that there was no change in the results
beyond 3744 elements having 20003 nodes. Meshed
image is shown in Fig. 6. (a) & 6. (b) shows the
boundary conditions and constraints.

Then the tensile test was successfully simulated for
SBR blank, SBR 10 CB, SBR 20 CB, SBR 10 GNP, and
SBR 10 GNP samples for four test cases, namely 5, 10,
15, and 20 mm of elongation given as input
displacement. The output parameters are tabulated in
Table.4.

Likewise, the tensile test carried out in Ansys was
proved to be in satisfaction with the experimental result,
the stress value attained from the Ansys, and the
experiment had an average difference of 2e-02 MPa, as
in fig. 7. Hence validating the tensile strength test. The
Yeoh Hyper-Elastic model has been proven to be more
accurate for rubber nano-composite materials having
high elongation.

Elongation SBR Blank SBR 10 GNP SBR 20 GNP SBR 10 CB SBR 20 CB
(mm) Force Stress Force Stress Force Stress Force Stress Force Stress
(N) (Mpa) N) (Mpa) N) (Mpa) (N) (Mpa) N) (Mpa)
5 3.4923 0.2910 5.0227 0.41856 6.2980 0.5248 4.8657 0.4054 4.4145 0.3678
10 6.0822 0.5068 8.4071 0.7005 10.3887 0.8657 8.0245 0.6687 7.28883 0.6074
15 8.0638 0.67198 10.9381 09115 13.4200 1.1183 10.6536 0.8878 9.4077 0.7839
20 9.6726 0.8060 12.9590 1.0799 15.8529 1.3210 12.7922 1.0660 11.2618 0.9384

390 = VOL. 51, No 3, 2023
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Figure 7: Tensile test error

From this simulation, it is evident that the addition
of GNP to SBR increases the stress induced in the body,
which implies improved stiffness value.

3.4 Ansys Validation - Harmonic Analysis

To validate the vibrational experiment, harmonic res—
ponse analysis was conducted in Ansys workbench. The
material model used for tensile testing was imported
into the module. The model was generated in Creo with
the 1:1 scale to the Prototype model fabricated. Then the
entire test setup was modeled and assembled Fig. 8.

This Assembled model was imported into the Ansys
Workbench-Harmonic Response module and was
meshed with 28227 elements, as shown in Fig. 9.

Motor / Load Plate«‘

Damping Sheets -t

Figure 8: Set-up Creo Model

The excitation load was given over a plate to act as the
motor, and the response frequency was recorded at a
point 540 mm away from the excitation point, which
resembles the accelerometer sensor.

The input frequency was calculated as follows;
Speed of the Motor, N = 1500 rpm
Frequency, f=N/60 = 1500/60 = 25 Hz (constant)

Fig. 10 shows the amplitude response for different
excitation frequencies, and the values of amplitudes are
2.4104e-4, 1.3562¢-4, 1.22e-4, 1.183e-4, 1.1728e-4 and
1.1321e-4 for the undamped system, SBR blank, SBR
10 CB, SBR 20 CB, SBR 10 GNP, and SBR 20 GNP
respectively, corresponding to input excitation frequ—
ency 25Hz.

The test error between the experimental values and
simulated output is shown in Fig. 11; it can be seen that
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there is negligible / no error in computed values. This
indicates successful validation of the result.

Hence, to validate the experimental data. This
proves the increase in stiffness and hence the modulus
due to the addition of GNP in the SBR composite has
increased the damping properties of the composite.

Figure 9: Harmonic response pre-processing; (a)
Generated set-up; (b) Meshing; (c) Boundary conditions

3.5 SEM Imaging

Graphene nanoplatelets loaded at 10 phr in the SBR
matrix are distributed evenly in the rubber matrix with
little or no cluster formation that leads to exfoliated/
intercalated composites. This could be evident from Fig.
12 (a).
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Figure 11: Vibration Test Error

However, when the filler proportion is increased to
20 phr, due to the high surface energy of GNP, more
clusters were evident, which resulted in more filler-filler
interactions (Figure 12 (b).

S 7
20 pm = = g
5:;— ;oéonc:r:v :IiaialAl.lﬁ:L:n); D
amm S OF INDUTEGH

EHT =10.00kv Mag= 150KX
WD= 56mm Signal A = InLens

Figure 10: Ansys results; (a) Undamped system; Damped
with (b) blank SBR; (c) SBR 10 CB (d) SBR 20 CB (e) SBR

10 GNP (f) SBR 20 GNP
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Figure 12: SEM images; (a) SBR 10 GNP; (b) SBR 20 GNP
(c) SBR 10 CB (d) SBR 20 CB

4. CONCLUSION

The application of a rubber composite incorporating
SBR and graphene reinforcement as a motor mount can
offer exceptional vibration isolation, reducing the tran—
sfer of vibrations caused by the motor to the surroun—
ding structure. This results in enhanced ride comfort and
decreased noise levels in vehicles or equipment. The
mechanical and damping properties of the SBR compo—
sites, reinforced with both carbon black (CB) and
graphene nanoplatelets (GNP), were investigated to
assess their performance. Investigations were carried
out to see how factors such as filler type and compo—
sition affected performance. It was found that the
addition of fillers had a positive effect on the mecha—
nical properties of the base SBR. For the same volume
composition, CB-filled composite has higher strength
and ductility than GNP-filled composite. At the same
time, the GNP composites showed better stiffness and
improvement in hardness than the CB-loaded SBR.

Moreover, it was observed that graphene was a better
option for reinforcement for damping enhance—ment.
When compared to a blank SBR, damping increased by
up to 84% when 20 Phr GNP was used. The results were
validated in Ansys using Harmonic response analysis,
which had a negligible error in comparison with expe—
rimental data. SBR composites with nanofillers may pave
the way for the emergence of high-performance damping
materials for various applications.
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NOMENCLATURE AND ABBREVIATIONS

f Frequency

N Speed of the Motor

SBR Styrene-butadiene rubber
GNP Graphene nanoparticles
CB Carbon black

NBR Nitrile rubber

NBR-PVC Nitrile rubber/polyvinyl chloride
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CNT
XNBR

GO

NR
CNC
EPDM
pCB
OMMT
DMA
CLD

HFDMA

GMM
WLF
MMA
ZnO
TMTD
phr
UTM
DAQ

Carbon nanotubes

Carboxylated acrylonitrile butadiene
rubber

Graphene oxide

Natural rubber

Cellulose nanocrystal
Ethylene-propylene-diene rubber
Pyrolytic carbon black

Organically modified montmorillonite
Dynamic mechanical analyzer
Constrained layer damping
High-frequency dynamic mechanical
analyzer

General maxwell mode

Williams, Landel and Ferry
Methylmethacrylate

Zinc oxide

Tetra methyl thiuram disulfide

Parts per hundred rubber

Universal testing machine

Data acquisition system

HNCTPA’KKUBAIbA MEXAHUYKHUX N
MMPUTYIIYJYhUX CBOJCTABA CTUPEH-
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BYTAJUEH KAYUYYKA CATPA®EHOM U
YABU

K. CuBakymap, B. Mypanuaxapan, H. PaBukymap,
. Mypaaun Manoxap

VY 0BOM pajy je MpHKazaHO €KCIEPHUMEHTAIHO U HyMe—
PUUYKO HCTpaXXHBamkbe MEXaHWYKHMX W mnpurymyjyhux
CBOjCcTaBa KOMIIO3HTA cTUpeH-OyTanneH kaydyka (CBP)
ca Hanouectmmama Tpadena (IHIT) m gahom (LIB).
Kommo3utu cy TecTHpaHu Ha MEXaHWYKa CBOJCTBA Kao
mTo cy TBpAoha u 3are3na uBpcroha. [Ipumeheno je na
xomnosutu ca [HII m b nmyHunnma wnmajy Behy
KPYTOCT M TIPOLEHTYAJIHO H3JyXKHBambe 300T JioMa.
Mozen macuje je moABPrHyT NPUHYAHUM BHOpanujama
Ja Ou ce NpoHanUIa CBOjCTBA IMPUTYIIEHA CBAKOT O
MIPUNPEMIbEHUX KOMITO3HTA.

Excniepumenranau  pesyiarath cy KopumheHu 3a
Kkpeupame Hymepuukor monena y AHCHUC codrsepy
kopucrehn Meox-oB xwumepenacTudyaH MOAENT  3a
TEHEPUCAEe XUIEPENacTHYHOI MaTepHjajga 3a CHMY—
Jannjy CBOjCTBA KOMIIO3WTA M 32 HM3BO)CHE aHaM3e
xapmonujckor om3uBa  y AHCHUC-y. Pesynratu
eKCIIepUMEHaTa U TEOPUjCKHX Halasza IIOKa3all Cy
JI00py carjlacHOCT.
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