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Abstract. Epoxidized natural rubber (ENR) is a relatively new raw material that can be used in many applications, such as
rubber-based adhesives, self-crosslinking, and compatibilization of rubber and filler matrices in favor of reactive epoxy
groups. However, as almost all types of polymeric materials do, ENR is exposed to mechanical, chemical, and thermo-ox-
idative degradation during service life, resulting in micro- and macro-cracks in the material body as well as on the surface.
The self-healing approach is considered a good solution to provide longer service life by instantaneous repairing these cracks
by means of internal and external stimulants. In literature, most attempts at self-healing of ENR focus on irreversible covalent
bond based systems. In this study, lignin and a common anti-reversion agent 1,3-bis(citraconimido-methyl) benzene (CIMB)
have been evaluated for carrying out self-healing through reversible covalent bonds via Diels-Alder interaction between
ENR and CIMB. In addition, lignin could significantly improve self-healing by promoting an epoxy ring-opening reaction
on the ENR backbone. The best healing conditions were selected as 180°C and 15 minutes, and 83% self-healing was
achieved by incorporating 6 phr lignin and 15 phr CIMB into the reference compound. Satisfactory self-healing performance
has been attributed to the synergistic effect of lignin and CIMB.
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1. Introduction is the ability of a material to repair the micro- and
Because of irreversible cross-links, rubber-based macro-failures in its structure with or without the
materials may undergo a structural deformation at  help of an external stimulant. External and internal
either the micro- or the macro-level when exposed self-healing are the two main approaches suggested
to external effects such as chemical, radiative, ox- [4, 5]. The external self-healing approach suggests
idative, and/or UV-based effects. Since those defor-  self-healing by using healing agents. The internal
mations or fractures continue to build up during the  self-healing approach, on the other hand, suggests a
service life of rubber material, its performance grad-  healing process without the need for healing agents,
ually decreases over time. It is crucial in most appli-  instead depends on the functional groups on the
cations not only to avoid the visible effects of those  chemical structure of the material and their ability to
deformations over the material, at least temporarily  create reversible non-covalent interactions such as
during the material’s service life, but also to ensure ~ H-bonds, metallic interactions as well as metal-lig-
a long-lasting performance to be similar or compa- and interactions [6—8].

rable to its initial value. Thus, the ‘self-healing’ ap-  Epoxidized natural rubber (ENR) is synthesized by
proach for rubber materials has been studied exten- chemically controlled modification of the natural
sively for the last couple of years [1-3]. Self-healing  rubber (NR) with formic peroxy acid. This novel raw
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material is commercially available depending on its
molar epoxy content. Thanks to its rigidity, ENR is
widely used in the automotive and aviation indus-
tries for the manufacture of joints, bumpers, gaskets,
sealants, sponges, cross-linked pipes, and pressure-
sensitive adhesives. It is also used for the manufac-
ture of medical tapes, plasters, and carpet backings
[1, 9—11]. In the presence of reactive epoxy groups,
ENR can further be used in self-crosslinking appli-
cations as a compatibilizer for polar fillers and as an
adhesion enhancer between rubber and metal struc-
tures [12—15]. In addition to the above, ENR can un-
dergo a dual cross-linking process via its C=C double
bonds and reactive epoxy sites. Sulfur cross-linking
can occur over allylic H atom on C=C double bond,
whereas secondary cross-links are initiated by the
essential compound additives containing amino,
chlorine, and carboxyl functional groups as a result
of epoxy chain opening reaction [16-18].

The existence of reactive epoxy groups on ENR may
lead to the regeneration of already broken polymer
chains where appropriate conditions exist. There are
a few studies met in the literature on the self-healing
of ENR [7, 19-22]. Imbernon et al. [19] investigated
the self-healing behavior of ENR-based rubber com-
pounds containing dithiobutyric acid with reactive
disulfide groups (DTDB). In this study, they reported
ENR to exhibit standard natural rubber characteris-
tics up to 100 °C, whereas self-healing could occur
as a result of cross-linking disulfide groups after re-
arrangement between polymer chains above 150 °C.
In another study, Xu et al. [21] investigated the self-
healing mechanism of carboxymethyl chitosan in-
corporated ENR latex, where they achieved 90%
self-healing by means of reversible H-bonds between
ENR and carboxymethyl chitosan molecules. Liu et
al. [20] investigated the self-healing characteristics
of two different types of zinc methyl acrylate incor-
porated ENR (ENR-25 and ENR-40) at various time
and temperature conditions, where they considered
the tensile properties as the criteria for success. They
achieved 80% self-healing for ENR-40 conditioned
at 80°C for 1 h and 70% for ENR-25 conditioned at
30°C for 50 min. Self-healing by Diels-Alder reac-
tion is an easier and much more practical method
than the other self-healing methods as it can be per-
formed by using solely heat rather than using a cat-
alyst or pre-treatment on the monomer or fractured
surface [23, 24]. Self-healing of cross-linked mate-
rials can be achieved as a result of the formation of
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the thermally reversible covalent bonds in the Diels-
Alder mechanism. In self-healing applications of rub-
ber, which are assisted by the Diels-Alder mecha-
nism, materials containing highly electronegative and
reactive furan/maleimide groups are used for the for-
mation of a dien-dienophyl couple [25-27]. Bis-
maleimides are reactive products where maleimide
units exist on dianhydride or diamine terminal groups.
The carbonyl groups linked to the terminal site of
maleimides act as dienophiles in order to undergo a
Diels-Alder reaction with the double bond conjugated
dienes of bismaleimides. In rubber technology, bis-
maleimides are mainly as co-agents in peroxide vul-
canization and anti-reversion agent in sulfur vulcan-
ization of highly unsaturated rubbers [28, 29].
1,3-bis(citraconimidomethyl)benzene (CIMB) is used
as an anti-reversion agent used in sulfur vulcaniza-
tion, and it acts by altering the reaction mechanism to
avoid reversion. CIMB can undergo cyclo-addition
reactions by the Diels-Alder mechanism to re-com-
bine diene and triene structures which formed as a re-
sult of chain scission due to various deteriorating ex-
ternal factors [30]. In this study, unlike its accustomed
use, the use of CIMB in the Diels-Alders addition re-
action was investigated to identify its effect on the
self-healing process over the rubber materials.

Lignin is a worldwide available biopolymer that can
be extracted from plant cell walls. More than 50 mil-
lion tonnes of lignin is produced as a by-product of
craft and bio-ethanol manufacturing processes.
Lignin, an amorphous biopolymer, exhibits various
properties depending on its monomeric composition
and substituents. This monomer has reactive func-
tional groups such as aliphatic hydroxy, phenolic hy-
droxy, methoxy, carbonyl, and carboxyl, allowing the
preparation of graft copolymers with a wide range
of industrial chemicals [31-38]. The reactivity of
lignin mainly depends on its functional groups as
well as molecular weight distribution and solubility
properties [39—42]. Lignin is an abundant and low-
cost additive that provides stability and good me-
chanical properties to the compositions thanks to the
presence of aromatic structures. It can undergo a
broad range of chemical transformations and provide
hydrophilic or hydrophobic characteristics depend-
ing on its origin. Furthermore, lignin can be used to
protect the materials against oxidative degradations,
and it is more resistant to most biological attacks
than cellulose and other structural polysaccharides
[39, 43, 44]. The chemical functionalities in lignin are
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able to react with the epoxy sites of ENR, making
lignin the cross-linking center of the lignin/ENR
composites [45]. —OH functionality, which induces
self-healing via the formation of hydrogen bonding
with ENR [4].

Lignin is categorized into two major methods of iso-
lation: sulfur and sulfur-free lignin extraction process-
es. Sulfur lignin comprises kraft lignin and ligno-
sulphonate lignin, which are primarily produced by
paper and pulp industries. Kraft lignin is hydropho-
bic and contains a high level of condensed structures,
phenolic hydroxyl groups, and aliphatic thiol groups
[46—-48]. Lignosulphonates are water soluble, con-
tain sulfur in the form of sulfonate groups present on
their aliphatic side chains, and are produced of waste
liquid from softwood [49]. They have a higher aver-
age molar mass than kraft lignin with a broad poly-
dispersity [49, 50]. Sulfur-free lignin generally is a
low molecular weight product of high purity.

In recent years, many studies related to the use of
lignin in rubber compound formulations have been
reported. Most of those studies have focused on the
use of lignin as a reinforcing filler, anti-aging agent,
adhesion enhancer, and additive to improve the ther-
mal and mechanical properties of rubber compounds
[38, 43,45, 51]. Some other studies focused on cross-
linking reactions in the presence of lignin. Jiang et al.
[45] investigated lignosulphonate lignin (0—40 phr)/
ENR blends, which were prepared at 180°C and in
the absence of traditional rubber cross-linking agents
such as sulfur and peroxide. They measured cross-
linking degree, glass transition temperature, mechan-
ical and dynamic-mechanical properties. The results
showed lignin to provide higher cross-link density
by inducing the epoxy ring-opening reaction of ENR.
However, a relatively higher amount of lignin caused
poor rubber-filler interaction and lower tensile mod-
ulus due to insufficient compound homogeneity. Be-
sides, lignin may undergo a Diels-Alders cyclo-ad-
dition reaction if already functionalized with furan
and/or maleic anhydride groups incorporated furan
functionality to lignin by the reaction between fur-
furyl glycidyl ether and phenolic OH groups of lignin
[52]. Lignin’s phenolic and aliphatic groups have also
reacted with maleimidohexonic acid to provide
maleimide groups onto lignin. These functionalized
lignins were then combined to form a gel structure
via a Diels-Alder reaction at 70 °C. The gel structure
could be reversed into a liquid state at 120 °C, where
the reaction was called retro-Diels-Alder.
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Despite several studies about both self-healing of
rubber compounds and cross-linking rubber by means
of lignin, there is not any study met in the literature
on the self-healing of lignin-containing regular rub-
ber compounds. In this study, the self-healing behav-
ior of ENR-based rubber compounds in the presence
of lignin and CIMB has been investigated. The rhe-
ological and mechanical properties of the rubber
compounds were also measured. The effects of vary-
ing time and temperature on self-healing perform-
ance have been evaluated.

2. Experimental

2.1. Materials

ENR-50 (Epoxyprene), which has 50% (mol%)
epoxy content and 80+5 MU Mooney viscosity, was
purchased from Muang Mai Guthrie Public Compa-
ny Ltd. (Thailand). Lignin alkali with 5% humidity
and 6.5 of pH value was obtained from Sigma
Aldrich. 1,3-bis(citraconimidomethyl)benzene was
purchased from Lanxess Deutschland GmbH (Ger-
many) with the commercial name of Perkalink 900.
HAF N330 carbon black (CB, filler) was originated
from OMSK (Russia). Zinc oxide (activator, White
Seal, 325 mesh particle size) was rubber grade and
purchased from Metal Oksit (Turkey). Stearic acid
(activator, 52-62 °C of congealing point) was also
standard rubber grade additive and was purchased
from Zeta Kauguk (Turkey). Antioxidants; polymer-
ized 2,2,4-trimethyl-1,2-dihydroquinoline (TMQ), N-
isopropyl-N'-phenyl-p-phenylenediamine (IPPD),
and ozone wax were obtained from Zeta Kauguk
(Turkey). TMQ, with a softening point of 90 10 °C,
whereas IPPD was of 70 °C. Curing system compo-
nents; N-cyclohexyl-2-benzothiazole sulfenamide
(CBS, accelerator) and insoluble sulfur (vulcaniza-
tion agent, 80% purity), both contained 80% active
substance and 20% elastomer binder; they were pur-
chased from Zeta Kauguk (Turkey). All additives
were commercially available and used as received.

2.2. Preparation of compounds and test
procedures

Rubber compounds were prepared by using a 2 1
(gross volume) internal mixer (Met-Gur, Turkey) and
sheeted out on a laboratory mill subsequently. First-
ly, epoxidized natural rubber was masticated for
2 min at a rotor speed of 30 rpm to obtain desired
flow properties. Carbon black, lignin, and process
oil were then fed into the mixer and mixed for 1 min
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at 25 rpm. The rotor speed was kept constant at
25 rpm during the rest of the mixing. In the next
three steps, a 30 s interval was applied between ac-
tivators (zinc oxide and stearic acid), stabilizers
(TMQ, IPPD, and ozone wax), and the curing sys-
tem, including CIMB (CBS, sulfur, and CIMB). The
final compound was then mixed 1 min further and
dumped from the mixer at approximately 60°C. A
150 mm wide laboratory-type two-roll mill with a
friction ratio of 1:1.1 was used for the final homog-
enization and shaping of the compound. 5 cycles of
wound-up with a 3 mm nip thickness were performed
on the mill to ensure a standard mixing process.
Compound formulations are given in Table 1. In
Group 1, REF is the control compound, which does
not comprise any of lignin and CIMB as the self-
healing agent. LA3 and LA6 comprise 3 and 6 phr
lignin alkali, respectively. Compounds comprising
only CIMB are in Group 2, and various amounts of
CIMB were used in these compounds. Group 3 and
Group 4 comprise both agents in various amounts,
where the amounts are also indicated by the com-
pound codes.

Alpha Pioneer 2000 model moving die rheometer
(MDR) was used to measure the optimum cure times
of the rubber compounds according to ASTM
D5289. Minimum torque (My), maximum torque
(Mpy), scorch time (#,), and optimum cure time (Z9)
were measured; cure extent (CE) and cure rate index
(CRI) parameters were calculated according to the

Table 1. Rubber compound formulations.

standard. Compounds were vulcanized on a hy-
draulic hot press under 150 bar pressure and for their
respective optimum cure times (time corresponding
to maximum torque) at 150°C. Test samples were
then cut from the vulcanized sheets by using stan-
dard sharp blades.

Mechanical properties of Die C dumb-bell shaped
vulcanizates were measured by using a universal
testing machine (Instron 3345) with 500 mm/min
crosshead speed according to ASTM D412. Tensile
strength, elongation at break, and tensile stress at
50% elongation (50% modulus) values were record-
ed. 5 samples for each compound were tested, and
the average value was reported as a result.

A self-healing study was performed on tensile-frac-
tured samples, which were manually re-attached to
establish contact between two fractured surfaces in
an ASTM D412 Die C-sized mold at selected heal-
ing temperatures (160, 170, 180 and 190°C) for 5,
10 and 15 minutes in the air over operating at ambi-
ent pressure. The minimum healing temperature was
selected as 160 °C after prior analysis for obtaining
meaningful self-healing performance. After healing
at the specified conditions, the self-healed specimens
were subjected to tensile testing. 5 samples were
tested and the average value was used to calculate
and report the self-healing ratio. The self-healing
performance of the samples was evaluated by means
of their percentage retention in tensile strength val-
ues as well as by their visual inspection. Equation (1)

Group 1 Group 2 Group 3 Group 4

< = = £ E Z 8 2 &

= ) ) = = = O @) @) O o @)

-

- ) ) -

Content
[phr]

ENR 100 100 100 100 100 100 100 100 100 100 100 100
CB (N-330) 40 40 40 40 40 40 40 40 40 40 40 40
Lignin - 3 6 - - - 3 3 3 6 6 6
CIMB - - - 4 10 15 4 10 15 4 10 15
Process oil 10 10 10 10 10 10 10 10 10 10 10 10
Zinc oxide 5 5 5 5 5 5 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2 2 2 2 2 2 2
™Q 2 2 2 2 2 2 2 2 2 2 2 2
IPPD 1 1 1 1 1 1 1 1 1 1 1 1
Ozone wax 2 2 2 2 2 2 2 2 2 2 2 2
CBS 2 2 2 2 2 2 2 2 2 2 2 2
Sulfur 2 2 2 2 2 2 2 2 2 2 2 2
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was used to calculate self-healing performance,
where o; represents the original mechanical property
(tensile strength) of the sample, and oy is the value
of the same property of the same sample after self-
healing [53, 54]. Visual inspection of healed samples
was performed by using a MicroDirect 1080p HD
(Celestron LLC, USA) microscope (Equation (1)):

. . O¢
Self-healing ratio [%] = G, 100 (D)
The swelling ratio of the samples was measured ac-
cording to ASTM D471-12. For each compound,
5 samples were taken from healing surfaces, they
were first subjected to ambient acetone extraction
for 24 h, and dried in an air oven for a further 24 h
prior to measuring initial weight is recorded as Wi,
Each sample was immersed in toluene at ambient
temperature for 72 h and dried in an air oven for 24 h
until a constant mass (final weight, W) could be ob-
tained. Swelling ratio (Q), cross-link density (V%),
and the molecular weight between the cross-links
(M,) were calculated by using Equation (2), Equa-
tion (3), and Equation (4), respectively according to
Flory-Rehner approach [26, 55, 56]:

w.
0= 1 @)
_[ln(l V) +Vz+XV2] 3)
e V<V1/3 2)
_ 1
Ve =2 “)

where W and Wy, are the weight fraction of the poly-
mer respectively in swollen and de-swollen phases,
V, is the volume fraction of the rubber in swollen
phase, Vs is the molar volume of the solvent, which
is 106.3 ml/mol for toluene, and y is the solvent-rub-
ber interaction parameter. y was taken as 0.34 for the
toluene-ENR system [57, 58].

A Fourier transform infrared spectrometer (FTIR,
Perkin Elmer Spectrum 100, PerkinElmer Inc., USA)
was used to investigate structural analysis. The se-
lected spectral resolution and the scanning range
were installed as 4 scans and from 650 to 4000 cm !,
respectively.

Dynamic mechanical analyzer (DMA, DMA 50, Me-
travib Design, France) was used for measuring both
storage and loss moduli of the samples for 40—180°C
temperature range at 1 Hz frequency and 0.1% strain
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amplitude conditions to investigate Diels-Alder and
retro-Diels-Alder reactions during the self-healing
process. Samples were subjected to three tempera-
ture cycles. In each cycle, samples were first heated
to 180°C by 10 °C/min, held at 180 °C for 15 minutes,
and then cooled down to 40 °C by 2 °C/min cooling
rate. Here, 180°C and 15 min parameters were used
for representing the optimum self-healing condi-
tions, which were mentioned in the following parts
of the paper.

3. Results and discussions

3.1. Rheological properties

Rheometer curves of four compound groups were
obtained at 150 °C, and they are all shown in Figure 1.
Common rheological parameters are also given in
Table 2. Cure extent (CE) values were calculated as
the difference between the maximum and minimum
torque values (My and My ) in dNm. Cure rate index
[min~'] of the rubber compounds was calculated
using Equation (5) [59, 60].

100
log ~ Isp

CRI = (5)
As seen from Figure 1 and Table 2, incorporating
CIMB into the REF compound along with lignin re-
sulted in a 35-40% lower My value. It is more pro-
nounced in the case of high CIMB levels and attrib-
uted to the plasticizing effect of CIMB as a process-
ing aid [61]. For Group 1 compounds in Figure 1a,
a relatively higher amount (6 phr) of lignin could
considerably improve the maximum torque value. In
contrast to lignin, the incorporation of CIMB did not
lead to an increase in My, and lower My values also
were obtained with increasing CIMB content for
Group 2 (Figure 1b) compounds. Anti-reversion ef-
fect of CIMB was obvious for all the compounds
comprising CIMB, as expected [62, 63]. For Group 3
(Figure 1c) and Group 4 (Figure 1d) compounds,
which contain both lignin and CIMB, overall cur-
ing characteristics were measured as between those
of Group 1 and Group 2 compounds. A remarkable
increase (up to 40%) was noticed in the cure rate
index for the compounds that comprise both lignin
and CIMB when compared to the reference com-
pound. This finding is attributed to reactive func-
tional groups of lignin and CIMB to promote the
epoxy ring-opening reaction on the ENR matrix
and so to ensure further cross-linking reactions [45,
64, 65].
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Figure 1. Rheometer curves obtained at 150 °C of a) Group 1, b) Group 2, ¢) Group 3 and d) Group 4.
Table 2. Rheological properties.
ML MH ts 127} CE CRI
[dN-m] [dN-m] [min] [min] [dN-m] [min!]
REF 1.1 14.5 4.51 8.36 13.4 26.0
LA3 0.9 14.2 4.22 8.52 13.3 233
LA6 1.0 16.7 3.53 7.11 15.8 279
4CIMB 0.9 13.5 4.15 7.43 12.6 30.5
10CIMB 0.8 12.5 3.93 6.91 11.7 33.6
15CIMB 0.7 11.6 3.50 6.31 10.8 35.6
LA3-4CIMB 0.9 13.1 391 7.09 12.1 31.5
LA3-10CIMB 0.7 12.1 3.70 6.83 11.4 32.0
LA3-15CIMB 0.7 10.4 3.67 6.53 9.7 35.0
LA6-4CIMB 0.9 14.0 3.38 6.95 13.1 28.0
LA6-10CIMB 1.2 11.7 3.51 6.64 10.5 32.0
LA6-15CIMB 0.6 9.7 3.32 6.04 9.0 36.8

3.2. Tensile properties

The tensile test results of the original samples are
given in Table 3. Although any enhancement in the
mechanical performance of the REF compound was
expected in this study, it would be helpful to figure
out the overall effects of lignin and CIMB on ENR.
It is seen from the table that both lignin and CIMB
adversely affected the mechanical strength. However,
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most of the compositions still have acceptable ma-
terial properties, and they can also be improved by
various methods when the original material proper-
ties are of interest.

As can be clearly seen from Table 3, both additives
resulted in lower tensile strength, elongation at break,
and 50% modulus values. Indeed, blending lignin
with most polymers is not straightforward because
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Table 3. Original mechanical properties of the vulcanizates.

| e Tt o
[MPa] [%o]
REF 16.4+1.4 889460 0.96+0.05
Group 1
LA3 14.0+1.0 835+43 0.84+0.04
LA6 13.4+1.9 643+58 1.20+0.06
Group 2
4CIMB 11.8+1.0 797+45 0.81+0.02
10CIMB 10.5+1.0 716+53 1.14+0.05
15CIMB 10.5+0.3 687+29 0.99+0.03
Group 3
LA3-4CIMB 14.2+1.4 895480 0.85+0.02
LA3-10CIMB 13.6+1.3 760+53 0.744+0.03
LA3-15CIMB 10.5+0.7 624+58 0.75+0.09
Group 4
LA6-4CIMB 14.5+0.8 658+25 1.05+0.03
LA6-10CIMB 13.7+0.8 642+39 0.92+0.03
LA6-15CIMB 7.5£0.8 525+80 0.69+0.08

of its polar character and may result in a poor matrix
interface [66]. CIMB has been found to have a higher
impact on tensile properties compared to lignin due
to its plasticizing effect [51]. However, particularly
at lower (4 and 10 phr) CIMB levels, the presence of
lignin could dampen the deteriorative effect of
CIMB. Interactions between lignin and CIMB are
most probably due to phenolic hydroxyl groups of
lignin. The phenolic hydroxyl groups are the most re-
active functional groups and can significantly affect
the chemical reactivity of the material [43, 47, 67].

100

80

60

40

Self-healing ratio [%]

20

Materials

100

80

Self-healing ratio [%]

LA3-4CIMB LA3-10CIMB LA3-15CIMB
Materials

3.3. Self-healing study

Along with their visual inspection, the self-healing
performance of the samples was evaluated by means
of their retention in tensile strength values. Self-heal-
ing performance results at 180 °C and for 5, 10, and
15 min healing times are given for four different
compound groups, separately in Figure 2.

It is seen in Figure 2 that ENR-based control com-
pound (REF) exhibits 27-38% healing at elevated
temperatures on its own. This was already an expect-
ed result due to the well-known limited self-cross-
linking ability of ENR [14, 45]. As seen in Figure 2a,
3 phr lignin incorporation did not improve the self-
healing performance of the reference compound ex-
cept at relatively high healing temperatures. How-
ever, up to 47% healing could be obtained for the
LA6 compound when sufficient healing time was
allowed. Here, another interesting finding is that
the maximum self-healing ratio for all compounds
was measured at 15 min healing time. Although
there is no proven temperature limit, lower self-
healing performance at 190 °C has been attributed
to competitive reactions in rubber matrix, in which
one was healing, and the other one was chain scis-
sion resulting in lower tensile strength after self-
healing.

As one can see in Figure 2b (Group 2), CIMB could
improve self-healing performance from 27-38 to
35-55%. 55% self-healing ratio was measured for
15CIMB compound at 180 °C for 15 min healing
time. However, it should be noted that there was

100

80

60

40

Self-healing ratio [%]

20

10CIMB
Materials

4CIMB 150CIM

60

40

20

LA6-4CIMB LA6-10CIMB LAB-15CIMB
Materials

Figure 2. Self-healing ratio for various healing times at 180 °C; a) Group 1, b) Group 2, ¢) Group 3 and d) Group 4.
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not a remarkable change in average self-healing per-
formance when the amount of CIMB was increased
from 10 to 15 phr in the compound.

Self-healing performance was also evaluated for the
longest healing time (15 min), and the effect of heal-
ing temperature at 160, 170, 180, and 190°C is
shown in Figure 3. Contrary to Group 1 compounds,
increasing the healing temperature of the 15CIMB
compound did not cause a deterioration in self-heal-
ing performance. This was solely attributed to the
anti-reversion effect of CIMB, which is also more
pronounced at high temperatures.

Group 3 compounds comprise 3 phr lignin and
CIMB ladder (Table 4). Here, any of the compounds
did not exhibit an improvement in self-healing ratio
when compared to Group 2 compounds, which com-
prise only CIMB in the same amounts as Group 3.
The highest self-healing ratio for Group 3 was meas-
ured as 55%; this was of the LA3-15CIMB com-
pound and measured at 180 °C — 15 min healing con-
ditions (Figure 2d). When we compare Group 1 and
Group 2 in each other, CIMB is still found to im-
prove healing by balancing self-healing and rever-
sion processes.

Using a relatively high amount (6 phr) of lignin with
an increasing amount of CIMB (Group 4) was eval-
uated in Figure 2 and Figure 3. As seen in both fig-
ures, when the healing temperature was increased
sufficiently, 6 phr lignin and 15 phr CIMB (LA6-
15CIMB) could provide remarkable success in self-
healing. This was also related to healing time. The

Table 4. Self-healing ratio [%] in tensile strength of the vul-
canizates for 15 min.

at 160°C | at 170°C | at 180°C | at 190°C
REF 32+1 3343 4042 3743
Group 1
LA3 30+3 3445 4542 3448
LA6 314 36+3 4743 43+8
Group 2
4CIMB 35+3 40+1 4644 50+5
10CIMB 4244 44+8 5245 5545
15CIMB 4347 44+7 55+10 5545
Group 3
LA3-4CIMB 27+3 36+3 39+5 38+5
LA3-10CIMB 33+6 38+5 4246 41+5
LA3-15CIMB 4443 4544 56+9 4849
Group 4
LA6-4CIMB 27+3 365 3942 41+1
LA6-10CIMB 34+3 3944 4344 4244
LA6-15CIMB 58+3 63+11 83+10 78+8
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highest level of self-healing, which was 83%, again
could be obtained at 180 °C. This impressive healing
ratio was attributed to the best stoichiometric inter-
action between lignin and CIMB.

Structural mobility and localization are the key con-
cepts for self-healing. Thus, high cross-link density
is expected to reduce self-healing due to the fact that
it restricts mobility in the polymeric matrix [68]. In-
deed, there are some studies met in the literature in-
dicating reciprocity between self-healing and cross-
link density for ENR-based rubber compounds [1,
17, 69, 70] as well as for different polymeric struc-
tures [6, 71, 72]. In this study, the LA6-15CIMB
compound exhibits not only the highest level of self-
healing performance but also the lowest level of ten-
sile modulus along with the lowest cure extent.

In other respects, better self-healing in the case of
high temperatures and long healing periods can be
attributed to sufficient inter-diffusion of polymer
chains, which promotes epoxidation at the interphase
[1, 19, 69]. Indeed, for Group 3 and Group 4 com-
pounds comprising both lignin and CIMB, remark-
ably higher self-healing performance could be
achieved at high temperatures when they are allowed
to keep healing for sufficient healing time. However,
it should be noted that healing efficiency tends to de-
crease at temperatures over 180 °C. The decrease in
self-healing performance at 190 °C, can be associat-
ed with physical cross-links based on ionic interac-
tion or hydrogen bonds [70].

3.4. Cross-link density

Cross-link densities of all the selected vulcanizates
were calculated by using swelling results to under-
stand better how self-healing performance is corre-
lated to cross-link structure. Results are given in
Table 5 for each compound, which was taken from
the healing surfaces before and after self-healing.
When evaluated, cross-link density values of the
samples before self-healing are in a good correlation
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Table 5. Swelling ratio (Q), cross-link density (7,) and molecular weight between cross-links (1/;) of the vulcanizates based

on swelling measurements.

Before self-healing After self-healing
[mol/m3] [mol/m3]

Q Ve M.10° 0 Ve M.103

[%] [mol/m3] [g/mol] [%o] [mol/m3] [g/mol]

REF 1.7+0.3 585+26 2.2+40.1 2.240.1 397426 2.9+0.1
LA6 1.840.1 594468 1.940.1 1.940.2 522478 2.3+0.1
15CIMB 1.9+0.5 517+65 2.34+0.1 1.8+0.0 563+21 2.0+0.0
LA6-15CIMB 2.0+0.2 453486 2.4+0.1 1.7+0.0 635+19 1.8+0.0

with their cure extent values given in Table 2, which
refers to cure data. For 15CIMB and LA6-15CIMB
samples, cross-link density values were measured
higher after self-healing.

It is much more remarkable for the LA6-15CIMB
sample, which contains both lignin and CIMB in
higher amounts. It is very well-known that extent of
cross-linking reaction of ENR strictly depends on the
ring-opening level of the epoxy groups. Besides, the
amount of lignin has a significant impact on the re-
action by promoting the interaction between epoxy
groups and CIMB. Therefore, the higher cross-link
density of the given sample after self-healing can
readily be attributed to further cross-linking reac-
tions, and this finding supports the fact that LA6-
15CIMB composition exhibits the best self-healing
performance, as indicated above. This is also an ex-
pected result of decreasing average molecular weight
between the cross-links (M.). Indeed, the elastic re-
tention force is inversely proportional to the average
distance between the cross-links on the polymer
chain [55, 73].

When we correlate with the initial cross-link density,
self-healing performance has been found to decrease
with increasing cross-link density due to less poly-
mer chain diffusion in the rubber matrix, as extensive-
ly explained in related studies in the literature [21,

Before self-healing

o
3

=4
o

|IIII|IIII|IIlI|IIIl|IIII|IIII|IIII|IIII|1III|I|II|

0

§

74, 75]. However, when the fractured samples are
subjected to the self-healing process for appropriate
healing conditions (time and temperature), further
cross-links are able to form if the rubber compound
contains the required species promoting self-healing
[19, 21, 26, 72]. LA6-15CIMB sample, which has
the lowest initial cross-link density and the highest
one after self-healing, represents this fact as a good
example.

3.5. Optical micrographs of self-healed
materials

For all the compound groups, 180°C — 15 min has
been found to be the best self-healing condition.
Thus, representative pictures of the samples, which
were healed at 180 °C were given below in Figure 4.
Healed samples were also shown under x100 mag-
nification in Figure 5. Figures clearly show that all
the parameters: composition, temperature, and heal-
ing time, are highly effective in self-healing per-
formance. Samples, which self-healed at appropriate
conditions, could exhibit excellent recovery that is
almost the same as their initial appearance. The sam-
ple exhibiting the highest self-healing ratio, LA6-
15CIMB, has also been depicted in Figure 6 to verify
how high self-healing performance affects physical
appearance.

After self-healing (180°C — 15 min)

,

Figure 4. Representative pictures — original tensile-fractured samples before self-healing and after self-healing at 180 °C for

15 min.
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Figure 5. Optical micrographs of LA6-15CIMB samples after self-healing a) at 180 °C for 5 min, b) at 180 °C for 10 min,

and c) at 180°C for 15 min.
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Figure 6. LA6-15CIMB sample after self-healing at 180°C
for 15 min.

3.6. FTIR analysis and proposed reaction
mechanism

For verifying the potential chemical interactions be-
tween ENR, lignin, and CIMB, selected samples
were analyzed by using an FTIR device. The atten-
uated total reflectance (ATR)-FTIR spectrum of the
reference compound REF, LA6, 15CIMB, and
LA6-15CIMB compounds are given in Figure 7 and
Figure 8, respectively, before and after self-healing
at 180°C for 15 min healing conditions.

The peaks at 2959, 2917, and 2850 cm™! in Figure 8,
which are detected at all vulcanizate spectra, are
characteristic peaks of ENR and represent —CHj
stretching vibration, C—H stretching vibration, and
—CH, symmetric and asymmetric stretching vibra-
tions, respectively [76, 77]. Besides, the 875 cm™!
band refers to the presence of an epoxy ring (C—O—C)
along with 1458 and 1377 cm™! bands, which belong
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Figure 7. ATR-FTIR spectra of selected vulcanizates.

to C—H stretching and bending vibrations, respec-
tively [1, 21, 56, 68, 77-81].

In Figure 7, the cyclic imide (—C=0) bending vibra-
tion peak, which is characteristic of CIMB, is seen
for 15CIMB and LA6-15CIMB vulcanizates, as ex-
pected [61]. When comparing LA6 and REF sam-
ples, the peak intensity at 1175 cm™' is lower for
LAG6 vulcanizates which refers to lignin to promote
epoxy ring opening reaction in ENR [1, 82].

In Figure 8a and Figure 8b, for REF and LA6 com-
pounds, the peaks around 1700 cm™' (1737 and
1743 cm™") refer to non-conjugated C=0 of carbonyl
and carboxylic groups. These peaks are associated
with the oxidation of cis-double bonds and/or the re-
arrangement of epoxy groups [1, 43, 78]. Higher
peak intensity at 1097 and 1065 cm™' bands in FTIR
spectra of LA6 and LA6-15CIMB (Figure 8b and
Figire 8d) indicates increasing C—O—C stretching vi-
brations. These peaks can be associated with the ENR
backbone to interact with the other species present in
the reaction media [6]. Besides, C=S and C=0 groups
come from epoxy ring opening reactions [80]. The
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Figure 8. Extended ATR-FTIR spectra of a) REF, b) LA6, ¢) 15CIMB, and d) LA6-15CIMB vulcanizates before and after

self-healing.

increasing peak intensity in the same absorption
band also supports the presence of ether cross-links
between lignin and epoxy groups of ENR as well as
sulfonate ester cross-links [84]. Please note that the
highest self-healing ratio of the LA6-15CIMB sample
was also attributed to the possible chemical interac-
tions between lignin, ENR, and CIMB. In Figure 8a
and Figure 8b, the peak intensity of the 832 cm™
band refers to C=C bonds after self-healing. For all
the samples, 1249 and 743 cm™! bands belong to
C—O symmetric stretching vibration and ring stretch-
ing vibration, respectively [1, 77, 83]. Then, the
sharp decrease in the peak intensities of the same
bands is attributed to the epoxy ring opening reaction
for LA6-15CIMB vulcanizate.

CIMB is known to attach to the polymer structure
via the broken cross-links during reversion, whereas
it is normally not active at the beginning of the vul-
canization reaction [28, 84]. In Figure 7, cyclic imide
(—~C=0) stretching vibration peak (1709 cm™) is de-
tected in the presence of CIMB. Cross-linking dur-
ing self-healing is expected to occur via C=C bonds
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on ENR for CIMB-containing vulcanizates [61]. This
is also supported by the highly increasing 1709 cm™!
peak for LA6-15CIMB vulcanizate (Figure 8c and
Figure 8d), which exhibits the best self-healing per-
formance.

Evaluating all FTIR observations as well as the rhe-
ological and mechanical test results, the proposed
reaction mechanism between ENR, lignin, and
CIMB is summarized in Figures 9—11. Figure 9 de-
picts the traditional sulfur vulcanization of ENR and
epoxy ring-opening reaction. During the vulcaniza-
tion step at a sufficiently high vulcanization temper-
ature, the active accelerator complex, which is able
to react with sulfur, reacts with allylic sites of the
polymer chain and readily initiates cross-linking re-
action [85].

Also, the epoxy ring-opening reaction of ENR by the
effect of lignin is given in Figure 9. Kraft lignin is a
branched macromolecule and is able to give strong
intra-molecular interactions thanks to its several
functionalities. Phenolic hydroxyl groups have the
highest concentration among these functionalities
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[47]. Reactive —OH groups of lignin interact with the
oxygen atom on the ENR epoxy ring to initiate the
ring-opening reaction via the formation of hydrogen

— Express Polymer Letters Vol.17, No.7 (2023) 704-721

bonding [4]. Cross-linking reaction between ENR
and lignin without using any curative has also been
well-defined in literature [45].
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Figure 9. Traditional sulfur vulcanization mechanism and the epoxy ring-opening reaction of ENR in the presence of lignin.

CH,

o) (0]

i \_ CH,
Uy ]

\ ]

O

(6]
CIMB

2 step: Diels-Alder and retro Diels-Alder reaction between ENR and CIMB
C;aj
*E CH CHz] —F CH, CHZ}
x |y
CHa_?_ CllH
OH OI
3 -
% 9
CH —C —CH
‘EC CH }—% CH, CH ﬂ»
C

3

Vulcanized ENR + LA

[Vulcanized ENR + LA J

¢

§
CH CH 7 H
___’J\
CH
e o
CH——C C—CH
/
CH

% CIMB

[Vulcanized ENR + LA ]

%

[Vulcanized ENR + LA ]

[ Vulcanized ENR + LAJ

[Vulcanized ENR + LA] [Vulcanized ENR + LA]

Ge1,

%C @vNC@L

[Vulcanized ENR + LA ]

Time

Heat

CIMB

[Vulcanized ENR + LA]

Figure 10. Proposed Diels-Alder and retro-Diels-Alder reaction mechanisms between ENR and CIMB.

715



B. N. Yesil et al.

34 step: Alder-ene reaction between ENR and CIM
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Figure 11. Proposed Alder-ene reaction between ENR and CIMB.

CIMB is a traditional anti-reversion agent, which is
able to interact with double bonds on the polymer
chain to provide reversible covalent bonds via a
Diels-Alder reaction at relatively high vulcanization
temperatures. Therefore, CIMB can be considered as
a potential self-healing agent for sulfur-cured rubber
materials [29, 60, 84]. The amount of reversible cross-
links depends on double bond concentration on the
polymer backbone, as expected. For ENR vulcan-
izates, along with the double bonds, epoxy rings have
the potential to increase total reactivity for interact-
ing with CIMB molecules.

In this study, the main function of lignin is believed
to promote the epoxy ring-opening reaction to let
ENR interact further with CIMB. The proposed Diels-
Alder reaction mechanism of ENR in the presence
of both lignin and CIMB is given in Figure 10. Car-
bonyl groups linked to maleimide terminations make
the double bond on bismaleimide highly active to act
as a dienophile for the Diels-Alder reaction with
conjugated dienes [30]. Increasing cross-link density
of LA6-15CIMB vulcanizate after self-healing also
coincides with the diene-dienophile reaction (Diels-
Alder) of CIMB and double bonds on fractured poly-
mer chains [29, 37, 86, 87].

The proposed Alder-ene reaction mechanism be-
tween CIMB and isoprene units on ENR molecules
is given in Figure 11 [30, 61, 62]. This reaction is

thought to take place within the self-healing process.
Higher cross-link density of CIMB containing vul-
canizates after self-healing, as well as new chemical
bonds detected in FTIR spectra of these samples, can
be accepted as strong proof for this evaluation.

3.7. Dynamic mechanical analysis

The reversible character of the self-healing process
was investigated by following the dynamic modulus
of the four representative samples. The selected vul-
canizates REF, LA6, 15CIMB, and LA6-15CIMB,
which were already self-healed at 180 °C for 15 min,
were subjected to customized dynamic heating-
cooling cycles, and the obtained results are given in
Figure 12. In each cycle of dynamic analysis, the
retro-Diels-Alder reaction is expected to occur at
high temperatures, whereas the ENR and CIMB give
Diels-Alder reaction during cooling down to 40°C.
As seen in the figure, storage modulus, as well as loss
modulus values, increase in the cooling period indi-
cating the Diels-Alder reaction as well as the Alder-
ene reaction in each cycle. Immediately after the
heating period starts, the modulus values show a sharp
drop. This behavior can be attributed to the retro-
Diels-Alder reaction, which results in breaking down
the cross-links formed by Diels-Alder and Alder-ene
reactions in the previous cooling period, and the
overall dynamic results show a good correlation with
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Figure 12. Dynamic moduli of the selected vulcanizates during repetitive heating-cooling cycles. a) REF, b) LA6, ¢) 15CIMB

and d) LA6-15CIMB.

the recent literature [8, 26, 88]. When we compare
the storage modulus of lignin and CIMB-containing
samples with the reference one, significantly higher
modulus values of these samples after each cooling
period were also found to be related to their higher
self-healing ratio. Besides, the LA6-15CIMB com-
pound, which exhibited the highest level of healing,
has the highest storage modulus values, especially
after the second and third cycles. Indeed, the lower
modulus of all CIMB-containing vulcanizates after
the first cycle could easily be attributed to their lower
initial mechanical strength.

4. Conclusions

In this study, the self-healing performance of an
ENR-based rubber compound in the presence of
lignin and CIMB has been investigated by means of
retention in tensile strength as well as by visual in-
spection. Self-healing agents resulted in a higher
cure rate due to reactive interactions of lignin and
CIMB on the ENR matrix to promote further cross-
linking reactions. Lignin could improve self-healing
from 27 to 47% on its own, whereas CIMB, which
was found to improve healing by balancing healing

and reversion processes, could do it up to 55% at
specific healing conditions. Using 6 phr lignin and
15 phr CIMB in the same composition provided a
remarkable increase in cross-link density by self-
healing as well as the highest level of self-healing
(83%) at 180°C for 15 min healing time. This im-
pressive healing ratio was attributed to the synergis-
tic effect of lignin and CIMB at the best stoichiomet-
ric ratio. However, using any of lignin and CIMB
may need further attention when the initial mechan-
ical properties are of interest since both additives
have an adverse effect on the mechanical strength of
the ENR-based material.

The reaction mechanism comprising lignin-promot-
ed epoxy ring-opening reaction on ENR backbone,
Diels-Alder, and Alder-ene reactions between CIMB
and isoprene units of ENR was proposed for the self-
healing process. The reversible character of Diels-
Alder and retro-Diels-Alder reactions could also be
proved by dynamic analysis.
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