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ABSTRACT: Epoxidized natural rubber (ENR) offers a unique combination of strength, sustainability, and versatile structure,
making it a good candidate for creating sacrificial and reformable bonds via secondary curatives. These curatives should be simple
and compatible with other rubber ingredients and industrial mixing processes. Although many alternative curatives, including zinc
chloride, zinc dimethacrylate (ZDMA), and sebacic acid (SA), have been proven to be successful, they have never been compared in
the same compound. Moreover, the effectiveness of these alternative curatives on network formation, including their interactions
with the other ingredients of a rubber compound, such as fillers, coupling agents, and traditional curatives, has not been fully studied
yet. Based on the current study, these secondary curatives alone cannot provide a sufficient level of vulcanization. However, adding
ZDMA or SA together with sulfur curatives allowed improving the tensile properties and showed microlevel self-healing behavior
during cyclic loading. The addition of 10 phr (parts per hundred rubber) ZnCl2 created weak, short, and rigid bonds in ENR
detectable by simple Payne measurements. However, that led to active interaction with all compounding ingredients and
deterioration of the physical properties. Reducing the ZnCl2 load to 1 phr allowed full recovery of stress after the cyclic test and fair
tensile strength of the compound.

■ INTRODUCTION
Nature has always been an inspiration for material develop-
ment. Strength and durability improvements in polymeric
materials can be inspired by spider silk and natural rubber
(NR) latex, which have secondary polymer networks with the
ability to bear the stress alongside the main polymer network.
With the introduction of sacrificial bonds or a self-healing
secondary network, man-made polymeric materials can achieve
higher strength, toughness, wear resistance, and an extended
lifetime.1 These changes would actively contribute to the
sustainability of consumer rubber goods and technical rubber
items2−4 or achieve advances in robotics and wearable
electronics.5,6 Moreover, some types of sacrificial and
reformable bonds could enable easy devulcanization routes,
thus making rubber easily recyclable.7−12 Sacrificial bonds are
often described as short and weak compared to the long and
flexible polysulfidic bonds dominating the conventional sulfur
vulcanization network. Sacrificial bonds are usually non-
covalent, for example, hydrogen bonds, coordination clusters,

and metal ligands, while self-healing cross-links can also be
formed by dynamic covalent bonds that are able to reform at
specific conditions. In order to provide additional strength and
toughness, sacrificial bonds must be weaker and shorter than
the other bonds in the highly stretchable matrix. Thus, when
an external force is applied to the material, such bonds would
break, first dissipating the energy and keeping the main bonds
intact.11

A large number of alternative curing chemicals and material
combinations have been studied during the past decades,
allowing the creation of sacrificial, hybrid, and/or self-healing
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networks in rubbers. As revealed by the recent scientific
reviews, most research has been focusing both on general
rubber types like NR, butadiene rubber, and styrene-butadiene
rubber (SBR) vulcanized by sulfur or peroxide and on special
grades of elastomers, like nitrile rubber (NBR), epoxidized
natural rubber (ENR), halogenated rubbers, and others.1,13−21

In some cases, nonrubber constituents of NR are utilized to
promote self-healing behavior.22 Among the special types of
rubber, alternative cross-linking routes for ENR have gotten a
lot of attention from the researchers.7,23−28 Indeed, ENR has
an outstanding entirety of properties and high sustainability: it
originates from a natural source, has superior strength and
wear properties of NR, is compatible with most general rubber
types, improves dispersion of silica filler, reduces the rolling
resistance of a tire, thus reducing fuel consumption, and has a
structure allowing chemical grafting and modification through
various routes.29−36 The most efficient modification mecha-
nisms of ENR promoting the creation of sacrificial and
reformable cross-links include hydrogen bonding, reversible
disulfide cross-links, e.g., disulfide metathesis, and ionic
interactions.14,37

Zinc-based sacrificial networks appear to be comparably
common and very relevant for the rubber industry as zinc
compounds are already used in conventional curing systems as
accelerators and activators. Moreover, as mentioned in ref 38,
such networks containing ionic sites are prone to self-healing
as well. However, despite the extensive research and known
reaction routes between ENR and many alternative curatives,
interactions between the elastomer, curative, and other
compounding ingredients are usually not taken into account.
Considering the presence of highly reactive components, such
as silica, a widely used reinforcing filler, a silane coupling agent
facilitating the dispersion of silica, and vulcanization
accelerators, possible interactions with secondary curatives
should affect the compound a lot. This could be the reason
why some researchers focus on achieving self-healing only with
traditional vulcanization packages, such as sulfur, accelerators,
zinc oxide, and stearic acid. For example, Hernańdez Santana
et al.14 have stated that NR shows a certain degree of self-
healing, which is most efficiently created by the semiefficient
sulfur vulcanization system (semi-EV), meaning that the ratio
of sulfur to accelerator is close to one. Continuing the same
approach, Araujo-Morera39 has studied the possibilities of
semi-EV systems rich in poly- and disulfidic cross-links and
varying amounts of curing ingredients on self-healing of SBR.
However, traditional sulfur vulcanization systems alone cannot
achieve the full potential of the self-healing and may need to be
modified with secondary chemicals. Thus, except for studying
the cross-linking possibilities offered by the alternative
curatives, it is important to understand the interactions they
have with other rubber ingredients. For example, zinc
dimethacrylate (ZDMA), in addition to being a curing agent,
seems to have a good compatibilizing action on silica in some
rubbers without the addition of silane. According to the data
presented in ref 40, the addition of ZDMA effectively decreases
the Payne effect in uncured hydrogenated NBR compounds.
ZDMA alone showed good dispersion in that compound as
well; however, its use with carbon black led to more
agglomeration of the filler particles. Furthermore, the ENR
itself has been extensively studied as a compatibilizer for silica-
containing compounds. Owing to the epoxy ring (or −OH
groups in the case of ring opening), ENR is able to create
hydrogen bonding to the hydroxy groups of the silica surface

and, at the same time, participate in the vulcanization reaction
with sulfur as well as undergo self-cross-linking. The addition
of ENR has been shown to improve the strength of the
material but was not efficient enough to replace the
conventional silane agent, such as TESPT.34

ENR has also been used to create secondary networks via
zinc diacrylate (ZDA) cross-linking in the SBR matrix,
resulting in dual vulcanization.41 There, 10 phr of ENR and
1−4 phr of ZDA were used. The mechanism of curing ENR
with zinc diacrylates based on the oxa-Michael reaction was
confirmed by a model reaction42 and was further discussed in
the work of Zhang et al.28 According to Zhang et al., ZDA can
serve as a catalyst for the epoxy ring opening reaction and
promote the reaction between −OH groups of ENR and the
vinyl groups of ZDA. Moreover, metal complex bonds can be
created between the Zn2+ ion of ZDA and the epoxy rings of
ENR. Furthermore, due to the continuous ring opening
reaction, ENR cured purely with ZDA is expected to exhibit a
marching modulus. If silica is used in compounding, even more
pronounced marching curing curves would be observed due to
the absorption of ZDA by the silica surface and its gradual
release with time. Finally, increased amounts of ZDA
significantly shift the glass transition temperature (Tg) of the
compounds toward higher temperatures. Except for the organic
salts of zinc discussed previously, addition of up to 10 phr
ZnCl2 salt43,44 has been studied as an alternative curative.
Although the potential release of Cl− ions into the matrix is not
usually discussed well, the curing of ENR by metal chloride can
result in the chlorination of ENR instead of the release of Cl−
ions.23

Another type of material capable of effectively curing ENR is
dicarboxylic acid.26 The vulcanization reaction is based on the
interaction between the epoxy ring of rubber and the −COOH
group of the acid that would happen at high temperatures.
Such bonds are expected to be reversible.45 Another benefit of
dicarboxylic acid [for example, sebacic acid (SA)] is the
possibility of being produced from a natural source and
improving the flexibility of polymers.46

The present research is focused on evaluating the potential
of different alternative curatives to create relatively weak bonds
in ENR and studying how they work in a hybrid network
together with a conventional sulfur curing system. Zinc salts
(inorganic and organic) and dicarboxylic acids were selected
for this purpose. As mentioned above, all compounding
ingredients selected for the present study are expected to have
interactions with each other; however, the exact routes and
mechanisms of such interactions may vary. For example, the
selected secondary curatives could form covalent, ionic, and
hydrogen bonds, or their combination with ENR. With
temperature, pressure, and vulcanization being the same for
all compounds, the curing route would be different depending
on if ring-opening is happening in ENR and how many other
components are in the system. Silica, for example, can adsorb
the chemicals onto its surface, and ENR, silanes, and secondary
curatives could be competing to interact with the silanol
groups. The study is divided into three sections to proceed
from very simple compounds to more complex systems and
analyze the changes the increase in complexity brings to the
performance of secondary curatives and the bonds they create.
Moreover, the ways of experimental assessment of such bonds
are discussed, for example, the possibility of using Payne effect
measurements for the detection and evaluation of secondary
networks.
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■ EXPERIMENTAL SECTION
Materials. ENR with 25% epoxy group content (Epox-

yprene 25, Muang Mai Guthrie PCL) was used in the study
along with silica (Zeosil 1165, Solvay Rhodia) and secondary
curatives: zinc chloride (ZnCl2, Sigma-Aldrich), zinc meth-
acrylate (ZDMA, Dymalink 708, TotalEnergies Petrochemicals
& Refining USA, Inc.), and SA (Sigma-Aldrich). Additionally,
99% elemental sulfur (Esseco S.r.l.) and N-cyclohexyl-2-
benzothiazole sulfenamide (CBS, General Quimica) medium
fast primary accelerator, both industrial grades, were used in
the study. Silane coupling agents for silica included conven-
tional bis[3-(triethoxysilyl)propyl] tetrasulfide (TESPT (Si69),
Evonik) and 3-glycidyloxypropyltrimethoxysilane (ES, Dyna-
sylan GLYMO, Evonik). All materials were used as received.
The chemical structures of the used materials can be seen in
Figure S1 (Supporting Information).
Compound Preparation. The compounds contained 100

phr (parts per hundred rubber) of ENR, 30 phr of silica, 3 phr
of coupling agent, 10 phr of secondary curatives (unless
marked otherwise), 1.45 phr of sulfur, and 1.8 phr of CBS. The
sample designated as ENR contains only 100 phr of ENR
without any other additives. The exact ingredient contents of
the compounds and their designations are shown in Table 1.
Compounding was done at a 50 cm3 Brabender internal
tangential mixer with a fill factor of 0.73. The mixing started at
80 °C and 60 rpm. ENR was masticated for 45 s, then half of
silica with silane was added, followed by the rest of silica and
then secondary curatives. The total mixing time of the first
stage was 4 min. Silanization was performed as a separate
mixing step with a start temperature of 120 °C at 50 rpm and a
maximum end temperature of 150 °C to promote the reaction
between silica and the coupling agent and facilitate filler
dispersion. Conventional curatives were added in a separate
mixing step starting at 50 °C and 50 rpm with a total of 3 min
mixing and a maximum temperature of 80 °C to avoid
premature vulcanization. As the samples containing 10 phr of
ZnCl2 were challenging to mix and obtain good quality
samples, the amount of ZnCl2 was decided to be decreased to
0.5, 1, and 2 phr. The resulting compounds are designated as
C-Znx and S-Znx for samples with and without conventional
curatives, respectively, where x is the amount of ZnCl2 in phr.
The compounds were cured into 2 mm sheets in a hydraulic
press (20 bar) at 160 °C. The vulcanization time was (t90 + 2)
minutes, where t90 is the time when 90% of maximum
rheological torque was achieved. In cases where rheologic
curves had no torque increase or showed marching, the
maximum rheologic torque or optimum vulcanization time t90
could not be achieved, and such samples were cured in a press
for 20 min. The visual appearance and transparency of samples
are shown in Figure S2.
Characterization. The curing parameters of the samples

were determined with the parallel plate die rheometer (APA
2000, Alpha Technologies) at 160 °C. The Payne effect was
measured with the same equipment at 100 °C and 0.5 Hz
frequency when the angular strain was stepwise increased from
0.28 to 140.2%, and the shear modulus G′ was obtained. The
Payne effect is reported as a change in shear modulus (ΔG′)
from maximum modulus value (G′max) to minimum modulus
value (G′min). Although conventionally, the Payne effect is
determined from filled unvulcanized samples and aims to
describe the filler−filler network in the compound, also unfilled
samples and samples cured with only secondary curatives were T
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analyzed in the present work. Here, in the unfilled compounds,
the Payne effect measurement is suggested to evaluate the
presence of weak sacrificial networks. Secondary curatives are
assumed to contain chemical groups that are able to form
hydrogen bonds with ENR and establish a weak network
resembling the filler network in the conventional uncured
compound. In this case, both cured and uncured compounds
containing only secondary curatives (group B) were tested to
confirm that curing in press, not solely mixing, is responsible
for the network formation. Furthermore, testing the Payne
effect of silica-filled compounds containing only secondary
curatives (group S) allows us to evaluate the role the filler plays
in the formation of the mentioned secondary network. Thus,
Payne effect measurement is expected to be a useful tool to
visualize the presence of a weak sacrificial network in the
sample as well as evaluate the effect of the compounding
ingredients and network formation parameters on it.
Tensile testing was performed on an Instron 5967 universal

tester with a 500 N load cell using a dumbbell specimen (ISO
37 type 3) with a 10 mm test length at a 500 mm/min rate.
The reinforcement index (RI) was calculated as a ratio of stress
at 300% elongation (M300) to stress at 100% elongation (M100).
The tensile cyclic loading was performed with the same
equipment at ambient conditions at a 500 mm/min rate for 4
mm-wide rectangular test samples with a test length of 25 mm
and a maximum elongation of 200%, and the stress at
maximum elongation (M200) of each cycle was recorded. After
the first 5 cycles, the samples were kept in ambient conditions
and cyclically tested again after 24 h. The same samples were
placed in an oven at 50 °C for 1 h, and the final cyclic testing
was done. Three samples per compound were tested, and the
average was calculated. The recovery percent was calculated as
the ratio of regained stress M200 after conditioning to the stress
loss between the first and last cycles of the initial test

= ×R
M M
M M

% 100, %c1 i5

i1 i5

where Miy is M200 of the initial cyclic test, Mcy is M200 of the
conditioned sample, and y is the number of the cycle.
Fourier transform infrared spectra (FTIR) were obtained

with PerkinElmer spectrum two in the attenuated total
reflectance mode in the range of 600 to 4000 cm−1 with a
diamond crystal background and 4 cm−1 resolution. Selected
samples were polished with argon at −50 °C by the JEOL

Cooling Cross Section Polisher IB-19520CCP and studied
with a scanning electron microscope (Zeiss ULTRAplus)
equipped with an energy-dispersive X-ray spectroscopy
detector (Oxford Instruments X-MaxN 80). The samples
were coated with a thin carbon layer to prevent charging
during the SEM analysis. Thermogravimetric (TGA) data was
obtained with TG 209 F3 Tarsus (Netzsch) in N2 gas flow.
The samples were heated to 600 °C at a 10 K/min rate. The
glass transition and the presence of secondary curatives were
studied by means of differential scanning calorimetry (DSC)
with DSC 214 Polyma (Netzsch) in N2 gas flow with 10 K/
min heating and cooling rates.
The apparent cross-link density (1/Q) was calculated for 1

× 1 cm samples immersed in toluene in closed vessels for 72 h
and then dried for 48 h based on the equation modified from36

=

×

Q
1 1

m m

m m f
F

s d

d 0

i
k
jjjj

y
{
zzzz

where ms and md are the weights of the swollen and dried
specimens, respectively, m0 is the initial weight of the
specimen, f is the solid particle/filler amount in phr, and F is
the total formula weight in phr. Toluene was renewed every 24
h during the measurement. Three parallel samples were used.
The modification of the original equation was necessary due to
the high dissolution of the sample related to generally low
amounts of cross-links created. When dissolution was
neglectable, the presented equation was equal to the original

equation = ( )Q1/ 1/ m m
m

F
100

s d

0
. The amount of dissolved

polymer during the swelling test is calculated based on the

equation D % = × × ×( )m100 100 /m f
F

m
Fd

1000 0 .

■ RESULTS AND DISCUSSION
Secondary Curatives in Simple Compounds. The

ability of secondary curatives alone to vulcanize ENR was
investigated in this section. Moreover, it was determined that
no pronounced self-vulcanization is happening in ENR at the
given time and temperature conditions, which can be seen
from the curing curve (Figure 1a) and apparent cross-link
density data (Table 2). The maximum torque values S′max,
relating to compound stiffness, stayed low, and there was

Figure 1. Curing curves of simple compounds (a) without silica and (b) with silica.
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almost no increase in torque (ΔS′) was seen, meaning no
cross-links were being created during the curing period. Small
apparent cross-link density and not full dissolution of the
sample in toluene could be related to marginal self-cross-
linking via epoxy-ring opening, which is unlikely without
sufficient heat and a catalyst, but rather to the presence of
hydrogen bonds between epoxy groups.
Meanwhile, ENR-Zn, ENR-ZDMA, and ENR-SA com-

pounds showed some curing behavior along with marching
modulus, especially for ENR-Zn and ENR-SA, making it
difficult to determine the appropriate time of vulcanization as
the torque plateau could not be reached. In the case of samples
with added silica (Figure 1b), more active curing behavior and
less marching were seen for S-ZDMA and S-Zn, and all the
compounds had an increase in minimum torque related to the
hydrodynamic effect of filler. The curing curves were in good
agreement with the apparent cross-link density data, indicating
that ZnCl2 was the most active and SA the least active among
the secondary curatives. It also could be seen that S-Zn
samples had a high deviation from the results due to the poor
dispersion of zinc salt that was visible in the samples as large
particle agglomerates compared to the other S-type samples
(Figure S2). Finally, the low torque values of the S-SA sample
suggested that SA could have a compatibilizing effect toward
silica and the ability to disintegrate silica networks, thus
reducing the stiffness of the compound, as later confirmed by
the Payne effect measurements presented in Table 3 and
Figure 4.

Although Payne effect measurements are usually used to
access filler−filler interactions in rubbers, they can be a useful
tool for analyzing weak networks. For example, uncured ENR-
Zn showed some Payne effect (Figure 2a), as ZnCl2 can also
be viewed as a filler forming a network inside the matrix due to
hydrogen bonds and ionic interactions. When strain increases,
these short and weak bonds break, resulting in a decrease of

shear modulus G′. However, when cured ENR-Zn is tested
(Figure 2b), the Payne effect increases significantly from ΔG′
of 19.9 to 65.8 kPa (Table 3), and the minimum modulus G′
of cured ENR-Zn is 33.5 kPa higher than that of ENR,
implying that a stronger “filler”-rubber network was created in
the polymer. In two-component simple systems (sample group
B), this Payne effect behavior can be explained by the creation
of weak and stiff rubber−zinc bonds that are being broken
upon increasing strain. Similarly, an ever stronger effect was
visible for ENR-SA samples with a 46.0 kPa increase in ΔG′
due to curing, which can be related to active interaction and
weak bond creation between epoxy- and carboxyl-groups. Such
an effect was not seen for ENR-ZDMA.
The effect of the secondary curatives on ENR was further

studied by FTIR. For example, the new peaks related to the
secondary chemicals and the presence of new interactions were
seen (Figure 3). First, it was important to determine whether
the reaction between ENR and secondary curative was more
possible through the epoxy-ring opening reaction, ionic
interaction, or some other mechanism. The presence of NR
polymer units could be seen from characteristic C = C
stretching around 1660 cm−1, CH3 deformation at 1376 cm−1

and CH olefin wagging at 842 cm−1.47 The epoxidation was
seen through peaks at about 1250 and 870 cm−1, which are
related to the stretching vibration of C−O−C and the oxirane
ring itself, respectively. For ENR-Zn, ring opening was
expected to be dominant due to the characteristic epoxy
ring-related 870−872 cm−1 peak disappearance upon curing.
As the epoxy ring-related peaks around 1248 and 872 cm−1

were present, but shifter toward lower wavelengths, 1241 and
870 cm−1, in the cured ENR-ZDMA and ENR-SA samples, the
epoxy ring stayed largely intact, and other types of reactions
rather than ring opening must be responsible for the
vulcanization of ENR. Another common change in the spectra
of ENR upon the addition of secondary curatives was the
disappearance of the clear peak at 1540 cm−1, most likely of
amide bond from proteins (nonisoprene constituents of the
rubber).48 Its disappearance may be related to the presence of
secondary curatives during vulcanization, when the bond
between the rubber and protein could have been broken.
Furthermore, with the addition of ZDMA to ENR, a peak at
1710 cm−1 related to C�O and 1644 cm−1 from C�C of
metal acrylate appeared in the spectrum indicating the
presence of ZDMA, but according to previous works,39,49,50

an expanded peak around 1540−1550 cm−1 may be a sign of
C−O···Zn2+ interaction, which potentially could mean not
only the presence of ZDMA, but an interaction between the
epoxy ring and ZDMA. Finally, from the addition of SA, new
peaks related to both C�O of ester (1695 cm−1) and the
carboxyl group (1730 cm−1) of the ENR-SA compound
emerged together with ester stretching (1116 cm−1), and a C−
O bond-related peak at about 960 cm−1, indicating that SA was
not fully consumed in the curing process and was partly
transformed to ester. This, with no evidence of epoxy ring
opening, may mean that SA reacts partly with impurities of
ENR. The shift of the epoxy group-related peaks nevertheless
indicated some weak interaction between the epoxy ring and
the secondary curative.28,51,52 As suggested by Pire et al.,26 ring
opening of ENR and a complete reaction with SA can require
higher temperatures, e.g., 180 °C, and hours or vulcanization.
Effect of Silica in Simple Compounds. The addition of

silica to compounds is usually expected to increase the Payne
effect. The increase was seen for all uncured compounds except

Table 2. Apparent Crosslink Density and Rheologic Curve
Parameters of Simple ENR Compounds

sample 1/Q, g/g D %, %
ΔS′,
dN m

S′max,
dN m

ENR 0.018 ± 0.001 75.2 ± 1.4 0.10 0.34
ENR-ZDMA 0.069 ± 0.001 17.3 ± 0.4 0.64 0.86
ENR-Zn 0.248 ± 0.005 11.2 ± 0.6 0.99 1.77
ENR-SA 0.176 ± 0.003 5.2 ± 0.2 0.85 1.02
S 0.095 ± 0.004 47.9 ± 0.9 0.32 0.85
S-ZDMA 0.223 ± 0.011 9.4 ± 0.8 2.13 3.07
S-Zn 0.271 ± 0.065 17.8 ± 10.9 4.71 5.26
S-SA 0.174 ± 0.019 11.8 ± 3.5 2.69 3.24

Table 3. Payne Effect Values for the Simple Compounds

uncured cured

sample ΔG′, kPa G′min, kPa ΔG′, kPa G′min, kPa

ENR 11.5 15.1 9.9 10.8
ENR-ZDMA 9.3 8.5 17.8 30.0
ENR-Zn 19.9 19.6 65.8 44.3
ENR-SA 58.6 15.3 104.6 73.0
S 43.6 14.6 46.5 13.7
S-ZDMA 53.2 15.9 136.5 62.5
S-Zn 178.1 71.8 249.6 182.9
S-SA 12.3 8.8 14.4 38.9
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for S-SA, as shown in Table 3 and Figure 4a. The possible
explanation is that SA could become adsorbed to the surface of
silica and prevent filler network formation, thus causing a
significantly low Payne effect. Even for the cured S-SA sample

(Figure 4b), the Payne effect was low, and the small overall
increase in shear modulus could be related to the enhanced
filler−polymer and polymer−polymer interactions through the
introduction of cross-links. A comparison of Figures 4a and 2a
would suggest that ZnCl2 interacts more readily with silica
than with ENR, but in contrast to SA, it also contributes to
filler network formation, potentially through the introduction
of ionic bonds, thus increasing the Payne effect. As can be seen
from Figure 4b, the Payne effect of the cured S sample was
relatively low compared to that of the other samples in the
group, which is unusual for silica-filled rubber without silane.
ENR is known to have compatibilizing action toward silica due
to the presence of oxygen-containing epoxy groups that
interact with OH− groups on the silica surface and reduce
filler−filler interaction, thus promoting filler dispersion without
additional chemicals. This was supported by the decrease in Tg
upon the addition of silica (Table 4), which could be related to
the reduction of hydrogen bonds between polymer chains and
better chain mobility. An increase in the Payne effect of cured
S-Zn and S-ZDMA samples could be related to the created
network of weak interactions, for example, ionic or hydrogen,
not only with silica but with ENR too.
The analysis of mechanical properties (Table 4) revealed

that secondary curatives alone were not able to provide
sufficient mechanical properties in pure ENR, but ENR-SA

Figure 2. Payne effect curves of (a) uncured and (b) cured simple ENR compounds.

Figure 3. FTIR curves of the simple compounds without silica.

Figure 4. Payne effect of (a) uncured and (b) cured simple ENR compounds containing silica.
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showed the best performance among those. Addition of silica
led to an improvement in tensile strength (Ts) and even in
ENR alone, which can be related to the good compatibility
between silica and ENR as well as the formation of weak
physical bonds between them. Among the secondary curatives,
both ZDMA and SA had a similar effect on increasing the
tensile strength and reducing elongation at break (Eb).
However, based on Payne effect measurement data, the
mechanisms behind the improvement could be different, and
the strength of the S-SA sample should be related to the
vulcanization process, while ZDMA-silica network formation
would contribute to the tensile strength improvement of S-
ZDMA. The poorest mechanical strength and elongation were
detected for S-Zn, which could be related to the dominance of
the interactions between silica and ZnCl2 rather than between
silica-ZnCl2 and silica-ENR, possibly resulting in rigid, short,
and brittle bonds, similar to the sacrificial bonds described in
ref 53.
The DSC measurements were performed aiming to detect

changes in the glass transition temperatures (Tg) and possible
transitions related to the presence of secondary curatives. In
the DSC curves of the samples with secondary curatives, new
peaks appeared above 50 °C, as shown in Figure 5. The broad
peak of ENR-Zn and S-Zn above room temperature was most
probably related to both the breaking of ionic bonds and the
evaporation of bound water from the sample. Some water
evaporation from the ZnCl2 containing sample was confirmed
by the TGA results (Figure S3 and Table S1), mostly at 100
°C and above, and consisted of two steps, the release of loosely
and strongly bound water. These samples also showed the
most significant shift in Tg toward higher temperatures

compared to other samples, which was related to the
restriction of polymer chain mobility due to short ionic
bonds and other interactions between zinc chloride, silica, and
elastomer. Although ENR-ZDMA and S-ZDMA samples
showed a broad peak at the elevated temperature, neither a
notable shift in Tg nor the presence of loosely bound water was
noted. The peak is therefore related to the dissociation of weak
bonds between the compounding ingredients or the ZDMA
particles themselves. Furthermore, ENR-SA and S-SA were the
only ones that exhibited clear melting peaks on the DSC curve
above 100 °C, thus confirming the previously discussed FTIR
data that not all the added SA was consumed during
vulcanization.
Effect of Silanes in Simple Compounds. The addition

of different silanes is studied in this section, aiming to
understand whether the coupling agents facilitate the network
built by secondary curatives or restrict it. No change in curing
behavior was noted after the addition of ES (Figure S4a), but
the shapes of the vulcanization curves changed a little with the
addition of TESPT, most likely related to the adsorption of
TESPT on the silica surface (Figure S4b). As the rubber
compound became more complex with the addition of filler
and silanes, FTIR spectra were more difficult to analyze in
terms of separate interactions. As can be seen in Figure 6a,
addition of silanes to ENR had no significant effect, except for
an addition of ES led to a small increase in the peak around
960 cm−1, which could be related either to the stretching
vibration of isolated silanol peaks or to C−O vibration.51,54

Furthermore, FTIR analysis indicated no notable difference
between the mentioned simple samples and samples
containing ZDMA (Figure 6a,b), except for a minor shift

Table 4. Mechanical and Thermal Properties of Simple ENR Compounds

sample Ts, MPa Eb, % M100, MPa M300, MPa RI, � Tg, °C
ENR 0.37 ± 0.01 455.7 ± 72.5 0.31 ± 0.02 0.33 ± 0.02 1.08 −41.9
ENR-ZDMA 0.73 ± 0.67 400.9 ± 53.6 0.41 ± 0.00 0.60 ± 0.03 1.48 −41.8
ENR-Zn 1.21 ± 0.02 227.0 ± 33.0 0.78 ± 0.09 −36.9
ENR-SA 2.14 ± 0.34 493.6 ± 62.8 0.65 ± 0.02 1.18 ± 0.06 1.83 −40.1
S 4.23 ± 0.40 512.1 ± 26.3 0.85 ± 0.03 2.35 ± 0.16 2.77 −43.0
S-ZDMA 5.21 ± 1.75 231.0 ± 68.2 2.36 ± 0.82 −39.5
S-Zn 2.66 ± 0.10 98.5 ± 1.1 −31.4
S-SA 5.77 ± 1.72 269.9 ± 44.8 2.23 ± 0.36 −40.5

Figure 5. DSC curves of simple compounds (a) without silica and (b) with silica. (Note: curves are shifted along the Y axis for clarity.)
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and increase in 1082 and 795 cm−1 peaks related to Si−O
interactions, suggesting that minor noncovalent interactions
may be happening between siloxy-groups and ZDMA. The
same results were observed for the rest of the samples as well.
Additionally, samples S-Zn/Si69 and S-Zn/ES in Figure 6c had
less bound water associated with hygroscopic zinc salt and
silica (broad peak around 3300−3400 cm−1) compared to that
of S-Zn. It could be suggested that less ZnCl2 was available to
adsorb water because of existing interactions with silanes.
Otherwise, the FTIR spectra showed no significant changes

between the samples containing zinc chloride. Furthermore,
SA was expected to interact with both types of silanes. For
example, sample S-SA/ES showed an increased ester bond
peak around 1695 cm−1 (Figure 6d), which supported the
suggestion that SA may react not only with the epoxy group of
ENR but also with the epoxy group of ES silane. This type of
reaction could create a stronger rubber network.
The effect of the addition of coupling agents supporting the

previously discussed results can be seen from the Payne effect
measurement data presented in Figure 7. For example, the

Figure 6. FTIR curves of compounds without conventional curatives with (a) no secondary curative; (b) ZDMA; (c) ZnCl2; and (d) SA. The
discussed points of interest are marked with arrows.

Figure 7. Payne effect in uncured compounds with secondary curatives upon the addition of (a) TESPT and (b) ES coupling agent.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03271
ACS Omega 2024, 9, 36326−36340

36333

https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Payne effect was higher for S/Si69 compared to S. This finding
supported the evidence of ENR reducing filler−filler
interaction in silica more effectively, preventing its agglomer-
ation, and facilitating dispersion compared to TESPT, as
mentioned in the work of Sengloyluan et al.55 The Payne effect
of the samples containing SA, as expected, was not affected by
the silane type, and the small increase in G′min was related
purely to the increase in rubber−filler interactions. Similarly,
addition of ZDMA did not lead to a high Payne effect, but the
difference between the silanes was more pronounced. As
ZDMA seemed to have more interactions with ES than with
TESPT, less silane was available for the interaction with silica,
which resulted in an increased Payne effect of S-ZDMA/ES.
ZnCl2 instead was found to be very active toward all
compound ingredients, mostly silica and silanes (especially
TESPT), as was also suggested by its tensile properties.
Therefore, the Payne effect of such compounds was
significantly higher than that of other samples, even before
vulcanization.
Finally, Figure 8 shows the relative changes in compound

properties with the addition of different types of silanes. The
numeric values can be found in Table S2. The addition of
coupling agents to ENR resulted in deterioration of tensile
properties, RI, and cross-link density but increased torque
during curing, possibly related to the hydrodynamic effect and
extended filler network formation. The apparent cross-link
density of such compounds seemed lower as fewer filler−
polymer and polymer−polymer bonds were created when silica
reacts with silanes. These findings suggested that silanes may
compete with the epoxy group of ENR in reactions with

hydroxy groups of silica, thus creating fewer links between the
filler and polymer without the presence of curative. Therefore,
these types of silanes cannot be recommended for pure silica-
ENR compounds. When secondary curatives are added to the
compounds, the interaction mechanisms can become more
complicated. ZDMA, however, seemed not to compete with
silanes and had some limited interactions with ES. Therefore,
the increase in tensile properties and reinforcement seen in
Figure 8b was probably related to the parallel independent
processes of vulcanization of ENR by ZDMA and ENR−
silane−silica interactions. ZnCl2, instead, showed high
reactivity toward silica and especially silanes, which could be
seen from the airy compound structure (Figure S5a), meaning
that components and processing were competing and resulted
in no improvement of strength (Figure 8c). As SA may react
with epoxy-groups of both ENR and ES silane, a stronger
rubber network and enhanced mechanical properties of the
compound could be expected, as seen from Figure 8d, when Ts
and RI improved significantly. Considering the improvement
TESPT brought to the mechanical properties of all samples
with secondary curatives and that it is a conventional coupling
agent in the rubber industry, further tests were decided to be
continued with TESPT, excluding ES.
Effect of the Conventional Curing System. Although

the studied secondary curatives could create cross-links in
ENR, they were not able to provide the sufficient material
properties required for most rubber goods. Therefore,
conventional curing systems must be added to optimize the
compound properties. According to the curing curves (Figure
9), the addition of secondary curatives had a significant effect

Figure 8. Relative properties of the compounds without conventional curatives with (a) no secondary curatives; (b) ZDMA; (c) ZnCl2; and (d)
with SA.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03271
ACS Omega 2024, 9, 36326−36340

36334

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03271/suppl_file/ao4c03271_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03271/suppl_file/ao4c03271_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03271?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


on vulcanization, first, by avoiding reversion (decrease in
torque) common for natural rubbers and related to the break-
up of polymer chains. Moreover, in the case of samples
containing ZDMA and SA, the scorch time increased, and the
start of vulcanization was delayed while curing was slower. The
smaller increase in torque and generally lower torque values of
the samples containing TESPT silane were related to the
compatibilizing action of silane and less dense cross-linking,
respectively, except for C-ZDMA/Si69, which had the highest
torque values (Figure 9b). This was probably related to the
effective cross-linking process through separate conventional
and secondary curatives simultaneously. For C-SA and C-SA/
Si69 samples, curing curves looked like they contained two
stages: first, conventional curing, followed by vulcanization
with secondary curatives, started at 8−9 min. This could
confirm the slow nature of SA and its inability to compete
against conventional curatives. Finally, samples containing
ZnCl2 had curing curves similar to those of those with only
secondary curatives. This suggests that ZnCl2 must fully
deactivate conventional curatives, most likely the accelerator,
which was later seen in its significantly low tensile properties.
Considering the mechanical properties seen from Figure 10

(numerical values provided in Table S3), only ZnCl2 showed
drastic deterioration of tensile strength and elongation at
break, while other secondary curatives seemed not to have a

significant effect. This effect supported the previous suggestion
about the failure of conventional curatives to create cross-links
in the presence of excess ZnCl2. However, the mechanism of
such action was unclear. ZnCl2 could possibly react with sulfur
and also cause degradation of the CBS accelerator due to its
high acidity, especially if some bonded water was involved.
Addition of ZDMA had some positive effect on increasing the
tensile strength without silane, and SA led to a marginal
improvement in Ts in the presence of TESPT.
The cyclic tests indicated that samples containing secondary

curatives along with the conventional curing system were
prone to some recovery of stress at 200% strain (M200) that
could be related to microlevel self-healing phenomena. A
similar approach was used in the work of Anyszka et al.56 to
evaluate the reversibility and recovery of silica−polymer bonds.
Figure 11 shows that C-SA/Si69 samples were able to regain
95% of M200 after 24 h of recovery, and C-ZDMA/Si69
showed the second-best result (81%). At the same time, the C
sample had almost no recovery (11%), and C/Si69 exhibited
45% recovery. Samples without silane were generally poorer at
regaining M200, and thus, the positive effect of the silane could
be confirmed. The effect may be related to the breakdown of
silica clusters and the reorganization of chains, providing new
reaction sites for silane. Finally, heating was found to be not
very effective and could not reach the same level of M200 stress

Figure 9. Curing curves of the compounds with conventional curatives (a) without silane and (b) with TESPT silane.

Figure 10. Relative properties of the compounds with conventional curatives (a) without silane and (b) with TESPT silane.
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regain in all of the samples. The samples containing ZnCl2
were not tested cyclically due to their low elongation at break,
brittleness, and poor sample quality, such as an uneven grainy
surface and blooming on the surface. According to SEM
analysis, some bleeding was seen in the samples under vacuum
during the sample preparation stage, which can be related to
the hydrated and liquified ZnCl2. Potentially, the ZnCl2 load in
the sample was too high. It can be speculated that all of the
excess zinc salt was leaving the sample and causing blooming
(or bleeding) on the surface. Therefore, ZnCl2 amount
reduction should be considered. Despite this significant
bleeding, the Zn atom distribution within the samples shown
by EDS mapping in orange looked uniform but also contained
larger zinc agglomerates (Figure 12). Silica, shown in
turquoise, was less uniform in distribution in the elastomer
phase, forming a cluster-like structure. These clusters are
assumed to be silica-rich phases inside the rubber, which could
be the result of the compatibilization effect of ENR. Moreover,
some voids and silica agglomerates could be seen in the
samples containing ZnCl2 in Figure 13a,b. Figure 13c,d
indicates that the C-ZDMA and C-SA samples were more
uniform and contained no voids.
Effect of ZnCl2 Amount Reduction. The samples

containing 10 phr of ZnCl2 showed a significant deterioration
of tensile properties and some bleeding, suggesting that the salt
load was too high. Therefore, a new set of samples with a

significantly reduced Zn amount was tested. Curing curves
indicated that increasing ZnCl2 amount from 0.5 to 2 phr
resulted in increasing stiffness of the compounds and
progressing marching for S-type compounds, as can be seen
from Table 5 data as well. When conventional curatives were
added, addition of ZnCl2 reduced reversion of curing and
increased scorch time (ts2), as shown in Figure 14b and Table
5, respectively. Furthermore, a significant difference was noted
in the shape of curing curves when the zinc salt amount
increased from 1 to 2 phr, as seen in Figure 14. This could
suggest that the conventional curatives were deactivated by
ZnCl2 when the amount of zinc salt exceeded the amount of
sulfur or accelerator. These changes could be related to the
polymer chain scission by the reaction products between
secondary and conventional curatives. Another possible route
is that the presence of conventional curatives, especially sulfur,
and surface-bonded water promoted chlorination of ENR, thus
leading to both a reduction of zinc available for cross-linking
and a curing system incapable of curing such samples.23

Potentially, the addition of a small amount of ZnO in the final
mixing stage could improve the vulcanization behavior and
final tensile properties of the compound.
Considering the compound properties, addition of ZnCl2

without conventional curatives resulted in a gradual decrease of
elongation at break and an increase in cross-link density and
RI. Furthermore, a high deviation in tensile strength between
the parallel samples could be noted, meaning the mixing was
not efficient in dispersing zinc salt. When the conventional
curing system was added, an even more significant decrease in
elongation at break and tensile strength was seen after ZnCl2
content exceeded 0.5 phr. The results may be explained by the
domination of short and rigid zinc induced bonds over more
flexible sulfur bonds.
According to the Payne effect measurements, the addition of

conventional curatives had a marginal effect on ENR without
secondary curatives (Figure 15), but the effect of ZnCl2
addition was more pronounced, especially for C-type samples
containing a conventional curing system. As seen in Figure
15b, the Payne effect increased gradually with the increasing
amount of ZnCl2. The difference between S-type and C-type
samples could be explained by better zinc salt distribution due
to the prolonged mixing associated with the addition of
conventional curatives. Soon as the difference in Payne effect
was already seen with 0.5 phr ZnCl2, which was not enough to

Figure 11. Cyclic testing results expressed in stress at 200%
elongation values before and after conditioning.

Figure 12. SEM pictures and EDS mapping of (a) S-Zn and (b) C-Zn samples. Zn is shown in orange, and Si is shown in cyan.
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create a filler network along, the effect could reflect the weak
secondary network created with the assistance of Zn2+ ions.
Cyclic testing of the samples containing reduced amounts of

ZnCl2 and conventional curatives revealed that stress recovery
reached its maximum with a 1 phr concentration of zinc salt
(Figure 16). This compound showed full recovery of M200 of
the samples kept for 24 h in ambient conditions between the
tests. Moreover, M200 at the fifth cycle after 24 h of

conditioning increased, while for reference C, the stress was
reduced even further. As previously discussed, heat did not
lead to a similar stress recovery.

■ CONCLUSIONS
The findings suggest that Payne effect measurements of both
cured and uncured samples can be used for the evaluation of
short and weak sacrificial bonds in a similar way they are used

Figure 13. SEM pictures of (a) S-Zn, (b) C-Zn, (c) C-ZDMA, and (d) C-SA.

Table 5. Properties of the Compounds with a Reduced ZnCl2 Amount with and without Conventional Curatives

sample ts2, min ΔS′, dN m S′max, dN m Ts, MPa Eb, % M100, MPa M300, MPa RI, � 1/Q, g/g

S 0.324 0.846 4.23 ± 0.40 512.1 ± 26.3 0.85 ± 0.03 2.35 ± 0.16 2.77 ± 0.09 0.095 ± 0.004
S-Zn0.5 0.638 1.746 3.76 ± 0.45 439.5 ± 28.5 0.92 ± 0.05 2.36 ± 0.13 2.56 ± 0.02 0.097 ± 0.002
S-Zn1 0.629 1.879 3.54 ± 0.65 376.6 ± 64.9 1.03 ± 0.02 2.69 ± 0.01 2.62 ± 0.05 0.110 ± 0.007
S-Zn2 1.074 2.434 4.21 ± 0.11 318.6 ± 6.8 1.27 ± 0.01 3.92 ± 0.11 3.07 ± 0.05 0.142 ± 0.002
C 1.93 4.530 5.138 16.41 ± 5.38 476.2 ± 86.7 1.56 ± 0.05 6.77 ± 0.14 4.35 ± 0.07 0.255 ± 0.004
C-Zn0.5 5.87 4.391 5.068 15.40 ± 1.82 415.6 ± 47.2 1.73 ± 0.02 8.20 ± 0.25 4.73 ± 0.09 0.254 ± 0.033
C-Zn1 6.51 4.899 5.758 10.24 ± 4.28 286.1 ± 64.1 2.25 ± 0.05 0.267 ± 0.005
C-Zn2 10.57 2.952 3.827 6.60 ± 0.51 262.1 ± 7.7 1.86 ± 0.1 0.294 ± 0.009

Figure 14. Curing curves of the compounds with reduced ZnCl2 amount (a) without conventional curatives and (b) with conventional curatives.
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for the study of filler−filler interactions. Among the studied
secondary curatives, ZDMA showed the improvement of
tensile properties and some microscale self-healing after the
cyclic load; it was also found to interfere with the traditional
curatives the least. Although the addition of dicarboxylic acid
led to a similar self-healing effect, it marginally decreased the
tensile properties of the compounds. The addition of 10 phr
ZnCl2 to the rubber led to significant deterioration of the
tensile properties, restricted conventional vulcanization, and
showed the ability to create weak and brittle, potentially
sacrificial, bonds with ENR. This combination of materials
could possibly be used to create a sacrificial network when
mixed with other rubber types and should be a topic of further
investigation, including the optimization of compound
ingredients, mixing, and vulcanization parameters, as well as
addressing stability and durability. If to be used with ENR, the
amount of ZnCl2 should be reduced below the amount of the
traditional curing system, and in the present study, 1 phr ZnCl2
could be considered optimum. For example, such a compound
showed full stress recovery after cyclic testing and had fair
tensile properties compared to the reference. Possible
applications of the compounds containing secondary curatives
can include rubber goods undergoing periodic cyclic loading,

for example, in robotics, specialized conveyor belts, or tire
components.
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