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Strain-induced crystallisation in elastomers markedly increases their elastic
moduli and rupture resistance. However, the mechanisms underlying this self-
reinforcement in filled elastomers remain unclear owing to the nanoscale
nature of the involved processes. Herein, isoprene rubber with/without silica
nanoparticles is stretched to strains of >5 and concomitantly imaged via in situ
transmission electron microscopy. Nanoscale electron diffraction mapping
and in situ transmission electron microscopy results reveal that the self-
reinforcement mechanism depends on the filler presence/absence. The unfil-
led isoprene rubber exhibits a spatially homogeneous strain-induced crystal-
lisation behaviour resulting in drastic elastic modulus enhancement above the
crystallisation onset strain. In contrast, the silica-filled isoprene rubber dis-
plays preferential crystallite formation in highly stressed regions along the
silica aggregates aligned in the stretching direction. This reinforces the stress
propagation pathways within the material and results in a lower crystallisation
onset strain and higher rupture strength than those of the unfilled system. The

insights on the role of fillers in determining strain-induced crystallisation
phenomena and mechanical properties facilitate the rational design and
development of elastomers.

Strain-induced crystallisation (SIC)*>, i.e., the formation of crystalline
domains in stretched elastomers, imparts a unique self-reinforcement
effect that increases the elastic moduli and rupture resistance, as these
crystalline domains act as physical cross-links, strengthening the
material only when mechanical strain and stress are applied. This
phenomenon was discovered by Katz in 1925%” and has attracted the
interest of researchers specialising in fundamental polymer physics
and materials science®®°. SIC in natural rubber (NR) and isoprene
rubber (IR), both based on cis-1,4-polyisoprene (PI), has been exten-
sively investigated"" because of their importance in high-
performance applications ranging from automotive tyres to vibra-
tion isolation systems in precision equipment®’. Recent investigations
have revealed that SIC manifests locally at void edges and crack tips,

arresting crack propagation” >, A recent breakthrough has expanded
the scope of this phenomenon by demonstrating that SIC also occurs
in gel systems, resulting in remarkable toughening and almost fully
reversible mechanical properties®*. The appropriate utilisation of SIC
can markedly contribute to the development of materials with tailored
mechanical responses and sustainable manufacturing through the
creation of durable materials with less raw material input.

According to Flory, SIC is largely driven by the reduction in the
conformational entropy of polymer chains during stretching,
because it facilitates the transition from an amorphous state to a
crystalline one (the entropy change for crystallisation is smaller than
that for the unstretched state)***. This fundamental work has trig-
gered extensive research on SIC mechanisms and the properties of
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the resulting materials®°°, The morphological characteristics of the
nuclei and crystallites formed during stretching, which are crucial for
the thermodynamic and kinetic theories of SIC, have also been
studied”*°. Yeh and Hong demonstrated that the strain-induced
crystallites in vulcanised IR are constrained by cross-links to form
fibrillar or oriented twisted lamellar structures with dimensions of
<30 nm*®. Gros et al. * rationalised fast time-resolved wide-angle
X-ray diffraction (WAXD) data® and suggested that the formation of
bundle-like nuclei during stretching reduces the surface free energy,
which may be a more important mechanism for nucleation than
entropy reduction suggested by Flory®°.

Technological advances have enabled increasingly detailed ana-
lyses of the spatial distribution of strain-induced crystals. Atomic force
microscopy (AFM) has been used to map elastic modulus in stretched
rubber with a spatial resolution of tens of nanometres, revealing the
formation of nanoscale fibrillar regions with higher elastic modulus in
unfilled rubber®*% Microfocused scanning X-ray diffraction (m-SXRD)
has also been used to map WAXD patterns on a micrometre scale.
These investigations have demonstrated that SIC occurs locally at void
edges and crack tips, hindering crack propagation at strains smaller
than that of SIC onset in unfilled rubber® >,

Studies have been extended to filled elastomers, particularly
nanofiller-containing NR and IR, which are crucial for industrial appli-
cations because of their enhanced moduli and superior rupture
strengths®®*, WAXD studies have revealed that nanofillers (e.g., car-
bon black and silica) reduce both the SIC onset strain and crystallite
orientation degree® >, However, understanding the microscopic ori-
gins of the interplay between fillers and SIC remains challenging
because of the need to simultaneously visualise the nanoscale fillers
and strain-induced crystals under large deformations. Although AFM
exhibits a high spatial resolution, the correlation between the high-
modulus regions observed by AFM and the spatial distribution of
strain-induced crystals requires further verification. Unlike AFM,
m-SXRD provides direct crystallographic information but has a spatial
resolution insufficient for the simultaneous visualisation of nanoscale
fillers and strain-induced crystals; hence, the fundamental SIC
mechanisms in filled systems are underexplored.

We have recently developed transmission electron microscopy
(TEM) techniques for observing structural deformation in stretched
and sheared rubbers”~*°. Moreover, an advanced imaging approach
based on nanoscale electron diffraction (ED) for semicrystalline poly-
mers has been established by Panova et al.*°, and has since been
applied to organic semiconductors®, polyolefins****, and other semi-
crystalline polymers*~*¢, This technique relies on specimen scanning
with a nanoscale electron beam and ED pattern collection at different
points to reconstruct two-dimensional crystal distribution maps from
pattern intensities. These maps provide a spatial resolution nearly
three orders of magnitude higher than that of m-SXRD, enabling the
precise visualisation of nanocrystals in semi-crystalline polymers.
Herein, we integrate two cutting-edge electron microscopy techni-
ques, namely, in situ deformation TEM and nanoscale ED mapping, to
elucidate the spatial arrangement of strain-induced crystallites in filled
and unfilled rubbers, providing nanoscopic insights into the interplay
between fillers and SIC and establishing correlations between micro-
scopic phenomena and macroscopic mechanical properties.

Results and discussion

Mechanical property-crystallinity relation

IR filled with silica nanoparticles (20 parts per hundred rubber (phr))
and unfilled IR were prepared to investigate the interplay between
internal structure and SIC behaviour. The stress-strain (S-S) curves of
the two specimens revealed distinct mechanical behaviours (Fig. 1a).
The unfilled IR showed a sharp stress rise at a tensile strain (¢) of =4,
whereas the silica-filled IR exhibited a gradual stress increase and
markedly higher rupture strength.

The tensile strain-dependent intensity of the 200 WAXD peak of
PI crystals (Fig. 1b, c), which is proportional to crystallinity, revealed
that the unfilled and silica-filled IR exhibited different crystallisation
kinetics. The unfilled IR displayed a steep crystallinity increase starting
from £=3.5, whereas the silica-filled IR showed a more gradual rise
initiating at a lower strain (¢ = 2.0). These differences are clearly visible
in the original 2D-WAXD patterns, as shown in Supplementary Fig. 1.
These crystallinity profiles well matched the stress increases observed
in the S-S curves (Fig. 1a). Notably, the stress of the unfilled IR began to
rise at £=4 following the onset of the crystallinity increase at £=3.5,
which suggested that SIC considerably contributed to stress
enhancement. Although WAXD provides valuable information on
spatially averaged SIC behaviour, the understanding of SIC in filled
systems remains phenomenological due to the lack of insights into the
underlying microscopic mechanisms.

TEM of stretched unfilled IR

The TEM images of the unfilled IR were acquired during tensile
deformation up to £=5.8, a value comparable with the failure strain
observed in macroscopic tensile tests, and featured dark areas in the
bright rubber matrix (Fig. 1d). These areas were identified as vulcani-
sation promoters, specifically ZnO particles and stearic acid aggre-
gates. With the increasing strain, the additives progressively separated
along the stretching direction. The realisation of such a large defor-
mation (¢=6) suggested that the damage induced by the electron
beam was minimal.

ED mapping of stretched unfilled IR

Scanning transmission electron microscopy (STEM) and nanoscale ED
mapping were conducted to analyse the unfilled IR stretched to £=5.8
(Fig. 2a). Figure 2b shows an annular dark-field (ADF)-STEM image of
the region highlighted in Fig. 1d (yellow rectangle). This image exhibits
a contrast inverse to that of the corresponding TEM image, with the
ZnO particles and stearic acid aggregates appearing as bright features.

Nanoscale ED patterns were acquired in 40 x 40 nm regions within
the area shown in Fig. 2b (purple rectangle) and referred to as 40 nm ED
patterns (Fig. 2c). Diffraction spots (yellow triangles) were observed in
several of these patterns, although the low electron dose complicated
the differentiation between these spots and background (BG) noise. The
200 nm ED pattern generated by integrating the twenty five 40 nm ED
patterns in Fig. 2c exhibited pronounced diffraction spots corre-
sponding to the {200}, {201}, {120}, and {002} planes of the PI crystals
(200, 201, 120, and 002 spots, respectively; Fig. 2d) and was consistent
with the integrated ED pattern obtained from the entire field of view in
Fig. 2b (Fig. 2e), specifically from the rubber matrix region, excluding
the stearic acid aggregates (Supplementary Fig. 2). The 200/201 and
120 spots cannot be simultaneously detected in any single PI crystal
(Supplementary Fig. 3). Thus, the occurrence of these spots in the single
200 nm ED pattern indicated the coexistence of multiple crystallites
with diverse orientations within 200 x 200 nm areas. In these areas, the
c-axes of the PI crystallites (i.e., the Pl chain directions) were mostly
aligned parallel to the stretching direction while maintaining rotational
variance around their corresponding c-axes.

Unlike the ED patterns integrated over broad regions, the indivi-
dual 40 nm ED patterns (Fig. 2c) displayed 200, 201, or 120 spots. The
fact that not all spots appeared simultaneously suggested that the
number of crystallites within each 40 nm area was insufficient to
incorporate all possible orientations. The number of crystallites within
the measured volume (N:) was estimated using the relationship
Nc=xc Ven/Ve, where xc represents the crystallinity at £=5.8 esti-
mated by WAXD (=7%), V, denotes the volume measured by ED
(40 x 40 nm area with a specimen thickness of 60 nm at£=5.8),and V.
corresponds to the dimensions of individual Pl crystallites
(5x5x10nm, as previously reported”®). This calculation yiel-
ded N =27.
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Fig. 1| Fundamental information on the isoprene rubber (IR) specimens and
in situ tensile transmission electron microscopy (TEM) images of the
unfilled IR. a Stress-strain curves of the unfilled (red) and silica-filled (blue) spe-
cimens. b Tensile-strain-dependent intensity of the 200 wide-angle X-ray

-o- Unfilled IR
-#- Silica-filled IR

diffraction (WAXD) peak for the unfilled (red circles) and silica-filled (blue squares)
IR. ¢ Crystal structure of cis-1,4-polyisoprene (PI). d TEM images captured during

the stretching of the unfilled IR at tensile strains (¢) of 0, 1.0, 2.3, 3.8, 5.1, and 5.8.
Black arrows indicate the stretching direction.

The average number of crystallites detectable via 200 spots
in individual 40nm ED patterns (N.4,) was calculated as
N¢, det =Nc Paoosporr Where Paoognor  Tepresents the probability of
observing 200 spots in an ED pattern from PI crystallites randomly
oriented around their c-axis as explained (=2.5%, as detailed in Sup-
plementary Fig. 3). Consequently, N4, Wwas calculated to be
approximately 0.7. This result strongly suggested that each observed
diffraction spot within these 40 nm ED patterns was due to a single
crystallite.

Crystallite map of stretched unfilled IR

The spatial distribution of the strain-induced crystallites was analysed
using 40 nm ED patterns, which provided information on individual
crystallites. To distinguish diffraction spots from BG intensity con-
taining noise, two (BG and maximum intensity) histograms were con-
structed using a circular mask located at a magnitude of scattering
vector (s, see Methods for definition) of 1.6 nm™, corresponding to the
s for 200 spots (inset, Fig. 2f). (i) The BG histogram was constructed
from integrated intensities within the circular mask for each ED pat-
tern, with measurements performed at 1° intervals over the angular
range @ =-90° to -60° and 60° to 90° (Fig. 2f and Supplementary
Fig. 4a). The BG histogram, representing the intensity distribution at

positions devoid of the 200 spots, facilitated the discrimination
between these spots and BG intensity containing noise in the ED pat-
terns. (i) The maximum intensity histogram was constructed from the
highest integrated intensities within the circular mask for each ED
pattern across the angular range ¢ =-90° to 90° (Fig. 2f and Supple-
mentary Fig. 4a). This histogram characterised the intensities of
200 spots.

Crystallite positions exhibiting 200 spots were discriminated
from BG intensity containing noise with 99.9% statistical confidence by
selecting 40 nm ED patterns where the maximum intensities exceeded
the 99.9th percentile of the BG histogram. The crystallites identified
via 200 spots in 40 nm ED patterns were almost uniformly distributed
across the field of view (Fig. 2g), which suggested the uniformity of
environmental conditions throughout the specimens.

TEM of stretched filled IR

Figure 3 presents the TEM images of silica-filled IR recorded under
tensile deformation up to £=35.3, showing dark silica nanoparticle
aggregates dispersed in the bright rubber matrix. These images
reveal that the aggregates stretched and/or split in the stretching
direction under large deformations and were therefore correspond-
ingly aligned.
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Fig. 2| Nanoscale electron diffraction (ED) mapping of the stretched unfilled IR.
a Schematic of the annular dark-field scanning transmission electron microscopy
(ADF-STEM) imaging and nanoscale ED mapping system. b ADF-STEM image of the
boxed area in Fig. 1d (¢=5.8). The black arrow indicates the stretching direction.
¢ ED patterns obtained from the purple-box-enclosed region in (b). Each pattern
was measured over an area of 40 x 40 nm. d ED pattern integrated over an area of
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200 x 200 nm, corresponding to the twenty-five 40 nm ED patterns in (c).

e Diffraction pattern integrated across the entire rubber region in (b). fBackground
and maximum intensity histograms for crystallite detection using 200 spots in
40 nm ED patterns. g Spatial distribution of the strain-induced crystallites detected
using 200 spots.

Crystallite map of stretched filled IR

Figure 4a presents the ADF-STEM image corresponding to the boxed
area in the TEM image of the filled IR captured at £=5.3 (Fig. 3), with
the silica aggregates appearing white in the dark rubber matrix. This
image exhibits an alternating arrangement of silica-rich and silica-poor
columns parallel to the stretching direction. This is the first study to
uncover such columnar arrangements under large deformation con-
ditions (up to £=5.3).

Furthermore, the rubber regions between these stretch-aligned
aggregates exhibit a bright contrast in the ADF-STEM image, sug-
gesting that the rubber in these regions has either a higher density or
larger thickness. This structure may arise from the SIC behaviour and
inhomogeneous strain/stress distributions, as discussed below.

Figure 4b, ¢ shows the 40 nm ED patterns acquired in regions 1
and 2 of Fig. 4a, respectively. The ED patterns in region 1 exhibit the
200, 201, and 120 spots of PI crystallites, whereas those in region
2 show few diffraction spots. This contrast indicates the coexistence of
crystallite-rich and crystallite-poor domains within the stretched spe-
cimen. The integrated 200 nm ED patterns acquired in regions 1 and 2
(Fig. 4d, e, respectively) corroborate this heterogeneous crystallite
distribution. Such a heterogeneous distribution is unrecognisable in
the average ED pattern acquired across the entire rubber
region (Fig. 4f).

Figure 4g illustrates the spatial distribution of crystallites deter-
mined from the intensities of the 200 spots in 40 nm ED patterns
(Supplementary Fig. 4). Locations with 200 spot intensities exceeding

the 99.9th percentile of BG intensities are highlighted in the ADF-STEM
images. Strain-induced crystallites preferentially formed along the
silica-rich columns, whereas silica-poor columns exhibited fewer
crystallites. A similar distribution pattern was obtained using 120 spot
intensities (Supplementary Fig. 6), corroborating the results of the
200-spot-based analysis (Fig. 4g). The presence of both the 200 and
120 spots in the silica-rich columns suggested that crystallites with
various c-axis orientations coexisted in these regions.

Relationship between crystallite distribution and local strain/
stress

Local strain distributions were analysed by tracking characteristic
points in the TEM images acquired at € = 0.8-5.3 (Fig. 3), as reported
previously®. The maps of local maximum and minimum principal
strains (€max and &min, respectively), as shown in Fig. 5b and Supple-
mentary Fig. 7b, indicate a non-uniform nanoscale deformation
behaviour, which is attributed to the heterogeneous distribution of
silica aggregates. Crystallite locations were overlaid on these maps, as
shown in Fig. 5e and Supplementary Fig. 7c. Furthermore, the histo-
gram in Supplementary Fig. 7a illustrates the quantitative correlation
between the distributions of local &, and crystallites. This quantita-
tive analysis revealed that the local &, at locations where strain-
induced crystallites exist tends to be smaller than the average strain,
suggesting that regions with dense strain-induced crystallites become
less deformable than those with sparse crystallites due to an increased
local elastic modulus.
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Fig. 3 | TEM images of the filled IR stretched to different strains. The black arrow indicates the stretching direction.

Subsequently, to estimate local stress distribution in the stretched
silica-filled IR, we performed finite element method (FEM) simulations
of tensile deformation based on the spatial distribution of silica
aggregates in the TEM image at € =5.3. The map of the local normal
stress in the stretching direction (Fig. 5c) indicated that substantial
stress propagated along the silica aggregates aligned in this direction.
This stress distribution was well correlated with the observed crystal-
lite distribution (Fig. 5f). Thus, the aligned silica aggregates were
concluded to enhance local stress in interstitial rubber regions, pro-
moting site-specific crystallite formation. These crystallites, in turn,
reinforced the columnar arrangements of the silica aggregates, serving
as principal stress propagation pathways.

Self-reinforcement mechanisms based on SIC in unfilled and
filled IR

In the unfilled IR with a relatively uniform environment, SIC begins
uniformly throughout the specimen at a threshold of €= 3.5, and the
crystallinity steeply increases beyond this point (Fig. 1b), which results
in a sharp stress increase (Fig. 1a).

In the silica-filled IR, silica aggregates align to form silica-rich
columns upon stretching, which serve as stress propagation pathways
by bearing substantial stress. Site-specific SIC occurs along the aligned
silica columns, enhancing the elastic moduli of the stress propagation
pathways, as illustrated in Fig. 6. This localised reinforcement increa-
ses the macroscopic elastic modulus and rupture strength (Fig. 1a).
The earlier onset of SIC (¢=2.0) compared with that in the unfilled IR
(e=3.5) and gradual increase in crystallinity (Fig. 1b) are attributed to
the substantial heterogeneity of local strain.

Our findings reveal fundamental differences in the reinforcement
mechanisms of the unfilled and filled systems. The unfilled systems
exhibit uniform self-reinforcement via SIC, whereas filled systems
demonstrate preferential SIC reinforcement along filler-mediated
stress propagation pathways (Fig. 6). This study highlights the cru-
cial role of filler arrangement in controlling the mechanical properties
of crystallisable elastomers, thereby providing essential insights for
material design.

Methods

Material preparation

The unfilled IR comprised IR (100 phr; Nipol IR2200, ZEON Corpora-
tion, Japan), ZnO (3 phr), stearic acid (2.5 phr), sulphur (3 phr), and a
vulcanisation accelerator (N-cyclohexyl-2-benzothiazole sulfenamide).
The filled IR additionally contained silica nanoparticles with a diameter
of 17-18 nm (20 phr; ULTRASIL VN3, Evonik Industries AG, Germany)
and a silane coupling agent (1.6 phr; Si266, Evonik Industries AG,
Germany). The formulations were vulcanised at 150 °C for 35 min.

Mechanical property test

Dumbbell-shaped specimens (ISO 37 Type 1A) were cut from 2
mm-thick rubber sheets. Uniaxial tensile tests were conducted at
room temperature using a fully automated rubber tensile testing
machine (Strograph AE2, Toyo Seiki Seisaku-sho, Ltd, Japan) at a cross-
head speed of 500 mm min™ (Fig. 1a). Tensile strain was calculated by
measuring the distance between gauge marks.

WAXD measurements
WAXD experiments were conducted using a SmartLab instrument
(Rigaku Corporation, Japan) equipped with a Cu K, X-ray source
(1=1.5405 A) and PILATUS-100K detector (DECTRIS AG, Switzerland).
The specimen-to-detector distance was 149.16 mm. The specimens
were scanned at a rate of 26 =0.01° per step and 0.06 s per step to
obtain two-dimensional WAXD patterns. The dumbbell-shaped speci-
mens (ISO 37 Type 4) had thicknesses of 0.5mm (unfilled IR) and
0.3 mm (silica-filled IR). After measurements at a tensile strain of =0,
the unfilled and silica-filled IR specimens were stretched to £=2 and
1.4, respectively, and then elongated in 20% increments until rupture,
which occurred at £=5.4 and 5.6, respectively. For each strain, WAXD
measurements were conducted for -5min. The thicknesses of the
elongated specimens were calculated using a Poisson’s ratio of 0.5, and
the WAXD data were thickness-corrected.

The WAXD intensities in the areas including 200, 120, and 201
diffraction peaks were averaged along the azimuthal direction to
produce one-dimensional scattering intensity-q profiles (azimuthal
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Fig. 4 | Nanoscale ED mapping of the stretched silica-filled IR. a ADF-STEM image
of the boxed area in Fig. 3 (¢=5.3). The black arrow indicates the stretching

direction. Silica-rich columns are indicated by blue brackets below the image. b, ¢
40 nm ED patterns obtained from regions 1 and 2 in (a), respectively. d, e 200 nm

ED patterns integrated over the areas shown in (b) and (c), respectively. fED pattern
integrated across the entire rubber region in (a). g Spatial distribution of crystallites
determined from the intensity of the 200 spots in the corresponding 40 nm ED
patterns. Scale bars for (b, ¢) represent s=2nm™.

angle: 70°<@<110° for 200 and 120 peaks and 40°<@<75°,
105° < <140° for 201 peaks), where g is the scattering vector
(g =4msind/A; 20: scattering angle (°)). The total scattering intensity
of stretched specimens was assumed to be similar to that of
unstretched specimens. A Gaussian function was used to fit the peaks
in the one-dimensional profiles and thus separate the diffraction
peaks from the amorphous halo. The areas of the 200 diffraction
spots were used to evaluate the increase in the crystal
amount (Fig. 1b).

In situ tensile TEM imaging

The IR samples were cut into -400 nm-thick films using a cryo-
ultramicrotome (EM UC7, Leica Microsystems GmbH, Germany) at
-160 °C. A fine probe was used to move the sample onto the cartridge
of the tensile TEM holder (Mel-Build Co., Japan), and the ends of the
film were fixed to the cartridge with an adhesive to prevent peeling off
under stretching. The cartridge had a 30 pm gap that could be opened

symmetrically and stably so that the specimen films were stretched
uniformly.

A cartridge with the specimen film was mounted on a tensile TEM
holder, and the stretching process was observed using a transmission
electron microscope (JEM-F200, JEOL Ltd, Japan) equipped with aK3 IS
camera (Gatan, Inc., USA). The specimens were stretched in a stepwise
manner and observed at £=0, 1.0, 2.3, 3.2, 3.8, 5.1, and 5.8 for the
unfilled IR and €=0, 0.8, 1.8, 2.7, 3.7, 4.6, and 5.3 for the silica-filled IR.
The thickness decreased from ~400 nm at e=0 to 60nm at 5 < < 6.
The accelerating voltage was 200 kV, and the image resolution was
7.1nm pix_. The electron dose was 0.002 e A2 per image. The average
strain was estimated by tracking two characteristic points located at
both ends of the field of view during stretching. The specimens were
deformed in a planar stretching mode, i.e., the specimen width
(dimension perpendicular to the stretching direction) was maintained,
whereas the thickness decreased upon stretching. The specimen
thickness was inversely proportional to the stretching ratio (1+¢).
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Estimation of local strain distribution

To analyse the distributions of the local maximum and minimum prin-
cipal strains (&max and &min, respectively) in the TEM images of the silica-
filled IR, we tracked characteristic points in these images as described
elsewhere®. Owing to the difficulty in recognising fillers and char-
acteristic points in the TEM image at £=0 due to the specimen thick-
ness, the point tracking and strain calculation commenced at ¢ = 0.8 and
not 0. Thus, the net strain calculated from £=0.8-5.3 was 2.5, which
appeared as the average strain in the map of the local &, The
Delaunay triangulation method*” was applied to the point distribution

of the final image (£=5.3) to divide it into triangular elements. Point
linkages and triangular elements were applied to the other images.

The &max and e of the large deformed triangular elements were
calculated using the following procedure. The right stretch tensor U,
which represents the pure stretch component of the deformation
excluding rigid-body rotation, was derived from the deformation
gradient tensor F as

dx\T /dx
2 _~_pTp—
vr=c=F L(dx) (dx)'
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where C is the right Cauchy-Green deformation tensor, and X and x
are the coordinates before and after the deformation, respectively.
The diagonalisation of U yielded U, as

U=<UH U12>|_)
Un Uxn

with the eigenvalues A; and A, given by

Un+Upt \/(Uu — Up)® —4UpUy

Ay Ay = 5

The Biot strain tensor B was calculated as

g O A-1 O )
B: :U* —'= .
<0 52> dia ( 0 A-1

Emax and &min Were subsequently determined as €. = max (&, &)
and gmin =min (&3, &).

ADF-STEM and nanoscale ED analyses

Specimens stretched to the desired strain (¢ = 5.8 for the unfilled IR and
5.3 for the silica-filled IR) were imaged via ADF-STEM, and nanoscale ED
mapping was performed using a STELA camera (Gatan, Inc., USA). An
electron beam with a convergence angle of 0.19 mrad and calculated
diameter of 9.8 nm (full width at half maximum (FWHM)) was used to
scan a 5 x 5 pum area with a pixel size of 20 x 20 nm. The probe current
and pixel time were 5.0 x10” es™ and 0.005 s, respectively. The elec-
tron doses averaged for each pixel (20 x 20 nm) and electron probe
(FWHM diameter = 9.8 nm) were determined as 6.3eA2and 34eA?,
respectively. The detection angle range of the ADF detector was
17-62 mrad. The STELA camera acquired the ED pattern for each pixel.
To enhance the signal-to-noise ratio for subsequent analysis, ED pat-
terns from 40 x 40 nm areas were constructed by integrating the four
ED patterns originally collected from 20 x20 nm areas. The crystal
distribution was analysed in the presence of the 200 diffraction spots
of Pl in the ED patterns.

Strain-induced crystallite mapping
The distribution of strain-induced crystallites was characterised as
follows.

(i) A circular mask with a diameter of s=0.36nm™ (s=sin6/A,
where 6 and A are the scattering angle and electron wavelength,
respectively) was positioned at s=1.6 nm™ from the centre of
each 40 nm ED pattern, corresponding to the 200 spot positions
(inset, Fig. 2f).

(ii) The mask underwent angular rotation through ¢ from-90° to
90°, with 0° defined as perpendicular to the stretching
direction.

A BG histogram was constructed from the integrated intensities
within the circular mask for each ED pattern, with measurements
performed at 1° intervals for ¢ =-90° to 90° (Fig. 2f). The BG
histogram, representing the intensity distribution at positions
devoid of the 200 spots, facilitated the discrimination between
these spots and BG noise in the ED patterns.

A maximum intensity histogram was constructed from the
highest integrated intensities within the circular mask for each
ED pattern, with measurements performed at 1° intervals for
@=-90° to 90° (Fig. 2f). This histogram characterised the
intensities of the 200 spots.

(iii)

(iv)

The comparative analysis of these histograms revealed that weak
200 spots exhibited intensities comparable with those of certain BG
signals. To identify the crystallite positions exhibiting 200 spots with
99.9% statistical confidence against BG noise, only the 40 nm ED

patterns in which the maximum intensities exceeded the 99.9th per-
centile of the BG histogram were selected. The positions of the 40 nm
ED patterns with statistically significant 200 spots were mapped onto
the ADF-STEM image (Fig. 2g).

FEM simulation

A FEM simulation was conducted to estimate the spatial distributions
of local strain and stress. Elastic deformation was simulated using a
modification of the method described in our previous study®. The
employed FEM simulator (PyMuffin Elastica (Version 0.91) in OCTA
Version 8.4*%) was used to prepare the initial state based on the TEM
image of silica-filled IR at £ = 5.3 and impose a uniaxial deformation up
to £=15.363. The original TEM image at £=5.3 had a size of 1368 x 2274
pixels, with each pixel having a graduation of 256 levels. The TEM
image was converted to a black/white binary image with a threshold
value of 100 and then resized to 342 x 569 pixels. The two-dimensional
image was triplicated in the thickness direction to form 342 x 569 x 3
hexahedral mesh data, which were used as the input for the PyMuffi-
n_Elastica simulator. A uniaxial deformation was performed from the
size of 1+5.3 to 1+5.363 (net strain in the simulation was 0.01) by
specifying the deformation at both ends of the system, while the
boundaries in the other two directions were set free. We assumed an
isotropic linear constitutive relation between the stress tensor g;; and
strain tensor e; as

1
0 =26(x){e,-j — §6,-je,,,} +K(x)5,-jem

where G(x) and K(x) are the bulk and shear moduli, respectively.
Although the use of a linear constitutive relation may cause a quanti-
tative error, this linear model grasped the essential features at a qua-
litative level™,

The elastic moduli used in our previous study®, that is, K=1950
MPa and G =0.390 MPa for the rubber (PI) matrix and K =38,000 MPa
and G=32,100 MPa for the silica aggregates, were employed. The
conjugate gradient method with an error level of 1077 was used to solve
the linear algebraic equation. The equilibrated data were processed to
obtain the local displacement vectors, stress components, maximum
and minimum stresses, and von Mises stress.

Data availability

All data are available from the corresponding author upon request.

Code availability
The code used for the analysis of the data in this study is available from
the corresponding author upon request.
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