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Natural rubber (NR) is an indispensable material in our daily lives due to its excellent properties derived from
strain-induced crystallization (SIC). However, the mechanism and the promoting factor of SIC have not been
clarified yet, and the influence of non-rubber components to SIC has long been discussed. This study aims to
elucidate the mechanisms through which non-rubber components enhance SIC, by mixing NR with three
different lipids—glycerol monostearate (GMS), glycerol distearate (GDS), and glycerol tristearate (GTS)—and
examining their effects on SIC behavior and tensile properties. The results revealed that GTS microcrystals act as
nucleating agents within the NR matrix, lowering the energy required for SIC nucleation, and promote the SIC
onset, even though the SIC promotion did not affect significantly on the tensile properties. This nucleating effect
of GTS is attributed to the combination of the strong affinity with NR ensured by high hydrophobicity and its
highly crystalline due to efficient packing of its alkyl chains. In contrast, GMS and GDS, possessing hydroxyl
groups, did not act as a nucleating agent, but rather delayed the SIC by lowering crosslink density. These findings
suggest that the dominant SIC-promoting factor is nucleating effect in this solution mixing system, and hydroxyl
groups of the lipids seems not to interact with the functional groups of NR chain ends to form end-linking
structure. This perspective is expected to advance the understanding of SIC mechanisms and guide future
research in this field.

1. Introduction proteins, lipids and fatty acids [5]. As the proposed factors promoting

SIC in NR, high stereoregularity of cis-configuration and the presence of

Natural rubber (NR) is widely used in various fields of our daily life,
particularly in the tire industry, due to its superior properties such as
good elasticity, high tensile strength and crack growth resistance. These
outstanding properties are believed to arise from a phenomenon called
strain-induced crystallization (SIC), which is caused by the alignment of
polymer chains during stretching [1,2]. Generally, SIC in NR is known to
occur at lower strains compared to synthetic cis-1,4-polyisoprene rubber
(IR) [3,4]. However, the dominant factor and the detailed mechanisms
of SIC remain unclear, and the SIC behavior of NR has not yet been fully
replicated by IR or other polymeric materials.

NR is derived from the latex obtained from the rubber tree (Hevea
brasiliensis), containing not only the main component, cis-1,4-poly-
isoprene, but also approximately 6 % non-rubber components such as

non-rubber components have long been considered essential for efficient
SIC. However, even when the stereoregularity is modified to the same
level of IR by introducing trans-configuration, NR still shows the supe-
rior mechanical properties [6], which has drawn significant attention to
the role of non-rubber components as a determining factor of SIC
behavior in NR. Thus, we still face the long-standing question: how do
non-rubber components promote SIC behavior? There are two primary
hypotheses for that question. The first hypothesis suggests that in-
teractions between the terminal structures of NR molecules and
non-rubber components form a network through physical crosslinking,
called naturally occurring network, thereby increasing crosslink density
and promoting SIC [7-9]. Recent advanced NMR analysis clarified that
NR molecules have two types of terminal groups, an «a-terminal, which
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Fig. 1. The sample preparation process of NR, NR/GMS, NR/GDS, and NR/GTS.

has been identified as containing ester or hydroxyl groups, and an
o-terminal, which is connected to trans-oligoisoprene units [10-12].
Therefore, it is proposed that the hydroxyl groups of non-rubber com-
ponents form hydrogen bonds with the hydroxyl groups at the o-ter-
minal of NR chains, creating a crosslinked structure [13,14]. The second
hypothesis suggests that non-rubber components act as nucleating
agents during the SIC process. Some previous studies have suggested
that fatty acids present in NR function as nucleating agents, helping
crystal nucleation and growth of SIC [15,16].

Given these hypotheses, the current study aims to clarify the role of
non-rubber components, particularly lipids, in influencing the SIC per-
formance of NR. Here, we seek to determine whether these lipids
contribute to the formation of a naturally occurring network or act as
nucleating agents, by adding lipids in NR and characterizing the me-
chanical properties. As additional lipids, glycerol monostearate (GMS),
glycerol distearate (GDS), and glycerol tristearate (GTS) were selected.
They are the derivatives of glycerol and stearic acid, differentiated by
the number of stearic acid molecules esterified to glycerol. They have
varying numbers of hydroxyl groups and esterified fatty acids, while
maintaining the complementary relationship in chemical structure.
Stearic acid is abundantly present in natural rubber and has been re-
ported to potentially promote the nucleation of SIC [15]. Therefore,
these lipids were considered suitable for determining whether the
dominant effect on SIC behavior arises from network formation via
physical crosslinking derived from hydroxyl groups or the nucleating
agent effect derived from esterified fatty acids. The current results
demonstrated that the addition of GTS promoted the onset of SIC, while
GMS and GDS delayed it, indicating that the nucleating agent effect
plays a dominant role in the current system. Furthermore, a new insight
was introduced to explain the relationship between strain and crystal-
linity, related to the thermal-induced crystallization of materials. From
this perspective, the SIC behavior of pure NR can be described as
“superstretching”, analogous to supercooling of a liquid. This new
insight will help to deepen the understanding of SIC behavior in NR.

2. Materials & methods/experimental procedure
2.1. Materials

The dried NR sample was provided by Bridgestone Corporation
(Tokyo, Japan). The original latex was obtained from Hevea brasilliensis

and centrifuged once to reduce the composition of non-rubber compo-
nents. It was dried after acid coagulation. The nitrogen content was 0.17

% (w/w), the gel content was 4.67 % (w/w), and the number-average
molecular weight was measured as M, = 25 x 10* g/mol by gel
permeation chromatography (GPC). GMS, GDS, and GTS were pur-
chased from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).
Dicumyl peroxide was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Chloroform, used as solvent, was analytical grade. All reagents
were used without further purification.

2.2. Sample preparation

The dried NR (12 g) was dissolved into chloroform (480 mL) and
thoroughly stirred overnight. Then dicumyl peroxide (3 phr) was added
into the solution, and it was divided into portions of 60 mL. One portion
is for control sample with no additional lipid. 3 phr of GTS was added to
another portion, and equimolar amounts of GMS and GDS were added to
the other portions, respectively. After mixing them for a while, the
solvent was removed by using evaporator and left under vacuum con-
dition for 2 h. They were put in a hollow metal plate with a thickness of
1 mm, sanded between two flat metal plate, and heat pressed at 150 °C,
17.5 MPa, for 30 min. The crosslinking reaction is assumed to proceed
during this heating process. The obtained NR sheets, each having a
thickness of 1 mm, were named as NR, NR/GMS, NR/GDS, and NR/GTS
depending on the additional lipids, respectively (Fig. 1).

2.3. DSC measurement

Differential scanning calorimetry (DSC) measurements were per-
formed using DSC 8500 instrument (PerkinElmer, Waltham, MA). The
heat flow was calibrated with high-purity indium. Each sample sheet
was punched into disc shape with 5 mm diameter (ca. 5 mg), encapsu-
lated in aluminum pan, and loaded into the DSC instrument with an
identical empty pan used as the reference. The samples were heated
from —100 °C to 150 °C at a heating rate of 10 °C/min in nitrogen
atmosphere.

2.4. FT-IR analysis

The Fourier-transform infrared (FT-IR) spectra of each sample were
recorded on an IRPrestige-21 FT-IR spectrophotometer (Shimadzu Cor-
poration, Kyoto, Japan) with a MIRacle A single-reflection attenuated
total reflectance (ATR) unit using a Ge prism. The spectra from 700 to
4000 cm ™! were accumulated at 4 cm ™! resolution using 64 scans.
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Fig. 2. The results of DSC analysis of a) NR, b) NR/GMS, ¢) NR/GDS, and d) NR/GTS to determine Ty and melting temperature of the additional lipids.
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2.5. Swelling test

Swelling test was conducted in toluene. Each sample sheet was
punched into disc shape with 5 mm diameter. They were immersed in
toluene, and the mass of each sample was measured in every 10 min.
After the mass stopped increasing, reaching the equilibrium, the
swelling mass was measured, and the weight swelling rate was calcu-
lated using the value. The swelling ratio Q was calculated as follows,

Ws — Wy

BT

where wy is initial mass and w; is equilibrium swelling mass. From the
resulting value of Q, the crosslink density v was calculated according to
the following equations in the Flory-Rehner theory [17],

_ lTl(]. _ ¢r) + (/)r +X¢f
1
Vo (¢r3 - %’)

-1
dJr:(&Q—H)

s

V=

where ¢, is the volume fraction of the polymer in the swollen network;
Vo is the molar volume of the solvent and y is the Flory-Huggins poly-
mer-solvent interaction parameter; p, and p, are the densities of the
solvent and NR respectively. The following constant values were used to
determine the crosslink density: p; = 0.867 g/ml (toluene); p, = 0.930 g/
ml (NR); Vo = 106.3 g/cm3; ¥ = 0.39 (NR-toluene) [18]. The measure-
ment was conducted 3 times for each sample and average values were
calculated.

2.6. Wide-Angle X-ray Diffraction (WAXD) measurement

The in-situ synchrotron WAXD measurements were conducted on
BLO5XU beamline in SPring-8 (Harima, Japan), using the X-ray wave-
length of 1 A. Each sample was punched into O-ring shape with 3 mm
inner diameter and 5 mm outer diameter (Fig. S1). The ring-shaped
samples were stretched between two moving pins under elongation
rate of 20 mm/min and simultaneously X-rayed in interval of 1.5 s,
which means WAXD images were obtained for each 0.5 mm stretch. The
irradiation time was 1.0 s for all images. The obtained WAXD 2D images
were converted to 1D profile by azimuthal integration using package
Red2D (https://github.com/hurxl/Red2D) in Igor Pro 9.05 (Wave-
Metrics) and analyzed with multipeak fitting function to calculate
crystallinity. The calculation of crystallinity was conducted using the
WAXD patterns of one that onset strain of SIC was closest to the average
value among the five trials. The crystallinity index y. was calculated
according to the equation below.

Y= Ao + Ao
¢ Aamorphous + A200 + A120

Here, Ao, A120, and Aamorphous are the area of divided peak assigned to
(200) lattice, (120) lattice, and amorphous halo, respectively.

2.7. Tensile test

Tensile test was conducted with EZ-L instruments (Shimadzu, Kyoto,
Japan) equipped with 50 N load cell. Each sample sheet was punched
into O-ring shape with 8 mm inner diameter and 10 mm outer diameter
(Fig. S2). The measurement was conducted 5 times for each sample.
They were elongated at the rate of rate 300 %/min at room temperature
to investigate tensile properties in the conditions of practical use such as
pneumatic tires. The elastic modulus was obtained from the slope angle
at 100 % strain and 400 % strain for each sample. They are used to
measure as the parameter of the slow linier increase of stress before SIC

Polymer 332 (2025) 128575
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Fig. 3. The change of swelling ratio for NR, NR/GMS, NR/GDS and NR/GTS as
a function of time.

and the progress of stress upturn that is often related to the SIC growth,
respectively.

3. Results and discussion
3.1. Miscibility of the additional lipids in NR

To investigate the miscibility and phase separation of NR and glyc-
erol stearates, DSC measurement was conducted. Fig. 2 shows the
resulting DSC curves for each sample. In this measurement, the glass
transition temperature Ty was determined as the initial baseline step of
the heat flow curve. The T; of pure NR was calculated to be —62 °C
(Fig. 2a), which was the same among all samples regardless of the
addition of glycerol stearates. This value is in accordance with reported
Ty of pure NR [19-21]. Furthermore, the endothermal peaks were
observed at 63.6 °C for NR/GMS (Figs. 2b), 53.8 °C and 59.6 °C for
NR/GDS (Figs. 2¢), 54.3 °C for NR/GTS (Fig. 2d). These endothermic
peaks correspond to the melting temperatures of additional glycerol
stearates, respectively (Fig. S1). This result means that each glycerol
stearate exists as a crystalline domain separated from the NR phase.

In addition, FI-IR analysis was conducted to investigate the molec-
ular interaction between NR matrix and additional lipids. The charac-
teristic peaks attributed to polyisoprene of NR chain were observed,
however, peaks originating from the additional lipids were significantly
smaller than those attributed to polyisoprene and could not be reliably
evaluated. Although peaks corresponding to O-H or C—=0O groups pre-
sent in the lipids, particularly the carbonyl peak around 1739 cm™?,
were detected, these functional groups were also present in NR itself,
making it difficult to distinguish the contributions from the added lipids
(Fig. S6).

3.2. Evaluation of the crosslink density

The change in swelling ratio against the immersion time is shown in
Fig. 3, and resulting crosslink density of each sample is shown in Table 1.
The results showed that the equilibrium swelling ratio became larger by
adding lipids compared to pure NR, and the difference among GMS, GDS
and GTS was negligible (Fig. 3). Accordingly, the addition of lipids
resulted in the decrease of crosslink density, regardless of the lipid type
(Table 1). Therefore, it is unlikely that the mixed lipids interact with the
rubber molecules by forming hydrogen bond via hydroxyl groups or
entanglement via alkyl chains. Considering the result in the previous
section that glycerol stearates exist in NR matrix as crystal domain, it is
reasonable to assume that the presence of lipid domains results in a
decrease in crosslink density by occupying space without participating
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Table 1
The crosslink density and parameters of NR NR/GMS, NR/GDS, and NR/GTS.

Polymer 332 (2025) 128575

Before swelling wo (mg) After swelling w; (mg)

Equilibrium swelling ratio Q (a.u.) Crosslink density v (x10~* mol/cm®)

T T
280 320 360 400 440

NR 15.44 £0.13 60.28 + 0.99 2.90 £+ 0.04 2.31 £ 0.06
NR/GMS 14.87 + 0.03 61.98 + 0.84 3.17 £+ 0.06 1.97 + 0.07
NR/GDS 15.38 £ 0.11 63.22 + 0.86 3.11 £ 0.03 2.04 £ 0.03
NR/GTS 14.77 £ 0.04 61.99 + 0.44 3.19 £ 0.03 1.94 + 0.04
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Fig. 4. a) 2D WAXD pattern of pure NR causing SIC. The integration for 1D pattern was carried out over the specified range in the picture. b) 1D WAXD patterns for
NR, NR/GMS, NR/GDS, and GTS when it was stretched from 265 % to 424 % in strain. The displayed sample is the one whose SIC onset strain was closest to the
average. The color change from blue to red with increase of strain indicate the SIC onset. ¢) Comparison of the onset strain of SIC. (n = 5). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

in the crosslinking network.
3.3. SIC behavior

To observe the SIC behavior, the crystallization process during
stretching was monitored using in-situ WAXD measurements. In this
study, particular attention was paid to the onset strain of SIC for the
evaluation of SIC performance. The collected 2D WAXD patterns were
integrated azimuthally in the limited region (6 = 80°-100°, Fig. 4a), and
the 1D WAXD patterns were obtained for each sample (Fig. 4b). The
onset strain of SIC was determined by the peak existence at g = 1.00 A,
which is attributed to (200) lattice plane of NR crystal. For the pure NR
in Fig. 4b, the broad amorphous halo, with its peak top at g = 1.30 A™%,

was reserved during stretching, while the peak intensity at ¢ = 1.00 Al
and g = 1.48 ;\’1, which is respectively attributed to (200) and (120)
lattice plane, became larger as the strain increased. The (200) peak
existed at the strain around 340 %, which was regarded as the onset
strain of SIC. Compared to the peaks in NR profiles, the similar peaks
were observed at higher strain in NR/GMS and NR/GDS, and lower
strain in NR/GTS. Following this method, measurements were con-
ducted five times for each sample, and the resulting data for the onset
strain of SIC was summarized (Fig. 4c). This result suggests that the
addition of GTS promoted the SIC onset compared to the pure NR, while
GMS and GDS delayed the SIC onset. Furthermore, a weak peak at ¢ =
1.65 was observed in NR/GDS, and clear peaks were found at g = 1.38,
1.63, and 1.71 in GTS. They are derived from the microcrystals of the
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Fig. 5. Crystallinity index of NR, NR/GMS, NR/GDS, and NR/GTS as a function
of strain. The displayed sample is the one whose SIC onset strain was closest to
the average.

GDS and GTS, respectively. The 1D WAXD patterns for pure glycerol
stearates were also measured (Fig. S3), and these peaks matched with
that of the NR mixture. This result corresponds with the DSC result that
NR and glycerol stearates are not compatible, and the crystalline domain
of glycerol stearates are separated from the NR phase. From that
perspective, the SIC promoting factor of GTS is considered to be het-
erogeneous nucleating effect [22], resulting from the affinity of the
microcrystals to the highly hydrophobic NR matrix. While GDS and
GMS, which contain hydroxyl groups, cannot contact NR chains and
merely occupies space to reduce crosslink density, GTS, which lack
hydroxyl groups and being highly hydrophobic, exhibits a higher af-
finity to the NR matrix and provide the surface energy that promotes the

Polymer 332 (2025) 128575

formation of crystal nuclei. At first sight, the good affinity of GTS to NR
derived from its high hydrophobicity seem contradictory to its phase
separation as crystals within the rubber matrix. However, this can be
explained by the exceptionally strong packing of the alkyl chains, which
gives GTS extremely high crystalline, making such behavior feasible.
Indeed, glycerol trioleate, which has unsaturated alkyl chains and exists
as oil at room temperature, is incorporated into rubber matrix to work as
plasticizer, which has opposite effect to enhance SIC behavior [23].

3.4. Similarity between strain-induced crystallization behavior and
thermal-induced crystallization

To evaluate the process of SIC, crystallinity was calculated for each
sample of NR, NR/GMS, NR/GDS, and NR/GTS. The calculation process
is shown in Fig. S4. Fig. 5 shows the stress-crystallinity index curves for
NR, NR/GMS, NR/GDS and NR/GTS. For all samples, the crystallinities
increase as the stress become larger. The theoretical onset strain of SIC
can be understood as the point where the extrapolated crystallinity
curve is predicted to reach zero, and the onset strain determined in
previous section are likely to correspond to that. It is worth noting that
there is a plateau region between the initial crystallization and subse-
quent crystal growth in NR/GTS, whose SIC onset showed lowest strain,
whereas the crystal growth occurs soon after the crystallization in the
other samples. This supports that GTS exhibits nucleating agent effect,
and that the presence of GTS microcrystals decreases the nucleation
energy required for NR crystal nucleation, resulting in an earlier SIC
response as the intrinsic onset strain of SIC is reached.

Furthermore, since the degree of crystallinity of NR/GTS stabilizes to
the same levels with NR at high strain region, this curve can be inter-
preted as the boundary of maximum crystallinity. With GTS micro-
crystal, the crystallinity follows the maximum level against strain. On
the other hand, in pure NR, “superstretching” occurs beyond the
intrinsic onset strain of SIC, and crystal nucleation and growth take
place almost simultaneously once a certain strain threshold is reached.
The role of GTS microcrystals is to prevent this “superstretching,” and
immediately inducing the crystallization at intrinsic onset strain of SIC,
by providing surfaces or sites that lower the energy barrier for crystal
nucleation.

This phenomenon can be compared to supercooling observed when a
material transitions from a liquid to a solid state upon temperature
reduction. Supercooling occurs when a liquid is cooled below its
freezing point without undergoing a phase transition into a solid. In this
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Fig. 6. Comparison of a) stress-strain curves and b) mechanical properties for NR, NR/GMS, NR/GDS, and NR/GTS. (n = 5).
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state, the liquid remains in a metastable state because crystal nucleation,
which is necessary for solidification, does not occur. This phenomenon
happens because the system lacks the necessary nucleation energy. As a
result, the liquid can reach temperatures significantly below its freezing
point before crystallization occurs. However, when impurities are
introduced into the system, they can act as nucleating agents, providing
surfaces or sites that lower the energy barrier for crystal nucleation.
These impurities facilitate the organization of molecules into a crystal-
line structure by serving as a template or seed for nucleation. This re-
duces the degree of supercooling and allows solidification to occur
immediately upon reaching the freezing point. When the supercooling is
substituted to SIC behavior, increasing strain in NR is assigned to
lowering the temperature of a material. The pure NR experiences
“superstretching” beyond the intrinsic onset strain of SIC before a sud-
den increase in crystallinity. On the other hand, with GTS, SIC occurs at
the intrinsic onset strain of SIC immediately, consistently following the
boundary of maximum crystallinity.

3.5. Tensile properties of NR, NR/GMS, NR/GDS and NR/GTS

The stress-strain curves were obtained as the result of uniaxial single-
mode tensile test (Fig. 6a). It was commonly observed for all samples
that the slope of the curve remained relatively small in the low-strain
region, while the notable increase in slope was observed in the high-
strain region. Generally, this stress upturn is attributed to the synergis-
tic effect of the SIC onset and the achievement of maximum molecular
chain extension [24]. The results showed no significant differences
among NR/GMS, NR/GDS, and NR/GTS, and the addition of glycerol
stearates resulted in a shift of the stress upturn point toward larger strain
levels regardless of the type of the lipids. This shift is especially reflected
in the decrease of modulus at 400 % strain and the corresponding in-
crease of elongation at break, while no significant difference was
recognized in tensile strength. (Fig. 6b). Such changes are considered to
be attributed to the depression of the crosslink density mentioned above.
Theoretically, the elastic modulus is proportional to the crosslink den-
sity, and the elongation at break decreases as the crosslink density in-
creases. The results obtained in this study are in clear agreement with
this relationship; both the elongation at break and the elastic modulus
correspond well to the relative levels of crosslink density. Therefore, it
can be assumed that the dominant factor influencing the results of the
tensile tests is the crosslink density, and that the effect of SIC promotion
is negligible compared to that of crosslink density in this context since
the order of the stress upturn in the curves does not correspond to that of
the SIC.

3.6. The feasibility of naturally occurring network

The results of both the tensile test and the swelling test consistently
indicate that the crosslink density decreased for all lipids, regardless of
the presence of hydroxyl groups. This suggests that a naturally occurring
network, via hydrogen bonding between hydroxyl groups and the ter-
minal ends of rubber molecules, was not formed, and consequently, SIC
was not promoted.

In this case, the primary reason why hydroxyl groups did not
participate in interactions is that GMS and GDS, which contain hydroxyl
groups, did not exhibit compatibility with the NR matrix. However,
numerous previous studies have supported the interaction between
functional groups of non-rubber components and the a-terminal of
natural rubber [13,14], with many suggesting that lipids are generally
compatible with NR and working as crosslinking point [7-9].

This discrepancy is likely due to differences in the mixing method.
The results indicates that, in the organic solvent mixing system used in
this study, it is unlikely that the hydrophilic region of lipids preferen-
tially interacts with the terminal structure of NR chains after intruding
into the abundant hydrophobic regions. For interactions between lipids
and the a-terminal to occur, some inhomogeneous structure must be
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present that allows the hydrophilic regions to stably exist within the NR
matrix [25,26]. However, such a structure is likely lost in solution
mixing method employed here. In the rubber industry, additives are
thoroughly blended during the compounding process using roll mills.
Therefore, the findings in this study do not deny the potential contri-
bution of naturally occurring network to the SIC behavior of NR.

4. Conclusion

It was confirmed that the addition of GMS, GDS, and GTS introduced
changes in the SIC behavior and tensile properties of NR. As the results
of the DSC and swelling test suggested, all the lipids existed as a crys-
talline domain in NR matrix, decreasing the crosslink density. However,
the WAXD profiles showed that the addition of GTS promoted SIC onset,
which is due to GTS microcrystals acting as nucleating agents, while the
addition of GMS and GDS did not show the nucleating agent effect and
delayed SIC onset. The unique nucleating agent effect of GTS comes from
the combination of its strong affinity to the NR matrix phase, which is
related to the high hydrophobicity, and the highly crystalline domain,
which is attributed to the efficient packing of its alkyl chains. On the
other hand, no significant interaction was observed between the hy-
droxyl group of GMS or GDS and the terminal structure of NR molecules
to form naturally occurring network. Therefore, it is concluded that the
dominant factor that promotes SIC in the solvent-mixed systems in this
study is the nucleating agent effect derived from esterified fatty acids,
rather than naturally occurring network derived from hydroxyl groups.
Nevertheless, in terms of mechanical property evaluation, the effect of
SIC behavior was negligible compared to the effect of crosslink density,
making it difficult to assert that the addition of GTS, which promoted
SIC, improved the tensile properties of NR. Our findings demonstrate
that nucleation step is the rate-determining step in the SIC process, and
this can be understood in analogy to supercooling and depression of the
freezing point. This insight is highly significant for elucidating the
mechanism of SIC occurrence and should be considered in future
research.
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