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Abstract: In this study, natural rubber (NR)/polybutadiene rubber (PB) blend-based composites were
prepared using graphene as a partial replacement for carbon black (CB) in different parts per hundred
rubber (phr) percentages. In a previous study, the vulcanization characteristics, viscoelastic behavior,
and static mechanical properties were reported, and the compound labeled as compound 2 (with
2.5 phr of graphene and 52.5 phr of carbon black) showed optimum properties. Herein, we report
the dynamic mechanical properties and the transport properties of the formulations to establish
further characterization of the compounds. Three different organic solvents comprising benzene,
toluene, and xylene were employed to analyze the sorption characteristics. The obtained data were
also modeled with different theoretical predictions. The dynamic mechanical properties showed that
certain compounds can be considered to be green tire formulations, as there were appreciable changes
in the tand values at different temperatures (—25 °C to 60 °C). The thermogravimetric analysis showed
that compound 2, with 2.5 phr of graphene, has a higher t5y value among the studied formulations,
which indicates higher thermal stability than the base compound. The partial replacement of 2.5 phr
of graphene in place of carbon black (total 55 phr) led to appreciable improvements in terms of
thermal stability, transport properties, and dynamic mechanical properties.

Keywords: partial replacement; natural rubber/polybutadiene rubber; graphene; dynamic mechanical
properties; organic solvent sorption; modeling

1. Introduction

The tire industry is evolving due to advancements in formulations and the develop-
ment of newer or hybrid fillers. Tire formulations are undergoing continuous develop-
ments to improve tire durability, safety, greater wet grip, lower fuel consumption, lower
emission of greenhouse gases, negligible environmental risks, etc. [1]. Natural rubber
(NR)/polybutadiene rubber (BR)-based blends and composites are used extensively for tire
formulations [2]. Carbon black (CB) is an integral part of such formulations and there have
been many studies related to the distribution of CB and tire property enhancement in recent
years [3]. The effect of different types of carbon black on the properties of 60/40 NR/BR
blends has been reported and the authors could obtain significant results for viscosity,
bound rubber, resilience, heat build-up, tear strength, and dynamic properties [4].

Recently, attempts have been made to replace carbon black in tire formulations with
nanofillers of different types, and improvements in various properties were reported [5-8].
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The partial replacement of carbon black with graphene in rubber compounds, particularly
for tire applications, has been the subject of research due to graphene’s superior properties,
such as a fracture strength of 130 GPa, a Young’s modulus value of 1 TPa, and a low
density of 1 g/cm3 [9,10]. Graphene can offer several advantages over carbon black
when used in rubber and polymer formulations due to its inherent properties [11,12].
Graphene is highly conductive compared to carbon black, which means that it can reach
percolation at lower concentrations, thereby being beneficial for applications requiring
static charge dissipation and temperature management [13,14]. Due to its having much
stronger mechanical properties, graphene can impart improved mechanical properties
to the rubber formulation, especially regarding tensile strength and tear strength [15,16].
The flexibility of rubber formulations with graphene is higher than in those with carbon
black [17-19]. Another important aspect of rubber formulations with graphene is that it can
impart sensing properties and communication facilities, due to the high conductivity of the
filler material [20,21]. For tires, temperature control is crucial and the thermal conductivity
of graphene is advantageous for thermal management and the safer use of vehicles [22-24].
These advantages have encouraged many researchers to partially replace carbon black
with graphene and study the technological and performance-related properties of these
rubber formulations recently [9,16,25-28]. While graphene does present the advantages
mentioned above, it is also important to note that it is currently more expensive than carbon
black, especially in dissipative applications [29]. However, the potential improvements
in material properties and performance can justify the cost in applications related to the
safety, durability, and longevity of products.

Chitin nanofibers were used to replace carbon black in natural rubber formulations
at up to 5 phr, keeping the carbon black loading constant (50 phr) [30]. The addition
of 1 phr of nanofibers showed 47 and 160% improvement in tensile and tear strength,
along with good rolling resistance (50% less) compared to formulation with carbon black
alone. Shiva et al. studied a series of formulations with varying loadings in a hybrid
filler system of highly dispersible silica, alumina, and organoclay in SBR (85)/BR(15),
keeping the carbon black content at 53 phr [31]. The thermal conductivity coefficient
improved appreciably, which can help faster curing with sulfur. The formulations also
showed improved crack growth and weak abrasion behavior. Another interesting study
replacing carbon black in tire formulations with nano cellulose obtained from rice husk
has been reported recently [32]. Here, the total weight percentage of carbon black and
nanocellulose was kept at 30, and various loadings of nanocellulose were used to make the
compounds. The composites with 5 wt% of nanocellulose showed low rolling resistance,
as evidenced by loss tangent measurements. The tan delta values at 60 °C became 0.06
from 0.2 for those composites having 5 wt% of nanocellulose and 25 wt% of carbon black.
Silane coupling agent-treated aramid nanofiber was used recently along with carbon black
to develop tire tread formulations [33]. The rolling resistance measured by tan delta at
60 °C showed a decrease from 0.116 to 0.099, and an increase of 11.3% in the abrasion
resistance index was shown for a formulation with 1 phr of aramid nanofibers compared to
the base formulation. In another study, CB was partially replaced by three different types
of lignin, in the loading range of 5-20 phr, in NR/BR composites [34]. The incorporation
of lignin up to 10 phr showed similar results to NR/BR/CB50 without lignin, as well as
improvement in the aging and thermal properties. Dynamic mechanical analysis (DMA),
transmission electron microscopy (TEM), and solid-state NMR were utilized to establish
the distribution of CB in different phases. It was concluded that irrespective of the blend
formulations, CB is more partitioned to the minor phase, that is, BR. In another study, octa
vinyl-polyhedral oligomeric silsesquioxane (OV-POSS) was used as a compatibilizer for
NR/BR blends [35]. DMA and contact angle studies indicated that the nanoparticles were
located at the interface of the elastomers and contributed to improvements in the properties
up to a certain loading. Precipitated silica/PCNSL modified kaolin hybrid filler has been
used in NR/BR blends and improvements in properties such as tensile, tear strength
and flex fatigue resistance were reported [36]. The lower heat build-up in composites is
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considered to be useful for tire applications. NR/BR composites were recently investigated
by replacing a CB content of 50 phr to 25 phr, with the addition of 25 phr of nano silica, and
improved mechanical, rheological, and hardness properties were reported [37]. Lan et al.
used reclaimed rubber as a replacement for CB in NR/BR composites and the dynamic
mechanical and flexing fatigue resistance were investigated [38]. The addition of reclaimed
rubber showed improved dynamic mechanical properties and flexing fatigue resistance.

Solvent diffusion through rubber and rubber-based blends is critical to understanding
the material’s permeation properties so that useful applications can be proposed. There is a
large number of reports on this topic in the literature. Kaliyathan et al. recently investigated
the effect of CB on the diffusion properties of NR/BR blends [39]. The experimental data
were also validated with various theoretical models. The partial replacement of carbon black
in NR/BR formulations with carbon nanotubes was researched by Poikelispaa et al. [7].
They studied the swelling and dynamic mechanical properties of the resulting composites
and correlated the results with better filler matrix interactions, as well as the formation
of regular crosslinks. The partial replacement of CB with graphene, based on a fixed phr
of CB and replacing the filler, was performed previously by our research group [40]. The
processability and mechanical properties were investigated and reported systematically.
The compounds showed improved processability and static mechanical properties. It was
one of the most novel studies in the literature of partially replacing carbon black with
graphene and systematically studying the processing characteristics. In order to establish
the performance of the tires, dynamic mechanical properties at different temperatures are
recommended. Determination of the thermal stability of the compounds is important to
understand the effect of graphene replacement in rubber formulations. Sorption through
organic solvents is crucial to proposing applications of the products in different fields.
The present work shows the effect of the partial replacement of CB with graphene on
the dynamic mechanical and transport properties and thermal stability behavior of the
NR/BR nanocomposites.

2. Experimental
2.1. Materials and Compound Formulations

The natural rubber (NR) used in the investigation was SMR CV60 with Mooney-
viscosity ML (1 + 4, 100 °C) of 60 and polybutadiene rubber (BR) with a high cis-content
grade (greater than 94%) (KBR 01). Elastomers, compounding ingredients and analytical
grade solvents were purchased from local suppliers. Functionalized graphene (SDP 500)
was donated by Perpetuus Advanced Materials, UK. Graphene (SDP 500) was characterized
by scanning electron microscopy and the presence of oxygen on the surface was established
through EDS analysis. Raman spectroscopy measurements revealed that the graphene
used was multilayered and had defects on the surface [40]. An elastomer compound
with 55 phr of carbon black loading was selected and only 5 phr of this carbon black was
replaced with graphene in various ratios (1 phr, 2.5 phr, and 5 phr), keeping the overall
filler loading at 55 phr. The details about the formulation and the compound preparation
procedure are available in our previous publication [40]. Briefly, a two-stage process was
followed for the preparation of compounds, as per their respective formulations. The first
step was to prepare a master batch without curatives. An internal mixer (2.2 L, Comerio
Ercole, Busto Arsizio (VA), Italy) was used for this operation. Mixing was carried out
at a rotor speed of 80 rpm and the temperature was maintained at 75 °C. The second
stage of compounding was carried out in a laboratory two-roll mill (Comerio Ercole, Busto
Arsizio (VA), Italy) at room temperature, where curatives such as sulfur and accelerators
were incorporated into the master batch obtained from the first stage. The compound was
completely homogenized and sheets of approximately 5 mm in thickness were prepared.
The compounds were compression-molded at a temperature of 150 °C for 60 min to prepare
vulcanized sheets of 2 mm in thickness. The samples for various tests were punched out
from these sheets.
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2.2. Transport Characteristics
Swelling Studies

Swelling studies were performed according to ISO 1817: 2024. Approximately 1 g of
the vulcanizates with dimensions of 30 x 5 x 2 mm3 were immersed in 75 mL of toluene at
25 °C for 72 h. The swollen samples were taken out and the excess toluene on the surfaces
was removed, using a filter paper with light contact pressure, and immediately weighed.
The samples were dried in a vacuum oven at 70 °C until a constant mass was obtained. The
percentage increase in the mass of the samples was calculated using the equation:

my —mo

Swollen mass increase (%) = — X 100 (1)
0

where:

mg = initial mass of the vulcanizate samples
m1 = mass of the swollen samples.

The crosslink density (V) calculations were performed using the Flory—Rehner equa-
tion [41,42], as given below:

memf
_ Pp
Vr - [mz—mf + ml*m2:| (2)
Pp Ps
M, = _Pst\3/Vr 3)
In(1-V,)+ V, +xVi?
_ 2
V. = 1 :ln(l Vi) + Vi + xV; )

2M, —2pp Vs \S)/Vr
where:

V, = volume fraction of swollen rubber

my = mass of the swollen sample

my = final dried mass of the sample

my = mass of filler

pp = density of the polymer

ps = density of solvent toluene (0.866 g/cm?)

M. = molecular weight between crosslinks

Vs = molar volume of toluene (106.4 cm3/mol)

X = interaction parameter between the polymer and the solvent (0.382 for the NR/BR blend
at a ratio of 80:20 [43,44]).

2.3. Equilibrium Sorption Experiments

Equilibrium sorption studies of the composites were carried out using benzene,
toluene, and xylene as solvents. The three solvents selected differ only in the substituent
and the number of methyl groups, and, thereby, the molecular weight. Due to the non-polar
nature of the molecules, the three selected solvents are highly hydrophobic in nature. All
these three solvents are immiscible in water and their solubility in water at 25 °C is 0.24, 0.2,
and 0.18 g/L, respectively [45]. Although the molecular weights of the solvents are different,
their viscosity at 25 °C is comparable (0.603, 0.59, and 0.58 mPa.s, respectively) [46]. The
purity of the solvents was 99% or more, according to the data given by the manufacturers.
The chemical compatibility of the solvents with elastomer compounds varies with the
type of elastomers, concentration, and temperature [47]. The sorption measurements were
conducted using a fixed concentration of solvents and temperature (25 °C). Rectangular
samples were punched out of the vulcanizate sheets with dimensions of 20 x 20 x 2 mm?3.
The initial weight of the samples was noted. The samples were completely immersed in
the solvents in separate glass diffusion bottles kept at a uniform temperature of 25 °C.
The samples were carefully withdrawn from the diffusion bottles at specific time intervals
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and the excess solvent on the surface of the samples was removed using filter paper, after
which they were quickly weighed. The samples were returned to the respective diffusion
bottles and continued until equilibrium (in terms of swollen weight) was reached. At each
time interval t during the experiment, the mole percentage uptake Q; for the solvents was
calculated using the following equation [48]:

(M; = Mo)/ MW
My

Qr = 100 (5)
where M is the mass of the sample at any time ¢ during the experiment, Mj is the initial
mass of the sample taken, and MW is the molecular weight of the solvent used for the
experiment. The sorption isotherms were then plotted with the mol percentage uptake of
the solvent against time.

2.4. Dynamic Mechanical Properties

Dynamic mechanical analysis (DMA) of the compounds was carried out using Q800
DMA (TA Instruments, New Castle, DE, USA) with rectangular specimens (35 x 12 x 2 mm).
The analysis was performed in dual cantilever mode with a temperature range from —60 to
+60 °C, with a heating rate of 2 °C/min. A sinusoidal strain with a frequency of 1 Hz and
an amplitude of 50 pm was applied to each specimen, and the loss modulus (E”), storage
modulus (E’), and tan$ (ratio of E” to E’) values were obtained.

2.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis of the elastomer compounds was performed using a
simultaneous thermogravimetric analyzer (STA 7200, Hitachi, Tokyo, Japan). The analysis
was performed under a nitrogen atmosphere (50 mL/min) from ambient temperature to
750 °C, with a heating rate of 10 °C /min. The weight of the samples was continuously
monitored throughout the entire temperature range and the thermograms were plotted
from these data. The derivative thermograms (DTG) for the compounds were also plotted
against the corresponding temperatures.

3. Results and Discussion
3.1. Swelling Studies

The calculated values for cross-link density and the molecular weight between crosslinks,
according to the Flory-Rehner equations, are graphically shown in Figure 1. The swelling
experiments generally yielded the cross-link density value, which had contributions from
chemical crosslinks, physical entanglements, and polymer-filler interactions [49]. The
cross-link density values exhibited a linear increasing trend with an increase in the replace-
ment of carbon black with graphene, which indicates that the introduction of graphene
into the compound resulted in the formation of more crosslinks and chain entanglements.
Conversely, the molecular weight between cross-links (M;) decreased with an increase
in graphene content in the compounds on the expected line. M, refers to the average
molecular weight of polymer chains between two consecutive junctions. The junctions are
also formed as a result of chemical cross-links, physical entanglements, and polymer-filler
networks. Similar results were reported recently for an NR/BR system with expanded
graphite incorporation [50]. Another report of NR/BR blends reinforced with a hybrid
filler of kaolin silica also showed similar results related to chemical crosslink density [36].
The graphene used in the present study is functionalized so that different functional groups
are present on the surface of the material. These functional groups can cause property
enhancements; one indirect method to understand the effect of the functional groups is to
monitor the crosslink density of the samples as a function of the increase in graphene con-
tent in the samples. The change in sorption behavior is correlated to the crosslink formation
in elastomer compounds, which is greatly affected by the fillerfiller and filler—polymer
interactions through the various functional groups. The increase in cross-link density of
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the compounds containing graphene (compounds 1, 2, and 3) can be correlated with excess
functional groups on the surface of the fillers.
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Figure 1. Crosslink density and molecular weight between crosslinks (M,) vs. graphene content.

3.2. Sorption Characteristics

The sorption curves are shown in Figure 2. Here, the moles of the solvent sorbed
per 100 g of rubber, O, is plotted against the square root of time. The sorption curves
generally exhibit two distinct regions, the initial steep curve and the equilibrium region.
Initially, due to the large concentration gradient, the solvent uptake will be high, and an
equilibrium will be reached with time. The equilibrium solvent uptake in mol% of the
solvent against the graphene content in various elastomer compounds is plotted and shown
in Figure 3. The uptake of benzene is the highest in all compounds, followed by toluene,
with xylene being the least. This can be related to the increase in molecular weight from
benzene to xylene. The effect of the partial replacement of carbon black with graphene
(SDP 500) on the sorption behavior of the three different solvents is similar, as seen in
Figure 3. Compound 0 has a higher solvent uptake than compound 1 and compound 2 for
all three solvents. When 1 phr of graphene is added, the solvent uptake decreases, and,
on further increase in graphene to 2.5 phr, the solvent uptake shows a further decrease.
This decrease can be attributed to the better dispersion of the fillers, graphene, and carbon
black in the vulcanized systems. The graphene added to the system develops a tortuous
path for the organic solvents to pass through and, thereby, the solvent uptake decreases.
However, when the graphene content is increased to 5 phr, the trend reverses. This can be
ascribed to fillerfiller agglomeration and efficient reinforcement is not generated thereby
in the elastomer compound. If there is no efficient reinforcement in the compound, easy
passage of the solvents will be achieved and the equilibrium solvent uptake will be more
or less equal to the compound, without any partial replacement. Thus, the optimum partial
replacement is at and around 2 to 3 phr of graphene in place of carbon back, while keeping
the total amount of carbon materials at 55 phr. Similar results were obtained for static
mechanical properties, rolling resistance, and hardness.
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Figure 3. Equilibrium solvent uptake vs. graphene content in the elastomer composites.

The diffusivity (D), sorption coefficient (S), and permeability (P) of the solvents
through the samples were calculated using the following equations [51,52] and are summa-

rized in Table 1:
ho

2
D‘”<4@w)

(6)

where:

h = thickness of the specimen
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6 = slope of the initial linear portion of sorption curves
Qe = equilibrium solvent uptake
M
§== 7)
Mo
where:
M, = mass of solvent uptake at equilibrium
M, = initial mass of the sample
P=DXS 8)

where:
D = diffusivity
S = solubility.

Table 1. Transport coefficients of the various compounds.

Diffusion Coefficient (D * 108) m?/s Sorption Coefficient (S) g/g Permeability Coefficient (P * 108) m?/s

Sample Benzene Toluene Xylene Benzene Toluene Xylene Benzene Toluene Xylene
Compound 0 0.1053 7.1619 3.3768 1.5887 1.6645 1.8581 0.1673 1.1921 6.2743
Compound 1 0.1021 6.1783 3.195 1.5603 1.5839 1.7569 0.1593 0.9786 5.6134
Compound 2 0.1196 7.4653 3.3464 1.6165 1.6685 1.7849 0.1933 1.2456 5.9731
Compound 3 0.1056 7.4328 3.2952 1.6067 1.7039 1.8864 0.1697 1.2664 6.2161

The following equation is used to understand the sorption mechanism, and data
obtained from the equilibrium sorption experiments were fitted to this equation:

log(Qt/ Qo) = logk + nlogt )

where Q; is the mol percentage uptake of solvent at time ¢, Qw is the mol percentage uptake
at equilibrium, k is a constant indicating the interaction between the sample and the solvent,
and the value of n indicates the type or mechanism of diffusion. The values of n and k are
obtained from the linear portion of the plots of Q; against the square root of time (Figure 2)
through regression analysis; the corresponding plots are shown in Figure 4 and the values
are given in Table 2. All the n values are between 0.5 and 1, which indicates that the
diffusion of benzene, toluene, and xylene through the compounds follows a non-Fickian
mode of transport [39,53]. Compared to benzene, the values of n for toluene and xylene
are lower, which may be due to the increase in molecular weight of the solvents. However,
there is not much difference in the values of n for toluene and xylene [54].

Table 2. Sorption parameters obtained from Equation (9).

Benzene Toluene Xylene
Sample
n k n k n k
Compound 0 0.8518 —1.752 0.6587 —1.4061 0.6753 —1.5414
Compound 1 0.7446 —1.537 0.6051 —1.28 0.6439 —1.4413
Compound 2 0.735 —1.518 0.6037 —1.281 0.6273 —1.4107
Compound 3 0.7446 —1.563 0.6371 -1.371 0.6509 —1.5121

To understand the mode of transport through these filled elastomer composites, four
different mathematical models were utilized. These are the first-order kinetic equation,
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Higuchi model, Korsemayer-Peppas model, and Peppas-Sahlin model. The first-order
kinetic equation is represented by the following equation:

kt

log Qt = log Qoo — 5303

(10)

where Qy is the mol percentage uptake of solvent at time ¢, Qo is the mol percentage uptake
at equilibrium, and k is the first-order rate constant.
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Figure 4. Plots of log Q;/ Qe against log t for (a) samples in benzene, (b) samples in toluene, and
(c) samples in xylene.

The Higuchi model equation given below (11) is based on a hypothesis that: (i) the
diffusion is a one-dimensional process, (ii) the size of the diffusing species is extremely
smaller compared with the size of the matrix through which diffusion takes place, (iii)
diffusivity is considered as a constant, and (iv) the swelling of the matrix and the diffusion
are also considered as constants [55].

O _y, 02 (1)

Qo
Here, kj, is the Higuchi dissolution constant. The Higuchi model equation was applied to
the linear portion of the sorption curves given in Figure 2, while representative curves for
compound 2 in benzene, toluene, and xylene are shown in Figure 5, and the corresponding
values for the kinetic constants and the correlation factor are given in Table 3. The major
factors affecting the sorption are the molecular weight of the solvents and swelling with
the dissolution of the polymer matrix. Fickian diffusion is observed when the permeate
mobility is overtaken by the relaxation rate. From Table 3, the K}, value, which is the Higuchi
dissolution constant for compound 0, is 0.07265 for benzene, 0.07684 for toluene, and 0.06174
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for xylene, respectively. The K}, values increased for compound 1 and compound 2 for all
three solvents and they decreased for compound 3, which indicates the good synergetic
dispersion of graphene and carbon black in the rubber matrix. Similar results are also
reported for other systems [56,57]. Moreover, the mechanical properties of the composites
also showed similar behavior.
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Figure 5. Higuchi model applied to the linear portion of experimental data for compound 2 in
(a) benzene, (b) toluene, and (c) xylene.
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Table 3. Constants and correlation coefficients from various mathematical models.

Model Compound 0 Compound 1 Compound 2 Compound 3
ode Benzene Toluene Xylene Benzene Toluene Xylene Benzene Toluene Xylene Benzene Toluene Xylene
Higuchi ky 0.0727  0.0768  0.0617  0.0746  0.0809  0.0662  0.0767  0.0800  0.0665  0.0719  0.0767  0.0612

Model R2 0.8777 0.8779 0.9184 0.872 0.8529 0.9092 0.8727 0.8577 0.9122 0.8794 0.8883 0.9269
n 01250 0.0985 0.0985 0.1093 0.0898 0.0898 0.1091 0.0899 0.0899 0.1199 0.1083 0.1083

Korsemayer—
Peppas k 03523 04340 04340 03989 04729 04731 03999 04709 04709 03665 04063  0.4063
Model Rz 07115  0.6892  0.6892  0.6963  0.6641  0.6641  0.6926  0.6719  0.6719 07231  0.6867  0.6867
m —0.1075 —0.0999 —0.0941 —-0.1101 —0.0999 —0.0976 —0.1111 -0.109 —0.0999 —0.1072 —0.1107 —0.1016
Peppas- ki 51025 4.985 4.873 5.0021  4.9934 4.809 5.092 4.917 4.8531 50650  5.0006  4.9398

Sahlin Model  k, —6.408 —6.0934 —6.0009 —6.2502 —6.05 —5.8960 —6.4005 —6.0009 —5.9991 —6.3233 —6.269 —6.2999
R2  0.9495 0.9457 0.9411 0.9511 0.9442 0.9421 0.9482 0.9460 0.9373 0.9469 0.9410 0.9298

The first-order kinetic equation in its exponential form:

é%i::e_“ (12)

displays the relationship between t and the ratio Q;/Qc as asymptotic. As t increases, the
ratio Q;/ Qe approaches zero, whereas the experimental Q;/ Q. increases with t initially
and approaches saturation. The Higuchi model and the first-order kinetic equation have
another common drawback, that of having just one constant k. As a result, there is a
shortcoming in finding the best k that restores the ratio Q;/ Qs in agreement with the
experimental Q;/Qo. Owing to this drawback, only the initial straight-line region in the
time values is chosen for plotting.

This drawback is not found in the Korsemeyer—Peppas model and the Sahlin—Peppas
model equations, as the former has two constants (k and m) and the latter has 3 constants
(k1, kp, and m). As a result, the entire time values from beginning to saturation have been
included in plotting for the Korsemeyer—Peppas and Sahlin-Peppas models.

The Korsemeyer-Peppas model [58] is given by the following exponential equation:

L g (13)

Qo
where k is the kinetic constant and the exponent # indicates the mechanism of transport.
The Peppas-Sahlin equation is based on the assumption that the transport properties
of solvent through a matrix have both diffusional and relaxational components, which are
generally additive in nature [59], and the model is given by Equation (14) [60], below:

M;

S =kt et (14)

where M; and M are the mass of solvent uptake at time t and equilibrium, respectively.
The Fickian contribution (diffusion) for the solvent transport is given by the first term
on the right-hand side of Equation (14), whereas the second term indicates the relaxation
contribution of polymer chains and m is the Fickian diffusion exponent. The literature
shows that if k; > ky, then the transport mechanism is predominantly a diffusion-controlled
one, and if k1 < kp, then it is a matrix-controlled one, and, if k; = k;, then a combination
of diffusion and matrix-controlled mechanisms is responsible for the transport of solvent
through the matrix [55,61]. The Korsemeyer—Peppas model and the Peppas-Sahlin equation
are applied to the entire sorption data, and the representative curves for compound 2 are
shown in Figure 6a—c. In the Peppas—Sahlin model shown in Figure 6, the first term in the
equation will always remain positive, as k; tends to be positive for all t values. However,
k; and m tend to be negative. The first term in the equation remains positive since k; is
positive. However, the second term becomes more negative than the first term, making
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the whole result negative for low values of t. This is why the initial values of the Sahlin
model are shown as negative values in Figure 6. Similar behavior has been reported in the
literature [55]. The constants obtained from these two kinetic models and their respective
correlation coefficients are given in Table 3. As can be seen from the figure, the Peppas—
Sahlin model fits very well with the experimental data. The model considers both Fickian
and case Il relaxation processes. As per the prediction, the k; values are higher than k; for
all compositions, as well as for the three solvents. There are slight changes in the k; and k;
values for the different compositions. The values lead to the conclusion that the transport
mechanism for the different organic solvents is diffusion-controlled, which is related to
the chemical potential gradient [55]. Also, the large value of n for the Korsemeyer-Peppas
model indicates that the swelling of the rubber matrix is important for the transport of the

organic solvents [57,62].
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Figure 6. The Korsemeyer-Peppas model and Peppas—Sahlin equation applied to the experimental

data for compound 2 in (a) benzene, (b) toluene, and (c) xylene.
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3.3. Dynamic Mechanical Analysis (DMA)

Viscoelastic properties are valuable tools to assess the suitability of a filled elastomer
compound for load-bearing applications such as tire treads. The storage modulus and loss
tangent values of the compounds obtained from DMA are plotted against temperature
and are shown in Figure 7. The storage modulus shows a drastic decrease for the different
elastomer compounds of around —50 °C, which can be correlated with the glass transition
region for the compounds. The behaviors of the storage modulus for compounds 1 and 2
are different from those of compound 0 and compound 3. Compounds 1 and 2 show higher
storage moduli than the other two compounds, indicating better filler-polymer interactions
at low temperatures. The storage modulus is constant after the glass transition temperature
for all compounds except for compound 2. Compound 2 exhibits different behavior
compared to the other three formulations as it shows higher storage modulus values in the
product utilization region. These values were reconfirmed by repeated analyses and can be
attributed to better reinforcement happening due to the partial replacement of carbon black
with graphene. This result also corroborates the static mechanical results.

—=&— Compound 0
® Compound 1
Compound 2
—w— Compound 3

1000 & (@) —&— Compound 0
" ®— Compound 1
1 é Compound 2
—v— Compound 3

o 800 -
5 ‘
s s
i goo i

o
E 1 g
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o 4004 I 5
£ T &
L1
[=1]
hd
o 2004
]
w
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Temperature, °C Temperature, °C

Figure 7. (a) The storage modulus against temperature curves and (b) tan delta against temperature
curves.

It can be observed that the height of the tané peak for compound 2 is comparatively
lower than for the other compounds. The restrictions on the mobilization of polymer
chains due to the uniform distribution of nanophases of graphene can be ascribed to
this reduction. This effective interaction between the filler and the polymer chains leads
to the improved physical and chemical adsorption of polymer chain segments on the
filler surfaces, leading to a reduction in the tand peak height during dynamic mechanical
deformations [59]. The incorporation of a hybrid filler in a polymer matrix leads to the
formation of a constrained region. It quantifies the elastomer chains immobilized by the
hybrid fillers. The constrained region can be determined mathematically from the tané
peak values using Equations (15)—(17) [3,63-65].

For the linear viscoelastic region, the energy loss factor W can be determined as:

7T tand

- 7T tand + 1 (15)

where tand is the dissipation factor. The volume of the constrained region C, can be
determined from the dynamic viscoelastic region by using the following equation:

(1—Cy)Wy

W:
1-CGy

(16)
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where W is the energy loss factor and Cy is the volume fraction of the constrained region
of the base matrix. As the base matrix does not contain the hybrid filler system, Cy can
be considered to be zero. The volume of the constrained region C, then takes the form of
Equation (17), as given below.

(1-Co)W

:1—
Cv WO

(17)

The calculated values for the volume of the constrained region C, for the hybrid
composites (compounds 1, 2, and 3) are given in Table 4. The volume of the constrained
region increased from 0.0042 to 0.1829 for compound 2 when compared to compound 1.
Then, it showed a decrease. Compound 3 has more graphene compared to compounds 1
and 2, which may lead to more and more fillerfiller interaction, forming filler networks.
This attribute may be influencing the mobility of the rubber chains more and decreasing
the constrained region’s volume in compound 3. Similar results were reported recently in
graphene/nano-silica hybrid-filled natural rubber composites [63].

Table 4. Volume of the constrained region and degree of entanglement values for compounds.

Sample Co:;;:lg?i;ifo?fcv) Degree of Entanglement (IN)
Compound 0 0 8823
Compound 1 0.0042 9900
Compound 2 0.1829 39,599
Compound 3 0.0025 9422

The degree of entanglement (N) plays a major role in deciding the rubber-filler interac-
tion and thereby influences the performance properties of the resulting hybrid composites.
The values of N can be mathematically calculated from the storage modulus (E’) at the
rubbery region (corresponding to 0 °C) using Equation (18) [63,66]:

E/

N=GrT

(18)

where R is the universal gas constant and T is the absolute temperature (K). The calculated
values of N are given in Table 4. The incorporation of graphene into the elastomer compos-
ites can lead to an increase in the degree of entanglements, as indicated by the higher values
of N for compounds 1, 2, and 3. Compound 2 shows the highest value of N, and a further
increase in the graphene content from 2.5 to 5 phr (in compound 3) results in a reduction in
N, probably due to the agglomeration of the nanofillers within the elastomer matrix.

The loss tangent (tand) values corresponding to —20 °C, 0 °C, and +20 °C can be
considered as an indication of grip and traction of tread compounds on icy, wet, and
dry road surfaces, respectively [67], where tand values at +60 °C correlate to the rolling
resistance of the tread compound [68,69]. A higher value of storage modulus (E’) at 30 °C
is related to better dry handling characteristics [70]. The important parameters obtained
from DMA are summarized in Table 5.

The tané peak and the height of the elastomer compounds are highly useful in pre-
dicting the properties of tire formulations. From Table 5, it can be noted that the tané
peak slightly shifted toward the lower side for the compound 2 formulation. The other
two formulations showed a negligible shift compared to compound 0. Overall, the partial
replacement of carbon black with graphene does not have much effect on the loss factor
of the formulations. However, the storage modulus values at 30 °C show a prominent
improvement for compound 2, compared to the other three formulations. Similar results
were also obtained for the static mechanical properties [40]. Thus, it can be concluded that
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compound 2 exhibits the optimum loading of partial replacement of carbon black with
graphene of these elastomer-blend compounds.

Table 5. Parameters of the dynamic mechanical analysis.

Sample Mo dulusst@(,b)?r,;goec [MPal tand@—20°C  tand@0°C  tand@+20 °C tans@+60°C  1an® I:?k (Te)
Compound 0 15.42 0.302 0.143 0.110 0.100 —43.86
Compound 1 16.91 0.289 0.140 0.108 0.099 —44.31
Compound 2 71.04 0.317 0.149 0.114 0.103 —46.83
Compound 3 15.94 0.189 0.132 0.111 0.097 —43.56

The tané peak height is important for assigning various properties to the tire formula-
tions. It indicates the heat build-up in elastomer compounds. Normally, the peak height of
the formulations will be lower than for the reference sample (neat) in elastomer compounds.
The decrease in tand peak height is an indication of the hindrance that happens to the
rubber chains through the filler particles. Tand values at 60 °C are a measure of the rolling
resistance of the elastomer compounds. In the current study, compounds 1 and 3 show
lower tand values at 60 °C than compound 0, which means that the rolling resistance is
lower (lower hysteresis) than for the base material. A decrease in rolling resistance is shown
by the decrease in the tand values at higher temperatures, which will enable fuel efficiency
by reducing heat generation due to friction [71]. The compounds prepared by replacing
carbon black with graphene show lower rolling resistance (~10%) than the base materials,
which may lead to a 1-2% fuel consumption efficiency increase for the tires developed
using these formulations [69,72,73]. The repeated destruction and reconstruction of the
filler network owing to the replacement of carbon black with graphene is causing changes
in tand values at higher temperatures [74].

The tand values at lower temperatures (—20 °C, 0 °C, 25 °C) are also tabulated in
Table 5. It can be seen that the values for compound 2 are higher than that of the base
material, compound 0. These higher values are an indication of the better grip properties
of the tires on road surfaces, such as wet grip and grip on ice [69,75]. Sarkawi et al.
reported that the higher tand at 0 °C is due to a higher degree of rubberfiller interaction in
the elastomer compounds [76]. Similar results were obtained recently for natural rubber
compounds with the rice-husk-derived nanocellulose replacement of carbon black [32]. In
the present study, the optimum interaction is happening in compound 2, as evidenced by
the tand values.

3.4. Thermogravimetric Analysis (TGA)

The TGA thermograms for the elastomer compounds are shown in Figure 8. From
the figure, it can be seen that the incorporation of graphene as a partial replacement for
carbon black in the elastomer compounds resulted in an improvement in the thermal
degradation profiles of these compounds. An important parameter that can be obtained
from the thermograms is tsy, which is the temperature at which a 50% loss occurs for
the weight of the samples. The t5y values are 436 °C, 466 °C, 468 °C, and 449 °C for
compound 0, compound 1, compound 2, and compound 3, respectively. This indicates
that the degradation temperature (ts) shifted to the higher side for those compounds that
contain graphene as a partial replacement for carbon black, and, when its dosage reached
2.5 phr in the compound (compound 2), the tsy value showed a maximum. This agrees very
well with the other results reported in this investigation. The weight loss at each thermal
region is an important parameter obtained from the thermogravimetric analysis. The first
derivative of the thermogravimetric curve, known as the DTG curve, shows distinct peaks
corresponding to each stage of thermal degradation, which can be correlated with the
degradation of individual components present in the compound. The DTG peak values are
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considered to be the maximum degradation temperature of these components [77]. The
DTG curve for compound 0 that is included in Figure 8 shows two major peaks, one at
370 °C, which corresponds to the maximum degradation temperature of NR [78], and the
other one at 447 °C, which corresponds to the maximum degradation temperature of the
BR component [79] of the compound. The degradation peak temperatures, the sample
weight loss at these peak temperatures, and the percentage residue remaining at 750 °C
for all the compounds are summarized in Table 6. From the table, it can be seen that the
incorporation of graphene in the compounds resulted in an overall decrease in weight loss
corresponding to the degradation stages of NR and BR components in the blend, and the
effect was more pronounced for compound 2. For compound 2, the first degradation peak
shifted to a higher temperature (from 370 to 373.5 °C), with a reduction in weight loss from
29.38% to 12.80%, whereas, for the second degradation stage, the maximum degradation
temperature remained almost the same for compounds 0, 1, and 2 (447 °C) and reduced
to 443 °C for compound 3. The corresponding weight loss decreased from 53.51% (for
compound 1) to 48.10% (for compound 3). The lowest weight loss was shown by compound
2. Hence, compound 2 can be considered to be more thermally stable compared with the
thermal degradation characteristics of other compounds. The residue remaining at the end
of the thermal degradation process gradually increased from compound 0 to compound 3,
which indicates that the graphene present in the formulation succeeded in improving the
fillerfiller interactions in the compounds [80]. The increase in residue content is due to the
increase in crosslink formations within the carbon black structure due to these improved
filler—filler interactions [81].
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Figure 8. Thermograms of the elastomer compounds from TGA.

Table 6. Parameters obtained from a thermogravimetric analysis of the compounds.

Sample Degf;I;:tion Weight LOOS S De?g:;(:lggion Weight LOOS S Resiodueoat
Peak (°C) at Peak-1 (%) Peak (°C) at Peak-2 (%) 750 °C (%)
Compound 0 370 29.38 447 53.51 0.86
Compound 1 363 19.09 447.16 39.07 422
Compound 2 373.5 12.80 447.8 40.95 491

Compound 3 358 25.60 443 48.10 7.90




ChemEngineering 2024, 8, 57 17 of 20

4. Conclusions

The partial replacement of carbon black with graphene (SDP 500) in natural rub-
ber/polybutadiene rubber-based formulations was studied on account of its transport
properties, thermogravimetric analysis and dynamic mechanical properties. Sorption stud-
ies of the elastomer compounds were conducted with three different organic solvents,
namely, benzene, toluene, and xylene. The equilibrium solvent uptake was minimal for
compound 2, which had 2.5 phr of graphene incorporated in place of carbon black. Com-
pared to the base material, compound 2 showed better properties in terms of sorption
coefficient and diffusion coefficient. The sorption phenomena were theoretically modeled
with different prediction models, and the Peppas-Sahlin model was fitted throughout
the entire range of sorption curves. The dynamic mechanical analysis of the composites
showed that compound 2 has optimal properties for the storage modulus and tan delta
compared to the other formulations. The composites showed an appreciable reduction in
rolling resistance from the dynamic mechanical analysis, which encourages us to propose
the application of these formulations as tire treads for efficient fuel-saving products. The
study also highlights the potential of achieving optimum properties through the partial
replacement of carbon black with graphene, even though it is currently expensive.
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