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Abstract:

This study investigated the reinforcing effect of aluminum oxide and titanium dioxide nanoparticles, used
individually and as hybrid fillers; on the mechanical performance of natural rubber/styrene—butadiene
rubber vulcanizates reinforced with carbon black. The composites were fabricated by conventional
compounding and compression.molding following ASTM standards. Mechanical performance was
evaluated through tensile strength, compression set, hardness, and scanning electron microscopy. A total of
100 specimens were prepared and classified intotwo groups according to nanoparticle loading. The results
demonstrated that hybrid incorporation of aluminum_oxide and titanium dioxide nanoparticles produced
superior reinforcement compared with the use of<titanium_dioxide alone. The optimum formulation,
containing 10 parts per hundred rubber of aluminum oxide @and 8 parts per hundred rubber of titanium
dioxide, achieved the highest tensile strength of 27.93 £ 0.71 MPa and the maximum hardness of 72 £ 5
International Rubber Hardness Degrees. The lowest compression set(19.65.4 1.60%) was obtained with
titanium dioxide alone, whereas the hybrid system maintained a low compression set/(24.66 + 1.30%) while
simultaneously providing substantial improvements in tensile strength andhardness. Scanning electron
microscopy revealed a uniform nanoparticle distribution with limited agglomeration and _good interfacial
adhesion, explaining the enhanced mechanical behavior. These findings demonstrate that hybrid aluminum
oxide—titanium dioxide nanoparticles are effective reinforcing fillers for high-performance rubber

composites.
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1. Introduction
Elastomeric materials; whether natural rubber (NR) or synthetic rubber, can be processed and shaped like
viscous fluidsq{1]. Crass=linking of polymer chains is achieved through vulcanization, which transforms the
viscous material into an elastic ‘'solid [2]. Natural rubber offers excellent tensile strength and fatigue
resistance, while styrene-butadiene rubber (SBR) provides better abrasion resistance, aging stability, and
lower cost. Blending NR with SBR combines the advantages of both: high resilience and tear strength from
NR, together with improved wear resistance and weathering durability from SBR. Therefore, NR/SBR
blends are widely used in tire treads, conveyor belts, hoses, and automotive components. To further enhance
mechanical properties, such as tensile, compressive, and fatigue strengths, stiffness, and hardness, natural
rubber has traditionally been reinforced with carbon black (CB) or silica [3,4]. These conventional fillers
improve strength by forming a filler network thatrestrictsspolymer chain mobility and distributes stress.
However, CBs and silica have limitations, including high energy consumption during mixing, poor
dispersion at high loadings, and negative environmental impacts [4]./In recent years, further improvements
in elastomer properties have been achieved by adding nano-sized/fillers [5]. Due to their extremely high
surface area-to-volume ratio, nanomaterials used as fillers can significantly increase the interaction strength
within the polymer matrix, leading to enhanced thermal, electrical, and mechanical properties compared to
conventional micro-sized fillers [6]. Nano-filler such as SiO. [7-9], CaCOs [10,41]; clay/[12,13] have been
employed to produce high-performance rubbers with excellent mechanical properties. For example,
nano-silica improves tear strength and reduces heat build-up, while nano-clay enhances barri€r properties.
Nevertheless, research on these fillers remains debated. The primary challenge is controlling<the
microstructure of the produced materials, including achieving uniform nanoparticle dispersion, preventing

agglomeration, and ensuring strong filler-rubber interfacial adhesion. Poor dispersion leads to stress



concentration points and reduced mechanical performance, negating the benefits of nano-scale
reinforcement. Al, 05 (alumina) and T'i0,, (titania) are widely used as fillers in various polymers, including
elastomers_and rubbers, because they improve physical and mechanical properties. Alumina is hard,
thermally conductive, and provides high modulus and abrasion resistance. Titania offers UV shielding,
photacatalyti¢ activity, and moderate reinforcement. Adding these fillers to a rubber matrix strengthens
mechanical performance,and increases efficiency [14-18]. In most studies on rubber reinforced with
nanoparticles for variousapplications [19-25], nano-fillers have been used individually to strengthen rubber
vulcanizates. For instance,Ch Yeswin et al. [18] investigated the physical properties of SBR/NBR rubber
blends reinforced with nano-Al; 05 at four different loadings (1, 3, 5, and 7 phr), using silica filler instead
of CBs. They reported improvements.in modulus and hardness with increasing Al, 03 content. Naphon et
al. [26] examined the effect of Ti0, nanoparticle content (0 phr, 0.1-1.0 phr, 10 phr, and 20 phr) on the
thermal, electrical, and mechanical properties of.matural rubber, reporting that nano-titania enhances
mechanical properties, particularly at low loadings due to better dispersion. However, single nano-fillers
often cannot simultaneously improve all target“properties. For example, high Al,05 loading increases
hardness but may worsen compression set (i.e., reduce.elastic recovery). High TiO, loading improves UV
resistance but can lead to agglomeration, reducing tensile/strength. This trade-off suggests that hybrid
systems may offer synergistic benefits. A few studies have explored hybrid filler systems in rubber
composites. Dakhil et al. [27] and Al-Waily et al. [28] used a hybrid of SiO. and Al.Os as reinforcements
in composite materials, observing improved mechanical properties comparedsto single fillers. Fu [17]
studied the mechanical properties of natural rubber reinforced with a combination of CBs and Al,0;
nanoparticles, noting that the hybrid system provided better overall performance than CBs alone. In a recent
study, Njim et al. [29] developed a natural rubber method that uses graphene nanoparticles chemically
bonded with local kaolin. Thus, most researchers agreed that the nature, composition, andspreparation of
the polymer matrix, in particular rubber, and the nanofillers strongly impact the properties of

nanocomposites [30-34]. Despite the known reinforcing effects of individual Al,03 and TiO,-



nanoparticles, no study has systematically investigated their hybrid incorporation into an NR/SBR blend.
Furthermore, a direct comparison between individual and hybrid filler systems in the same rubber matrix
is missing. Most importantly, no optimization framework exists to balance the trade-offs between tensile

strength, compression set, and hardness when using such hybrid fillers.

This study-investigates three types of rubber nanocomposite blends based on NR/SBR filled with carbon
blacks and+Al,03-Ti0, hanoparticles, using both individual and hybrid incorporation methods. The
specific aims are: 1) To evaluate.the reinforcement effect of individual Al, 05 and TiO,, and hybrid Al,03-
Ti0, nanoparticles on the tensile strength, compression set, and hardness of NR/SBR vulcanizates. 2) To
compare the performance of single-filler versus hybrid-filler systems at different loadings. 3) To determine
the best filler composition (total loading and Al, 03: TiO, ratio of 2:3, 4.5, 6:7, and 8:10) for simultaneously

maximizing tensile strength and hardness.while minimizing compression set.

2. Materials and methods

Elastomers/rubbers employed in this study, namely NR (Natural Rubber RSS) and SBR (Styrene-
Butadiene), were provided by the public tire company Babylon in Najaf, Irag. In addition, carbon black
(N330) and the other filler materials listed in Table 1 were provided by the same company. Meanwhile, the
titanium dioxide nanoparticles (T'i0,) and aluminum oxide nanoparticles (4l,03) were used in this study,
with purities of 99.5% and 99.9%+, respectively, and sizes of 50-90nm and 20nm, respectively (supplied
by SkySpring Nanomaterials, Inc., USA). Rubber specimens for mechanical testing (tensile strength,
compression set, and hardness) were fabricated using a mixing process. The rubber compounds used are
listed in Table 1. A two-roll mill was employed to begin the mixing process: Thertemperature was

maintained at approximately 70 + 5 °C, as specified in ASTM D 3184-89, as shown in Fig. 1.
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Fig. 1. Schematic of NR/SBR nanocomposites fabrication and images of the sheet and samples of pre-post tensile testing.

Table 1. A formulation of the NR/SBR blend compound

Compounds name Parts per Hundred Rubber
NR 50
SBR 50
Zinc oxide 5
Streaic Aid 2
Carbone black CBS (N330) 50
Fillers* Parts per Hundred Rubber
P-oil 4
2-(4-morpholinothio)benzothiazole 0.8
Sulphur 1.8
N-(1,3-dimethylbutyl)-N"-phenyl-p-phenylene diamine 3.25

“According to Table 2



Alumina and titania nanoparticles were introduced into the NR/SBR blend using two methods: 1) single-
filler method: either alumina or titania was added alone as the filler material. 2) hybrid method: both
alumina and titania were incorporated into the rubber blend. Different filler loadings were used for each

method, as summarized in Table 2.

Table 2. Fillers loading (phr)

Samples Nano- Al,04 Nano-Ti0,
1 N/SB -

2 N/SB-Ti2 -
3 N/SB-Ti4 -
4 N/SB-Ti6 -
5 N/SB-Ti8
6

7

8

9

N O

N/SB
N/SB-AI3<Ti2
N/SB-AI5-Ti4
N/SB-AI7-Ti6

10 N/SB-AI10-Ti8

BE~owo:
oCoANO®O N

3. Mechanical Properties testing

3-1- Tensile test

Tensile testing was performed according to ASTM D412:"a tensile tester (Tensilmete) was used at room
temperature with a crosshead speed of 500 mm/min. The test samples sheet can be formed by compression
molding at 150°C and 35 MPa (350 bars), according to ASTM D3182, with'a cure time of 45 minutes. For
the tensile experiment, the specimens were prepared by cutting a 2 mm-thick molding rubber sheet, which
was then formed into dumbbell shapes. The dumbbell length and width were around 33+2 and 6.3+0.1mm,

respectively.

3-2- Compression test

The compression test specimens can be formed in accordance with ASTM D396 (Test Method B) by
compressing the mold to 350 bars at 150°C for 20 min, as per ASTM D3182. The compression device used

in this study consists of two flat steel plates on which the specimen can be compressed; the plates.are



sufficiently thick to withstand the compressive stresses without bending. Therefore, the compression set

C% can be calculated by assessing the percentage of the original deflection as follows:

Compression set C% = To=Ti 100% (1)

To—T,
\mathrm{Compression\ Set}\; C(\%)=\frac{T_o-T_i{T_o-T_n}\times100
Where;

T, = Original thickness of the rubber specimen

T; = Final thickness of the rubber.specimen, i.e., recovered thickness.

T,, = Thickness of the spacer bar.used, i.e., compressed thickness.

3-3- Hardness test

The test specimens for hardness were formed by compressing a mold at 350 bars for 15 min at 150°C,
according to ASTM D 3182. Hardness is tested with.a simple device called a rubber hardness tester, which
has a small needle, a calibrated scale for measuring hardness in units of [IRHD] (International Rubber
Hardness Degrees), and a small weight on top of the needle. By pressing a needle into the sample, the
sample is placed on the device's platform at the bottom, and the needle descends into the sample, recording

the meter reading at the top of the device in units [IRHD].
3-4- Scanning Electron Microscopy (SEM)

The selected samples were coated with gold using a Quorum Q300T-T turbo-pumped coating system, which
permits the deposition of layers between 2nm and 20nm to increase surface conductivity and inhibit
charging. The samples are now ready for SEM testing. The morphological images for these samples‘were

obtained by using an SEM instrument (FEI QuantaTM 650 3D FEG/FIB ESEMTM.



4. Results and Discussion

4-1- Tensile stress and strain

Breaksstressiand break strain values are recorded for five samples, and the final value is the average of these
samples. The findings exhibited the tensile strength behavior (break stress MPa and break strain %) of
NR/SBR blend. with two filling processes and different fillers loading, as shown in Table 3 and Fig. 2.
Generally,an increase in the percentage of fillers loading exhibited an increase in the stress strength and
break strain as expected, as shown in Fig. 2 (blue and red lines). However, the samples containing Al,05-
Ti0, hybrid nanoparticles exhibit ashigher maximum stress than those containing only Ti0, nanoparticles.
N/SB-AI10-Ti8, which contains 10 phr of nano-Al, 03 and 8 phr of nano-T'i0,, had the highest break stress
at 27.931+0.709 MPa, followed by.the N/SB-AI7-Ti6 sample, which reached 27.475+0.854 MPa. On the
other hand, the maximum break stress for«the sample containing only Ti0, nanoparticles is 22.833+0.75,
in which there is a difference in stress of ~ 5 MPa; which could be attributed to the strengthening of the
interaction between Al, 05 nanoparticles and carbon black,driven by their microstructure, which prompted
an extension of the mechanical behavior. Interestingly, the samples containing nano-Al, 05 at 5 phr or
above showed a significant increase in tensile strength (breakistress and break strain), reaching twice the
value of those below 5 phr. Hence, it could be concluded that Ti@, with Al, 03 nanoparticles are scattered
in the cross-linked natural rubber NR strengthened SBR matrix, resulting in this matrix positively
interacting with the TiO, and Al,03 nanoparticles simultaneously, where they.are in link, which is
consistent with Hayeemasae et al. [35], stated that the elongated shape.of TiQ, nanoparticles could
effectively adsorb molecular chains under thermal conditions, thereby increaSing the contact distance with
the natural rubber molecular chains. Therefore, the NR matrix chains are less decomposed, and the thermal
stability of natural rubber is enhanced by the collaborative interfacial adhesion of natural rubber with titania
nanoparticles reinforced with alumina nanoparticles, which shows that the rubber matrix reinforced with
nano-Ti0, and nano-Al, 05 exhibits a significant enhancement in mechanical properties comparedto nanos

Ti0, alone as a filler.



Table 3. Findings of break stress, break strain, compression set, and hardness for NR/SBR blend with different

loading of Al,04 and Ti0, nanoparticles. The values are calculated via meantstd. deviation.

Samples Break stress Break strain% Compression set Hardness
(MPa) Mean (MPa) % IRHD
N/SB 18.536+0.98 504+5.21 25.6+2.2 62+4
N/SB-Ti2 20.233+0.872 510+6.2 2454125 6216
N/SB-Ti4 21.88+0.541 515+5.1 22.96+3 6615
N/SB<T16 22.222+0.439 521+4.7 20.87+1.5 68+3
N/SB-Ti8 22.833£0.75 525+5.6 19.65+1.3 69+3
N/SB 18.536+0.98 504+5.21 25.6+2.2 62+4
N/SB-AI3-Ti2 23:175+0.837 515+3.2 25.2+2.5 65+5
N/SB-AI5-Ti4 25.231+0.661 520.2+5.1 24.96x2 67+6
N/SB-AI7-Ti6 27.475+0.854 537+4.7 24.78+1.5 69+4
N/SB-AI10-Ti8 274931+0.709 555.6+5.6 24.66+1.3 7245
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Fig. 2. Break stress and strain for NR/SBR blend with Al, 03 and TiO, nanoparticles loading.
4-2- Compression set
Fig. 3 represents the results of the compression set of NR/SER reinforced Al,05 and Ti0O, nanoparticles.

The compression set, C%, decreased proportionally with increasing percentages of Al,05; and TiO,

nanoparticles. The minimum compression set (C%) was observed at N/SB-Ti8, with a value of 19.65+1.6%.



Interestingly, this is in contrast to the tensile behavior shown in Table 3 and Fig. 3, which revealed that
tensileistress increases with increasing percentages of Al,03 and Ti0, nanoparticles. However, adding

nano-Al, 03 can enhance the compression set C% to 24.66+1.3% in the N/SB-AI10-Ti8 sample.

The hybrid filler.system demonstrated a highly favorable synergistic effect, simultaneously enhancing the
tensile strength; hardness, and compression set resistance of the rubber blend. Specifically, the compression
set decreased from 25.6+2.2% to 24.66+1.3%, indicating superior dimensional stability under static load,
as shown in Table 3. The unigue architecture of the hybrid network governs this uniform improvement
across different deformation modes:In tensile and indentation modes, the well-dispersed fillers act as rigid
reinforcements, restricting chain‘slippage.and increasing hardness and tensile strength. Conversely, under
compressive loading, this interconnected hybrid network functions as a localized mechanical spring system
[36]. The strong interfacial bonding,between the hybrid fillers and the polymer matrix allows for efficient
energy storage during compression, preventing.macromolecular relaxation and permanent deformation.
Upon removal of the compressive strain, this stored elastic.energy drives rapid and complete dimensional
recovery of the matrix, thereby reducing compression set, which demonstrates that the hybrid system

successfully bridges the typical trade-off between materialrigidity and elasticity [37].
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Fig. 3. Compression set for NR/SBR blend with Al,05 and TiO, nanoparticles loading.



4-3- Hardness

The hardness findings showed that the NR/SBR samples can withstand surface scratching. Hardness values
are recordedfrom five readings at different points on the sample's surface, and the final hardness value is
the average of these readings. Generally, when filler loading percentages were enriched, the hardness value
was increased as expected, as shown in Table 3 and Fig. 4. The samples containing Al,03-Ti0, hybrid
nanoparticles have'a maximum hardness in comparison to the samples containing only Ti0O, nanoparticles.
N/SB-AI10-Ti8, containing 10 phr of nano-Al,03 and 8 phr of nano-Ti0,, had the highest hardness,
reaching 7245 IRHD. It is slightly:higher than the N/SB-Ti8 sample, amounting to 69+3 IRHD. This
behavior is similar to tensile’behavior and unlike the compression-set findings, as demonstrated in Figs. 2
and 3. The NR/SBR's superior smechanical behavior, reinforced with alumina and titania hybrid
nanoparticles, and particularly its impact.on surface resistance, could be attributed to the microstructure
and ordering of the cross-linked NR/SBR matrixswith both nanoparticles used in this study. SEM images
can reveal alumina and titania nanoparticlesand the range of-their overlap in the rubber matrix, which could
inhibit surface crack propagation. In contrast, the® NR/SBR_blend is reinforced with only titania

nanoparticles.
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Fig. 4. Hardness [IRHD] for NR/SBR blend with Al,05 and Ti0O, nanoparticles loading.

4-4- Scanning Electron Microscopy (SEM)

The<electron microscope was employed in this work to investigate and identify alumina and titania
nanoparticles andithe range of overlap in the rubber matrix. Fig. 5 illustrates the shapes of alumina
nanoparticles, which range from 90 nm to 60 nm. On the other hand, as could be seen from the scanning
electron microscopy, the titania nanoparticles were of a shape. These particles appeared to have a regular
size and shape that overlapped in the rubber matrix, with a size of ~20 nm, as shown in Fig. 5. This is
because the N/SB-AI10-Ti8 sample'showed the best tensile strength and hardness among the samples. Thus,
the N/SB-AI10-Ti8 sample showed the.best tensile strength and hardness among the samples. Fig. 5
presents a scanning electron microscopy (SEM) image of the N/SB-A110-Ti8 sample at a magnification of
2000X. The image reveals the dispersionsstate of the hybrid Al.Os—Ti02 nanoparticles within the NR/SBR
matrix. Most nanoparticles appear as individualsparticles or small clusters (< 1 um in diameter). Large
agglomerates (> 1 um) are rare. However, high‘nanoparticle loadings often induce filler agglomeration,
which strongly influences the composite's ultimate properties [38]. The interface between the nanoparticles
and the rubber matrix appears intact, without gaps or pull-out/holes, suggesting good interfacial adhesion.
On the other hand, the particles are spread evenly across the/field.of view, with no preferential accumulation
in one region, and the average inter-particle distance is estimated to be‘approximately 0.1-1.0 um. These
features are attributed to the filler system's hybrid nature. Al,05 and Ti0, nanoparticles mutually inhibit
each other’s agglomeration during mixing, resulting in a dispersion quality'that i§ rarely achieved with

single nano-fillers at similar loadings [39].
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Fig. 5¢The SEM images of the N/SB-AI10-Ti8 sample.

As shown, different materials at'the nano- and micro-scale, including natural rubber, synthetic rubber,
metallic nanoparticles, and graphene nanoplatelets, have been integrated into industrial and medical
applications [40-42]. One of the limitations of this study is the absence of statistical analysis e.g., ANOVA
or t-test). Future investigations should employ this kind of analysis. Other limitations of the present study
include the full elemental analysis (EDS) to validate SEM-interpretations. Thus, these influences should be

considered in future research.

5. Conclusion
In this study, the mechanical behavior of an NR/SBR blend«ubber was investigated by introducing filler
materials, including carbon black as a reinforcement filler and alumina and titania nanoparticles. A
mechanical methodology was applied to assess the mechanical behavior of two.materials, namely Al,05
and Ti0,. Their mechanical behavior under different filler loading was studied by the stress-strain strength,
compression set, and hardness, which were determined in order to associatestheir #ormingswith their
mechanical performance. It can be concluded that nano alumina and nano titania with the reinforeement
filler (carbon black) have the potential to enhance the mechanical behavior of NR/SBR blend since the
superior mechanical performance involving the tensile strength and the hardness was for the NR/SBR blend
which was reinforced with Al,05 and TiO, hybrid nanoparticles in comparison to that using nano-titania

single. On the other hand, the compression set showed a lower proportionality with the rise in the



percentages of only TiO, and Al,05 and TiO, hybrid nanoparticles; however, a distinctive enhancement

was observed for samples that were used as hybrid nanoparticles.
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