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Abstract: The effect of filler content on viscoelastic properties of carbon black filled vulcanized natural
rubber is here studied. The filled natural rubber specimens are subjected to dynamic mechanical
loading with the temperature varying from −80 ◦C to 100 ◦C. While the storage modulus of unfilled
and filled rubber materials remains nearly the same in the glassy state, the glass transition temperature
significantly increased in the case of latter. The data also indicate that the rubbery modulus of filled
rubber increases with increasing carbon black content. The loss factor data suggest that the damping
characteristics of filled rubber decrease with increasing carbon black content.
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1. Introduction

Natural rubber (NR) reinforced with different grades of carbon black (CB) is exten-
sively used in modern industries owing to its deformability and damping characteristics.
The high abrasion furnace (HAF) CB, grade N330, is used for tyres, O rings and conveyor
belts due to their excellent tear-resistance and energy absorption properties [1]. The me-
chanical properties of filled rubber have been of great interest for a long time due to its
hyperelastic [2] and viscoelastic [3] nature. This viscoelastic behaviour is studied either by
conducting creep and relaxation experiments [4] or by obtaining a steady-state response
by subjecting the material to oscillatory loading. Often for the latter mode of study, a
dynamic mechanical analyzer (DMA) [5] is used to assess the viscoelastic response of
the rubbery materials. The DMA helps in the measurement of storage modulus and loss
modulus. While storage modulus corresponds to the elastic behaviour of the material,
loss modulus indicates the dissipation associated with the same. Temperature sweeps and
isothermal frequency sweeps can be carried out in the DMA to analyze the variation of the
properties of the vulcanizates. The rubbery storage modulus and the loss tangent (tan δ)
have been used to investigate polymers’ polymeric crosslink properties and the damping
characteristics, respectively [6].

Dynamic testing has been carried out on carbon black filled rubber compounds to
assess their frequency-dependent behaviour. High-frequency viscoelasticity spectrometers
using ultrasonic technology have been used to find the glass transition temperature range
for such compounds [7]. Rheometers like rheospectolers have been used to analyze the
dynamic properties of silica-reinforced butadiene rubber (BR) at a constant frequency [8].
The thermorheological behaviour of vulcanized NR across a temperature and frequency
range has been documented with the help of temperature and frequency sweep experiments
in DMA [9]. Furthermore, the effect of the variation of different filler constituents in
rubber compounds, specifically on the rubbery modulus and the tan δ peak values, were
analyzed [10] to find an inverse relationship between the two parameters. The effect of
filler and fiber content in polymeric matrices on their dynamic properties has been studied
recently, and their polymeric behaviour has been documented [11–13]. However, the effect
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of the presence and proportion of CB as a filler on the viscoelastic properties of vulcanized
NR compared to the properties of an unfilled NR remains of interest. In this study, NR filled
with CB at four different proportions was subjected to temperature sweep experiments in
DMA at a single frequency in tensile loading. The materials’ response was recorded, and
the effect of CB content on the variation of viscoelastic parameters, such as storage and loss
moduli and glass transition temperature, was analyzed.

2. Materials and Method
2.1. Material Description

Filled and unfilled vulcanized NR sheets of an average thickness of 2 mm were
obtained from Supreme Rubber Industries, Coimbatore, India. Four different vulcanizates
were prepared by varying the proportion of HAF N330 grade CB in the materials. The
constituents of the materials and their proportion (as provided by the suppliers) are given
in Table 1.

Table 1. Constituents of the filled and unfilled vulcanized NR.

Chemical/Ingredient Proportion per Hundred Weights of Rubber
(PHR)

Natural Rubber (smoked sheet, RMA) 100
Zinc Oxide 5
Stearic Acid 1

Accelerator CBS 0.5
Rubber Grade Sulphur 2.5

HAF N330 Carbon Black 0, 20, 40, 60
Aromatic Process Oil 10

While the proportion of all other constituents was kept constant, the CB content was
varied from 0 PHR to 60 PHR at a step of 20 PHR. The associated vulcanized rubbers are
referred to as VR00, VR20, VR40 and VR60, respectively. The uniformity of CB distribution
is assessed by scanning the material through FESEM (field emission scanning electron
microscope). A representative image of the cross-section of the VR60 sheet is illustrated in
Figure 1. The relative dark greyish region indicates the presence of the NR matrix, whereas
the bright white spots are the CB particles. The image confirms distribution uniformity
without any agglomeration.
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Figure 1. FESEM image of the cross section of VR60 indicating uniformity in the distribution of CB.

2.2. Experimental Procedure

A dynamic mechanical analyzer, Metravib DMA+ with 100 N load cell, was employed
to conduct temperature sweep tests. The 40 mm × 10 mm rectangular strips are cut from
the 2 mm thick NR sheets to prepare the test specimens. The gauge length of 30 mm was
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considered in the experiments. The specimens were loaded under tension at a constant
frequency of 1 Hz. The specimens were subjected to a static displacement of 80 µm (0.27%
strain) combined with an excitation sinusoidal displacement of amplitude 20 µm (0.07%
strain). The specimens were first cooled from room temperature to −80 ◦C at a rate of −5 ◦C
per minute, followed by a dwelling time of 15 min at −80 ◦C. Subsequently, the temperature
was swept from −80 ◦C to 100 ◦C at 2 ◦C per minute rate. The storage modulus (E’), loss
modulus (E”) and loss factor (tan δ) are recorded as a function of temperature. Two to three
samples for each of the four different vulcanizates were subjected to the experiment, and
repeatability was assessed and assured in the data.

3. Results and Discussion
3.1. Effect of Fillers on Storage Modulus

The variation of storage modulus (E’) with temperature for the test specimens is
plotted in Figure 2a. The temperature varied from −80 ◦C to 100 ◦C, and the viscoelastic
properties of vulcanizates were recorded. The plots show distinctly characteristic glassy,
glass transition and rubbery states. The glass transition stage begins at about −65 ◦C for
the unfilled NR, which delays to approximately −45 ◦C for all filled CB cases. While the
proportion of CB in the vulcanizates does not affect the initiation of the glass transition
process, its presence in the material significantly extends the glassy stage.
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region for all four materials as observed from 20 ◦C to 30 ◦C.

The region in the glassy state is expanded and illustrated in Figure 2b. The plots
show that the storage modulus of the material marginally but consistently decreases with
increasing CB content. The decrease in the storage modulus in the glassy state with
increasing CB content is attributed to the dilution of the matrix in the filled rubber. A
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polymer is said to be diluted when there is a lack of interaction between the polymeric
chains. It is speculated that at low temperatures, the polymeric chain network between the
fillers and the matrix gets weaker and/or gets partially broken. The associated decrease
in the load transfer capability, in turn, decreases the storage modulus of filled rubber. A
similar observation was reported by Pothan et al. [11], who noted a higher storage modulus
in the case of neat polyester compared to the case of filled one. The plots in Figure 2a have
been expanded around the rubbery stage and are depicted in Figure 2c. The curves show
that the rubbery modulus consistently increases as the CB proportion is increased in the
rubber material. This is attributed to the filler driven enhancement in the stiffness of CB
reinforced rubber. Following the rubbery plateau, the E’ begins to decrease again after
~20 ◦C, although the drop is only marginal (See, Figure 2a,c).

To obtain a better understanding of the influence of the filler–matrix interaction on the
dynamic elastic properties of the filled rubber, the coefficient of reinforcement (C-factor) is
plotted with the proportion of CB in the material in Figure 3. The C-factor indicates the
effectiveness of fillers in enhancing the composite stiffness, with a lower C-factor value
suggesting effective reinforcement and vice versa [12,13]. The C-factor is calculated by

C = (Eg’/Er’)FNR/(Eg’/Er’)UNR, (1)

where Eg’ and Er’ are the storage moduli in the glassy state and in the rubbery state,
respectively. The subscripts, FNR and UNR, indicate filled and unfilled NR, respectively. In
this work, the glassy and rubbery moduli are considered at −80 ◦C and 25 ◦C, respectively.
The plot shows the C-factor to be 1 in the case of unfilled rubber material. As the filler
content is increased, the value of the C-factor (logarithmically) decreases, indicating a
prominent effect of rigid fillers on the mechanical properties of the filled material.
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3.2. Effect of Fillers on Loss Modulus

The loss modulus (E”) vs. temperature curves for the unfilled and filled NRs are shown
in Figure 4a. The plots show bell-shaped curves for all cases with a peak value of about
600 MPa. This characteristic peak is observed in the glass transition region. The temperature
associated with the E” peak is observed to be ~−65 ◦C and −45 ◦C for the unfilled and filled
NRs, respectively. The E” peak temperature is considered the glass transition temperature.
While the curves show a distinct shift in the case of filled material, the filler proportion itself
neither influence the magnitude of E” peak nor the glass transition temperature. Nearly the
same magnitude of the E” peak for both unfilled and filled rubber cases indicates that the
NR material has retained its dissipative nature even after the reinforcement of CB fillers. In
other words, the matrix effectively remains the only contributor to the energy dissipation
mechanism, with no influence of CB fillers.
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The trend of the E” at the temperature ranges of −80 ◦C to −70 ◦C and 20◦C to 30 ◦C
are shown in Figure 4b,c, respectively. While the initial E” values at −80 ◦C do not vary
significantly for VR00, VR20 and VR40, the E” at −80 ◦C for VR60 shows a comparatively
higher value. A more distinct trend of the loss modulus is observed in the vicinity of
room temperature (between 20 ◦C and 30 ◦C), where E” increases with an increase in CB
proportion. The increased dissipation with increasing filler content is attributed to the
presence of an immobilized layer of polymer around the rigid fillers within a relatively
softer matrix.

3.3. Effect of Fillers on Loss Factor

The variation of loss factor (tan δ) with temperature is shown in Figure 5a. The loss
factor, defined as the ratio between the loss modulus and the storage modulus, indicates
the relative dissipative nature of viscoelastic material compared to its elastic behaviour.
The plot shows skewed bell-shaped curves. Similar to the E” case, the tan δ peak shifts
towards higher temperature in the case of filled materials. The maximum tan δ is observed
at ~−55 ◦C for the unfilled NR, whereas for the filled material case, tan δ peaks at around
−35 ◦C. These tan δ peaks are noted after about 10 ◦C of attaining the E” peaks. The curves
show that the magnitude of the tan δ peak decreases with increasing CB content in the
material. This indicates a decrement in the damping characteristics of the vulcanizates
upon the addition of the CB fillers. The relative rigidity of the HAF N330 CB fillers with
respect to the softer NR matrix is attributed to the lower damping behaviour of filled
materials. As shown in Figure 5b, the decrement is exponential, with VR00, VR20, VR40
and VR60 exhibiting the values of ~3.26, 1.67, 0.92 and 0.76, respectively.
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The variation of E’ and E” together with temperature are illustrated in Figure 6. Since
the material is in the glass transition stage in the neighbourhood of the E” peak, the rapid
decay of E’ assists in increasing tan δ and, therefore, a temporal delay in attaining tan δ

peak compared to the peak os E”. As the loss moduli data were unstable for VR00 and
VR20 after 0 ◦C and 40 ◦C, respectively, they are not included in Figure 6.
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4. Conclusions

The effect of HAF N330 grade CB content on the viscoelastic properties of filled NR
was studied by analyzing the variation of storage modulus, loss modulus and loss factor as
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a function of temperature. The vulcanizates are subjected to the temperature sweep experi-
ments in a dynamic mechanical analyzer (DMA). Vulcanized NR sheets with four different
proportions of CB, 0, 20, 40 and 60 PHR were considered and subjected to sinusoidal tensile
loading at a constant frequency of 1 Hz. The dynamic displacement amplitude of 20 µm,
along with a static displacement of 80 µm, was used for the experiments. Following are the
key observations of the study.

The glass transition stage for the unfilled NR begins at about −65 ◦C, whereas in the
case of CB-filled materials, the transition is delayed by about 45 ◦C. The proportion of
CB in the filled NR vulcanizates does not affect the glass transition initiation temperature.
The delay in shift from crystalline glassy state to amorphous rubbery state for filled NR is
attributed to the robustness of the filler–matrix networks.

• The E’ in glassy state is observed to increase with decreasing CB content. The decreas-
ing E’ with increasing filler proportion is attributed to the dilution of polymers in the
glassy state.

• The rubbery E’ increases with increasing CB content. This is due to the enhanced load
transfer efficiency of material in the presence of rigid CB fillers.

• The coefficient of reinforcement exponentially decreases with increasing CB content.
The low C-factor values of filled NRs indicate the effectiveness of reinforcement in
enhancing the stiffness of filled rubber.

• The E” peaks at about 600 MPa for all filled rubber materials.
• The temperatures associated with E” peaks are referred as the glass transition tem-

perature, which are noted to be about −65 ◦C and −45 ◦C for unfilled and filled NRs,
respectively.

• The maximum tan δ value decreases with increasing CB content, which indicates a
decrement in the damping characteristics of the vulcanizates upon addition of the
rigid CB fillers.

• Similar to E” case, the tan δ peak shifts to higher temperature in the case of filled
rubber. The maximum tan δ is observed at ~−55 ◦C for unfilled NR and ~−35 ◦C for
the filled NRs. A temporal span of 10 ◦C is noted between the E” and tan δ peaks.
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