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Abstract
Changes in the aggregated structure of silica in styrene–butadiene rubber are measured with small-angle X-ray scattering
under cyclic uniaxial elongation. We employ a spherical harmonics expansion approach to quantitatively analyze the
anisotropic scattering data and to separate the anisotropic response of the silica’s configuration upon the elongation from the
isotropic component. The results clearly show inhomogeneity in microscopic deformation upon elongation. Phase lag
between microscopic structural responses and macroscopic strain are also observed. This study demonstrates that the
combination of time-resolved small-angle scattering measurement and an analysis using spherical harmonics expansion is
quite useful for exploring the structural response of filled rubber systems to an external deformation.

Introduction

Addition of nanoparticles such as carbon black and silica to
rubber leads to changes in their mechanical and viscoelastic
properties. This reinforcement effect plays a critical role in
controlling the viscoelastic properties of industrial products
such as vehicle tires, and many studies have been conducted
to elucidate its physical picture. Nanoparticles usually show
hierarchical structures: primary particles form an aggregate,
and the aggregates form an agglomerate, etc [1]. The pre-
sence of this hierarchy makes the quantitative structural
analysis of filled rubber challenging [1–6]. The aggregate
structure of filler and its change upon deformation have
been studied using various techniques, such as ultra-small-
angle X-ray scattering (USAXS) and ultra-small-angle
neutron scattering (USANS) [1–8]. These methods have
been utilized for measuring the static structure of filler
aggregates and its changes upon large deformation.
Although changes in hierarchical structures of filler under a
large strain are vital to discuss the mechanical properties of

nanocomposites, they are not useful for explaining the
viscoelastic properties such as frequency dependence of
viscoelastic modulus. For example, one of the critical
parameters that characterize the products’ energy loss is loss
tangent, tan δ. This quantity is defined as the phase delay
between stress and strain and can be measured by cyclic
shear measurement via the relationship tan δ ¼ G′′=G′,
where G′ and G′′ are an elastic modulus and a loss modulus,
respectively. Loss tangent is used to discuss the viscoelastic
properties, particularly those for energy loss, and is defined
macroscopically; its microscopic picture is, however, not
clarified by the static structure nor the structural change
under large deformation.

Structural analysis of filled rubber under cyclic strain will
give an answer to the above question. In the case of rubber
filled with nanoparticles, the X-ray scattering intensity at a
small scattering angle mainly originates from the distribution
of nanoparticles due to the high electron-density contrast
between nanoparticles and rubber. Thus, measurement of the
scattering of filled rubber under cyclic strain directly
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provides structural information of the nanoparticle config-
uration in stretched rubber. It is, however, not easy to extract
the structural information from such an experiment. First, the
presence of hierarchy and polydispersity in nanoparticle size
and shape complicate the interpretation of scattering inten-
sity profiles as noted above. Second, the cyclic measurement
usually needs to be done with a minimal strain to escape
from the complexity of nonlinear response upon a more
significant strain. This small strain makes structural analysis
difficult because the expected structural changes are small
compared to those in large-strain experiments. Thanks to
recent developments in X-ray detectors and a long sample-
to-detector distance with a highly directional X-ray from a
synchrotron X-ray source, tiny changes in scattering inten-
sity profiles can be measured as shown in this study.

Another difficulty lies in the analysis scheme of scat-
tering profiles from deformed rubber samples. Despite sig-
nificant effort by many researchers, structural information,
particularly under deformation, remains elusive or lacks
quantitative information. One of the reasons, for example in
the case of uniaxial elongation, is that scattering intensity
profiles are analyzed only in a direction parallel to the
elongation and its perpendicular direction. A butterfly-like
anisotropy is commonly observed [9–14], but its analysis
remains a qualitative comparison of scattering images and/
or a one-dimensional slice of scattering profiles in either
reciprocal or real space [7, 15, 16]. These simplified ana-
lyses may have been justified when only one-dimensional
measurement using a Bonse-Hart camera was available for
USAXS/USANS. However, a high-quality two-dimensional
scattering image at ultra small scattering angle is available
now thanks to advances in X-ray sources, optics, and
detectors [17]. Therefore, two-dimensional scattering pat-
terns, or rather three-dimensional scattering patterns in a
reciprocal space, need to be directly studied for discussing
any kind of anisotropic scattering data. For that, more ela-
borate techniques are required to quantitatively describe the
anisotropic scattering patterns.

Recently, the use of spherical harmonics was success-
fully introduced to the SANS analysis of deformed samples
[18, 19]. For shear and uniaxial elongation, symmetric
structural changes are reasonably assumed, and the aniso-
tropic characteristics can be quantitatively extracted. The
analysis of anisotropic scattering pattern using spherical
harmonics has been used for metallic glass and polymer
either via anisotropic structure factors or an anisotropic pair
distribution function [18–23]. In the current study, we
introduce this method for analyzing the anisotropic pattern
from the stretched rubber samples.

The overarching goal of this study is to find connections
between macroscopic properties and microscopic structure
and dynamics of filled rubber, thereby obtaining a physical
picture of the reinforcement effect for improving its

viscoelastic properties. In this paper, we focus on the
observation of the anisotropic response of silica aggregates
to cyclic uniaxial elongation with time-resolved small-angle
X-ray scattering (SAXS) measurements combined with
dynamic viscoelastic measurements. The samples were
sinusoidally stretched, and the scattering at each phase was
measured. We introduced analyses using spherical harmo-
nic expansion [18] instead of conventional methods that
analyze the scattering intensity profiles only along elonga-
tion direction and its vertical direction. We also conducted
heterodyne X-ray Photon Correlation Spectroscopy (XPCS)
measurements [24, 25] to obtain further information about
the response of filler aggregate structure upon strain.

Materials and methods

Materials

Commercially available solution styrene–butadiene rubber
(Buna® VSL 4720, Lanxess Corp.) filled with commercially
used silica particles (Ultrasil VN3, Evnik Industries AG)
was used as the sample. The details of the materials and the
sample codes are shown in Table 1. The average size of the
primary silica particles was 13 nm from TEM observation.
Two different types of silane-coupling agent were used:
polysulfide bis(triethoxysilylpropyl)polysulfide (Si266®)
and NXT (mercapto-functional silane). We also prepared
the sample without silane-coupling agent. Rubber was
cross-linked using sulfur with accelerator (Acc. NS and
DPG). Rubber was cross-linked at 170 °C for 12 min.

SAXS under cyclic strain

Combined measurement of SAXS and dynamical viscoe-
lasticity was conducted at BL08B2, SPring-8 (Hyogo,
Japan). The X-ray energy was 8 keV, and the distance
between samples and a detector was 15.7 m, which was
calibrated using the diffraction from a grating of a 100 nm
grating period. A pixel-array detector (PILATUS 100 K,
Dectris ltd.) [26] was used to measure SAXS images.
Rectangular-shaped samples (4 mm in width and ~0.5 mm
in thickness) were set at a viscoelastic spectrometer
(RheoGel E-4000, UBM ltd., Japan). Prior to the mea-
surement, the samples were stretched to ΔL

L0
¼ 0:3, where ΔL

and L0 are the amounts of stretching and the length of the
undeformed sample, to remove mechanical history. Then,
they were prestretched to ΔL

L0
¼ 0:2 and were afterward

sinusoidally stretched with a stretching ratio of ΔL
L0

¼ 0:02
during the X-ray scattering measurement. The length of the
sample is thus expressed as follows:

L tð Þ ¼ L0 1:2� 0:02 sin 2πftð Þð Þ: ð1Þ
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The frequency of stretching, f, was 0.1, 1, and 10 Hz.
The trigger signal was sent from the viscoelastic spec-
trometer to produce a delayed trigger pulse signal. This
delayed trigger was used to drive the X-ray detector. The
cycle is divided into ten parts, and SAXS images were
recorded at each part as shown in Fig. 1a. The tem-
perature of the samples was set at 0, 25, and 50 °C. The
transmittance of samples was measured by a set of ion
chambers that were placed up- and downstream of a
sample.

XPCS of stretched samples

XPCS measurement of stretched rubber was conducted at
BL03XU, SPring-8 (Hyogo, Japan) [27]. A set of pinholes
(20 and 50 μm in diameter) was used to produce quasi-
coherent X-rays and to remove parasitic scattering. The
samples were set at a uniaxially stretching instrument
(RheoGel S-1000, UBM ltd., Japan). Moreover, a plate of
glassy carbon was placed in front of the sample, and the
interference between the scattering from the samples and
that from the static glassy carbon was observed [25].
Stretched sample was illuminated with 8 keV X-rays. The
size of the X-ray beam at the sample position was 25 µm.
The speckle pattern was measured with a CCD detector
(C4880-50, Hamamatsu Photonics Ltd., Japan) coupled
with an X-ray image intensifier (Hamamatsu Photonics
Ltd., Japan) [28]. Before the measurement, samples were
stretched to ΔL

L0
¼ 0:3 to remove mechanical history. Then,

they were stretched to ΔL
L0

¼ 0:2, and the distance between
the chucks was kept constant. XPCS measurements were
started just after the distance reached the preset values.
The exposure time was 50 ms, and the image was recorded
each 2 s. The stress was recorded during the XPCS
measurement.

Analysis of time-resolved SAXS

Measured 2D-SAXS spectra were analyzed using a sphe-
rical harmonic expansion approach [18]. Here, we briefly
introduce the outline: see the reference for details [18]. On
the assumption that there is no multiple scattering, no
polydispersity in particle size or shape and that particles are
spherical, the scattering intensity, I(Q), can be factorized in
the context of small-angle X-ray scattering as

I Qð Þ ¼ BS Qð ÞF Qð Þ ð2Þ

where Q is the momentum transfer and B is a coefficient. S
(Q) and F(Q) represent interparticle structure factor and
particle structure factor, respectively. As discussed in a
previous study [18], the structure factor of silica particles, S
(Q), can be expressed in terms of spherical harmonics:

S Qð Þ ¼ P
l;m

Sml Qð ÞYm
l θ;φð Þ ð3Þ

where Q and Ym
l ðθ;φÞ are the magnitude of Q and the real

spherical harmonic functions of degree l and order m,
respectively. θ is the polar angle from the positive Qz axis
with θ 2 ½0; π�, and φ is the azimuthal angle in the Qx-Qy

plane from the Qx axis with φ 2 ½0; 2πÞ. In this study, the
stretching is along the Qz axis, and the incident X-ray beam
is perpendicular to the Qx−Qz plane (Fig. 1c). As discussed
in detail in previous studies [18, 19], the expression is
greatly simplified in the case of uniaxial extension, and all
m≠0 terms and odd l terms can be ignored. The three
leading anisotropic spherical harmonics, Y0

2 ðθÞ, Y0
4 ðθÞ, and

Y0
6 ðθÞ, are shown in Fig. 1b. The cross-section of S(Q) on

the QxQz plane is given by

S Qx;Qy ¼ 0;Qz

� � ¼ P
l:even

S0l Qð ÞY0
l θð Þ: ð4Þ

Table 1 Sample details. Weight
fraction is shown

Sample code S1 S2 S3 N1 N2 N3 W1 W2 W3

SBR
(VSL4720)

100 100 100 100 100 100 100 100 100

Silica 24.5 55 94.5 24.5 55 94.5 24.5 55 94.5

Si266 1.96 4.4 7.56

NXT 1.96 4.4 7.56

Sulfur 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

Acc. NS 1 1 1 1 1 1 1 1 1

Acc. DPG 1 1 1 1 1 1 1 1 1

dc/nm (1.4 ±
0.4) ×
102

(7.6 ±
2.7) ×
10

(4.7 ±
1.4) ×
10

(1.5 ±
0.6) ×
102

(8.7 ±
2.5) ×
10

(5.2 ±
2.4) ×
10

(1.5 ±
0.8) ×
102

(1.0 ±
0.2) ×
102

(4.8 ±
1.7) ×
10

Uncertainties in dc are estimated by using the width of the peak in the Kratky plot

Acc accelerator, DPG 1,3-diphenylguanidine, dc averaged distance between aggregates estimated for
undeformed samples by SAXS
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Here, QZ is parallel to the stretching direction, and Qy is
parallel to the incoming X-rays. Because Y0

l θð Þ forms an
orthogonal basis set not only in 3D space but also on the xz
plane [18], the expansion coefficient S0l ðQÞ can be computed as
S0l Qð Þ ¼ 1

2
π

0
S Q; θð ÞY0

l θð Þ sin θdθ: ð5Þ

In this study, we calculate the expansion coefficient of
scattering intensity, I(Q), instead of structure factor, S(Q). This
is because (1) it is difficult to define the interparticle structure
factor due to the hierarchy of structure, (2) the silica particles
are not isotropic and its rotation under elongation itself may
induce anisotropic particle structure, and (3) polydispersity in
particle shape and size prevent us from justifying the simple
factorization of scattering intensity into interparticle structure
factor and particle structure factor (eq. (2)). The scattering
intensity was accordingly expanded in terms of spherical har-
monics, and the coefficient, I0l ðQ; tjÞ, was calculated at each tj,
namely:

I0l Q; tj
� � ¼ 1

2
π

0
I Q; θ; tj
� �

Y0
l θð Þ sin θdθ: ð6Þ

Then, the averaged coefficient was calculated by

I0l avg Qð Þ ¼ 1
10

P10
j¼1

I0l Q; tj
� �

: ð7Þ

To discuss the changes in the spherical harmonics
coefficient during cyclic strain, we defined a normalized
coefficient, A0

l Q; tj
� �

, by

A0
l Q; tj
� � ¼ I0l Q;tjð Þ

I0l avg Qð Þ : ð8Þ

Results and discussion

SAXS intensity profiles

Figure 2 (upper) shows I(Q) of S1, S2, and S3 before
stretching. The scattering intensity profiles have two char-
acteristics regardless of the number of silica particles:
One is the presence of the shoulder at approximately

Fig. 1 a Sample was sinusoidally stretched. A single period was
divided into ten frames, and the scattering image was recorded at each
frame. The first frame starts at T/20, and the exposure time for each
frame was T/10. b Profiles of real spherical harmonic functions Y0

2 ðθÞ,
Y0
4 ðθÞ, and Y0

6 ðθÞ. c An example of a two-dimensional scattering image

of stretched rubber. Sample was stretched in the z-direction, and X-ray
impinged on the sample along a direction perpendicular to the x–z
plane (y-direction). d Kratky representation (Q2I(Q)) of the same
stretched sample. Distorted ring pattern originating from the inter-
aggregate correlation becomes visible
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0.04 <Q/nm−1 < 0.1, which corresponds to the correlation
between silica aggregates as discussed in previous work
using the same silica particles in styrene–butadiene rubber
[29], and the other is an upturn toward a low-Q (Q/nm−1 <
0.02). Most of the previous studies of filled rubber using
SAXS suggest the existence of a higher order structure.
Meanwhile, the finite coherent length of X-rays may con-
tribute to this upturn [30]. We thus do not discuss this low-
Q behavior in this paper. All of the other samples showed
similar intensity profiles.

The position of the shoulders becomes clear by using the
Kratky plot [10], Q vs Q2 � IðQÞ, as shown in Fig. 2
(lower). The peak position in the Kratky plot corresponds to
the location of the shoulder. The Kratky plot can also be
used for a two-dimensional scattering image as shown in
Fig. 1d. As the volume fraction of silica increases, the
distance between silica aggregates will be shortened, which
results in a shift of peak position toward high-Q in the
Kratky plot. The averaged distance between silica aggre-
gates, dc, can be roughly estimated by the inverse of peak
position, 2π=Qc, where Qc is the peak position in the Kratky
plot. The calculated values of dc for samples before
stretching are also summarized in Table 1.

Stretching of the sample ΔL
L0

¼ 0:2
� �

resulted in subtle
changes in scattering intensity profiles as shown in Fig. 1c,d
for Si266 (S1) at 25 °C and 0.45 T < t < 0.55 T (f= 10 Hz:
T= 0.1 s). Anisotropy due to the stretching is hardly
observed, and the Kratky image (Fig. 1d) shows a somewhat
elliptical ring originating from the correlation between
neighboring particles. Following a conventional analysis
scheme that focuses on the scattering intensities along the
parallel and perpendicular directions, the Kratky plot of one-
dimensional scattering intensity profiles, IðQx ¼ 0;QzÞ and
IðQx;Qz ¼ 0Þ, of a stretched sample is calculated (Fig. 3).
The result of Q2 � IðQx ¼ 0;QzÞ shows a slight shift in the
peak position toward a lower-Q, whereas that of Q2 �
IðQx;Qz ¼ 0Þ shows the appearance of a shoulder at around
Q ¼ 5:5� 10�2 nm−1. These behaviors were independent
of the sample type and measurement conditions. Tradition-
ally, the peak shift in the Kratky plot has been used to
discuss the structural changes of filler aggregate upon
stretching. It is, however, just a projected structure in three-
dimensional reciprocal space and ignores scattering infor-
mation along with other directions. A quantitative discussion
is also difficult: for example, we cannot determine whether
the whole structure deforms in a way suggested by the
projected Kratky plot. Thus, we need to proceed to the
analysis using spherical harmonics expansion.

Spherical harmonics expansion analyses of
stretched rubber SAXS

Using the real spherical harmonic expansion approach, we
can make a more quantitative discussion about the

Fig. 2 (Upper) SAXS intensity profiles, IðQÞ, and (lower) their Kratky
plot, Q2 � IðQÞ, for the samples using Si266 as a silane-coupling
agent: (dashed line) S1, (solid line) S2, and (dotted line) S3. I00 ðQÞ and
Q2I00 ðQÞ are also shown in the upper and lower figures, respectively:
(circles) S1, (triangles) S2, and (squares) S3. For clarity, the values of
I00 ðQÞ are multiplied by 1.1

Fig. 3 Kratky plot of S1 at 25 °C: (circles) Q2 � IðQÞ of undeformed
sample, (solid line) Q2

z � IðQzÞ of stretched sample, (dashed line)
Q2

x � IðQxÞ of stretched sample, (dotted line) Q2 � I00 ðQÞ of stretched
sample. The stretched sample shows the result of those with f= 10 Hz
and measured during t= 45–55 ms

Microscopic structural response of nanoparticles in styrene–butadiene rubber under cyclic. . . 165



anisotropic structural changes. First, we discuss the aver-
aged structural changes of samples under stretching to
ΔL
L0

¼ 0:2 and ignore the structural changes with cyclic
stretching. Spherical expansion coefficients, I00ðQÞ, I02 ðQÞ,
I04ðQÞ, and I06ðQÞ, of stretched samples at 25 °C and 1 Hz are
shown in Fig. 4. Here, the profiles were averaged over a
whole period. The shape of the expansion coefficient was
more or less independent of the type and presence of silane-
coupling agent for I00 ðQÞ and I06ðQÞ, and the shape of I02ðQÞ
highly depends on the silane-coupling agent. The shape of
I04ðQÞ seems to have dependence on the sample only at low
Q. The positive sign of I04 Qð Þ means that the scattering
intensity is high in the direction along Qx and/or Qz direc-
tions, whereas the negative sign indicates the presence of a
clover-like four-point pattern that shows high scattering
intensity along a diagonal direction and is often observed
for SAXS of stretched samples. It is expected that this term
will be more prominent when ΔL

L0
is greater than the current

study. The dependence of I04 Qð Þ on the sample will be
discussed in detail in a future study. In the following, we
discuss I00ðQÞ and I02ðQÞ of stretched samples in detail.

Because the Q-range along the Qx was limited due to the
detector size as shown in Fig. 1c, the maximum Q for the
spherical harmonic expansion is unfortunately limited to
around 0.07 nm−1. Furthermore, the quality of expansion at
low Q (Q < ~ 0.02 nm−1) is low particularly for the aniso-
tropic coefficients, I02ðQÞ, I04ðQÞ, and I06 ðQÞ because of the
small number of pixels used for calculating the expansion
coefficients at low Q.

The isotropic coefficient, I00ðQÞ, shows almost identical
profiles as those of samples without stretching (Figs. 2 and 3).
Even though the Q-range is limited, the agreement between
the profile of the isotropic part of the stretched sample
and that of the unstretched sample is remarkable. Indeed, the
ratio between I00ðQÞ of the stretched sample and IðQÞ
of the unstretched sample was almost constant at 0.02 nm−1

<Q < 0.07 nm−1 with I00 ðQÞ=IðQÞ of 0.85–0.95. The Q2-
weighted isotropic part, Q2I00ðQÞ, should have shown
some broadening compared to the undeformed sample if the
sample is homogeneously deformed [31]. The fact that
no broadening is observed and that the ratio between the
isotropic part and scattering intensity shows a high value

Fig. 4 Spherical harmonics expansion coefficient (upper) without
coupling agent (W1, W2, and W3), (middle) with Si266 (S1, S2, S3),
and (lower) with NXT (N1, N2, N3) for f= 1 Hz and T= 25 °C. From

left to right: I00 ðQÞ, I20 ðQÞ, I40 ðQÞ, and I60 ðQÞ. (Solid line): W1, S1, and
N1, (dashed line) W2, S2, and N2, and (dotted line) W3, S3, and N3

166 Y. Shinohara et al.



(~0.9) indicates that the structural changes inside samples are
not homogeneous at all: most of the filler aggregate structure
does not deform at this stretching ratio, and a small fraction of
sample shows anisotropic deformation as discussed in the
following.

The profiles of I02ðQÞ show anisotropic deformation of
the silica aggregate configuration. When the volume frac-
tion of silica is small (W1, S1, and N1), I02ðQÞ reaches to
zero at around 0.045 nm−1 regardless of sample type, tem-
perature, and stretching frequency. This position agrees
with the peak position in the Kratky plot of the unstretched
sample, Qc, and accordingly corresponds to the averaged
interaggregate distance of unstretched samples. We can,
therefore, confirm that the anisotropic structural changes
originate from structural anisotropy of interaggregate
structures and not from a change in the intra-aggregate
structure nor that in the aggregate structure itself. The
negative sign at Q >Qc, particularly for W1, may indicate
that the anisotropic silica particles align its long-axis to the
stretching direction, which needs to be examined in a future
study. The profiles of I02ðQÞ depend on the sample types,
indicating that the different types of silane-coupling agents
result in structural anisotropy induced by the uniaxial
stretching. Conversion of every spherical harmonics coef-
ficient into real-space pair-distribution functions, gml ðrÞ, will
help discuss the details as is demonstrated in other studies
[18, 19, 22], which will be conducted with more extensive
measurements at a high-Q in the future.

Response of filler aggregate structure to cyclic
strain

Figure 5 shows time-dependent anisotropic factor A0
l ðQ; tjÞ

(eq. (8)) of S1 for l= 0,2 averaged over 2.9 × 10−2 nm−1 <
Q < 6.5 × 10−2 nm−1 with f= 0.1 Hz. The normalized iso-
tropic factor, A0

0ðQ; tjÞ, was independent of time, indicating
that the isotropic component of sample structure did not
change under cyclic strain as is expected by the result that
the prestretch hardly changed the isotropic component. All
of the other samples showed similar behavior. Meanwhile,
A0
2ðQ; tjÞ showed sinusoidal changes under cyclic strain.

Again, most of the other samples showed a similar sinu-
soidal response except those at Q~Qc, where the anisotropic
factor A0

2ðQ; tjÞ cannot be defined because I02 Qcð Þ is close to
zero.

To extract the information about the microscopic
response to macroscopic sinusoidal strain, we fit A0

2ðQ; tjÞ
with the following function:

A0
2 Q; tj
� � ¼ �A0

2 Qð Þ sin 2πftj � δðQÞ� �
: ð9Þ

Here, the amplitude, A0
2 Qð Þ, represents the amplitude of

changes in anisotropic structure upon cyclic stretching and

the phase, δðQÞ, corresponds to the microscopic phase delay
of anisotropic structure in responding to the cyclic macro-
scopic uniaxial stretching. We ignored higher-order terms in
a sinusoidal function because the number of temporal data
points is not large enough to examine the existence of
higher-order terms. The results of fitting are shown in
Figs. 6 and 7. The results for different temperatures are
arranged into a single dataset because of the absence of
temperature dependence as shown in the figures. The
amplitude, A0

2 Qð Þ, shows little dependence on the sample
temperature, frequency, and Q except for the S1 sample.
Meanwhile, the phase, δðQÞ, shows a clear frequency
dependence. Regardless of the sample type, the samples
under cyclic stretching with f= 0.1 Hz show a finite phase
delay with around tan δ ¼ 0:7, whereas those with f= 1 and
10 Hz are sparsely distributed around zero except for N1.
To the best of our knowledge, this is the first observation of
delayed response of anisotropic structure upon macroscopic
cyclic strain. Structural studies of a deformed sample have
been mostly limited to a study of steady-state structure. The
results demonstrate the importance of in situ measurements
using highly brilliant X-rays from synchrotron sources in
studying the structural changes under deformation. Further
studies will provide a model for explaining the frequency
dependence and the dependence on the silane-coupling
agent.

Fig. 5 Normalized coefficient (a) A0
0ðQ; tjÞ and (b) A0

2ðQ; tjÞ of S1
with f= 0.1 Hz. The values were averaged for 2.9 × 10−2 nm−1 <Q <
6.5 × 10−2 nm−1. The temperature was (circle) 0 °C, (triangles) 25 °C,
and (squares) 50 °C. The line in (b) shows a sinusoidal curve without
phase delay
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XPCS of stretched samples

A typical two-time correlation function,

G Q; t1; t2ð Þ ¼ IðQ;t1ÞIðQ;t1Þϕ
IðQ;t1ÞϕIðQ;t2Þϕ, of stretched rubber (W2) at

0.024 nm−1 <Q < 0.026 nm−1 is shown in Fig. 8, where the
subscript ϕ indicates that the averaging is performed on the
pixels corresponding to a range of pixels, Q ±ΔQ [32, 33].
The two-time correlation function represents the correlation
of scattering intensity at t= t1 and t= t2 and a good measure
of dynamics for a temporally evolving system. The color
represents the value at a point (t1, t2), and the diagonals
from the lower left to the upper right of the panels corre-
spond to Δt ¼ 0, where Δt ¼ t1 � t2 is the time difference.
A calculation was made for both parallel (Qz) and

perpendicular (Qx) to the stretching, and the intensity was
averaged over an azimuthal angle of ±10˚. The results show
intermittent relaxation as is clear from the rectangular pat-
tern in the two-time correlation functions, which has been
observed for metallic glass [34]. These intermittent changes
are totally different from the more or less smooth slowing
down/speeding up that is observed for stationary samples or
samples showing nonequilibrium dynamics [35, 36]. Such
an intermittent change was not observed for the samples
without stretching. Note that the timing of intermittent
changes in two time correlation functions in directions
parallel and perpendicular to the stretching is independent
of each other. This suggests that this intermittent relaxation
is not from macroscopic changes such as an unexpected slip
at the chuck of the stretching instrument nor the fluctuations

Fig. 6 Q-dependent amplitude, A0
2ðQÞ, of microscopic structural

response: a S1, b S2, c S3, d N1, e N2, f N3, g W1, h W2, and i W3.
Each symbol represents the dependence on f and temperature:
(squares) 0.1 Hz and 0 °C, (pentagon) 0.1 Hz and 25 °C, (triangles) 0.1

Hz and 50 °C, (dots) 1 Hz and 0 °C, (+) 1 Hz and 25 °C, (×) 1 Hz and
50 °C, (diamonds) 10 Hz and 0 °C, (circles) 10 Hz and 25 °C, and
(stars) 10 Hz and 50 °C

Fig. 7 Tangent of phase delay in A0
2ðQ; tjÞ: tan δðQÞ. a S1, b S2, c S3, d N1, e N2, f N3, g W1, h W2, and i W3. See Fig. 6 for the symbols
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of beam position on the sample but rather from the micro-
scopic changes in the positional correlation between silica
aggregates. The intermittent changes occur more frequent in
the Qx direction in Fig. 8, but other samples show the
opposite trend.

The presence of inhomogeneous intermittent dynamics is
justified by the results of SAXS. A significant amount of
isotropic components observed in the SAXS measurement
indicates that the samples were mostly undeformed even
under uniaxial stretching. Such an inhomogeneous struc-
tural deformation will reasonably exhibit temporally
unsteady relaxation.

The results showed the absence of flow-like motions that
were observed for the stretched rubber as a sinusoidal
oscillation in a previous study [25]. All the measured
samples show similar anisotropic intermittent dynamics
with the averaged relaxation time sparsely distributed
around 1 × 103 s. Because of this intermittence, the averaged
values will not have a significant meaning. Furthermore, the
existence of a large amount of undeformed isotropic
structure seems to preclude the observation of anisotropic
dynamics. In this regard, the measurement of speckle
echoes [37] rather than a simple correlation of speckles will
be useful.

Correlation between macroscopic viscoelasticity and
microscopic structural response

Our goal in this study is to understand the macroscopic
viscoelasticity directly based on the microscopic structure
and dynamics of filled rubber. To explore the correlation,
we plotted the values of microscopic tan δ in anisotropic
structural change that was estimated by the temporal change
(Fig. 7) and viscoelastic tan δ that was simultaneously
measured during the SAXS experiments in Fig. 9. Indeed,
there is no correlation between tan δ of anisotropic structural
change and viscoelastic tan δ. The lack of correlation in this
study may be attributed to several reasons: (1) the con-
tribution of rubber polymer networks is ignored because the
current SAXS analysis cannot observe the structural change
of rubber polymer networks, and (2) only a tiny fraction of

samples contributes to the anisotropic part, S02ðQÞ, and the
majority of the sample does not show the microscopic
change in the filler structures as suggested by S00ðQÞ of
stretched samples. Concerning the first point, it is rubber
polymer networks that show a characteristic rubber elasti-
city, and the nanoparticles play a significant role in chan-
ging the viscoelastic properties. Thus, it is natural that the
structural response of rubber polymer networks needs to be
included when discussing the relationship between micro-
scopic structural response and macroscopic viscoelasticity.
Neutron scattering studies as well as wide-angle X-ray
scattering will complement the current SAXS studies and
will provide a complete picture of the structural changes of
filled rubber under stretching. The second point is more
crucial because this shows the significant presence of
structural and elastic heterogeneities and the observed
structural changes of nanoparticles cannot be directly rela-
ted to the macroscopic viscoelasticity. This has, in fact,
been recognized by many groups through the observation of
higher-order structure and butterfly pattern in SAXS and
SANS of stretched rubber and gel but is implicitly ignored
in regard to discussing the correlation between microscopic
structures and macroscopic properties such as viscoelasti-
city. This inhomogeneity makes it complicated to relate
microscopic structures and macroscopic viscoelastic prop-
erties. In that sense, the analyses using spherical harmonics
expansion can provide not only a thorough tool for the
anisotropic structural analysis but also relevant information
regarding the structural inhomogeneity through the quanti-
tative analysis of the isotropic component.

Fig. 8 Two-time correlation images of stretched rubber (W2) at 0.024
<Q/nm−1 < 0.026: (left) Qx and (right) Qz direction

Fig. 9 Correlation between tan δ measured by SAXS and that mea-
sured by viscoelastic measurement. The inset indicates the frequency
of the cyclic strain
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Conclusions

Structural changes of silica aggregates under cyclic strain
were measured with time-resolved SAXS. Scattering data
were decomposed into the anisotropic and isotropic com-
ponents by using a spherical harmonics expansion
approach. Even though stretched samples show anisotropic
scattering profiles as a whole, the result of decomposition
showed that the scattering intensity was dominated by an
isotropic component, which agrees with the scattering
intensity profiles of the undeformed sample. This indicates
an inhomogeneous structural response upon uniaxial elon-
gation, at least for ΔL

L0
¼ 0:2. Delay in structural response

was observed for the cyclic strain with f= 0.1 Hz, but no
correlation between this delay and the macroscopic loss
tangent was found. This study demonstrates that analyses
using spherical harmonics are quite useful for discussing
anisotropic structural changes in the filler aggregate/
agglomerate. Further scattering studies over a wide Q-range
utilizing this approach will clarify the detailed anisotropic
response to the external field.
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