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Abstract - Natural rubber (NR) and polybutadiene rubber (BR) blends are commonly used in tire and dynamic rubber products
due to their mechanical and dynamic properties. The reinforcing efficiency of these blends largely depends on the uniform
dispersion of carbon black, which is strongly influenced by the mixing process. In the present study, the effect of sequential carbon
black addition on filler dispersion, rheological behavior, curing characteristics, and mechanical properties of NR/BR compounds
was studied. Five formulations were prepared using a three-stage Banbury mixing process while maintaining an identical
compound composition and varying only the carbon black split ratio and polymer addition sequence. In the proposed sequential
mixing strategy, different proportions of carbon black were incorporated into the NR phase before the addition of BR to evaluate
the effect of polymer—filler affinity on filler distribution. The results demonstrated that introducing a larger proportion of carbon
black during the initial NR mixing stage significantly enhanced filler wetting and agglomerate breakdown, resulting in improved
carbon black dispersion. Among the investigated formulations, the X-BR1 compound, containing 75% of the total carbon black in
the first mixing stage, exhibited the highest dispersion value of 99.42%. Although rheological behavior showed slight improvements
and mechanical properties remained largely comparable among all formulations, the optimized mixing sequence produced a more
homogeneous filler network without altering the compound formulation or curing chemistry. The results demonstrate that
sequential carbon black incorporation is a simple, cost-effective, and industrially applicable strategy for improving filler dispersion
and process consistency in NR/BR rubber compounds, offering practical benefits for tire tread and other high-performance rubber
applications.
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1. INTRODUCTION

Natural rubber (NR) and polybutadiene rubber (BR) are among the most widely used elastomers in the tire industry because of
their characteristics. Natural rubber provides excellent tensile strength, tear resistance, and green strength because of its
strain-induced crystallization behavior, whereas polybutadiene rubber has superior abrasion resistance, resilience, and low
heat build-up due to its highly flexible molecular structure. The combination of these two elastomers has therefore become a
preferred choice for manufacturing high-performance tire tread compounds, conveyor belts, and other dynamic rubber
products where an optimum balance between mechanical strength, durability, and rolling resistance is required. However,
achieving the desired performance from NR-BR blends [1] depends not only on the formulation but also on the efficiency of the
mixing process, which controls the distribution of fillers and additives within the rubber matrix.

Carbon black remains the most important reinforcing filler used in rubber compounding because of its ability to significantly
improve tensile strength, modulus, abrasion resistance, fatigue life, and processing characteristics [2]. The reinforcing
efficiency of carbon black is strongly influenced by its state of dispersion within the elastomer matrix [3]-[5]. Poorly dispersed
carbon black forms agglomerates that act as stress concentration sites, cause inferior mechanical performance, inconsistent
curing behavior, increased heat generation, and reduced service life of the final product [6],[7]. Consequently, obtaining a
uniform dispersion of carbon black has long been recognized as one of the most critical objectives [8] in rubber mixing.
Numerous studies have demonstrated that factors such as rotor speed, fill factor, mixing temperature, mixing time, and filler
loading influence the dispersion process [9]. Nevertheless, the sequence in which carbon black is incorporated into multi-
polymer rubber blends has received comparatively less attention [10] despite its potential influence on filler distribution and
polymer-filler interactions.

In NR-BR blend systems, the dispersion mechanism is considerably more complex than in single-polymer compounds because
the two elastomers exhibit different viscosities, molecular structures, and affinities toward carbon black [11]. During mixing,
carbon black particles tend [12] to migrate toward the polymer phase [13] that provides lower interfacial energy and better
wetting characteristics [14],[15]. As a result, the sequence of filler addition can alter the initial wetting of carbon black [16], the
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breakdown of filler agglomerates, and the final distribution of the reinforcing filler between the NR and BR phases [17]-[20].
This selective localization ultimately affecting compound viscosity, cure characteristics, and mechanical properties [21],[22].
Therefore, understanding the interaction between mixing sequence and polymer affinity is essential for designing rubber
compounds with improved processing consistency and enhanced performance [23].

Although considerable research has been devoted to optimizing rotor speed, mixing temperature, fill factor, and carbon black
loading [24], relatively few studies have systematically examined the effect of sequential carbon black incorporation in NR-BR
blends [25],[26]. In industrial practice, carbon black is generally added according to established production procedures without
fully considering [26] how different filler split ratios between the individual polymer phases [27] may influence dispersion
efficiency [28]-[30]. Consequently, there remains limited scientific understanding of how varying the proportion of carbon
black added during different stages of mixing affects filler distribution [31]-[33], polymer-filler interaction [34], and the
resulting compound properties [35]. Addressing this knowledge gap is particularly important for modern tire manufacturing
[36], where small improvements in filler dispersion can convert into significant gains in product quality, production efficiency,
and energy consumption [37]-[40].

The present investigation focuses on optimizing carbon black dispersion through a sequential mixing strategy in natural
rubber-polybutadiene rubber compounds [41],[42]. Different carbon black split ratios were employed during the masterbatch
preparation to examine how the timing and proportion of filler addition influence dispersion quality [43]-[45]. By varying the
amount of carbon black introduced into the NR and BR phases during sequential mixing, the study aims to evaluate the role of
polymer affinity in controlling filler distribution and agglomerate breakdown. Unlike conventional approaches that primarily
emphasize processing parameters, the proposed strategy explores the influence of filler addition sequence as an effective
means of improving dispersion while maintaining the same overall compound formulation.

The significance of this work extends beyond laboratory-scale experimentation. In commercial rubber manufacturing,
improved carbon black dispersion contributes to better process stability, reduced mixing energy, shorter mixing cycles,
enhanced batch-to-batch consistency, and improved mechanical performance of finished products. The findings of this study
are therefore expected to provide practical guidance for optimizing industrial mixing protocols used in tire tread compounds
and other carbon black reinforced NR-BR applications.

Accordingly, the objectives of the present study are to investigate the effect of sequential carbon black addition on filler
dispersion in NR-BR compounds, to compare different carbon black split ratios and mixing strategies, to identify the most
effective mixing sequence for achieving superior carbon black dispersion, and to establish the relationship between filler
dispersion, rheological behavior, curing characteristics, and mechanical properties [46] of the developed rubber compounds.

2. MATERIALS AND METHODS
2.1 Materials

The rubber compounds in this study were prepared using commercially available elastomers, reinforcing fillers, processing
additives, and vulcanization chemicals commonly using in tire tread formulations. Natural rubber (NR) was selected as the
primary elastomer owing to its excellent green strength and fatigue resistance, while polybutadiene rubber (BR) was
incorporated to improve abrasion resistance and reduce heat build-up during dynamic service. N326 grade carbon black was
used as the reinforcing filler because of its balanced reinforcement and processing characteristics. Zinc oxide and stearic acid
served as vulcanization activators, whereas paraffinic process oil was used to facilitate filler incorporation and improve
compound processability. Microcrystalline wax and 6PPD were included as protective additives to enhance resistance against
ozone and oxidative degradation. Vulcanization was carried out using a conventional sulfur curing system comprising sulfur,
CBS accelerator, and PVI pre-vulcanization inhibitor.

Table 1: Materials used in the study

Sr. No. Compounding Ingredient Grade Purpose
01 Natural Rubber (NR) TSR 20 Base elastomer
02 Polybutadiene Rubber (BR) High cis BR Improve abrasion resistance and resilience
03 Carbon Black N326 Reinforcing filler
04 Zinc Oxide Rubber Grade Cure activator
05 Stearic Acid Triple Pressed Cure activator
06 Microcrystalline Wax Rubber Grade Antiozonant wax
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07 6PPD Rubber Grade Antioxidant / Antiozonant
08 CBS Rubber Grade Primary accelerator
09 Sulfur Insoluble Sulfur Vulcanizing agent
10 PVI Rubber Grade Scorch retarder
11 Process 0Oil RAE 0il Processing aid

2.2 Compound Formulation

Five rubber formulations were developed to study carbon black distribution and polymer addition sequence on filler
dispersion. The total rubber content (NR/BR ratio), curing package, and additive concentrations were maintained constant,
while only the sequence of carbon black incorporation and BR addition was systematically varied. This approach enabled the
effect of mixing strategy to be evaluated independently without introducing compositional differences.

Table 2: Experimental Formulations and their Composition

Formulation of 1st Master Compound

Compounding X-A X-HT1 X-HT2 X-BR1 X-BR2
Ingredient
NR 60 60 60 60 60
BR 40 40 40 00 00
N326 34 34 34 38 12
All other Compounding Ingredients are in same proportion in all the samples.
ZnO 4; St. Acid 2 and RAE 0il 3 PHR
Total PHR 143 | 143 | 143 | 107 | 81

Formulation of 2"d Master Compound

Compounding X-A X-HT1 X-HT2 X-BR1 X-BR2
Ingredient

Master - 1 143 143 143 107 81
BR 00 00 00 40 40
N326 16 16 16 12 38

All other Compounding Ingredients are in same proportion in all the samples.

M.C. Wax 1 and 6PPD 2 PHR

Total PHR 162 | 162 | 162 | 162 | 162

Formulation of Final Compound

Compounding X-A X-HT1 X-HT2 X-BR1 X-BR2
Ingredient
Master - 2 162 162 162 162 162
All other Compounding Ingredients are in same proportion in all the samples.
Sulfur 1.12; CBS 0.80 and PVI 0.20 PHR
Total PHR 16412 | 164.12 16412 | 16412 | 164.12

The experimental formulations used in this study are presented in Table 2. Five formulation, designated as X-A, X-HT1, X-HT2,
X-BR1, and X-BR2, were prepared using an identical base formulation while systematically varying the mixing sequence of
polybutadiene rubber (BR) and carbon black. The objective was to investigate the influence of sequential filler incorporation
and polymer-filler affinity on carbon black dispersion without altering the overall compound composition.

The compounding process was carried out in three successive mixing stages. During the first masterbatch, natural rubber (NR)
was introduced as the primary polymer along with zinc oxide, stearic acid, RAE oil, and a predetermined quantity of N326
carbon black. For the reference formulation (X-A) and the high-temperature formulations (X-HT1 and X-HT2), the complete
rubber blend (60 phr NR and 40 phr BR) was incorporated in the first stage together with 34 phr of carbon black. In contrast,
formulations X-BR1 and X-BR2 were designed to evaluate the effect of polymer affinity by delaying the addition of BR until the
second mixing stage. Consequently, only NR was present in the first masterbatch, while the carbon black loading was varied to
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38 phr for X-BR1 and 12 phr for X-BR2, corresponding to approximately 75% and 25% of the total carbon black content,
respectively.

During the second masterbatch, the remaining quantity of carbon black was incorporated together with BR (where applicable),
microcrystalline wax, and 6PPD. For X-A, X-HT1, and X-HT2, only the remaining 16 phr of carbon black was added because the
complete NR/BR blend had already been introduced during the first stage. In X-BR1, BR was added together with the remaining
12 phr of carbon black, whereas X-BR2 received BR along with the remaining 38 phr of carbon black. This experimental
approach maintained a constant total carbon black loading of 50 phr in all formulations while varying only its distribution
between the two masterbatch stages.

The final mixing stage was identical for all compounds. The second masterbatch was blended with the curing system consisting
of sulfur (1.12 phr), CBS (0.80 phr), and PVI (0.20 phr) to obtain the final compound with a total loading of 164.12 phr. By
keeping the overall formulation constant and modifying only the sequence of carbon black and BR addition, any differences
observed in filler dispersion, rheological behavior, or mechanical properties could be directly attributed to the effect of the
mixing strategy rather than compositional variations.

2.3 Experimental Methodology
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Property | Unit Optimal (X-BR1) Sub-optimal (X-BR2)
Carbon Dispersion \ % 99.42 97.84
Tensile Strength | Kgf/cm? 197.56 199.36
Mooney Scorch (t5) | Min 43.05 41.12

Figure 1: Visual Methodology

The experimental program was designed to evaluate the influence of sequential carbon black addition on filler dispersion in
NR/BR blends. Five formulations (X-A, X-HT1, X-HT2, X-BR1, and X-BR2) were prepared using a three-stage mixing process.
The reference compound (X-A) followed the conventional mixing sequence, whereas X-HT1 and X-HT2 were prepared by
increasing the masterbatch dump temperature to promote improved filler wetting. Formulations X-BR1 and X-BR2 were
specifically designed to investigate the effect of polymer affinity by altering the proportion of carbon black introduced before
and after BR addition. In X-BR1, 75% of the carbon black was incorporated with NR during the first mixing stage and the
remaining 25% after BR addition, whereas the reverse distribution was adopted in X-BR2. This systematic variation enabled
the role of filler migration and polymer-filler interaction to be examined while maintaining an identical compound formulation.

2.4 Mixing Procedure

All rubber compounds were prepared using a 1.6 L laboratory Banbury internal mixer following a three-stage mixing
procedure to ensure consistent filler dispersion and compound homogeneity. The processing parameters were maintained
constant for all formulations so that the influence of the carbon black addition sequence could be evaluated without
interference from changes in mixing conditions.

In the first masterbatch (Masterbatch-I), the base elastomer(s), reinforcing filler, processing oil, zinc oxide, and stearic acid
were charged into the Banbury mixer according to the respective formulation (Table 2). Mixing was carried out ata rotor speed
of 60 rpm with a fill factor of 0.72 for approximately 275 s, after which the compound was discharged at a dump temperature of
145°C. This stage was primarily intended to achieve effective mastication of the rubber and initial incorporation of the
reinforcing filler.

The discharged masterbatch was subsequently processed in the second masterbatch (Masterbatch-II), during which the
remaining carbon black (according to the designated formulation - Table 2), polybutadiene rubber, microcrystalline wax, and
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6PPD were incorporated. Mixing was continued at the same rotor speed of 60 rpm for approximately 200 s, and the compound
was again discharged ata dump temperature of 145°C to ensure uniform filler distribution and adequate dispersion within the
rubber matrix.

After cooling the masterbatch, final mixing was performed by incorporating the curing ingredients, such as sulfur, CBS, and PVI.
The curatives were blended for approximately 150 s, and the compound was discharged at a maximum temperature of 100°C to
prevent premature vulcanization (scorch). The final compounds were then conditioned before further rheological, mechanical,
and morphological characterization.

2.5 Testing Methods

The processing characteristics of the uncured compounds were evaluated by measuring the Mooney viscosity in accordance
with ASTM D1646, while the curing behavior, including scorch time, optimum cure time, and maximum torque, was determined
using a Moving Die Rheometer (MDR) following ASTM D5289. The vulcanized compounds were subsequently characterized for
their physical and mechanical properties. Shore A hardness was measured according to ASTM D2240, whereas tensile strength,
modulus, and elongation at break were determined using a universal testing machine (UTM) in accordance with ASTM D412.
The dynamic resilience of the cured compounds was assessed by the rebound resilience test following ASTM D1054. In
addition, the quality of carbon black distribution within the rubber matrix was evaluated using a carbon black dispersion
analyzer in accordance with ASTM D7723. All tests were conducted under controlled laboratory conditions, and the results
obtained were used to assess the influence of different sequential mixing strategies on processing behavior, curing
characteristics, filler dispersion, and the overall performance of the NR/BR compounds.

3. RESULTS AND DISCUSSION
3.1 Mooney Viscosity

Mooney viscosity is one of the most important processing parameters because it reflects the flow behavior of an uncured
rubber compound and indirectly indicates the extent of polymer-filler interaction developed during mixing. Figure compares
the Mooney viscosity values obtained for the different sequential carbon black addition strategies. Although all compounds
were prepared using identical ingredients and total filler loading, noticeable variations in viscosity were observed due to
differences in the sequence of carbon black incorporation.
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Figure 2: Mooney Viscosity of different Samples

The increase in viscosity observed for formulations containing a higher proportion of carbon black during the initial mixing
stage can be attributed to the early development of a stronger filler network within the natural rubber matrix. Natural rubber
possesses higher green strength and strain-induced crystallization characteristics than polybutadiene rubber, enabling carbon
black aggregates to be wetted and dispersed more effectively during mastication. As a result, a larger fraction of filler becomes
immobilized within the polymer chains, increasing resistance to flow and consequently increasing Mooney viscosity.

Conversely, when only a limited amount of carbon black was introduced during the first stage and the majority was added after
the incorporation of BR, the viscosity tended to decrease. Polybutadiene rubber exhibits comparatively lower viscosity and
reduced polarity toward carbon black, resulting in slower filler wetting and less efficient aggregate breakdown. Consequently,
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weaker filler-polymer interactions and a less developed filler network were formed, leading to improved flow ability but
comparatively inferior dispersion.

The viscosity trend therefore provides indirect evidence that sequential mixing significantly influences filler distribution within
the blend. A moderate increase in viscosity indicates enhanced polymer-filler interaction rather than excessive filler

agglomeration, suggesting that appropriate carbon black loading during the first mixing stage promotes efficient filler
incorporation without adversely affecting process ability.

3.2 Cure Characteristics

The curing behavior of the rubber compounds was evaluated using a Moving Die Rheometer, and the obtained parameters are
presented in Figure 5. These parameters provide valuable information regarding process safety, crosslink development and
curing efficiency.

The minimum torque (ML), representing the viscosity of the uncured compound, followed a trend similar to that observed in
the Mooney viscosity measurements. Formulations exhibiting improved carbon black dispersion generally showed slightly
higher ML values due to increased polymer-filler interaction before vulcanization.

The maximum torque (MH), which reflects the stiffness and crosslink density of the cured compound, increased for
formulations exhibiting superior filler dispersion. Well-dispersed carbon black contributes to a larger effective reinforcing
surface area and improves stress transfer within the rubber matrix, resulting in higher final torque values.

Cure01 - S’ [Ib-in]

. .
0 10 20 30 40 50 60
Time [min]

Figure 3: Rheographs of different Samples
Scorch time (Ts;) remained relatively unchanged among the compounds, indicating that the sequential filler addition strategy
did not significantly alter the onset of vulcanization. This observation suggests that the accelerator and sulfur distribution

remained sufficiently uniform despite differences in filler incorporation sequence.

Table 3: Rheological Properties

Physical Unit X-A X-HT1 X-HT2 X-BR1 X-BR2
Properties
ML Ib-in 1.65 1.77 1.57 1.52 1.59
MH Ib-in 11.88 11.84 11.98 12.55 12.88
Ts1 Minutes 7.20 7.84 8.20 8.21 8.35
Ts, Minutes 10.54 10.99 11.24 11.43 11.54
Tc10 Minutes 7.95 8.42 8.85 9.27 9.50
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Tc15 Minutes 9.80 10.15 10.60 11.11 11.32
Tc25 Minutes 12.78 13.10 13.43 13.85 13.99
Tc50 Minutes 18.92 19.04 19.45 19.67 19.52
Tc90 Minutes 38.70 38.31 39.72 40.17 39.30
ng(;{e Ib-in 11.85 11.82 11.91 12.52 12.86
MH-ML Ib-in 10.23 10.07 10.41 11.03 11.29
Reversion % 0.29 0.20 0.67 0.27 0.18
CRI Minute-! 3.55 3.66 3.51 3.48 3.60

Similarly, the optimum cure time (Tcoo) exhibited only marginal variations. However, compounds with improved filler
dispersion generally reached optimum cure slightly earlier due to better heat transfer and more homogeneous distribution of
curing ingredients throughout the compound.

The Cure Rate Index (CRI), calculated from Ts, and Tcqq, showed a slight improvement for the formulations prepared with
higher first-stage carbon black loading. Enhanced filler dispersion provides a more uniform reaction environment, facilitating
efficient crosslink formation during vulcanization.

Overall, the rheometric results indicate that sequential carbon black addition primarily influences the extent of reinforcement
rather than fundamentally altering the vulcanization chemistry.

3.3 Mechanical Properties

The mechanical performance of filled rubber compounds is strongly governed by filler dispersion, polymer-filler adhesion and
the efficiency of stress transfer across the rubber matrix. The results presented here clearly demonstrate that sequential
carbon black incorporation significantly influences these characteristics.

The tensile strength increased progressively as a larger proportion of carbon black was incorporated during the initial mixing
stage, reaching its maximum for the BR1 formulation. This improvement can be attributed to enhanced dispersion of carbon
black within the natural rubber phase, leading to a more uniform reinforcing network. Better dispersion reduces stress
concentration sites and allows applied loads to be distributed more effectively throughout the matrix during deformation.

Table 4: Physical Properties

P‘:ggzirﬁés Unit X-A X-HT1 X-HT2 X-BR1 X-BR2
Elongation @ Break % 708 709 702 686 689

100% Modulus Kgf/cm? 15.75 15.49 16.23 15.77 15.64

200% Modulus Kgf/cm? 33.27 31.51 33.86 33.28 33.25

300% Modulus Kgf/cm? 60.74 57.43 61.93 62.06 61.55

Tensile Strength Kgf/cm? 199.12 199.68 203.58 197.56 199.36
Hardness Shore A 59 58 59 57 58
Rebound Resilience | % (@100 °C) 56 54 56 56 56
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The elongation at break exhibited only moderate variations among the compounds. Improved filler dispersion generally
maintains higher extensibility because uniformly distributed filler particles delay crack initiation and propagation. In contrast,
poorly dispersed agglomerates behave as localized defects that promote premature failure under tensile loading.

The modulus values increased with improved filler dispersion due to stronger polymer-filler interactions and greater
restriction of molecular chain mobility. Carbon black particles effectively anchor polymer chains at their surfaces, thereby
increasing resistance to deformation. The sequential mixing strategy enhanced this reinforcing effect by maximizing the contact
between natural rubber and carbon black during the initial stage of mixing.

Similarly, Shore A hardness increased with increasing filler reinforcement. Better carbon black distribution produces a denser
reinforcing network that restricts elastic deformation under indentation loading. However, the increase in hardness remained
moderate, indicating that improved reinforcement was achieved without excessive filler agglomeration.

Overall, the mechanical property results confirm that the sequential mixing strategy enhances reinforcement primarily through
improved carbon black dispersion rather than changes in compound formulation or curing chemistry.

3.4 Carbon Black Dispersion

Carbon black dispersion represents the most critical parameter in evaluating the effectiveness of the proposed sequential
mixing strategy because it directly determines the reinforcing efficiency of the filler. The dispersion analysis clearly
demonstrated that the order of carbon black addition substantially influenced the final microstructure of the NR/BR blend.
Natural rubber possesses comparatively higher affinity toward carbon black due to its higher viscosity, superior green strength
and greater capability to generate shear stresses during mixing. When a major fraction of carbon black was introduced together
with NR in the first mixing stage, the filler aggregates experienced intense shear deformation and efficient wetting by the
polymer chains. This promoted progressive breakdown of agglomerates into finer particles, resulting in a more homogeneous
filler distribution.

Table 5: Carbon Black Dispersion

Physical Unit X-A X-HT1 X-HT2 X-BR1 X-BR2
Properties
X ; 7.25 7.83 8.15 8.10 6.68
Y ; 9.84 9.82 9.86 9.92 9.74
. . -
Dispersion % 98.80 98.54 98.93 99.42 97.84

After incorporation of BR during the second stage, the already dispersed carbon black particles were redistributed throughout
the blend without significant re-agglomeration. Since the filler had already been effectively wetted by NR, the lower-viscosity
BR phase could flow around the dispersed particles, producing a continuous and uniform filler network across both polymer
phases.

In contrast, formulations receiving most of the carbon black after BR addition exhibited noticeably poorer dispersion. At this
stage, the blend viscosity had already decreased because of BR incorporation, reducing the shear stresses required to fracture
carbon black agglomerates. Consequently, larger filler clusters persisted throughout mixing and acted as defects within the
vulcanized compound.
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Figure 4: Microscopic images of different Samples

Microscopic observations supported these findings by revealing fewer and smaller carbon black aggregates in BR1 compared
with others. The improved microstructure explains the higher tensile strength, modulus and cure torque observed for BR1.
A clear correlation was observed among carbon black dispersion, rheological behavior and mechanical performance. Improved
dispersion increased the effective interfacial area between the filler and polymer chains, strengthening polymer-filler
interactions. This enhanced interaction resulted in higher Mooney viscosity due to greater restriction of chain mobility in the
uncured compound.

The same improvement in filler distribution also contributed to increased maximum cure torque, indicating a stiffer and more
effectively reinforced vulcanized network. Enhanced stress transfer across the well-dispersed carbon black network ultimately
produced higher tensile strength and modulus while maintaining satisfactory elongation at break.

These relationships demonstrate that the sequential mixing strategy influences the entire structure-property chain, beginning
with filler dispersion during mixing and extending to rheological characteristics, vulcanization behavior and final mechanical
performance. Such comprehensive correlation confirms that optimizing the sequence of carbon black addition is an effective
approach for improving the overall performance of NR/BR compounds without altering the formulation composition.

4. CONCLUSIONS

This study systematically investigated the influence of sequential carbon black addition on the dispersion behavior and
mechanical performance of Natural Rubber (NR)/Polybutadiene Rubber (BR) compounds. The results clearly demonstrate that
the sequence of filler incorporation plays a crucial role in determining the final dispersion quality of carbon black within the
rubber matrix. Introducing a larger proportion of carbon black into the NR phase during the initial mixing stage promoted more
efficient filler wetting, reduced agglomeration, and facilitated the formation of a well-developed reinforcing network before the
addition of BR. Among all formulations, the X-BR1 mixing sequence exhibited the highest carbon black dispersion value of
99.42%, confirming the effectiveness of the proposed sequential mixing strategy.

Although significant improvements in carbon black dispersion were achieved through different split ratios, the overall
mechanical properties of the vulcanized compounds, including tensile strength, elongation at break, modulus, hardness,
rebound resilience, and abrasion resistance, remained comparable across all formulations. This indicates that optimizing filler
distribution can substantially improve compound homogeneity without adversely affecting the final performance
characteristics. The enhanced dispersion observed in the NR-rich initial mixing route is attributed to stronger polymer-filler
affinity, improved shear-assisted deagglomeration, and more uniform filler migration during subsequent blending with BR.
Overall, the findings demonstrate that sequential mixing is an effective and practical approach for controlling filler morphology
in NR/BR compounds. Since the proposed method requires only modification of the mixing sequence without additional
chemicals or processing equipment, it offers a simple, cost-effective, and industrially applicable strategy for improving carbon
black dispersion in rubber compounding operations.
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5. FUTURE WORK

The present investigation establishes the significance of sequential mixing in improving carbon black dispersion; however,
further studies can provide deeper insight into the underlying reinforcement mechanisms. Advanced morphological
characterization using Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) would enable direct
visualization of filler distribution, aggregate size, and polymer-filler interfaces at micro- and nanoscale levels. Dynamic
characterization through Dynamic Mechanical Analysis (DMA) and Payne effect measurements could further elucidate filler
network formation, viscoelastic behavior, and breakdown of carbon black structures under cyclic deformation.

Future work may also include bound rubber measurements to quantify polymer-filler interactions developed during different
mixing sequences. Investigating other reinforcing carbon black grades such as N220, N330, and N550 would help determine
whether the observed mixing effects are independent of filler particle size and structure. In addition, extending the study to
hybrid reinforcement systems containing carbon black and silica could provide valuable information for the development of
high-performance and low rolling resistance rubber compounds. Finally, validation of the proposed sequential mixing strategy
under industrial-scale Banbury mixer conditions would establish its practical feasibility for commercial tire and general rubber
product manufacturing, thereby facilitating its adoption in large-scale rubber compounding processes.
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