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1. Introduction

Masterbatch strategy for enhanced filler
dispersion and reinforcement of zirconia-filled
NBR composites
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@ Bharat P. Kapgate® and

The reinforcement of elastomeric composites by inorganic non-black fillers such as metal oxides is
primarily governed by their shape, size, and state of dispersion. However, the filler incorporation
technique can also play a critical role in this regard. This study investigates the efficacy of a masterbatch
approach for in situ zirconia reinforced nitrile butadiene rubber (NBR) composites. A comprehensive
characterization of all the composites is carried out, including evaluation of their rheological, thermal,
mechanical, morphological and dynamic mechanical properties. This approach is found to be very
efficient in strengthening composite properties, such as enhancements in their mechanical and thermal
properties, along with other properties like aging resistance, viscoelastic behaviour and compression set.
The masterbatch-derived 20 phr zirconia containing NBR composite shows better performance than
externally filled zirconia-NBR composite at the same filler content. The masterbatch approach ensures
superior filler dispersion and enhanced interfacial interaction. Beyond performance metrics, this method
represents a greener approach by reducing solvent usage and energy input with respect to the purely
sol—gel derived in situ filler incorporation method, aligning with sustainable development goals and pro-
moting eco-friendly material processing.

Although significant interest has been devoted to alumina
and titania-based rubber composites, interest in zirconia has

The reinforcement of rubber by adding a suitable reinforcing
filler is a key step in achieving the desired mechanical proper-
ties and other strength-related properties in the composites
to make them suitable for various commercial applications."?
In recent times, the range of fillers for reinforcing rubber
composites has been extended from widely used carbon black
(CB) to other non-black fillers.>”> Among the inorganic non-
black fillers, silica is highly recognized for its superior trade-off
in terms of fuel efficiency and wet handling ability due to a
smaller rolling loss compared to rubber composites filled with
CB.*” Titania and alumina also offer a number of advantageous
properties in addition to notable reinforcement efficiency.®°
Zirconia is another emerging potential filler in the area of
rubber composites because of its multiple advantages, includ-
ing its biocompatibility, thermal stability and rigidity."*™*
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been limited. However, the incorporation of these metal oxides
into elastomeric matrices with a very good state of dispersion
remains challenging due to their strong interparticle inter-
action, high surface energy, and lack of compatibility with
organic rubber matrices.'>™"” Among the various strategies that
have been attempted to overcome this issue, surface modifica-
tion of fillers by suitable coupling agents (mostly organosi-
lanes) remains very successful.'®>° Another highly effective
approach involves the in situ sol-gel generation of inorganic
oxide particles within the rubber matrix. In this process,
the formation of the filler phase in the presence of polymer
chains promotes strong interfacial interactions and uniform
dispersion.**™>*

In recent past, our group has reported several works using
this method, in which in situ generated zirconia in the rubber
matrix has proven to be an excellent reinforcing filler for
various rubber and rubber blend composites.'*14161925 Hoyy-
ever, these approaches typically rely on solvent assistance or
latex-based solution assistance with prolonged reaction time,
which limit their industrial applicability. To address these
limitations, the masterbatch approach seems to be an effective
alternative, enabling the transfer of sol-gel derived dispersion
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quality into conventional rubber compounding routes while improv-
ing processability and scalability.* In this approach, the filler is pre-
dispersed at a high concentration in a polymer carrier or rubber latex
and subsequently incorporated during compounding. This results in
improved filler distribution, enhanced process control and more
consistent product quality.**>®

A considerable number of studies have reported master-
batch-based strategies in which a pre-synthesized, unvulcanized
elastomer masterbatch is used as a stock and subsequently
blended with raw rubber in appropriate proportions to obtain
composites with optimized formulations and tailored properties.
This approach has been successfully adopted for various elasto-
mers including natural rubber (NR),?>*° styrene-butadiene rubber
(SBR),*"*? epoxidized natural rubber (ENR)*® and nitrile buta-
diene rubber (NBR),*’ to incorporate diverse filler systems such
as graphene,” silica,®® clay,®® lignin,*® and carbon black®
through wet mixing, solution compounding, melt mixing, or
latex compounding routes, leading to significant enhance-
ments in the mechanical properties and other functional
properties of rubber composites.*** In terms of NBR specifi-
cally, Balachandran et al. prepared NBR-nanocalcium carbo-
nate (NCC) composites using an internal mixing-based
masterbatch approach followed by two-roll milling. Improved
filler dispersion resulted in superior mechanical, dynamic
mechanical, thermal, and barrier properties compared with
NBR-NCC composites; however, higher NCC loadings led to
aggregation-induced performance deterioration.*> The same
group extended this masterbatch-based approach to NBR-
nanoclay nanocomposites prepared via a two-stage compound-
ing process, which significantly influenced their mechanical,
dynamic mechanical, and thermal properties, including solvent
sorption and gas permeation behavior.>* Zhou et al. reported
that ultra-high molecular weight polyethylene and graphite
fluoride emerged as the most effective fillers, exhibiting super-
ior tribological performance among the fillers studied.*®

In light of this background, we have integrated a master-
batch strategy with in situ zirconia loading in NBR. Initially, an
unvulcanized NBR masterbatch containing a high zirconia
loading (40 phr) is prepared via in situ incorporation of zirco-
nia. This masterbatch is subsequently blended with raw NBR in
appropriate proportions to systematically dilute the filler con-
tent and then vulcanized to yield composites with the desired
zirconia loadings. This approach offers a good state of disper-
sion of zirconia in the rubber matrix, along with enhanced
zirconia-rubber interfacial interactions, compared to zirconia-
filled NBR composites prepared by the conventional external
addition of zirconia through two-roll milling. The thermal,
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mechanical, dynamic mechanical, curing and other properties
of all the composites were comprehensively evaluated and
comparatively analyzed to elucidate the effectiveness of the
masterbatch-assisted in situ zirconia incorporation approach in
enhancing the performance of zirconia-filled NBR composites.

2. Experimental

2.1. Materials

Nitrile butadiene rubber (34% acrylonitrile content and KNB-
35L grade) was purchased from Rajchem (Mumbai, India).
A solution of zirconium(iv) propoxide (zirconia precursor,
70% in 1-propanol) was procured from Sigma Aldrich (India).
Toluene and tetrahydrofuran (THF) (purity >99%) were bought
from Fisher Scientific Ltd (India). Zirconia powder (purity 98%,
particle size 11-39 um) was obtained from Loba Chem., India.
Curing ingredients were supplied by Indian Rubber Materials
Research Institute, Thane, Mumbai.

2.2. Preparation of composites

First, we prepared an in situ zirconia (40 phr) filled NBR
composite following a reported method."® This composite was
used as the masterbatch. For this purpose, 100 g of NBR
fragments were dissolved in 800 mL of tetrahydrofuran (THF).
The solution was then stirred, after which 146 ml of the
zirconia precursor (zirconium(iv) propoxide solution) was
added. Subsequently, 16 mL of water was added, and the
mixture was continuously stirred for 1 h. The mixture was then
subjected to a four-day period of gelation, followed by vacuum-
drying of the gel at 80 °C. Next, for the preparation of the 5 phr
zirconia containing composite (NBR-M-5-Zr), 17.5 g of the
above stock was mixed with 87.5 g of raw NBR on a two-roll
mill for a duration of 5 min. After this, the curing compounds
were incorporated (Table 1). Mixing was continued until a
homogeneous mixture was obtained, and finally, the mixture
was cured at 160 °C in a mold according to its cure time
(obtained from the curing study). This gave 5 g of zirconia
per 100 g of NBR in the resultant composite, which is desig-
nated as NBR-M-5-Zr. In the same manner, the composites
NBR-M-10-Zr and NBR-M-20-Zr were also prepared. Here, the
letter M in the sample code represents masterbatch-derived
rubber composites.

Unfilled and NBR-Ex-20-Zr composites were also prepared
for comparison purposes. The NBR-Ex-20-Zr composite
was prepared by masticating 100 g of raw NBR on a two-roll
mill for 2 min. Next, 20 g of commercial zirconia was added,
followed by compounding with -crosslinking ingredients.

Table 1 Formulation of rubber composites expressed in phr (parts per hundred parts by weight of rubber)

Sample code Unfilled Stock NBR-M-5-Zr NBR-M-10-Zr NBR-M-20-Zr NBR-Ex-20-Zr
NBR 100 100 100 100 100 100

In situ zirconia — 40 — — — —

Master batch zirconia — — 5 10 20 —

Ex situ zirconia — — — — — 20

Curing ingredients (in phr): ZnO: 5, stearic acid: 2, MBTS: 1.5, sulfur: 3.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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A similar procedure without the addition of filler was adopted
to prepare the unfilled NBR composite. All the composites were
then cured on a hot press at 160 °C in a mold, according to their
respective curing times.

2.3. Characterization

Cure characteristics were studied using a MDR Xgen100 mov-
ing die rheometer. Samples were subjected to a sinusoidal
strain amplitude of 0.5° at a constant frequency of 1.66 Hz
and a temperature of 160 °C, in accordance with the ISO 6502-2
standard. The reinforcing potential of the zirconia (o) was
calculated using the following equation:**

(AMf/AMo - 1)
o= \—"

w

1)

Here, AM, and AM;y represent the torque differences for the
unfilled and filled rubber composites, respectively, and w
denotes the weight fraction of zirconia in the rubber com-
pound. X-ray diffraction (XRD) analysis was performed at room
temperature using a Bruker D8 AVANCE diffractometer with
Cu-Ko radiation (1 = 1.5406 A) over a 20 range of 5-90°.
Scanning electron microscopy (SEM) was carried out using a
field-emission SEM instrument (Zeiss EVO 18 Special Edition)
with a working distance of 5 mm and an accelerating voltage of
5-10 kV. An Oxford INCAX-ACT, a sophisticated analytical
instrument, was utilized for the precise identification of spe-
cific elements present within the composites under investiga-
tion. Stress-strain measurements were performed on a
universal testing machine (H10KT, Tinius Olsen, UK) using
ASTM D412 dumbbell specimens, a 500 N load cell, and a
crosshead speed of 200 mm min~" at ambient temperature, in
accordance with ISO 527. The hardness measurements were
conducted using a Shore A durometer (BSE Testing Machine,
India) in accordance with ASTM D2240. The crosslink density
(v) was determined from equilibrium swelling measurements
using the Flory-Rehner equation.’®?® The viscoelastic strain
sweep behavior of the uncured NBR composites was evaluated
using a Rubber Process Analyzer (RPA 2000, Alpha Technolo-
gies) at 100 °C and 1.7 Hz over a strain range of 0.25-300%.
The circular samples were subjected to compression set
study as per the ASTM D 395 standard for a duration of 24 h
at 100 °C. A Stell spacer was used during the experiment to
provide the recommended compression. The compression set
percentage was calculated using the following formula:

Io— 1§
fo — Is

x 100

(2)

Table 2 Curing data of unfilled and zirconia-filled NBR composites
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where t; and ¢, are the final and initial thickness of the sample,
respectively, and ¢, is the height (in mm) of the spacer used.

Thermal analysis was performed using a TG-DTA analyzer
(TG-DTA 7200, Hitachi, Japan) from 40 to 800 °C at a heating
rate of 10 °C min~' under nitrogen atmosphere. The glass
transition temperature (Ty) was obtained from DSC measure-
ment (DSC 204 F1, NETZSCH, Germany) after preheating the
samples to 200 °C, cooling to —40 °C, and scanning from —35 to
35 °C at 5 °C min~'. Dynamic mechanical analysis was con-
ducted using a DMA (Eplexor 2000 N, Gabo Qualimeter,
Germany) over —50 to 50 °C at 10 Hz and 2 °C min~'. Aging
resistance was evaluated following ISO 37 by aging specimens
at 100 °C for 72 h and comparing the mechanical properties of
aged and unaged samples.

3. Results and discussion

In this work, we first prepared an in situ zirconia-filled NBR
composite following a reported method,"* in which the zirconia
content was 40 phr (parts per hundred parts by weight of
rubber). This was utilized as a stock or masterbatch. Then, a
calculated amount of this zirconia-containing NBR master-
batch was mixed with unfilled NBR in a suitable proportion
to prepare 5, 10 and 20 phr zirconia-containing NBR compo-
sites. Two other composites were prepared for comparison
purposes (unfilled NBR and an externally zirconia-filled com-
posite (NBR-Ex-20-Zr). In-depth characterization of the compo-
sites was carried out, and the results have been analyzed and
interpreted in the following section.

3.1. Curing study of zirconia-filled NBR composites

The rheological behavior of all composites is summarized in
Table 2 and Fig. 1(a). The minimum torque (M) and maximum
torque (My) are directly related to the viscosity and modulus of
the rubber composites, respectively, while the 4 torque (R.,) is
directly related to the crosslinking density of the rubber
composites.'>*® All the zirconia-filled NBR composites show
enhanced M;, My, and R, values compared with the unfilled
rubber. Furthermore, at the same zirconia content, the values
are higher for the masterbatch-derived composite (NBR-M-20-
Zr) than for the externally zirconia-filled composite (NBR-Ex-20-
Zr). The cure time also is influenced by the filler incorporation
technique, and was found to be longer for the masterbatch-
derived composite than the externally filled composite at same
zirconia content. It can be noted that the trend of increasing
cure time and decreasing cure rate index (CRI) with the

Sample code Unfilled NBR-M-5-Zr NBR-M-10-Zr NBR-M-20-Zr NBR-Ex-20-Zr
Minimum torque (M;) (dNm) 1.09 1.09 2.29 4.57 1.19
Maximum torque (My) (dNm) 12.83 23.37 34.90 37.28 15.41
A torque (R,,) (dNm) 11.74 22.28 31.61 32.71 14.22
Cure time (fo) (min) 9.32 14.06 15.39 23.36 11.32
Cure rate index (CRI) 13.98 8.10 6.96 4.51 11.94
Reinforcing potential (o) = 18.86 18.62 10.71 2.32
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Fig. 1 (a) Curing behaviour and (b) X-ray diffraction patterns of an unfilled and NBR composites filled with zirconia.

addition of zirconia is similar to that observed in our earlier
work." Additionally, the value of reinforcing potential calcu-
lated using eqn (1) was found to be maximum for NBR-M-20-Zr,
which was 5 times higher than that of NBR-Ex-20-Zr. Therefore,
the results of the rheological study indicate that composites
synthesized using the masterbatch approach demonstrate bet-
ter rheological performance. A detailed study was conducted to
validate this improvement and is discussed in the subsequent
section.

3.2. Physical state of zirconia in the rubber matrix

The physical state of the zirconia, as well as its distribution in
the elastomeric matrix, play vital roles in determining the final
properties of the composites.®® This was investigated for
selected uncured samples using the XRD and FE-SEM techni-
ques. In general, the sol-gel process yields amorphous zirconia,
which can be transformed into a crystalline phase upon sui-
table heat treatment (calcination).>”*® As shown in Fig. 1(b),
the in situ generated zirconia is amorphous in nature in the
composite NBR-M-20-Zr synthesized by masterbatch approach.

Notably, the change in the hump position with the addition of
zirconia relative to unfilled NBR in the XRD curve indicates the
presence of amorphous zirconia in rubber matrix. A similar
type of observation was reported in our earlier publication."
Notably, in case of the externally zirconia-filled composite, in
which zirconia was added by external mixing, the zirconia is
clearly seen to be crystalline in nature.

The distribution of zirconia and its size in the NBR compo-
sites prepared using the two different approaches were exam-
ined for selected samples via FE-SEM micrographs, which are
presented in Fig. 2. In the micrographs, the zirconia particles
are seen as bright spots against the dark region representing
the NBR matrix. Notably, a more uniform dispersion of zirconia
with negligible agglomeration is observed in the case of the
composite prepared using the masterbatch approach (NBR-M-
20-Zr) (Fig. 2a). In contrast, the externally filled composite
(NBR-Ex-20-Zr) shows poor dispersion of zirconia with the
appearance of large aggregates (Fig. 2b). As expected, the
masterbatch-derived composite shows better dispersion of
zirconia than the externally filled composite at the same filler

Fig. 2 FE-SEM micrographs of (a) NBR-M-20-Zr and (b) NBR-Ex-20-Zr. Elemental mapping images of (c) NBR-M-20-Zr and (d) NBR-Ex-20-Zr. EDX

spectra of (e) NBR-M-20-Zr and (f) NBR-Ex-20-Zr.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2026, 7, 2882-2891 | 2885


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01078k

Open Access Article. Published on 11 February 2026. Downloaded on 4/12/2026 6:24:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Materials Advances Paper
Table 3 Stress—strain data of unfilled and zirconia-filled NBR composites
Sample code Unfilled NBR-M-5-Zr NBR-M-10-Zr NBR-M-20-Zr NBR-Ex-20-Zr
Ts00 (MPa) 0.512 £+ 0.04 0.516 + 0.05 0.880 £ 0.02 0.987 + 0.11 0.364 £ 0.05
G1009% (MPa) 0.678 £ 0.02 0.920 + 0.06 1.56 £+ 0.07 2.10 £ 0.22 0.612 £ 0.04
2000 (MPa) 0.817 + 0.02 1.50 4+ 0.05 3.36 + 0.12 5.04 + 0.40 0.832 + 0.04
300% (MPa) 1.02 £ 0.01 2.15 & 0.01 2.41 + 0.51 7.01 &+ 0.10 1.04 + 0.05
Tensile strength (MPa) 1.41 + 0.02 3.12 £+ 0.10 4.16 £+ 0.34 7.51 + 0.05 2.00 + 0.05
Elongation at break (%) 414+ 6 399 + 12 236 + 12 281 + 18 535.33 £ 26
Crosslinking density (v x 10™%) 3.64 5.47 7.78 8.20 5.27
Reinforcing efficiency (RE) — 0.051 0.097 0.085 0.004
Mean hardness 30.4 36.8 37.4 46.6 33.4
8 network structure, thereby limiting chain extensibility and
— = Unfilled , reducing overall deformability. This behavior is consistent
- Egﬁ‘x‘%z; ! with the reinforcement mechanism typically observed in in situ
R -M-10-Zr e .
64 | — NBR-M20-Zr ,” filled NBR composites.'?
- NBR-Ex-20-Zr L’ The reinforcing efficiency (RE)'®" was determined using
/
= 57 ’ eqn (3):
: /
=2 0100%yi11ea — O100% un fi
~ 4 . ’ o RE = J100%itea — O100%5un filled 3)
£ s P W% i,
n 3 e - -
P - - - s
P _-" _.-7 where 100% 104 and 0100%,,,p1.4 AT€ the 100% modulus of the
zirconia-filled and unfilled composite, respectively.
As presented in Table 3, the in situ zirconia-filled composites
show better reinforcing efficiency (RE) compared to the other
0 T T T T T samples, with NBR-M-20-Zr exhibiting a markedly higher RE
0 100 200 300 400 500

Strain (%)

Fig. 3 Stress—strain curves of unfilled and zirconia-filled NBR composites.

content (Fig. 2c and d). The presence of zirconia in the
composites was confirmed via EDX analysis, which revealed
characteristic Zr and O peaks (Fig. 2e and f).

3.3. Mechanical response of rubber composites

In this section, an in-depth study of the stress-strain behaviour,
viscoelastic behavior, and compression set of the composites is
presented.

3.3.1. Stress-strain properties. The stress—strain results of
the composites are presented in Table 3 and Fig. 3. All the
zirconia-filled composites show an overall enhancement in
tensile properties compared to unfilled NBR, confirming the
reinforcing effect of zirconia. At a zirconia loading of 20 phr,
the masterbatch-derived composite (NBR-M-20-Zr) exhibits
higher moduli at low deformations (6500, T100%, and 2009)
than the externally filled composite (NBR-Ex-20-Zr). Notably,
NBR-M-20-Zr exhibits a tensile strength of 7.51 MPa, which is
nearly four times higher than that of NBR-Ex-20-Zr. This is
attributed to the uniform dispersion of the in situ generated
zirconia and stronger rubber-filler interactions achieved
through the masterbatch approach, enabling efficient stress
transfer during deformation. However, the elongation at break
of NBR-M-20-Zr is the lowest among the composites (281%),
which can be correlated with its highest crosslink density
(Table 3). The increased crosslink density leads to a stiffer

2886 | Mater. Adv,, 2026, 7, 2882-2891

than NBR-Ex-20-Zr at the same filler loading. In addition, the
hardness increases consistently with the zirconia content in the
masterbatch-derived composites, whereas the externally filled
composite (NBR-Ex-20-Zr) shows a negligible effect. Notably,
NBR-M-20-Zr exhibits the highest hardness among all samples.

3.3.2. Viscoelastic behaviour of the zirconia-filled rubber
composites. Fig. 4 presents the viscoelastic behaviour of the
composites as a function of strain. The dependence of the
dynamic moduli on strain amplitude at a constant temperature
and frequency is known as the Payne effect.>® At higher strain
levels, however, the rate of network destruction exceeds that
of reassembly, leading to a reduction in storage modulus.*®
At lower strain, the filler—filler interactions are stronger and
more dominant in the zirconia-filled composites, whereas at
higher strain, these interactions are progressively suppressed,
resulting in a steady decrease in modulus. As shown in Fig. 4(a),
the masterbatch-derived composites show a considerable Payne
effect, with the appearance of a maximum in the loss factor at a
deformation level above 10 (Fig. 4(b)). Furthermore, the com-
posite filled with 20 phr of zirconia (NBR-M-20-Zr) shows the
highest Payne effect. On the other hand, the externally filled
composite (NBR-Ex-20-Zr) with the same filler content shows a
negligible Payne effect. This is due to the uneven distribution of
zirconia for this composite.

3.3.3. Compression set study. Compression set is the per-
manent deformation of rubber composites, which measures its
ability to retain elastic properties after prolonged compression
under specified conditions. In general, a lower compression set
indicates better elastic recovery and superior elastic properties
of the material.*"**> As shown in Fig. 5, both the masterbatch

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Storage modulus and (b) loss factor (tand) as a function of dynamic strain (%) for the unfilled and zirconia-filled NBR composites.
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Fig. 5 Compression set of unfilled and zirconia-filled NBR composites.

derived and externally zirconia-filled composites at 20 phr show
lower compression set than that of the unfilled NBR. However,
the composite prepared via masterbatch approach (NBR-M-20-
Zr) shows the lower value. Further, the higher value of compres-
sion set for the externally zirconia-filled composite (NBR-Ex-20-
Zr) might be because of the poor interaction between rubber
and zirconia as evidenced from morphological and other
studies. Hence, it is very clear that the masterbatch-derived
composite can better retain its elastic properties.

It is well established that the static compression set beha-
viour of NBR is strongly influenced by the filler type, loading,
and dispersion quality. Several studies have indicated that
fillers typically reduce compression set by restricting chain
mobility and enhancing network stability. However, it should
be noted that the improvement is not invariably monotonic.
Carbon black-, silica-, and nanoclay-filled NBR composites
demonstrate optimal reduction at suitable loadings. Conver-
sely, excessive filler content or inadequate dispersion results in
elevated permanent deformation.**™** The superior compres-
sion set performance of the masterbatch-derived zirconia-filled

© 2026 The Author(s). Published by the Royal Society of Chemistry

NBR composites observed in this work is in accordance with
the trend of filled NBR composites reported in literature.*>™**
This highlights the critical role of the filler incorporation
method and network integrity, rather than just the presence
of filler alone.

3.4. Thermal behaviour of the rubber composites

3.4.1. Thermogravimetric study. The results of the thermo-
gravimetric studies of unfilled and 20 phr-containing compo-
sites are shown in Table 4 and Fig. 6(a). The incorporation of
zirconia into the NBR matrix enhances the thermal stability of
the composites, which is reflected by the increase in both the
onset degradation temperature (Tonser) and the temperature
corresponding to maximum weight loss (Tjnax). These values
are slightly higher for NBR-M-20-Zr compared to those of NBR-
Ex-20-Zr. The enhanced thermal stability is achieved through
the uniform dispersion of zirconia within the NBR matrix.
Additionally, the refractory nature of zirconia facilitates its
capacity to absorb and dissipate heat effectively, thereby retard-
ing the thermal degradation of the rubber matrix.*>

3.4.2. Differential scanning calorimetry (DSC). The glass
transition temperatures (T,) of the selected samples are sum-
marized in Table 4 and illustrated in Fig. 6(b). An increase in T,
to —24.5 °C (NBR-M-20-Zr), compared to 28 °C for unfilled NBR,
is evident in the composites prepared via the masterbatch
approach. This increase in T, is attributed to restricted seg-
mental mobility of the rubber chains arising from the uniform
dispersion of zirconia and enhanced rubber-filler interactions.
Conversely, the externally filled composite demonstrates a
decrease in Ty to —30.6 °C at an equivalent filler loading, which
is indicative of inadequate filler dispersion and deficient inter-
facial interactions. Agglomerated zirconia particles exhibit

Table 4 Thermal data of unfilled and zirconia-filled NBR composites

Sample code Unfilled NBR-M-20-Zr NBR-Ex-20-Zr
Tonset (°C) 407.5 412.7 411.4
Tinax (°C) 438.5 457.7 455.7
T, (°C) —28.0 —24.5 —30.6
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reduced efficacy in constraining polymer chain motion, poten-
tially resulting in the formation of localized regions of
increased free volume. This phenomenon has been observed
to lead to a decrease in the glass transition temperature (Tj),
a finding that aligns with prior studies on similar filler
systems.'>?*

3.5. Dynamic mechanical analysis (DMA)

The effect of zirconia loading on the dynamic performance
of the composite, its reinforcing capability and rubber filler
interaction were examined for selected composites using
dynamic mechanical analysis (DMA). As observed in Fig. 7(a),
at 20 phr of zirconia, the masterbatch derived in situ zirconia-
filled composites exhibit a higher storage modulus compared
to that of the unfilled and externally filled NBR composite in
the rubbery region. This is the consequence of the even
distribution of zirconia in the NBR matrix, as noted previously.

The temperature dependence of the loss tangent (tand) is
presented in Fig. 7(b). The masterbatch-derived composite
(NBR-M-20-Zr) exhibits a shift in the tan ¢ peak towards higher
temperatures in comparison to unfilled NBR, indicating
restricted segmental mobility due to the effective dispersion

2888 | Mater. Adv, 2026, 7, 2882-2891

and enhanced reinforcing effect of the in situ generated zirconia.
Furthermore, a reduction in the tand peak height is observed

B Change in stress at 100 %
28 77/ Change in tensile strength

Change in tensile properties

0
—
1

24

Unfilled NBR-M-20-Zr NBR-Ex-20-Zr

Sample code

Fig. 8 Changes in tensile properties of unfilled and zirconia-filled NBR
composites after aging.
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relative to the unfilled sample, suggesting decreased energy
dissipation. These results collectively indicate increased stiffness
and elastic response in the masterbatch-prepared composite.?

3.6. Aging resistance study

The aging resistance of selected composites was evaluated by
comparing their tensile properties before and after thermal
aging. During the aging process, various chemical reactions,
including crosslink formation, crosslink breakage, and polymer
backbone scission, may occur, all of which directly influence
the tensile behavior of rubber composites.*®*” As shown in
Fig. 8, the stress at o199, Strain increases after aging, possibly
because of further curing at high temperature.*® However, the
tensile strength after aging was found to increase only for the
composite prepared via the masterbatch approach (NBR-M-20-Zr).
A similar type of result was reported by our group for an in situ
zirconia-filled rubber composite in which the tensile strength
increases after aging.'® This finding highlights the positive impact
of the masterbatch approach on the aging performance.

4. Conclusions

In this study, the masterbatch approach was adopted to reinforce
NBR with in situ incorporated zirconia. X-ray diffraction (XRD)
analysis verified the amorphous nature of the in situ zirconia in the
composite prepared by the masterbatch approach. Scanning elec-
tron microscopy (SEM) revealed that this approach facilitates a
more uniform dispersion of zirconia within the NBR matrix
compared to the externally filled composite. This results in sub-
stantial enhancements in mechanical and thermal properties, with
the masterbatch-derived composite (NBR-M-20-Zr) demonstrating
superior performance in comparison to its counterparts (NBR-Ex-
20-Zr). In the rubbery region, this composite exhibits a higher
storage modulus, indicating improved elasticity and network integ-
rity. Additionally, a positive shift and reduction in the tan ¢ peak for
NBR-M-20-Zr suggests lower energy dissipation and enhanced
dynamic mechanical stability. Furthermore, NBR-M-20-Zr shows a
good response in aging resistance and compression set studies,
highlighting the practical applicability of such composites. Beyond
performance metrics, this method offers a greener and more
sustainable approach compared to the purely sol-gel-derived
in situ filler incorporation method. It significantly reduces solvent
and energy consumption, which are major environmental concerns
in the conventional sol-gel process. Given its combined benefits of
performance enhancement and process efficiency, the masterbatch
method represents a promising scalable strategy for fabricating
high-performance rubber composites. Future studies should focus
on expanding this technique to other elastomerfiller systems,
optimizing filler loadings, and conducting comprehensive physico-
chemical characterizations to enable broader industrial adoption.
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