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Abstract Antioxidants are generally used for prolonging the lifespan of rubber products, while their influences on the vulcanization kinetics and
mechanical properties are rarely investigated. Herein, the synergistic roles of conventional antioxidants (6PPD, MB, 2246) and deep eutectic sol-
vent (DES) in natural rubber (NR), styrene-butadiene rubber (SBR), their blends, and the blends filled with carbon black (CB) and black talc (BT)
were examined. The results showed that antioxidants and DES influenced the vulcanization kinetics, crosslinking density and mechanical behav-
iors markedly. A combination of MB and DES resulted in NR/SBR-CB/BT composite vulcanizates with high strength and low dissipation character-
istics. DES formed hydrogen bond/ion-pair complexes with antioxidants, and, in NR, interacted with non-rubber constituents, thereby modulat-
ing cure intermediates and sulfur-bond distributions, paving the way for preparing high performance rubber composites.
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INTRODUCTION

Rubber vulcanizates reinforced by fillers!?! are widely used in
automotive tires, aerospace components, construction damp-
ing structures, and everyday products owing to their excellent
performance. Vulcanization, which forms a chemically
crosslinked network!, can be regulated by adjusting the accel-
erator-to-sulfur ratio,"*! accelerator system®”) and filler®'? and
by incorporating auxiliary aids to modulate the distribution of
sulfur bonds.""'3! The filler plays a critical role in the reinforce-
ment effect!’ and filler hybridization strategies can improve
dispersion!'>'?! to optimize the filler network!'”’ to enhance the
mechanical performance.['®

Rubber blending is common in industries that achieve de-
sired comprehensive performance.l'®20 Natural rubber (NR)
exhibits excellent elasticity, fatigue resistance, and mechani-
cal strength, whereas Styrene-butadiene rubber (SBR) ex-
hibits superior wear resistance and wet-skid resistance.l?!]
Their blends exhibit a unique combination of the advantages
of both rubbers.22) Dynamic covalent networks and sacrificial
bonds have been explored to enhance energy dissipation in
elastomers,[23-251 but their complex molecular design and un-

* Corresponding author, E-mail: s_yh0411@zju.edu.cn
Received January 4, 2026; Accepted February 24, 2026; Published online
May 20, 2026

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

certain influences on sulfur vulcanization limit their applica-
bility in rubber blends.[26271 Regulating vulcanization and dis-
sipation through filler design remains a more practical and
scalable approach. When fillers are introduced into rubber
blends, the compatibility between different rubbers, the filler-
rubber interfacial interactions, and vulcanization rates of the
rubbers influence the filler dispersion, morphology, and per-
formance.2829 Approaches such as the hybridization of dif-
ferent fillers,3% graft modification of rubber or filler,*"l addi-
tion of compatibilizer32-341 and co-crosslinking of different
rubbers3536] are used to mediate the performance. However,
to date, no studies have addressed the simultaneous regula-
tion of vulcanization kinetics and mechanical behavior of rub-
ber blends.

Under long-term service conditions, rubbers are prone to
aging and degradation caused by multiple factors such as
heat, oxygen, ozone, and mechanical fatigue.l?”38 The aging
leads to chain scission or post-vulcanization, resulting in
hardening, cracking, and deterioration of the mechanical
properties, severely shortening the lifespan of rubber materi-
als.39%491 To improve aging resistance, amine- and phenol-
type antioxidants are commonly used to scavenge the gener-
ated free radicals or decomposed peroxides.*'42 Great
progress by improving anti-aging efficiency,*3! suppressing
migration*4 and reducing environmental impact®*! has been
achieved®d while the influence of antioxidants on the net-
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work architecture and thermo-oxidative resistance remains
underexplored.

Recently, deep eutectic solvents (DESs), consisting of hy-
drogen bond donors and acceptors, have emerged as promis-
ing regulators of vulcanization kinetics because of their abili-
ty to coordinate with metal oxides and mediate crosslinking
reactions.*”] DES acts as a reactive vulcanizing agent to regu-
late the multiscale structure of NR/SBR blends by improving
the ZnO activator dispersion[*8! and increasing the crosslink-
ing density (v.).*”1 Herein, the synergistic effects of DES and
conventional antioxidants (6PPD, MB, and 2246) on NR, SBR,
and their blends were investigated by systematically compar-
ing the vulcanization kinetics, v, mechanical performance,
and thermo-oxidative aging behaviors. The results revealed
that DES accelerates vulcanization and adjusts the crosslink-
ing density depending on the antioxidants. The role of the
filler is examined by partially replacing carbon black (CB) with
black talc (BT) to balance the reinforcement and aging resis-
tance, where coupling DES with CB/BT hybrid fillers weakens
the Mullins softening while maintaining high tensile strength.
These findings provide new insights into the use of DES as
green additives in rubber composites and offer a feasible
strategy for designing efficient anti-aging systems with im-
proved durability.

EXPERIMENTAL

Materials

Natural rubber (NR, SVR3L grade; weight-averaged molecular
weight 1120 kg/mol, polydispersity 3.57, and density 0.93
g/cm?) was purchased from Shanghai Duokang Industrial Co.,
Ltd. (China). Zinc oxide (ZnO; activator) and N,N'-diphenylth-
iourea (DPTU) were obtained from Shanghai Macklin Biochemi-
cal Co, Ltd. Styrene-butadiene rubber (SBR, SBR1502, 22.5
wt%-24.5 wt% styrene) was obtained from PetroChina lJilin
Petrochemical Co., Ltd. (China). Sulfur and stearic acid (SA; acti-
vator) were supplied by Kunshan Anzhe Chemical Stock Co., Ltd.
(China) and Tokyo Chemical Industry Co., Ltd. (Japan), respec-
tively. Ethyl acetoacetate, N-cyclohexyl-2-benzothiazolesulfe-
namide (CZ; accelerator), and tetrabutylammonium chloride
(TBAC) were supplied by Aladdin Industrial Co., Shanghai (China).
Phloroglucinol, N-(1,3-dimethylbutyl)-N"-phenyl-p-phenylenedi-
amine (6PPD; antioxidant), 2-mercaptobenzimidazole (MB; an-
tioxidant) and 2,2-methylenebis (4-methyl-6-tert-butylphenol)
(2246; antioxidant) were purchased from J&K Scientific Co., Ltd.
(China), Zhejiang Yongjia Chemical Plant (China), Zhejiang
Huangyan Zhedong Rubber Auxiliary Co. Ltd. (China), and
Jiangsu Xinluda Polymer Materials Co., Ltd. (China), respectively.
Carbon black (CB, N550) with an average particle size of approx-
imately 50 nm and a BET specific surface area of approximately
42 m?/g was obtained from Cabot Co., Boston, MA (USA). Black
talc (BT, 1250 mesh) was supplied by Lingshou Detong Mining
Co., Ltd., Hebei (China).

Sample Preparation
DES was synthesized by stirring DPTU and TBAC at a molar ratio
of 1:3 in an oil bath at 60.0 °C, yielding a yellow, transparent oily
liquid with a melting point of 26.6 °C as determined by differen-
tial scanning calorimetry analysis by heating at 5.0 °C/min.

The compounds were formulated to evaluate the effects of

the rubber matrix, antioxidant/DES system, and filler compo-
sition systematically. Unfilled NR, SBR, and NR/SBR vulcan-
izates were first prepared to assess the introduction of SBR
without compromising the intrinsic performance of NR, with
antioxidants added either alone or in combination with the
synthesized DES. Based on these systems, filled compounds
were further developed by introducing CB or CB/BT fillers to
investigate the influence of the hybrid filler networks.

The formulations of the compounds and vulcanizates are
provided in Table S1 (in the electronic supplementary infor-
mation, ESI). Rubber (NR, SBR, or NR/SBR (30/70) blend) was
mixed with SA, ZnO, CZ, antioxidants, fillers, and sulfur at 80.0
°C with a rotor speed of 40 revolutions per minute for total 16
min. Antioxidants were added at 2 min of compounding, ZnO
and SA at 4 min, DES and fillers at 6 min, and sulfur and CZ at
14 min. Vulcanization was performed using Gotech Testing
Machines (GT-7014-E30, Gotech Co., Ltd., Dongguan, China).
The vulcanizates were subjected to thermo-oxidative aging in
an oven at 100 °C for 48 h to examine their aging resistance.

Characterization

The vulcanizate samples of 1.2-1.5 g were immersed in toluene
for 72 h until the swelling equilibrium was reached. The
crosslinking density (v) was calculated using the Flory-Rehner

In(1=V,)+V, +xV¢
V(v - vi/2)
is the molar volume of toluene, V, is the volume fraction of rub-
ber in the swollen samples, and x denotes the Flory-Huggins in-
teraction parameter taken as 0.378, 0.391 and 0.346, respective-
ly, for the SBR-toluene, NR-toluene, and NR/SBR (7/3)-toluene

pairs, respectively.”

Vulcanization curves of the compounds were recorded us-
ing a rubber process analyzer (RPA, elite, TA Instruments,
USA) at 0.5 Hz and 140 °C. The compounds were sealed in a
biconical cavity, 40 mm in diameter, at a clamping pressure of
4.5 MPa.

Attenuated total reflection Fourier-transform infrared (FTIR)
spectra were recorded using a spectrometer (Nicolet iS10,
Thermo Fisher Sci. Inc., USA) at a resolution of 4 cm-! and
scan-coaddition number of 32.

X-ray photoelectron spectroscopy (XPS) was performed us-
ing a spectrometer (X-Ray005, Thermo Scientific K-Alpha,
USA) with an aluminum K alpha with a spot size of 900 um.
The spectra captured by fine scanning (0.1 eV) were calibrat-
ed by subtracting the Shirley background and further correct-
ing the C 1s binding energy using a standard value 284.8 eV
for hydrocarbon.

The filled vulcanizates frozen in liquid nitrogen were cryo-
microtomed into ultrathin sections approximately 100 nm in
thickness. The sections were observed using transmission
electron microscopy (TEM, JEM-1230, JEOL, Japan) at an ac-
celerating voltage of 120 kV to evaluate the dispersion and
distribution of the fillers.

The vulcanizate sheets were cut into dumbbell-shaped
specimens of gauge length 25 mm, width 4 mm, and thick-
ness 2 mm. Uniaxial tensile tests were performed using a
SANS universal testing machine (UTM2103, Suns Zhongheng
Technol. Co., Ltd., Shenzhen, China) at a crosshead speed of
500 mm/min. Cyclic tensile tests were performed at 50

equation, v, = — 1 Here V,=105.7 mL/mol
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mm/min with a pre-strain of 100%.

RESULTS AND DISCUSSION

Vulcanization Kinetics and Crosslinking Density

Fig. 1 shows the storage modulus (G') as a function of vulcaniza-
tion time for the compounds at 140 °C. The vulcanization rate of
SBR (Fig. 1b) is generally faster than that of NR (Fig. 1a), except
for compounds containing the antioxidant 2246. For SBR, the
antioxidant 2246 markedly delays the vulcanization whereas MB
promotes the vulcanization more rapidly than 6PPD. For NR,
these differences are less pronounced. MB containing a moiety
similar to the active one of the accelerator CZ (benzothiazole
moiety) may form Zn-MB intermediates that facilitate vulcaniza-
tion. In contrast, the hindered phenolic antioxidant 2246 delays
the vulcanization because the steric hindrance interferes with
molecular collisions. 6PPD, with a moderate steric hindrance but
lacking benzothiazole-based promoting moieties analogous to
those in accelerator CZ, behaves as an intermediate vulcaniza-
tion promotor. For the NR/SBR blends, 2246 is superior to 6PPD
and MB in promoting the vulcanization (Fig. 1c). The presence
of 50 phr CB (volume fraction ¢=0.196; Fig. 1d) or 40 phr CB/10
phr BT (total volume fraction ¢=0.193; Fig. 1e) accelerates the
vulcanization and reduces the differences in vulcanization ki-
netics induced by antioxidants.

DES significantly improves the vulcanization rates by short-
ening induction period and eliminating the differences in-
duced by antioxidants. DES could improve G' in the stage of
vulcanization equilibrium (G's,), except for SBR gum (Fig. 1b).
This might be related to the interaction between DES and NR
containing 2 wt%-3 wt% non-rubber components>'l mainly
composed by proteins and phospholipids. Upon introducing
DES, the strong hydrogen-bond donor/acceptor capacity and
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ionic-pair characteristics of DES enable, on the one hand, as-
sociations with proteins and phospholipids and, on the other
hand, transient complexation with ZnZ*-accelerator frag-
ments, which promote the uniform formation of active inter-
mediates.

In general, G'q increases with increasing v.>>>3 (Fig. 1f)
while it is slightly affected by antioxidants. Approximately,
G'q Of the gum vulcanizates could be described by the modi-
fied Gaussian chain network model,?! G's = (v + V)RT. Here
ve=90 mol/m3 is entanglement density (corresponding to
0.32 MPa being close to plateau modulus (0.38+0.04 MPa for
NRE4 and smaller than that of about 0.64 MPa for SBR>%)). For
the composites vulcanizates with 9=0.19, G'¢ is approximat-
ed by (v+V)RT(1-p)A2 with a strain amplification factor A; es-
timated as 1.5. The marked positive deviation of the mea-
sured from the predicted G',, values in the NR/SBR-CB vulcan-
izates may arise from the synergistic effect between CB and
antioxidants, which influences the network structure and re-
inforces the network additionally.>¢!

In general, blending and filling improve v, while antioxi-
dants and DES strongly influence v, of the virgin vulcanizates
and its relative change after thermo-oxidative aging (Fig. 2).
The filling effect is accompanied by chain adsorption on the
surface of the filler particles.’”) In the NR, SBR, and NR/SBR
gum vulcanizates free of DES, the incorporation of 6PPD
yields similar v, (136-147 mol/m3). Compared with 6PPD, MB
facilitates the formation of highly crosslinked NR vulcanizates,
sporadically crosslinked SBR vulcanizates, and similarly
crosslinked NR/SBR vulcanizates. On the other hand, 2246
tends to lower v, in the NR and SBR vulcanizates and im-
proves v, in the NR/SBR vulcanizates. The effect of DES de-
pends on the antioxidants used. In the absence of antioxi-
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Fig.1 G'at 140 °Cas a function of vulcanization time for NR (a), SBR (b), NR/SBR (c), NR/SBR-CB (d), and NR/SBR-CB/BT compounds (e), and G'¢q as a

function of v, for the gum and composites vulcanizates (f). In (f), the solid curves are drawn according to (v.+Vv.)RT for the gums and (v +V,)RT(1-p)Ad
for the composites vulcanizates, v, and A¢ being estimated as 90 mol/m3 and 1.5, respectively.
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Fig. 2 Influence of DES on v, (a-e) and its relative change induced by aging (f-j) of the NR (a and f), SBR (b and g), NR/SBR (c and h), NR/SBR-CB (d

and i), and NR/SBR-CB/BT vulcanizates (e and j) with different antioxidants.

dants, DES facilitates the formation of a highly crosslinked
network in the NR and NR/SBR vulcanizates, while it leads SBR
to form a very slightly crosslinked network (v.=61 mol/m3),
the former being ascribed to the interaction of DES with the
non-rubber components in NR. In comparison with 6PPD, co-
use of DES and 6PPD lowers v, in NR, SBR, and NR/SBR vulcan-
izates. The reverse is true for the co-use of 2246 and DES. In
the NR/SBR composites, the combination of DES and antioxi-
dants cause discernible changes in v, while these changes are
substantially attenuated in comparison with the gum stocks.
Except for the NR vulcanizate containing 2246 and DES, ag-
ing normally improves v, of the NR and SBR vulcanizates (Fig.
2), indicating that secondary crosslinking dominates over
chain scission during thermo-oxidation. The aging-induced v,

variation of NR is considerably smaller than that of SBR, which
could be ascribed to the evolution of the natural associating
network constructed by the non-rubber components in
NR.58! In contrast, in the NR/SBR blend vulcanizates, v, de-
creases very slightly after aging, suggesting that chain scis-
sion occurs, possibly at the interface between the NR and SBR
domains, more readily than secondary crosslinking. The intro-
duction of DES lowers the extent of v. decrement, suggesting
that DES participates in network reorganization during ther-
mo-oxidative aging. For the composites, the aging-induced
relative v, changes are in the narrow range of 0.9-1.5, being
comparable with those in the NR vulcanizates. Compared
with the NR/SBR-CB and NR/SBR-CB/BT composites contain-
ing 6PPD, those with MB and DES demonstrate similar v, and
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lowered v, changes.

Molecular Interactions

The effects of DES and antioxidants on vulcanization are investi-
gated using FTIR and XPS. Fig. 3(a) shows the FTIR spectra of
TBAC, DPTU, and DES. A characteristic N—H stretching vibra-
tion appears at 3205 cm™' for DPTU while it shifts to 3434 cm™
with marked broadening in DES. The singlet at 921 cm™ and
doublet at 892 cm™ belonging to TBAC combine into a strong
band at 883 cm™'. Simultaneously, the band at 933 cm™ be-
longing to DPTU and that at 992 cm™ arising from TBAC disap-
pear in DES. Furthermore, the N—H--Cl~ hydrogen bonding in-
teraction in DES induces a new singlet at 1250 cm™ and multi-
plate around 1670 cm™ being attributable to imine-like reso-
nance.” In the NR and SBR vulcanizates containing 6PPD, DES
does not influence the FTIR spectra (Figs. 3b and 3c). In NR con-
taining MB and 2246, DES weakens the bands at 1639 cm™’
(amide | of proteins)®®" and 1015 cm™' (C—0O/C— N stretching
and coordination-related modes), suggesting that DES inter-
feres with the vulcanization via the H-bond/ion-pair (O—H--Cl~
and N—H:--Cl") interactions of CI~ ion in DES with O—H in hin-
dered phenol 2246 or N—H/S—H in MB. In SBR containing MB
and 2246, DES introduces new bands at 1408 and 886 cm™
without interfering with the butadiene fingerprints at 966 and
910 cm™,%% indicating that DES predominantly interacts with
arylamine/hindered-phenol antioxidants to improve the vul-
canization activity. In the NR/SBR vulcanizates (Fig. 3d), DES
weakens the bands at about 1540 cm™ (amide Il band of pro-
teinsl®®" and antisymmetric and symmetric stretching of
COO— of zinc stearatel®'), 1398 and 1263 cm™' (C—0O/C—N
stretching and in-ring deformations of antioxidant
fragments(®?) and intensifies the band of 963 cm™" belonging to
SBR. The FTIR spectra show that DES modulates the chemical
environment of the non-rubber components in NR, leading to
limited changes in the sulfur bond distribution (Fig. S1 in ESI).
The effects observed in the MB-DES systems may arise from

their complementary roles in the Zn?* accelerator curing sys-
tem. MB contains heteroatom-bearing groups that are capable
of weak coordination with Zn?*, while DES provides a polar hy-
drogen-bond/ion-pair environment to modulate Zn?* coordina-
tion. Therefore, their coexistence may interfere with the forma-
tion and stability of Zn**-containing intermediates, resulting in
antioxidant-dependent variations in cure kinetics and crosslink-
ing density. In the NR/SBR blends, DES modulates the vulcaniza-
tion without influencing the S—S content.

Fig. 4 shows the TEM images of the vulcanizates filled with
either 50 phr CB or 40 phr CB plus 10 phr BT. The composites
with MB are shown as exemplars that demonstrate the ef-
fects of filler hybridization and DES addition. In all micro-
graphs, the filler aggregates appear as dark areas. The intro-
duction of DES and/or BT tends to improve filler dispersion by
reducing agglomeration. This effect is more marked for DES.
After thermo-oxidative aging, drastic morphological changes
are not observed despite network degradation.

Mechanical Properties and Mullins Effect

According to the stress-strain (0-€) relationship curves (Fig. S2 in
ESI), stresses at 100% and 300% strains and elongation at break
are determined (Fig. S3 in ESI). For the virgin and aged vulcan-
izates, stresses at a given strain increase and elongation at break
decreases with increasing v, (Fig. S3 in ESI), which is related to
the reduced extensibility of elastically effective strands in the
densely crosslinked network.°! In general, aging greatly lowers
the strain at break and the tensile strength. The poor aging re-
sistance of SBR vulcanizates involves marked post-vulcanization,
which significantly increases v, greatly. For NR and NR/SBR vul-
canizates, the non-rubber components in NRP" influence v, and
the redistribution of sulfur bonds!®>*® by promoting the gener-
ation of non-elastic network defects and additional crosslinks
with a broader spatial distribution.””%8] In composite vulcan-
izates, aging induces reductions in stress at 100% strain, elonga-
tion at break, and tensile strength, which is ascribed to network
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Fig.3 FTIR spectra of (a) TBAC, DPTU, DES, (b) NR, (c) SBR, (d) NR/SBR vulcanizates. In (b—d), the thin curves represent the vulcanizates free of DES

and the thick curves those containing DES.
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Fig.4 TEM images of virgin (a—d) and aged (e-h) composites vulcanizates containing MB-CB/BT (a and e), MB-DES-CB/BT (b and f), MB-CB (c and
g) and MB-DES-CB (d and h).

deterioration caused by chain scission, rearrangement of physi-
cal and chemical crosslinks, and filler-rubber interactions.[”!

The normalized stress 0,=0/(v.RT) is calculated for the vir-
gin and aged vulcanizates (Fig. 5). Here, R is the gas constant
and T is the absolute temperature. In SBR gum vulcanizates,
DES rarely influences the mechanical properties, despite
markedly improving the elongation at break in the absence of
antioxidants. DES itself does not influence strain-induced
crystallization (SIC) of NR vulcanizate free of antioxidants,
while it promotes, delays, or does not influence SIC in the
presence of 6PPD, MB, and 2246, respectively. In NR/SBR
blend vulcanizates, DES promotes the SIC of NR and im-
proves g, at high strains. This effect is more marked in those
containing MB. In the composites, the g, curves of the virgin
and aged vulcanizates at low strains approximately collapse,
indicating the significant role of the filler that amplifies the
microscopic deformation of the rubber phase.

The collapsed o, at low strains approximately follows the
prediction of the Gaussian chain network model, ¢, = A — )3—2
A =€+ 1 being the drawn ratio. At high strains, the SIC of the
NR causes substantial deviation in the NR and NR/SBR vulcan-
izates. For the non-crystallizable SBR vulcanizates, o, is ap-
proximated by tube theory(70] O = ()\ - )\1—2)

1- Te/ne Te/ne 2ve

[ —Tujne(+2A-3)] 1-Tefne(®+2/2-3)[" Ve

(L - l) with entanglement density v.=4v, and limiting
A”Z )‘2

extensibility T./n.=0 for the low-extensible gum vulcanizates
with antioxidants 6PPD, MB, and 2246, with v,=10v. and
T/n.=0.003 for the highly extensible gum vulcanizates with
DES. For composites in which the filler at volume fraction ¢
provides a strain amplification factor A;,7'-73] the deforma-
tion at low strains could be approximated by a Gaussian chain
network model incorporating the filler-induced strain amplifi-

cation effectt>371=731 g = Ac(1 - ¢) (/\mic - ZL) with Ayic =

A+ 1 and A; = 2.5. mic

The vulcanizates experiencing cyclic stretching at 25 °C ex-
hibit Mullins effect’4-79 being significantly enhanced by fill-
ingl7180-82 (Figs. S4 and S5 in ESI). NR at strains above 5-6 un-
dergoes SIC#3-851 that contributes to dissipation(®6871 by
greatly lowering the percentage softening (E,/E;,) and improv-
ing the percentage damping (E/E;).88-°21 Here E; and E, are
the deformation and hysteresis energy densities in the third
loading-unloading run, respectively, and E; is the softening
energy density estimated as the difference in hysteresis ener-
gy densities in the first and third runs. In comparison with NR,
the SBR gum vulcanizates exhibit a weaker Mullins effect with
percentage damping E,/E5=0.06, which is independent of
prestrain (e,.) and antioxidants (Fig. S6 in ESI). The blending
lowers Ep/E; and improves EJ/Ey, at high g, which could be
ascribed to the weakened contribution of the SIC of NR. In
comparison with 6PPD, MB tends to elevate E; of NR and low-
er E; of SBR and blend vulcanizates. Fig. 6 shows the Mullins
effect parameters, all increase with increasing €. Partial re-
placement of CB by BT causes reductions in Eg and EJ/E,
which is significant in composites containing MB antioxi-
dants. Such differences can be interpreted in terms of the net-
work integrity and filler dispersion. Variations in v, affect the
effective strand lengths, while the filler-network compact-
ness influences the localized strain amplification and interfa-
cial stress concentration. As suggested by the TEM images in
Fig. 4, the comparatively more uniform and stable dispersion
in the MB-DES-CB/BT system likely suppresses irreversible in-
terfacial slippage during cyclic deformation, thereby lower-
ing E.. When CB is used as the filler, the introduction of DES
does not influence the Mullins effect parameters. On the oth-
er hand, when CB and BT exist in the composites containing
MB antioxidant, DES facilitates weakening the softening and
greatly lowers E,, which is beneficial for design and prepara-
tion of high strength (22.1 MPa, comparable with 23.4 MPa of
the NR/SBR-CB composites) and low-dissipative rubber blend
composites.
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Fig. 5 Normalized stress o, against A — 1/)\2 at 25 °C for the virgin (solid symbols) and aged (hollow symbols) NR (a-d), SBR (e-h), NR/SBR (i-I),
NR/SBR-CB and NR/SBR-CB/BT vulcanizates (m-p). The thick solid curves in (a-I) are drawn according to the prediction of Gaussian-chain network
model, and those in (m-p) to the modified Gaussian-chain network model. In (e-h), thin curves are drawn according to the tube theory with v, = 4v,
and T./n.=0 for the gum vulcanizates with antioxidants 6PPD, MB and 2246 and with v, = 10v, and T./n.=0.003 for those with DES.
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Fig. 6 Percentage softening (Ey/Ey, a-d), percentage damping (E,/E5, a-d), and softening energy density (E,, e-h) as a function prestrain (g,) for
the NR/SBR-CB and NR/SBR-CB/BT composites vulcanizates containing 6PPD (a, and e), MB (b and f), 2246 (c and g) and DES (d and h).

CONCLUSIONS operates with the non-rubber constituents in NR so that the co-

use of DES with MB facilitates the formation of a highly
DES markedly accelerates curing and shortens the induction pe- crosslinked network in the NR/SBR vulcanizates. A partial re-
riod of the NR, SBR, and NR/SBR gums, and v, of the vulcan- placement of CB with BT weakens the Mullins softening, and the
izates is highly dependent on the antioxidants and DES. DES co- combination of MB with DES leads to the highest efficiency for
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weakening the Mullins effect. This work opens a fascinating Data Availability Statement

window for preparing high-strength NR/SBR composite vulcan- ) ) )
izates with a weakened Mullins effect. Given the structural tun- Data will be made available on request from the corresponding
ability of DES, their integration with rubber blending, antioxi- authors.

dant selection, and filler hybridization offers a promising route
to further regulate the strength, aging resistance, and Mullins
behavior in high-performance rubber composites for scalable ACKNOWLEDGMENTS
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Influence of Antioxidants and Deep Eutectic Solvent on Vulcanization Kinetics and Mechanical
Behaviors of Natural Rubber/Styrene-Butadiene Rubber Blend and Composites
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Deep eutectic solvent (DES) modulates vulcanization kinetics and crosslinking structure; when combined with MB and
carbon black (CB)/black talc (BT), it facilitates the preparation of high-strength natural rubber (NR)/styrene-butadiene rub-
ber (SBR) composites with reduced hysteresis and weakened Mullins effect.
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