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ABSTRACT

The present work deals with the structural and dynamic characteristics of a silica filler network within
anindustrial elastomeric composite with time-resolved USAXS, collected for the first time in-situ under
periodic uniaxial deformation. The in-situ configuration allows a unique correlation between the x-ray
patterns highlighting the structure of the filler and the dynamic-mechanical stress-strain response that
characterizes the full composite. A scattering model is applied to quantitatively identify the filler
network evolution as a function of dynamic strain. To address the Payne effect and the underlying
structural modifications correlated to intra- and inter-filler-aggregate effects, all rubbers were pre-
conditioned to suppress stress-softening related to the Mullins effect. Sector-averaged scattering
intensities along the parallel strain direction reveal a jamming/de-jamming transition between
clusters. The dynamic stress response of the full composite shows onsets of non-linear behavior and
a contribution of higher harmonics of the fundamental excitation frequency.

1.INTRODUCTION

Filler-reinforced rubbers find applications in many industrial sectors and especially in the automotive
and tire industry. Their enhanced elastic modulus resulting from the addition of rigid and clustering
nanofillers to the rubbery matrix is often described by a hydrodynamic reinforcement mechanism [1-
3]. The addition of non-deformable particles into a rubbery system, besides giving rise to the
reinforcement on the molecular level, causes a considerable constraint on the surrounding polymer
dynamics [4-6]. These multiple polymer-filler and fillerfiller interactions are as well responsible for a
complex mechanical response when the filled elastomer is exposed to a deformation, depending on
the amplitude of the applied strain [4, 7, 8]. The strain-induced breakage of the percolating filler
network is indeed known to have a strong impact on the mechanical properties, causing reversible
and irreversible changes of the internal structure of the composite and a reduction of the elastic
response of the material. The commonly occurring phenomenon at intermediate-to-large
deformations is the so-called Mullins effect observed especially for filled rubbers under multi-cyclic
deformation [9, 10]. There, a mostly irreversible stress softening process mainly appearing during the
first strain cycles of quasi-static deformation results in a hysteretic stress-strain behavior. This



phenomenon is commonly described by the Dynamic Flocculation Model (DFM) that relies on the
assumption of a diffusion-controlled aggregation of the particles [11]. Original and reversibly re-
formed clusters exhibit thereby different strengths upon unloading. Many phenomenological,
micromechanical and constitutive modeling approaches and pertinent to these strain levels have been
proposed basing on various combinations of springs and dashpots [12-15]. Low strains, on the other
hand, invoke another mechanical effect, termed as the Payne effect. Under oscillatory deformation
with increasing dynamic amplitude, filled rubbers exhibit a strongly non-linear dependence of the
dynamic moduli on the amplitude and, specifically, evidence a drop of the elastic modulus at high
deformation. The Payne effect is known to be related to the reversible filler-filler bond breakage at
small strains that strongly impacts the mechanical performances of filled elastomers and is the main
cause of rolling resistance in tires [16-19]. The Kraus model was handled for a long time as a
description of the Payne effect by the continuous breakage and reformation of filler bond [20] and
was favored over another approach by Maier-Goritz [21]. The empirical models are, however, limited
to the linear strain domain only and cannot be applied to the case of high amplitudes. Lion and co-
workers have presented an interesting and inspiring approach based on continuum mechanics for the
dynamic stress behavior of pre-deformed rubbers [17, 22]. However, the investigation of the Payne
effect as in relationship to the filler-matrix interaction and thus to the structural changes occurring
within the filler network upon strain requires the synergy of studies on microscopic and macroscopic
scale. The application of x-ray and neutron scattering methods with in-situ deformation is known to
provide significant details on the filler network arrangement within the rubbery environment [23]. The
study here presented deals with the evolution of the hierarchical highly dispersible silica (HDS) filler
network in Styrene-Butadiene rubbers (SBR) under an oscillatory deformation in the non-linear
regime. To our best knowledge, this study represents the first dynamic-mechanical and time-resolved
experiment performed in-situ in the x-ray beam yielding direct information on filler network response
to the dynamic strain. In specific, this work was conducted through ultra-small angle x-ray scattering
(USAXS), assisted with small angle neutron scattering (SANS) and with parallel in-situ dynamic-
mechanical stress responses on the macroscopic level in large-amplitude-oscillatory-extension (LAOE)
mode. While the development of the filler network under the application of large tensile strains typical
for the Mullins mechanism has been largely addressed [24-30], we only focus here on the effect of an
oscillatory deformation on the filler structure that corresponds to the small-amplitude Payne effect.
With the aim of addressing the Payne effect solely and observing the underlying structural
modifications correlated to intra- and inter-filler-aggregate effects, all rubbers were pre-conditioned
to suppress residual irreversible stress softening related to the large strain Mullins effect. The choice
of large-amplitude-oscillatory-extension (LAOE) applied so far in a limited number of studies [31, 32]
over the more commonly applied large-amplitude oscillatory shear tests (LAOS) [33, 34] is connected
to the importance of a large extension amplitude for the understanding of the mechanical behavior
of rubber in modus operandi [32] and the development of materials with high mechanical
performance and reduced mechanical loss [16, 35]. The present work proposes, in addition, a
quantitative description of the scattering-mechanical results on the bases of a previously published
scattering model [30] and a recently developed procedure [36] allowing the subtraction of the ZnO
parasitic contribution from the scattering function. In literature few works presented a quantitative
identification of the hierarchical structures of the fillers during a ramping-up deformation. Many
reported investigations focus, however, on the development of anisotropic 2D scattering images [24-
27,29, 37, 38]. In this case, we propose a different approach which aims to the quantitative correlation
of the structural evolution with the sinusoidal strain, rather than the modelling of the full scattering
curves.

As we will show, the simultaneous application of time-resolved stroboscopical scattering and
mechanical measurements gives unique access to a time-dependent evolution of the clusters shape
under large-amplitude oscillatory extension (LAOE). This spatio-temporal approach is an elegant tool
for structure-property relationships. Especially, the synergy of scattering and mechanics has the
unique advantage of identifying the effect of the deformation on the fillers only. We introduce a



simplified intensity ratio to identify the microscopic response of the filler to avoid evaluation of
statistical noisy data on top of the needed catalyst corrections.

Within the present article, the effect of rubber functionalization and the amount of rubber-filler silane
coupling agent on the structural evolution of silica clusters and their mechanical response are
reported. A quite recent study on the microscopic level of the Payne effect dealing with different
matrix-filler interactions has been reported in the literature [19]. In the cited work, the structural and
mechanical properties of filled paraffin oil and filled SBR were compared. It was evidenced that the
Payne effect is principally related to the filler network reorganization, while the polymer-matrix
interaction has a secondary effect. A thermal dependence of the Payne effect was however observed
in the case of the SBR. Within our work, we aim at the understanding of the matrix functionalization
effect on the filler dispersion and on their response to the applied dynamic deformation. The
combination of a scattering model function with the oscillatory deformation profile identifies a
deviation from the affine behavior, which is found to be strongly correlated to the matrix
functionalization level. This deviation from affine response is furthermore connected to a so-called
jamming phenomenon, associated with structural arrest of the dynamics by the percolation of rigid
fillers [39, 40]. The mechanical response in LAOE shows first signatures of an onset of non-linear
behavior and the occurrence of higher odd and even harmonics from a Fourier analysis. The specific
modelling of the filler-related scattering data allows a clear distinction of the fillers and polymer
contribution to the total mechanical response.

2.EXPERIMENTAL

2.1 Nanocomposites preparation. The styrene-butadiene rubber (SBR) used in this work has a
medium styrene (21%) / high vinyl (62%) micro-structure and a typical glass transition temperature of
-25 °C. Solution-polymerized SBR is pre-mixed with an aromatic distillate oil Treated Distillate
Aromatic Extract (TDAE). The "fn polymer" bears functionalization targeted to improve silica-polymer
interaction, the “non-fn polymer” does not have functional groups to specifically interact with silica.
The random copolymers were mixed with highly dispersible silica (HDS) with specific surface of
165.8 m?/g (N2 BET). Samples with silica loading of 90 phr were prepared in a standard way using an
internal mixer of the Banbury type followed by a two-roll milling process. Rubber and fillers were
mixed in a non-productive stage using bis-3-triethoxysilylpropyldisulfide (TESPD) as coupling agent.
The amount of silane coupling agent varies among the samples studied. In this stage N-(1,3)-
dimethylbutyl-N-phenyl-p-phenylenediamine (6-PPD) was used as antioxidant while N-cyclohexyl-2-
benzothiazolesulfeneamide (CBS) and diphenylguanidine (DPG), respectively, were added as first and
secondary accelerators. During the productive stage, the curing package was introduced. In this stage,
the temperature was kept <120°C and the sulfur and stearic acid curing package as well as ZnO curing
activators was introduced. For all the compounds 10x10 cm? sheet samples (thickness ~ 0.7 mm)
were obtained by compression-molding vulcanization. Three samples with different rubber
functionalities and variable silane amount were used. Samples studied in this work are classified in
Table 1.

FN POLYMER-HDS |FN POLYMER-HDS-10phf |NON-FN POLYMER-HDS
SSBR (fn polymer) 100 100
SSBR (non-fn polymer) 100
HDS 90 90 90




Silane (TESPD) 7.2 9 7.2
'TDAE oil 25 25 25
Stearic Acid 3 3 3

6-PPD 2.5 2.5 2.5
ZnO 2.5 2.5 2.5
Sulfur 14 14 14
CBS 2.3 2.3 2.3
DPG 3.2 3.2 3.2

Table 1: Sample classification. The amount of each component is reported in phr.

2.2 Dynamic Mechanical Analysis (DMA). Dynamic mechanical data in Large Amplitude Oscillatory
Extension (LAOE) mode were obtained in-situ during the USAXS experiment using a home-built tensile
device, developed at Forschungszentrum Jilich (FZJ), installed at the sample position of the USAXS
beamline (ID02). Several oscillatory dynamic deformation amplitudes between 1 and 20% peak-to-
peak were applied to the samples. However, since an appreciable variation in the scattering pattern
can be identified starting from above 5% sinusoidal amplitude, only results for the 8% and 20%
amplitude will be taken into account in the data evaluation. Forced oscillatory motion with a frequency
of 0.25 Hz allows in-situ data collection from a load cell with 50N capacity in both tension and
compression. For the present experiments, an initial uniaxial loading cycle was applied to sample strips
of 5 x 1 x 0.06 cm?® length-to-width-to-thickness between the clamps up to 100% of the initial length
at a cross-head speed of 0.2 mm/s. The deformation was reversed from 100% to O with an identical
strain rate in order to remove the Mullins effects, followed by a ramping-up to a fixed pre-strain of
30%. Every 0.025 s the motor positions and tensile forces were recorded, yielding 160 force data per
cycle, over a time period of 80s i.e. 20 cycles. The average force corresponding to the pre-strain at t=0
was subtracted to obtain pure dynamic stresses. No measurable stress relaxation over 80s could be
noticed. Dynamic moduli and phase angle could be extracted as in the linear case.

The in-situ DMA instrument is designed primarily for neutron small angle scattering experiments at
the MLZ facility in Garching and is included as a special sample-environment-equipment within the
control software of the KWS2 diffractometer. It is a modified version of an elongational set-up used
in former neutron scattering studies of stretched melts in quenched state and ideally suited for larger
deformations [41-43]. A new temperature box in analogous design to classical commercial rheometers
like ARES (Rheometrics Ltd, TA Instruments) is constructed around the sample position and can be
easily removed for measurements at room temperature or modified for other non-scattering
techniques. Neutron-transparent Quartz glass (ULTRASIL) windows in entrance and beam exit can be
replaced by other materials depending on the scattering probe. For X-rays, X-ray-transparent
materials like Kapton are favored. Metallic sheets with pre-drilled holes taking advantage of the high
collimation and the intrinsic strongly reduced size of the X-ray beam (<0.1mm in X-ray vs
approximatively 10cm diameter in neutron case) are possible as well. Underneath the thermobox a
load cell is included in the static cylinder while the upper cylinder is freely moveable.

Three deformation modes are currently enabled: a linear strain profile (constant speed of the upper
clamp, ideal for rubbers), an exponential strain profile (constant strain rate with exponentially
increasing speed of deformation, ideal for un-crosslinked melts and extensional rheometry) and a
sinusoidal variable strain profile around a variable preset or pre-stretch. Strain profiles can be pre-
programmed in a sequence file and applied continuously or cyclically to the rubbers.

The control of the machine is done by means of a Labview-based procedure and combines the motion
and measurements of the parameters as travelled distance, temperature, offsets, forces.



2.3 Ultra Small Angle X-ray Scattering (USAXS). Time resolved Ultra small-angle X-ray scattering
(USAXS) measurements were performed at ID02 of the ESRF Grenoble [44] at 31 m detector distance,
and A = 1 A with g= (4r/A) sin 8/2, where 8 is the scattering angle. To synchronize USAXS data
acquisition with the DMA recording, the beam line hardware sent a TTL pulse that started the strain
device movement and acquisition. The relation between time scales defined for the beam line and
DMA data was subject to an uncertainty, as a certain delay between the sending of the TTL pulse and
actual start of the DMA acquisition can be expected. By comparing the time series, the maximum delay
was estimated to ~100 ms. The g-range covered varies from 107 to 0.1 A™. To synchronize maximally
with the rheometer, the detector was kept blind in the continuous beam always for 0.24s and
scattering data recorded thereafter during 0.01s and repeated. For each period 16 time-channels are
thus obtained, in total 320 over 80 s, corresponding to 20 periods for each deformation amplitude.
The data presented in the next paragraph are related to the 5™ period only for each sinusoidal
deformation. The choice of the 5*" period is connected to the minimization of artefacts like the settling
of the waveform from rest and minimal relaxation of the stress with evolving time. For absolute scaling
of the intensities to cm™ units, the scattering of water was used. Transmission, background, as well as
thickness corrections were performed through the SAXS Utilities software. Incompressibility was
assumed for the varying thicknesses and transmissions. Sectors with opening angles of +5° were
applied to 2D scattering images along the vertical and horizontal directions of the scattering
intensities. These sectorial averages were obtained for both the deformed and non-deformed states
since considerable anisometric states were identified in the non-stretched samples. The quantitative
evolution of the cluster size has been obtained in terms of ratio of the intensities measured at each
channel and the initial one, corresponding to zero dynamic deformation. The ratio of the different
channels here analyzed, only relates to the scattering intensity measured along the vertical axes,
coinciding with the strain axes. This procedure allows the identification of defined values for the
cluster size variation with the deformation direction.

2.4 Small Angle Neutron Scattering (SANS). Selected SANS experiments were conducted at the KWS-
2 diffractometer of MLZ, (Garching, Germany) [45] using a detector distance of respectively 20 m at a
wavelength of 10 A. The scattering vector range spanned between about 107 < g < 0.01 A%, 2D-
detector data were obtained in 142 x 142 channels of 8 x 8 mm2 size. The wavelength distribution
AL was 10%. For the absolute scaling to absolute units [cm™] the incoherent scattering level of a
secondary standard Plexiglass was used. The data were corrected pixelwise for empty beam
scattering, detector sensitivity, and background noise using B4C as beam blocker and subsequently
radially averaged. In the case of anisotropic scattering patterns, sectors with total opening angles of
10° along the main axes of the anisotropic patterns were applied to the scattering patterns. Static
strains were chosen as to yield structural comparison in the dynamic USAXS data to be able to perform
the ZnO correction.

3.MODEL DESCRIPTION

Substantial efforts have been made in the past to correlate relationships between mechanical
responses and the microscopic structures of viscoelastic polymers and filled rubbers as we investigate
here. Oscillatory stress responses intrinsically contain more information than the quasistatic stress-
strain analysis. In the latter, a quasi-static equilibrium with vanishing dynamic contributions is
approximated by a slow but continuous stretching of the samples. While quasistatic stress-strain
testing is the standard to test filled rubbers in e.g. Rubber Process Analyzer (RPA) instruments, large
amplitude oscillatory stress responses are much less commonly measured. In shear mode the rubbers

Eq. 1



are placed between two plates and the resulting displacement is usually symmetric around the
quiescent state. The observed stress response is therefore symmetric. In the case of a sinusoidal shear
strain signal y(t), the resulting stress response 7(y(t), t) is in the same way sinusoidal but shifted in
time over a phase angle 8. The periodic amplitude is defined as:

Y(8) = ¥, sin(wt)

where y(t) and y, correspond to the dynamic strain and the modulated amplitude. The symmetric
dynamic stress response is thus defined as:

(+y,t) = —T1(-7,t)

Eq. 2
T(t) = 7o sin(wt + 8) = 74 (G'sin(wt) + G"cos(wt)) a

The periodical stress function can be decomposed in a Fourier series consisting of sine and cosine
functions. A Fourier transformation of the time-dependent stress (or modulus) would yield therefore
both in-phase and out-of-phase components and the phase angle §, definedas § = tan™* G"'/G'. For
small amplitude strains around the rest state, the stress-to-strain is a linear relationship and one single
phase angle can be identified. Large shear amplitudes give rise to a more complex response, consisting
of higher harmonics. For rubber, large amplitudes are predominantly reserved to tensile experiments
(LAOE). A non-linear stress signal as function of the strain is expected. In addition, the application of a
pre-strain that exceeds the dynamic extensional amplitude of the oscillatory strain is required for
keeping the rubber in the stretched state [46]. A direct consequence of the tensile deformation is the
deviation from the symmetric shape of the stress amplitude due to the different stress value in the
maximum and minimum of the cycle, comparable to the stress values in the stress-strain curves.

At relatively low dynamic strain amplitudes, after the subtraction of the static pre-stress from the total
signal, close-to-ellipsoidal dynamic stress vs strain hysteresis loops are obtained. However, non-linear
responses arising from higher dynamic strain amplitudes result into distorted shapes at the extremes.
In shear (LAOS) such large amplitude oscillatory experiments in the non-linear regime showed that
only odd harmonics due to symmetry are needed for a full description of the stress response [47]. In
the non-symmetric case, as for the extensional deformation, both odd and even harmonics are
expected to appear [34]. For LAOE, the stress ¢ as function of time is expressed as:

N N
o(t) =a(e)+ & Z sin(mwt + &) = o (e,) + & Z Ay sin(mwt) + by, cos(mwt)
m=1 m=1

Eq.3

Here, a and b are the weighting factor parameters i.e. the in-phase and out-of-phase moduli, while &,
and g, represent respectively the static pre-strain and the dynamic amplitude. The harmonics are
contained in m. The parameters m and the nt/2-shifted cosine functions determine the appearance of
a distorted stress response. The number of harmonics as well as their contributions depending on the
pre-factors can be obtained through a discrete Fourier transform while the amplitude of each
contributing frequency is proportional to the complex modulus [48]. A description of non-linear stress-
strain responses of nanocomposites in LAOE and LAOS has been reported in the literature [31, 32]. In
the present work, we will limit our investigation to a simplified quantitative analysis of the oscillating
stress, while numerical structural parameters will be obtained in the modelling of the scattering
results.

Differently from DMA which yields the full dynamic response of the composite particle-filled rubber,
the USAXS or SANS signal arises from the spatial fluctuation of scattering length density between the
particle and matrix that lead to a scattering contrast. The scattering function reflects an ensemble-
averaged system consisting of time- and deformation-dependent parameters. Therefore, the chosen



approach of combining high-intensity SAXS obtained typically from a synchrotron source or SANS with
DMA is a selective tool for correlating the structural changes occurring in the composite with
mechanical properties simultaneously in a large amplitude sinusoidal tensile strain experiment around
a certain pre-strain. As Payne effects are assigned to the filler aggregates structure, this work aims at
the development of structure-property relations for Mullins-devoid silica filled SBR rubbers with
different functionalization. In the quasi-static analysis proposed in our former work, the scattering
model based on the work of Teixeira was used to describe interacting and associating silica particles
[30, 49, 50]. The evaluation of the USAXS results in relation to the mechanical behavior required a
correction for the parasitic scattering of ZnO catalyst beforehand. All experimental USAXS data at low
g in the present work are corrected using a Guinier function of the ZnO particle, the radius of which is
~ 450 A, as determined in a previous work through the combination of USAXS and SANS tests [36].
The USAXS g-range smaller than 10% A=, distinct from the SANS region, is eventually affected as well
by void and agglomerate scattering. The length scales here involved are those of voids and
inhomogeneities and the experimental g-dependence is typically between q~* and q~2. Both void
scattering and clusters that are linked into fractal agglomerate networks contribute to this low-gq
region. The missing overlap of scattering vectors in SANS and USAXS experiments impedes a total
correction of the results for the ZnO contribution. In addition, the subtraction of these contributions
would lead to unpredictable variation of the g-region of interest, where the clusters have the major
contribution. The subtraction of the ZnO contribution here applied allows, however, the best-possible
correction of the data in the g range 3-1073 —8-1073 A1, which is dominated by the cluster
contribution and it is the g-region of interest for this investigation. For the correction procedure as
well as the hierarchically based scattering model, we refer to previous publications. Here we
investigate the affinity in the small strain limit.

The oscillatory deformation of a sample is a time-dependent function. The deformation ratio is defined
as:

L® _ Eq.4
L(O)—1+£(t) q

At) =
Where L(t) and L(0) are the actual and initial length of the sample between the clamps of the
stretching rheometer. The total time-dependent strain £(t) consists of two contributions: the static
pre-strain &, and the dynamic sinusoidal strain with amplitude &, and frequency f.

£(t) = & + & " sin(wt) = &, + & * sin(2nf - t) Eq.5

Thus, also the total deformation is a time-dependent relation. If £;(t) represents the dynamic part
of the strain, Eq. 4 and 5 can be combined and re-written together to obtain:

A(t) = (1 +e,+ ed(t)) = (1+&,) + gosin(wt) = A, + g sinwt Eq. 6

So that the deformation ratio is situated un-symmetrically between the ranges
A=< A< A+e Eq.7
Now the scattering function is introduced. The scattering expression consists of a product of the
cluster form factor and particle form factor, as defined within the model based on the Teixeira
function. The same approach for deformed clusters in the USAXS regime is here used. The pre-factor
of the Guinier function of the cluster contains the volume of the cluster as ~ ED where D is the mass-
fractal dimension and ¢ the average size of the cluster.

D 2
Vg < 1: S(q)~T(D +1) (%) exp <_ w) Eq.8



Here, I is the gamma function and R the radius of the particles composing the cluster. If the sample
is deformed affinely with 1, then for small g (i.e. large distances) in USAXS a close-to-affine behavior
on the level of the clusters may be expected. Deviations from affinity in the incompressible rubber
may then be due to a so-called microscopic deformation 4., where the displacement of the clusters
is smaller than the effective displacement of the sample.

§-¢&- Aexp Eq.9
where Ay, can be lower than the incompressibility-linked affine A.

The modification of this analysis for dynamically obtained intensities can be done easily by inserting
the time-dependent parameters. The scattering of the 16 time- channels that make up a full period —
see experimental section for details — will be compared to that of reference channel 0 (or 16) which
corresponds to zero amplitude of dynamic strain. The ratio of both, called R,,;, further down yields
the dynamic scattering response only. Furthermore, this ratio of intensities is built g value-by-q value
in the g range ranging from 3-10°2 to 7-10 A~1in which the Guinier function of the cluster scattering
applies. To reduce the statistical error of the ratio, all ratios were averaged and a final uncertainty of
about 3% is achieved. This procedure is a practical approach and allows the number of single analyses
to be reduced and different samples to be compared fast in a suitable way. We will show later that
the scattering data are in phase with the macroscopic dynamic strain. The experimental and theorical
ratio according to the affine assumption are then expressed relative to the pre-strain data at the
beginning of each cycle, respectively as:

1(t)
Rypy = < ——2— Eq. 10
exp I(t =0)
{iDso(lJr(;—g) sin(wt))? Eq.11
Ragr = 7

The ratio, Reyp (USAXS) is obtained by dividing I(A(t))and I()Lp) corresponding, respectively, to the
intensity measured at each step/time channel of the sinusoidal deformation and the intensity
measured at zero dynamic amplitude. The dependence on the initial cluster size for the theoretical
affine ratio R,z function, estimated for an affine displacement of the clusters with the deformation,
(§,5,) in Eq. 11 cancels therefore out and the ratio is only a function of &, 4,, the radial frequency w
and the mass fractal dimension D. The exponential term is assumed to cancel out and would only lead
to 2" order corrections. Only D is thus a parameter of the system. From our former static study, the
D exponent showed to be invariant to strain in the small deformation limit. This affine — or under-
affine deformation should also correlate to the static experiment.

In the following section the USAXS data will be analyzed in terms of the ratios previously introduced
and compared with the measured stress-strain curves.

4.RESULTS AND DISCUSSION

4.1 USAXS and SANS results: USAXS results with in-situ dynamic-mechanical tests are reported here
for samples with different rubber functionality and silane amount. The combination of the structural
and mechanical tests allows the determination of the structural evolution of clusters with applied
oscillatory deformation. To conduct tensile tests in oscillatory mode, a pre-strain of 30% was applied
to the samples. In a separate Small Angle Neutron Scattering (SANS) test, needed to extract the ZnO
correction function, it was observed that at this initial static deformation the samples under



investigation exhibit a closest-as-possible isotropic state. While the raw 2D scattering images collected
through USAXS are strongly affected by the presence of ZnO, the contribution of the curing activator
to the SANS intensity is negligible. For this reason, the analysis of the x-ray data is done entirely on
ZnO-corrected 1D intensities. The SANS raw 2D images reported in Figure 1 are only shown for two
of the samples analyzed in this work to emphasize the isotropic state at zero-dynamic deformation
and its approximate anisotropy at the extremes of the sinusoidal strain. The scattering vector shown
covers the g-range -0.02 < q < +0.02 A,

NON-FN POLYMER-HDS

Strain direction

non-deformed 20% strain 30% strain 40% strain

FN POLYMER-HDS

Strain directi
non-deformed 20% strain 30% strain 40% strain rain direction

Figure 1. Representative SANS patterns from a static point of view, characterizing the extrema of the sinusoidal
dynamic strain of 20% for samples NON-FN POLYMER-HDS (top) and FN POLYMER-HDS (bottom). The pattern at
pre-stretch 30% can be largely considered as isotropic.

In the following we focus on the two largest dynamic amplitudes to investigate how non-linearity
shows up in the structural parameters:

20% double-dynamic amplitude:

In Figure 2, 1-dimensional sector-averaged scattering intensities along the direction parallel to the
oscillatory strain are shown as a function of time for NON-FN POLYMER-HDS, FN POLYMER-HDS and
FN POLYMER-HDS-10phf (see Table 1 for details). The dynamic peak-to-peak amplitude corresponds
to 20%. The 1D curves indicate the evolution of the scattering intensities along strain axis. The insert
shown in each figure emphasizes the pattern change occurring in the interesting intermediate g-
region, in which the clusters contribution is dominant. This evolution of the intensity indicates that,
upon deformation, the clusters align or deform in-phase along the strain direction leading to an
increase of the scattering intensity along the same axes. The maximum of the amplitude corresponds
to the highest intensity. Sustaining consistency, all data in the g-range of the primary particle coincide.
Differences between the samples, however, can be detected. For the samples containing
functionalized SBR (fn polymer) the more pronounced intensity variation measured at different time
channels, suggests that the cluster displacement is larger than in the case of non-functionalized matrix
(non-fn polymer). In addition, for NON-FN POLYMER-HDS (Fig. 2a) the Guinier-region seems to extend
to higher g than for FN POLYMER-HDS and FN POLYMER-HDS-10phf (Fig. 2b and 2c). The separation
between parasitic void/ agglomerate scattering and cluster intensity is tentatively larger in the
functionalized fn polymer matrix samples than for non-fn polymer. This is a direct indication that
smaller clusters are formed when silica is mixed with functionalized SBR. The FN POLYMER-HDS-10phf



sample indicates a high filler dispersion with smaller clusters and increased coupling with
functionalized matrix in parallel with a stronger intensity change when strain is applied.

NON-FN POLYMER-HDS

=
L

dz/dQ (em™t)

=8
L

FN POLYMER-HDS
1074

fy, A
N YRR
\\\ ! \

<
I

dz/dQ (em™t)
2

U
L

dz/dQ (em™t)
2

©

Figure 2. 1D scattering intensities for samples NON-FN POLYMER-HDS (a), FN POLYMER-HDS (b) and FN
POLYMER-HDS-10phf (c) at different time channels, each corresponding to one deformation step. All curves
correspond to the intensities measured along the sector parallel to the deformation.



The ratio function is reported in Figure 3, in comparison with the theoretical function estimated in the
assumption of an affine spring-like response of the cluster size with the oscillatory deformation and
20% peak-to-peak amplitude. The experimental uncertainties of this macroscopic strain-derived curve
are indicated by the dashed lines marking the extremes of an estimation based on the measured
displacement profiles and a synchronization uncertainty (100 ms) mentioned in 2.3. This does not
affect the conclusions that are drawn below.

\Before the experimental ratios are discussed in more details, the following observations from Figure
3 and 4 which describe the results for the 5" cycle are required. The function R does not show an out
of phase component with respect to the applied strain amplitude as seen for the angles 0, m and 2nt
corresponding to the times 0,2s and 4s. The answer of the fillers is basically elastic and excludes
contributions from a cosine function (see Eq.3), that would result in a finite phase angle shift.
Additionally, this excludes the contribution from odd harmonics. The m=2 is the only and strongest
expected overtone. Depending on the relative contributions of m=2 with f=0.5Hz and P=2s the
possible effects expected are related to the slopes of the R function with respect to the theoretical
one. In particular, the shallower slope observed between 1 and 2s as well as between 2 and 3s
effectively observed might be attributed to the m=2 contribution. Longer times are not interpreted
due to other peculiarities (see below).\

The three samples studied exhibit a considerably different scattering ratio. The four quadrants of the
sine wave are here discussed separately in line with the above.

Range 0-1 s: the up-phase shows different response of the clusters at 20% deformation for differently
functionalized samples. For the samples containing the functionalized matrix (fn polymer) the
maximum in the experimental ratio is close to the theoretical estimate (within statistical error).
Sample FN POLYMER-HDS-10phf (magenta), in which the silane content is higher than in the two other
cases, shows an almost affine-like value. This observation is in good agreement with a more significant
interaction between the deformed rubber matrix and the silica, promoting motion of the clusters
along the strain direction. The maximal ratio at 1s is in phase with the macroscopic dynamic strain,
except for the sample FN POLYMER-HDS (blue) for which the maximum is shifted.

. The ratio observed for the
sample containing unfunctionalized SBR, NON-FN POLYMER-HDS (red) is clearly lower than the
prediction. This is likely a consequence of the lower filler-rubber interaction and larger filler clusters.

To estimate the deviation of the scattering data from the affine prediction, the ratio:
(Rexp )l/D -1
T (Regp)VP -1

compares the macroscopic strain and the effective or microscopic strain for the cluster deformation.
The values range from SR*~0.7 — 1.1 for FN POLYMER-HDS-10phf, SR*~0.4 — 0.6 for NON-FN
POLYMER-HDS and SR*~0.5 — 0.7 for FN POLYMER-HDS.

SR* (1s)

Range 1-2s: For the sample FN POLYMER-HDS (blue) the experimental ratio function is observed to be
out of phase in respect with the theoretical prediction. As explained above, the maximum in this case
appears at 1.25 s. This shift is indicative for a retarded compliant response of the filler cluster or inter-
cluster viscoelastic rearrangements. In the time range here considered, except for the peak position,
the trend of the scattering ratios observed for the three different samples is in agreement with the
calculated function within experimental uncertainties.
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Range 2-3s: in the time range between 2s and 3s, a difference between the theoretical prediction and
the experimental trend of the ratio is observed. Specifically, the absolute value of the in-phase
minimum at 3s in the experimental scattering ratio is larger than the calculation for all samples here
studied, indicating a clear deviation from the prediction in the compression phase also for the sample
FN POLYMER-HDS-10phf (magenta).

Similar to before, the deviation of the scattering data from the prediction is estimated by:

_ (Rexp )1/D -1

SR™ =
(Ragp)VP —1

(3s).

The values range from SR™~0.6 — 0.7 for FN POLYMER-HDS-10phf (magenta), SR™~0.6 — 0.7 for
NON-FN POLYMER-HDS (red) and SR™~0.6 — 0.8 for FN POLYMER-HDS (blue). Interestingly, these
values are very similar for all the samples in this phase, indicating a possible specific arrangement of
the fillers upon compression. Considerations about the structure of the fillers leading to this
experimental trend will be reported in the next paragraphs.

Range 3-4s: In the reverse straining phase just before reaching the reference state again, the sample
FN POLYMER-HDS (blue) shows the same time shift as in the 2"® quadrant. The minimum is reached
later at 3.25s and simultaneously a lower ratio than at 3s is observed. This response seems to
correspond to a higher compressibility of the clusters and to a delay in the rearrangement than in the
other two samples. This discrepancy could be explained if a slower rearrangement of the particles
within the clusters and larger filler cluster moving relative to each other would be is considered due
to non-permanent filler-filler interactions competing with the covalent permanent rubber-filler
coupling. The best dispersion with smaller clusters is achieved with increased functionalization. A
different situation would be instead predicted for the sample NON-FN POLYMER-HDS (red) in which
the lower rubber functionalization causes a less pronounced cluster rearrangement in comparison to
the other two samples.

The
occluded rubber content may be larger as well.
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Figure 3. Evolution of the scattering ratio with 20% amplitude oscillatory deformation along the strain direction
for FN POLYMER-HDS (blue), NON-FN POLYMER-HDS (red) and FN POLYMER-HDS-10phf (magenta) as function
of time in comparison with the theoretical prediction of the same ratio estimated for an affine displacement of
the clusters.

While it is not surprising that the affinity assumption doesn’t hold in the up-phase for the non-
functionalized matrix and at least tentatively explained by a non-linear deformation of the filler
cluster, the coinciding deviation in the down-phase for t > 2s requires more accurate analysis. This
under-affinity can be correlated to a topological jamming phenomenon leading to an arrest of filler
motion when the clusters approach each other and start to interpenetrate. It is intuitively clear that
due to incompressibility a structural re-arrangement of clusters is not unlikely. In a possible scenario
of packed spheres, the stretching of a densely filled percolated rubber leads to an inter-mixing with
neighboring spheres. The resulting free space is ideally suited, consequently, to be occupied by
adjacent or nearby particles that move along the compression direction following the
incompressibility rules. The consistently lower deformation in the down-phase of the sinusoidal strain
can be tentatively rationalized.

In this regard, clusters are defined as subunits of a larger filler ensemble. Therewith, both intra- and
inter-cluster length scales are accessed in the used g-range. The following approximation relies on the
validity of a body centered cubic (BCC) lattice model for describing the arrangement of such clusters
within the agglomerate, as schematically represented in Scheme 1. From the filling degree of 90phr
or corresponding volume fraction of ~30% the necessary geometrical parameters of the unit cell can
be defined as a consequence of the "dilution” of the packing. The volume fraction of the involved two
particles in the expanded BCC unit cell is defined as:
2 %n- R,®

a3

$= Eq. 12

Where ais the edge length of the cube or distance between the centres-of-mass of the corner
particles and R, is the average radius of the particles. The average distance between the surfaces of
the two corner particles is indicated by A.

Dynamicstrain direction

Scheme 1: Schematic view of fillers particles in a BCC cubic system and tentative representation of the
displacement of fillers within one cell under the action of an asymmetric compressive force perpendicular to the
strain.

From Eqg. 12, the relationship between the parameters a and R, can be obtained as:

R 3
2 =0.036 = a=303R, Eq. 13

a3



For the non-deformed state A is estimated as A = a — 2R, ~ 1.03 R,,. If the unit cell is deformed
affinely by the pre-strain of 30% then the distance a increases as a = 3.03R,, - 1.3 = 3.94 R, , while
A=194R,.

At this deformation level, the interparticle surface-to-surface distance is lower than the diameter of a
particle. The compressive force in the perpendicular direction to the pre-strain has as sole
consequence that any pre-orientation of the fillers is destroyed. This evidence was shown in the SANS
images of Figure 1, where the 2D scattering images reported exhibit a transition from anisotropic to
isotropic distribution. In the up-phase of the dynamic deformation, at a deformation ratio
corresponding to A= 1.4, the total distance can be estimated as a = 3.03R,, - 1.4 = 4.24 R, which
corresponds to a surface-to-surface distance of 4.24 R, — 2R, = 2.24 R,,. In this case, the particles
belonging to near unit cells or the center particle itself can occupy the free space under the effect of
the compression force exerted in the direction perpendicular to the deformation, following the
incompressibility law. The free space between adjacent particles along the strain direction becomes
higher than 2R, , allowing therefore the rearrangement of the unit cell as tentatively represented in
Scheme 2. The free space between the surfaces of two particles figuratively collocated along the edge
of one cube reduces to 0.123 R,,. In the down-phase, however, the reorganization of this new
configuration is undefined. The surfaces of the adjacent particles can get in contact again or the forced
reduction of uniaxial strain may expel the newly-inserted particle. The simplified description here used
cannot predict the rearrangement of the filler network in this phase.

The experimental values of scattering ratio at the maximum and minimum of the dynamic amplitude
can be estimated as following:

A D
Rt =(14+— Eq. 14
( +1.3) q
A D
R- = (1 _1_3) Eq. 15

from Eq. 11. Here, R and R~ are the extremes of the ratio function at a certain dynamic amplitude
A. The parameter D is the mass fractal and 1.3 corresponds to the static deformation applied as the
pre-strain.

From Figure 3, the experimental R~ is found at approximately 0.92 for the samples FN POLYMER-HDS-
10phf and NON-FN POLYMER-HDS, in strong contrast to the affine prediction of R"=0.82.

Assuming a value of D = 2.5, as determined experimentally [30] the effective dynamic amplitude at
this minimum can be estimated as A = 0.053 that correspondsto 4 = (1.3 — 0.053) = 1.25 + 0.02.
The strain thus is -0.053. The discrepancy between this value and the theoretical prediction based on
the affine assumption, suggests an arrest of the particles dynamics that do not follow the rubber in
the down phase of the deformation. The interruption of the configuration rearrangement at this strain
is a signature of a jamming effect induced by the combination of static and dynamic deformation. The
jamming observed in this case is related to geometrical factors rather than thermodynamic processes
observed in glasses. It is worth noting that sample FN POLYMER-HDS showing a different R~ is found
closer to the theoretical value which occurs at approximately 3,25 s rather than at 3 s. The higher
displacement of the fillers along the strain direction in the samples containing functionalized rubber
can, at the same time, lead to a slower rearrangement of the cluster conformation upon strain. The
jamming-unjamming transition may have an un-explored effect which is not described by higher
harmonics. The compression seems to introduce a fragile, transient penetration or interdigitation of
clusters or cluster parts that, once separated, behave “normal’ again in the following up-phase. While



the sample FN POLYMER-HDS-10phf contains also the functionalized SBR rubber, the higher amount
of silane that is responsible for the more affine-like behavior in comparison to FN POLYMER-HDS might
as well lead to the earlier arrest of the dynamics in the reverse strain phase. This observation can be
related to the higher cross-linking degree within the rubber induced by the enhanced silane content
[51] that might hinder the rearrangement of the clusters after they are displaced along the strain
direction.

Strain direction

\
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Scheme 2. Schematic representation of adjacent corner filler particle displacement along the deformation
direction upon a pre-strain of 30% and the maximum of the oscillatory strain, corresponding in total to 40%.
Tentative representation of particles displacement among different unit cells driven by compressive force along
the direction perpendicular to the deformation.

8% double amplitude:

To verify whether the upper process is simply related to non-linearity on the level of the filler
exclusively or it is valid over a wide range of dynamic amplitudes, the same experiment was conducted
at lower dynamic strain amplitude corresponding to 8% peak-to-peak, i.e. 4% amplitude. In this case,
a lower variation of the scattering intensity along the deformation direction is reasonably observed.
Figure 4 shows that the experimental and theoretical functions for the scattering ratio are in very good
agreement, indicating again an in-phase affine-like displacement of the clusters along the strain
direction in the whole period of the sinusoidal deformation. In addition, the former jamming transition
described for the higher deformation is not observed at this strain amplitude. Also, m>2 contributions
can be excluded here and the affine-calculated behavior matches in good agreement with experiment.
As consequence of the affine deformation of the aggregates, the reorganization of the fillers upon
compression does not exhibit an arrest of the dynamics. This result is also corroborated by the same
predictions used in the former case. The theoretical estimation R* = (1 + 0.04/1.3)? = 1.078
assuming a value of D = 2.5 is in exact agreement with the ratio experimentally observed at 2s and
confirms thus affine motion. Likewise, in the compressed state the calculation yields R~ =
(1 —0.04/1.3)P = 0.925 which fits the experimental value for all the samples.

The comparison between the observations at 8% and 20% dynamic strain amplitudes evidences that
the jamming transition is thus induced by a displacement of clusters along the strain direction with
the consequent occupation of induced free space by nearby filler clusters initially located along the
perpendicular direction.



Deviation from linearity could be predicted for the higher double deformation amplitude of 20%.
Higher harmonics are expected for double amplitudes only exceeding 8%.

The correlation between the jamming transition and the Payne effect is identified in the relationship
between the scattering data and the stress-strain loops obtained during the cycles of deformation.
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Figure 4. Evolution of the scattering ratio with 8% amplitude oscillatory deformation along the strain direction
for FN POLYMER-HDS (blue), NON-FN POLYMER-HDS (red) and FN POLYMER-HDS-10phf (magenta) as function
of time in comparison with the theoretical prediction of the same ratio estimated for an affine displacement of
the clusters.

4.2 DMA results. LAOE stress-strain curves reported in this section were collected in-situ during the
USAXS measurements. As this work is the first of its kind using a home-built DMA in-situ with scattering
methods, our primary aim is the identification of specific structural features. A more quantitative
study of the mechanical results will be addressed in forthcoming publications. Within this work, we
limit ourselves to the semi-qualitative analysis of the hysteresis plots. The phase angles for the three
samples were determined from the time-shifted normalized strain and stress signals and averaged
over all cycles. While the scattering ratio function did not show a phase shift from the applied
deformation, in the case of the mechanical results the phase angle was found to differ from zero. -
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Figure 5. Phase angle as function of strain amplitude obtained for FN POLYMER-HDS (blue), NON-FN POLYMER-
HDS (red) and FN POLYMER-HDS-10phf (magenta).

The full stress-strain curves at dynamic double amplitude of 8% and 20% are shown in Figure 6. The
stress signals were corrected for the pre-stress as for linear rheology and the remaining dynamic
stresses were plotted as function of dynamic strain. The loops for the three samples were shifted along
the y axes for sake of clarity. Figure 6 (a) shows that all samples exhibit a close-to-ellipsoidal behavior
for 8% amplitude, with the linear fit to the deformation loops describing the long axes. The slope of
the ellipsoid gives E*(w) = JE’(w)Z + E"(w)? and shows no other than linear dependence of the
modulus on strain. This is the signature of linear behavior. On the contrary, figure 6 (b) indicates a
contribution of higher harmonics for some of the samples superposing the ground frequency for the
double amplitude deformation of 20%. Whereas the area of the ellipsoidal hysteresis figures is a
measure of the phase angle, its shape contains elements of non-linearities. Sample NON-FN POLYMER-
HDS seems to show the largest dissipation and phase angle with the largest deviation of the linear fit
from the long axes. In specific, the bending observed in the lower left corner region concerns the
compression phase which in the structural part, was assigned to the jamming phenomenon for all
samples.
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Figure 6. Stress-strain curves shifted along the vertical axes for FN POLYMER-HDS (blue), NON-FN POLYMER-HDS
(red) and FN POLYMER-HDS-10phf (magenta) at sinusoidal deformation amplitude of 8% (a) and 20% (b) with
related linear fit of the loops (black lines). The curves were arbitrarily shifted along the y axes for clarity.

Indeed, the absolute stresses at € = —0.05 (see before for the determination) are larger than at e =
+0.05. The jamming causes a measurable compression force and therefore the hysteresis curves are
distorted mainly in the lower left part of Figure 6. Whereas from LAOS experiments in shear the non-
linearity is commonly attributed to filler phase, in the small-strain limit and polymer-related non-linear
rheological behavior shows up for high amplitudes. Our work corroborates the appearance of both
components in this range. The mechanical signal can be assigned to processes that are separated in
origin. The observed mechanical behavior could seem, at first, in disagreement with the scattering
data where a smaller displacement of clusters upon deformation was identified for sample NON-FN
POLYMER-HDS with respect to the other two samples. For the interpretation of this different behavior
it is important to reconsider that while the scattering measurements only relate to the effect of the
deformation on the clusters, the dynamic stress-strain response is associated to the whole rubber-
filler composite. The scattering function ratio evidences that in the presence of non-modified rubbers,
the filler clusters are much less affected by the oscillatory deformation. A lower rubber-filler
interaction in comparison to the other two samples studied, respectively FN POLYMER-HDS and FN
POLYMER-HDS-10phf, leads in the case of NON-FN POLYMER-HDS to a lower dispersion of the fillers.

The lower mobility of the filler network in the case of NON-FN POLYMER-HDS is correlated to the
formation of bigger clusters which occlude a significant amount of rubber. For cured composites, a
lower degree of matrix functionalization is indeed known to give rise to an increase of the bound and
occluded rubber amount which has a significant effect on the mechanical response. The deviation
from the linear response could thus be also associated to the increased amount of bound and inside-
cluster-occluded rubber. The higher mobility of the clusters being smaller and better dispersed in
presence of functionalized SBR matrix might instead reduce the local stretching of polymer chains in
contact with the particles within the clusters and the consequent deviation from their ideal
configuration.

5. CONCLUSIONS



The combined investigation of USAXS with in-situ dynamic oscillatory deformation in tensile mode for
differently functionalized silica-filled SBR rubbers allowed the study of filler network evolution as a
function of the dynamic amplitude. The USAXS results here reported highlight a clear dependence of
the cluster internal displacement and deformation under the effect of a dynamic deformation on the
rubber functionalization and the dynamic amplitude of the deformation. The application of a
scattering model previously defined allowed for a theoretical estimation of an affine scattering
function evolution with the oscillatory deformation and its comparison with the experimental results.
The filler response is purely elastic and in phase with macroscopic excitation. Non-linearities from the
filler are thus localized to the filler itself and de-coupled from the rubber phase itself. The increase of
rubber functionalization as well as the increase of silane amount within the composites were found
to promote a close-to-affine behavior in the up-phase of the sinusoidal deformation at double
amplitude of 20%, as a consequence of an enhanced filler-rubber interaction. A tentative description
of the behavior makes use of the first even harmonic with m=2. A different scenario was observed for
the sample containing non-functionalized SBR, where a lower-than-affine displacement of the fillers
was reported. Interestingly, the down-phase of the deformation revealed a jamming transition
attributed to the particle-particle contact that hinders affine rearrangement of the network in the
reversed stage of the sinusoidal strain. The role of the silane was observed to be peculiar in this
analysis. While the increment of the silane amount leads to closer-to-affine behavior in the up-phase,
the increased matrix crosslinks might induce a hindrance of the cluster rearrangement in the reverse
phase. The observation of the jamming transition at highest strain amplitude was corroborated by the
analysis of the results at double dynamic amplitude corresponding to only 8%.
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