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ABSTRACT

In situ coupled mechanical/electrica/ WAXS/SAXS investigations on EPDM-based composite
materials filled with carbon black (CB) have been performed under uniaxial tensile stretching. The
time-resolved correlation between the electrical conductivity and the microstructural state of the
composite reveals the mechanisms governing the structure/properties relationships with increasing
deformation: orientation of the EPDM chains with reorganization of the CB network and
ultimately, nano-cavitation. This involvement of different microstructural phenomena offers a
comprehensive picture of the mechanisms underlying the non-monotonic evolution of the
electrical conductivity with strain. At large deformations, the formation of nanovoids preceding
the material fracture induces by a significant decrease in conductivity. Our study thus brings new
light on the conductivity/strain relationships of carbon black filled elastomers. We envision
potential applications in developing smart rubber materials where microstructural changes

preceding material rupture can be monitored in sifu by coupled electrical measurements.
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INTRODUCTION

Elastomers are envisioned for new applications such as flexible sensors [1,2] or electro-
mechanical sensors [3,4]. Such complex materials are also known as ‘smart rubbers’, defined as
elastomeric materials that respond through a macroscopic output to an external stimulus [5]. The
development of smart rubbers could advantageously benefit from the real-time monitoring of
material damage. Due to the incorporation of fillers which may be electrically conductive (carbon
black, carbon nanotubes, graphene etc.), in situ conductivity monitoring could be used as a non-
destructive testing technique to probe damage. Electrical measurements exhibit the advantage of
being easily implementable for materials working under real functioning conditions. A deeper
understanding of the evolution of the electrical conductivity under strain could lead to the
identification of permanent or reversible changes in the microstructure of the conductive network,
revealing the microstructural state of the material.

In situ coupled electrical/mechanical measurement of CB/elastomers composites under
mechanical strain has already been reported in the literature and different approaches have been
followed to tune the conductivity-deformation behavior [6—15] such as using different types of
polymers [8], types of conductive fillers [6,9], and filler contents [7,11]. The stress and strain
sensitivities of conductivity are still difficult to control or interpret: in fact, electrical behavior
varies from one system to another, and usually exhibits a non-monotonic response with strain
[13,14,16,17]. For these reasons, the development of new smart conductive composites requires a
fine understanding of the changes in their microstructure leading to a change of conductivity.
However, only few studied focused on the electrical behavior, simultaneously to structural and
mechanical investigations, to correlate the evolution of the electrical behavior with a structural

state.



Accurate description of the morphology of CB/polymer composite materials presents a
challenge since it extends on many length scales and because carbon-based particles absorb most
visible light [18,19]. Thus, techniques such as optical microscopy and light scattering are
precluded. Electron microscopy is also difficult to exploit since the superimposition of three-
dimensional and multiscale CB networks can lead to difficulty in the interpretation of micrographs.
In situ investigations of the material morphology and structure, and mechanical properties has been
the focus of rubber research for decades [20]. X-ray scattering techniques, such as small-angle X-
ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) are well known for the study of
the microstructure of polymer-based composite materials, including the nanofiller dispersion and
distribution or the macromolecular and/or filler orientation in anisotropic systems [21].
Concerning the characterization of the polymer matrix, molecular orientation is often viewed as
an important parameter in relation with its mechanical properties [22]. In situ WAXS/mechanical
investigations quantify the orientation of polymer crystals or chain orientation in amorphous
systems using a scalar descriptor known as the Herman’s orientation factor [23]. For the
characterization of CB (amorphous and rigid) fillers, small-angle scattering techniques (SAXS,
Ultra-SAXS, Small-angle Neutron Scattering, Ultra-SANS) are used to investigate the structure of
mass fractal aggregates [24], probing microstructure over several orders of magnitude in length
which include both the primary particle, their small scale aggregates and larger scale agglomerates.
These techniques may be adapted to probe the morphology of CB as suspensions, powders, or
pellets, as well as in CB/polymer composites [25,26]. Furthermore, since the development of high
flux (synchrotron) X-ray facilities, SAXS and USAXS have been used for real-time detection of
microstructural changes with time-resolved accuracy, for example during deformation [27]. Only

a few structural studies are focusing on filled elastomers in situ SAXS/WAXS under uniaxial



extension [28—35]. These works are devoted to the characterization of anisotropy of the polymer
component [26,30], the rearrangement of fillers under deformation [28,31-33] and other studies
focused on damage in particular with nano-cavitation [34,35]. Zhang et al. [34] have detected
nanocavitation for the first time in CB filled styrene-butadiene rubber (CB/SBR) under uniaxial
loading by real-time SAXS using a synchrotron source. A three-phase model was developed to
calculate the void volume fraction from the scattering invariant Q determined from the observed
SAXS patterns. In all these studies, the correlation between damage, rearrangement of CB network

and the electrical properties is not mentioned.

In the present work, an in situ coupled mechanical/electrical SAXS/WAXS approach is
employed to identify the mechanisms underlying the structure/properties relationship under
uniaxial tensile stretching for EPDM/CB filled elastomers. EPDM are used here as model matrices,
but our results should extend to the case of other polymer-CB nanocomposites (see ref. [34]). This
correlation opens the possibility to distinguish the different mechanisms and their successions from
small strain to large strains up to mechanical failure. First, the orientation of EPDM chains is
quantified by Herman’s factor with strain. Then, we establish the relationship linking electrical
conductivity evolution with aggregates interpenetration of EPDM/CB composites. Finally, at
larger strains, the decrease of the conductivity can be related to the nanovoid formation by SAXS
experiments. The electrical properties of elastomeric composite materials vs strain can thus be
correlated, which can have potential applications in developing new smart rubber materials where

microstructural changes can be in situ monitored by electrical measurements.

1. Experimental



1.1. Materials

Experiments were carried out using Keltan 5470 and Keltan 9650 EPDM rubber (Arlanxeo,
Geleen, Netherlands) which are ethylene propylene diene monomer rubbers with different
fractions of ethylene and diene monomer; the chemical structure of ethylene-propylene-diene
monomer is represented in the Supplementary information part in Figure Sla. Keltan 5470 has a
density of 0.86 g.cm™ and a Mooney viscosity [36] MLi+4) of 55 at 125 °C. Keltan 9650 has a
density of 0.86 g.cm™ and a Mooney viscosity ML(i+s) of 60 at 150°C. EPDM-based composite
materials were obtained using different amounts of low structure (LS) carbon black (N326) or high
structure (HS) carbon black (N347) fillers with sulfur bridges for crosslinking. CB N326 and N347
were provided by Orion (Frankfurt, Germany). Elastomer composites of different compositions
were obtained as specified in Table 1. The processing oil selected as plasticizer was Torilis 6200,

provided by Total (Ferrybridge, UK).

Table 1. Composition of EPDM in part for hundreds of rubber (phr) where LS mean low structured

(N326) and HS highly structured (N347) CB fillers.

E1-0| E1-25 |E1-35 |EL1-25 |E2-0]E2- E2-

LS LS HS 25LS | 25HS

EPDM matrix 5470 | 5470 5470 5470 9650 | 9650 | 9650
[CB] (Y%va) 0% | 25% 35% 25% 0% | 25% 25%
Fillers CB N326 | N326 | N347 N326 | N347




CB (phr) 0 90 140 90 0 90 90
ZnO (phr) 5 5 5 5 5 5 5
stearic acid (phr) 1 1 1 1 1 1 1
Accelerators (phr) 4.6 4.6 4.6 4.6 46 |4.6 4.6
Oil (phr) 20 |20 20 20 20 |20 20
Sulphur (phr) 1.7 1.7 1.7 1.7 1.7 |17 1.7
Antioxidant: TMQ | 1.5 15 1.5 15 15 15 1.5
(phr)

1.2. Sample preparation

The sample preparation was performed in three steps, as follow:

e Step 1: mixing the blends of the elastomer, processing oil and CB in an internal batch mixer
(Banbury 3.2 L) at 60 °C and 60 rpm for 4 min.

e Step 2: mixing the vulcanization compounds (Sulphur, accelerator, activator, and
antioxidant) with the blend obtained at step 1, using a two-roll mixing mill (Agila, roll
dimensions: 300 x 700 mm) at 60 °C and 20 rpm for 5 min.

e Step 3: Then, slabs of rubber were vulcanized during press molding under 200 bars at

170 °C for a time equal to f9s2. This time corresponds to the time needed to reach 98% of



the maximum torque obtained using a moving die rheometer at 170 °C to follow the
evolution of the crosslinking reaction.
Specimens were cut with a dumbbell cutting die type H3 according to NF ISO 37. These specimens
used for mechanical, structural, and electrical investigation have a gauge length Lo =10 mm, a
width of 4 mm and a thickness of 1 mm. The term 'gauge length' refers to the apparent part of a

test specimen being measured during a tensile test.

1.3. Structural investigations: SAXS/WAXS

SAXS and WAXS experiments were carried out simultaneously at the European Synchrotron
Radiation Facility (ESRF) in Grenoble (France) on the D2AM beamline. The incident photon
energy was set to 15.7 keV and the cross-section of the beam size was 0.42 x 0.45 pm?. The SAXS
intensity / was collected using a 2D DS detector and the WAXS intensity was collected using an

X-ray detector IMXPAD WOS-S700 (“WAXS Open for SAXS” detector). Scattered intensities

are usually plotted against the scattering vector ¢, defined as q = :—n sin(8), where Ay is the
X

incident wavelength (1 = 0.78968 A) and 26 is the scattering angle. The SAXS g-calibration was
achieved using silver behenate powder standard. The sample-to-D5 detector distance was 1.760 m,
leading to a g-range from 6.6 10> A"1t0 2.2 10" A"!. The WAXS g-calibration was achieved using
lanthanum hexaboride powder standard. The sample-to-WOS detector distance was 12.0 cm,
leading to a g-range between 0.7 A! and 6.0 A™'. The exposure time was 10 s. The 2D patterns
were obtained after normalization by exposure time, transmitted intensity, and subtraction of the

image of the empty cell. For investigating potential anisotropic properties, azimuthal averages


https://www.instron.com/en/our-company/library/test-types/tensile-test

have been calculated around the image center over 48 angular sectors of 7.5° (corresponding to

360° on the azimuthal angle).

1.4. Mechanical investigations

The mechanical behavior of elastomers can be described using the Neo Hookean hyperelastic
model [37,38]. Using this constitutive law, the calculation of the true stress at large uniaxial

extension ratios is given by the equation:

omec — zclo\z _ )\—1)

Where C; is a material constant, and A is the elongation ratio. For unfilled and filled composites
[39,40], C; = %N kT = % G where N is the number of crosslinked chains per unity of volume, £ is

the Boltzmann constant, 7 the temperature in Kelvin, and G is the shear modulus. The
reinforcement effect can be quantified by the ratio of C; of the reinforced system compared to the

one without CB.

1.5. In situ coupled structural/mechanical and electrical investigations



Combined in situ SAXS/WAXS and electrical conductivity measurements during an
uniaxial tensile test are illustrated in Figure 1. Mechanical tests were performed using a homemade
remotely controlled tensile test device at room temperature. It is composed of two crossheads, one
of them being mobile and guided by two stainless steel guide bars and displaced with a threaded
shaft, a DC electric motor and an LVDT sensor to control the crosshead position. The samples
were stretched in the vertical direction with a crosshead speed of 10 mm/min, and the elongation
A was varied from 1 to the sample break or to the maximal elongation Anu. = 2.8. The specimens
were fixed between polycarbonate pieces and brass electrodes by four screws. The device itself
was mounted on a vertical displacement stage, and a position correction of -A/2 was applied when
the mobile crosshead was moved by A. In this way, the center of the sample was approximatively
maintained under the incident beam all through the elongation test, the same zone being measured

elec

at all times. At the same time, the electrical conductivity 0°*°“ was determined accounting for the

2

RXS ~ RXLySo

elec _

variation of geometry of the specimens during a tensile test using o where L

is the sample length, S the sample cross-section (Lo and Sy are initial values in the undeformed
state) and R the electrical resistance measured by a Keysight B2980A picoammeter by applying a
voltage of 5 V. The experimental setup presented in Figure 1 was used to characterize the evolution
of the electrical, mechanical, and structural properties of EPDM/CB composites as a function of
the applied strain.

For image data treatments, the intensity was further normalized by the sample thickness.
Within a scattered image, the intensity 1(q, ¢) of each pixel of the detector is localized by 2 polar
coordinates, namely, the scattering vector g and the azimuthal angle ¢ (¢ = 0° in the stretching
direction). Chain orientation and the crystallinity index were evaluated by WAXS. The intensity

profiles were treated using the Fityk software. The amorphous halo and the other scattering peaks

10



were modelled using Gaussian profiles. The orientation of the EPDM chains was then quantified

by calculating the apparent Herman’s factor fy(q) defined as:

1

3
fu@) =5 < cos’p > =

with

127 1(q, ) cos? (). sin (@) de
[ 1(q, 9) . sin (9)dg

< cos?@p >=

fu(q) = —0.5 when the polymer chains are ideally oriented parallel to the stretching direction, it
tends to 1 when the polymer chains are perpendicular to the stretching direction, and it is 0 for an

isotropic distribution of chain axis or reticular plane orientation.

Real time small angle X-ray scattering (SAXS) was used to probe the cavitation damage in filled
elastomers, using the scattering invariant Q during uniaxial loading [34,35]. The scattering
invariant Q is directly related to the mean square fluctuation of electron density and irradiated

volume V and is independent of the shape of the scatterers and their spatial distribution [41]:

Q= f q*1(q)dq = 2m*.V < (p — p)* >
0

11



Where < > stands for a spatial average and p =< p >. In our case, the intensity follows a power
law in the low-¢ region (I(g) = B*q) and another power law in the high-¢ region (I(q) = C*¢"). As
a consequence, O can be calculated by separating the integral in three terms: the first term
corresponds to an extrapolation of the low-g power law, the second one to the experimental data,

and the last one to an extrapolation of the high-g power law (generalized Porod regime):
gmin +00
Q=f q2*andq+zli(Qi+1_Qi)*Qi2+f q**q°*Cdq
0 ; gmax

The extrapolation of experimental data from 0 to gmi» and from gax to +00 are represented in linear
and logarithmic scale in the Supplementary information in Figure S3. In the Porod region, the
value of exponent b always stay between -3.2 and -3.8 and the last term can be integrated. Thus,

practically:

q2+a+1 q2+b+1
~ B+ —min Z I _ (o Ima
Q *2+ +1+ (QL+1 ql)*ql 24+4b+1

Typical scattering invariant Q as a function of the elongation 4 is shown in Figure 1g. Classically,

CB mass fractal aggregates exhibit several scattering regimes in the Intensity vs g plots, in the

12



form of different power laws. In the range of larger g values, a first generalized Porod’s law
I(q)=C*¢" accounts for (rough) surface scattering from the primary particles but other power law

regions at lower g values may be due to scattering from the CB aggregates and agglomerates with

different fractal exponents as represented in Figure 1f.
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Figure 1. (a) Schematic representation of the coupled mechanical/electrical/structural
investigations (b) 2D WAXS pattern, in which each pixel is characterized by an intensity I, a
scattering angle 20 (corresponding to a diffusion vector q) and an azimuthal angle @ (c) Analysis
of a WAXS diffractogram obtained by azimuthal average of the intensity for each q. (d) The
molecular orientation of polymer chains is observed by division of the WAXS pattern in azimuthal
sectors. ¢) 2D SAXS pattern, in which each pixel is characterized by an intensity I, corresponding
to a scattering vector q and an azimuthal angle @. (f) SAXS curves obtained for EPDM filled with
CB could be divided in two regions. (g) Scattering invariant Q evolution with elongation ratio A.

2. Results and discussion
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2.1. Orientation of EPDM chains during stretching

Thermal properties of the matrices for both E1 (Keltan 5470) and E2 (Keltan 9650) matrices
were studied by differential scanning calorimetry carried out on the unfilled crosslinked
composites (thermal transition, crystallinity) (see Tab. 1). The thermograms corresponding to the
first and second heating run of E2-0 and E1-0 are presented in the Supplementary information,
Figure S1. The thermograms of E1-0 and E2-0 exhibit a heat flow increase at -46 °C and -53 °C,
respectively, corresponding to the glass transition of EPDM. Then, an endothermic peak for E2-0
at about -24 °C was observed, attributed to the melting of the crystalline phase. E1-0 thermogram
exhibits two endothermic peaks at 20 °C and 35 °C during the 1* heating run and only one at 25 °C
for the 2" run. These peaks can be attributed to the melting of the crystalline phase. Both EPDM
matrices are semi-crystalline; the melting temperature of the crystalline phase of E2-0 being below
ambient temperature whereas the melting temperature of E1-0 is close to ambient temperature.
The resulting crystallinities of both matrices were further studied at room temperature (DSC
thermograms reported in the supplementary information, Figure Slc). The crystallinity of filled
composite have been determined and E2-25LS is amorphous at room temperature since there is no
melting in the thermogram, but there is a modest melting peak for E1-25LS which suggests that
there is a residual crystallinity (Xc ~ 0.2%) at room temperature [42]. Both matrices can be
considered as amorphous.

WAXS analysis was further performed on the same matrices and on filled EPDM composites.
Figure 2 displays the comparison of WAXS patterns of (a) E1-0 and E2-0 and (b) E1-25LS and
E2-25LS. No significant changes of the EPDM type on the diffraction diagrams were observed,

neither for unreinforced matrices nor for the CB composites.

14
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Figure 2. WAXS patterns of (a) unfilled E1-0 and E2-0 composites (b) filled E1-25LS and E2-
25LS composites.
Prior to investigating the chain orientation during stretching, the interpretation of a typical WAXS
pattern for CB/EPDM composites was realized. The results are presented in Figure 2b. The WAXS
patterns show a broad peak around 1.4 A™! due to the amorphous halo of EPDM [43,44]. The two
CB halo peaks, centered around g values of 1.7 A™! and 3.0 A! and indexed as the (002) and (10)
planes of layered carbon material [45-47], corresponding to the graphitic nature of CB.
Furthermore, ZnO, introduced as a vulcanization activator, is present in all composites. The
diffraction peaks of ZnO are well-known to be around 2.2 A1, 2.4 A1 2.5 A1 32 A1 and 3.8 A-
!. These peaks are indexed as (110), (002), (101), (102) and (110), respectively, and can be used
as an internal standard for g range calibration and intensity normalization.

To go a step further, we investigated EPDM-CB dumbbell specimens by WAXS, in situ
under stretching. Figure 3 shows the 2D-WAXS patterns of E1-35LS and E1-25HS at various

applied deformations.
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Figure 3. 2D-WAXS patterns of E1-35LS under different mechanical strains: A = 1.0 (a), 1.6 (b)
and 2.0 (c). 2D-WAXS patterns of E1-25HS at /. = 1.0 (d), 1.6 and 2.0 (f) with a crosshead speed
of 10 mm/min.

The initial 2D-WAXS patterns of both composites exhibit isotropic scattering, with no processing-
induced preferred orientation, as shown in Figure 3a and 3d. During stretching, the intensity
increases perpendicularly to the stretching direction (in the equator) for E1-35LS and E1-25HS
(see Figure 3¢ and Figure 3f), which indicates the development of orientation effects in the polymer
phase. For a more quantitative analysis, the diffraction diagrams were deconvoluted in equatorial
sectors (¢ = 90°,270°; I, ) and meridional sectors (¢ = 0°,180°; 1,,). The results of this analysis

are shown in Figure 4 for E1-35LS.
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Figure 4. E1-35LS WAXS diffractograms in the equatorial sectors (¢ = 90°,270°) for an
elongation of (a) A=1.0, (b) A=1.6 and (c) A=2.0. E1-35LS WAXS diffractograms in the meridional
sectors (@ = 0°,180°) for an elongation of (d) A=1.0, (e) A=1.6 and (f) A=2.0.
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As expected from the 2D-WAXS images shown in Figure 3, the contribution of the amorphous
halo of EPDM are increasing with 4 in the equatorial sectors (see the sum of ‘amorphous’ and
‘EPDM’ components in Figure 4a, b and c). On the contrary, the contribution of the amorphous
halo of EPDM is decreasing in the meridional sectors (see Figure 4d, e and f). On the contray, the
intensity of the (200) and (10) peaks of graphite pseudo crystals in CB does not change with A in
both equatorial and meridional sectors. Thus, in the 2D-WAXS pattern of Figure 3, the increase
of intensity in the equatorial direction is exclusively due to polymer chain orientation, because CB
does not contribute to scattering anisotropy in the WAXS ¢ range. In order to quantify the
macromolecular orientation during stretching for various composites, the Herman’s factor is
estimated at ¢ = 1.36 A! from the total contribution of EPDM chains (amorphous and EPDM
halo). Figure 5 displays the evolution of the apparent Herman’s factor f7 (g = 1.36 A™!) with the

elongation ratio for different composite materials.

a. Q
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Figure 5. The apparent Herman'’s factor fr was calculated for WAXS in situ during tensile testing
at q=1.36 A for (a) EI-25LS, E1-25HS and E1-35LS (b) the comparison of EPDM orientation
for composites with matrix 1 and matrix 2 and as a function of CB structure during stretching
where E1-25LS is symbolized by dotted line (the orientation is superposed for the other composite
as shown in Figure 5a).
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The molecular orientation of polymer chains in the stretching direction is impacted by the type of
the EPDM matrix. Apparently, increasing the diene content decreases the orientation effects (Fig
6b). Due to the rigidity of the filler, orientation should result from the localization of deformation
occurring only in the polymer phase. In fact, on the mechanical standpoint, CB nanocomposite
may not be regarded as a true two-phase material with individual deformations since there are high
interactions at nanoscale between filler and matrix. Moreover, such systems may exhibit complex
deformation processes at different length scales, such as (i) inter-aggregate reorganizations in the
zones containing fewer polymer chains, (i7) simultaneous relaxation of chains occurring after large
scale reorganizations of aggregates, after un-grafting of the chains from the surface of the particles
or chain breakage. These latter relaxation phenomena may explain why the orientation factors in
Figure 5 stay above the predictions of the (non-relaxing) affine model, i.e. experimental orientation
is lower than the theoretical limit of the affine model [48]. At last, the orientation of EPDM does

not change significantly with the CB content and structure, as shown in Figure 5b.

23 Reorganization of CB network during tensile test: Correlation between structural

state and electrical properties

The mechanical behavior of the EPDM-CB composites with CB fillers of different structure and
volume fraction and for different EPDM matrices are reported in Figure 6, where the true stress is

plotted as a function of the elongation parameter 12 — 171,
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Figure 6. Impact of the EPDM matrix, CB content and CB structure on ™€ — (A2 — A1) curves
for: (@) EI-25LS and E2-25LS; (b) EI-25HS and E2-25HS; (c) E1-35LS. (d) Corresponding
parameter C1=G/2 for each system is determined and normalized by the parameter C1 of EI1-0 or
E2-0. The values of the Einstein coefficients are reported for each composites

At low 1, the stress increases linearly with A*-1/4. Fitting using the Neo-Hookean law was
performed from A = 1to A = 1.2. CI and R? (coefficient of determination) are reported in the

supplementary information part in Tab. S1. The reinforcement effect can be quantified by the ratio
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of the parameter C/ for filled and unfilled composite. The reinforcement effect is displayed in

Clcp—EPDM
ClgppMm

Figure 6d as vs. the volume fraction of the CB fillers. The values of the Einstein

C1CB—EPDM_1
coefficients ky = CIE% range between 8 to 20. The reinforcement is increasing slightly

with the CB content but mainly with the CB structure, as it can be seen in Figure 6d.

At large /, the elastomer behavior is no longer linear and exhibits strain stiffening with the onset
of chain orientation. It can be observed that the strain hardening effect is lower for E2 than for E1
(Figure 6a,b). Such lower reinforcement effect agrees with the apparent Herman’s factor evolution
with strain presented in Figure 5, showing that the orientation of EPDM chains is lower for E2

than for E1.

As shown in Figure 7, deformation of the EPDM composites strongly impacts their electrical
conductivity. A time-resolved structural investigation will offer a complementary view on our
coupled experiments, specifically related to the CB network connectivity evolution that occurs
during stretching. The conductivity vs. elongation ratio plots are impacted by CB fillers structure,
volume fraction and for different EPDM matrices. In all cases, the electrical behavior can be

separated in three regimes with increasing elongation.
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Figure 7. Influence of EPDM matrix, CB content and CB structure on the electrical properties
under large elongation for (a) E2-25LS and E1-25LS (b) E2-25HS and E1-25HS (c) E1-35LS.

Regime I is characterized by a sharp decrease of the conductivity and corresponds to the behavior
typically observed with vulcanized rubber CB composites [9,49]. It is generally accepted that this
early decrease of conductivity is due to a partial loosening of the CB network connections. Regime
I ends at rather low elongations (4 < 1.1) in EPDM-CB composites. Regime II corresponds to a
plateau for E2-25LS and E1-25LS as shown in Figure 7a, this regime ends around A = 2.25. For
the other systems, regime II better corresponds to an increase of the conductivity for E2-25HS,
E1-25HS and E1-35LS as shown in Figure 7b, c. Regime II ends around A = 2.09 for E1-25HS
and A = 1.75 for E1-35LS. Lastly, Regime III is characterized by a decrease of the conductivity
until failure for all composites except E2-25HS, for which fracture occurred before reaching this
regime. Thus, a well-defined maximum of conductivity appears for high structure CB or for high
filler ratios. In order to correlate these conductivity regimes with the reorganization of the CB

fillers, in situ SAXS measurements were carried-out. The mean scattering diagrams obtained by
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360° azimuthal average during stretching, presented in Figure S2 (supplementary information),

indicate only slight changes during stretching for the EPDM/CB composites.

Thus, it was necessary to further extract the intensities scattered in the meridional direction

1/(q) (parallel to the stretching) and equatorial direction /1(g) (perpendicular to the stretching) by

partial azimuthal averaging within the 4 sectors adjacent to each probed direction. The resulting

SAXS scattering patterns are displayed in Figure 8a, b.
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Figure 8. (a) SAXS diagrams obtained in the meridional region (¢ = 0° and 180°). (b) SAXS
diagrams obtained in the equatorial region (¢ = 90° and 270°) for EI-35LS during tensile tests.
Analyses are performed with a first Generalized Porod’s law 1(q)=B*q" in the low q range from
0.0065 to 0.085 A and a second power law I(q)=B*q" in the q-range from 0.02 to 0.1 A™. The
inlets are closer views of I(q) with q ranging from to 0.006 to 0.01 A (c) Exponents ay and by are
determined in the meridional direction.(d) Exponents a. and b.are determined in the equatorial
direction

In the literature, it was reported that the morphology of the CB aggregates can be studied
by SAXS in a low-q region (g < 0.085 A1) [25,50]. In this range, the power law is characteristic
of mass fractal aggregates. Rieker ef al.[25] concluded that the exponent a of the power law in the
low-g region (/(q) < g“) can be related to the CB structure (i.e. fractal dimension of the aggregates).
Ehrburger ef al. [50] evidenced, for a given CB (N330), that the scattering pattern for “fluffy” CB
and pelletized CB exhibit different power law exponents, i.e. different fractal dimensions and thus
different degrees of interpenetration of aggregates, higher compaction being related with lower
slopes in a log(/) vs log(q) diagram, i.e. higher (still negative) exponent values a. Similarly, in our
data, the exponent value a, during stretching is decreasing in the meridional direction which
implies that the degree of interpenetration decreases along the stretching direction. Figure 8c, d
displays the changes observed in the low-g range and in the exponents a, (in I, ) and a1 (in /1)

during stretching of the E1-35LS sample. The negative value of a/ is decreasing during stretching,
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associated with a disentanglement of aggregates along the meridional direction: CB is thus partly
‘fluffyzed’ in the stretching direction. On the contrary, the value of a1 in the equatorial sectors is
increasing during stretching until A = 1.8, showing CB aggregates interpenetrating/compacting
each other in the equatorial direction. This microstructural scenario is in good agreement with our
previous results reported on the evolution of conductivity during stretching performed on the same
materials [13]. However, at higher elongation (1 > 1.8), the value of a1 is decreasing, revealing

thus a different structural evolution mechanism.

In the high-¢ region (0.02 < g < 0.1 A", the scattered intensity reveals the surface fractal
of the primary CB particles [25,50].This scattering regime was analyzed in our study using again
a power law (I(g) < ¢”). The value of the exponent b is also reported in Figure 8c, d, in the
meridional (b/) directions. According to the literature, the typical value for b is between -3.3 and
-3.8 [25,50]. In both directions, by stays almost constant for 4 < 1.8, and it is slightly decreasing
for A > 1.8. This observation is not expected to originate from a modification of the surface of
primary particles (CB) since it is not likely to be affected by stretching the nanocomposite material.
Therefore, this variation of b, should be explained by the contribution of new scatterers such as
nano-voids (nv) with ‘net’ interface, exhibiting thus a more conventional Porod’s behavior with
bnv=-4. In this work, the apparition of nanovoids by cavitation has been subsequently confirmed
by analyzing the evolution of the scattering invariant Q (see below). As a general tendency, SAXS
in the equatorial region is also strongly impacted by the evolution of the microstructure of the CB
network occurring upon stretching. The exponents of the two power laws at low-g (a1) and high-
q (b1) have been determined in the equatorial direction for various composites and they are plotted

in Figure 9.
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Figure 9. The exponent ay in the equatorial direction is determined in the low-q region and by in
the high-q region for (a) EI1-25LS (b) E2-25LS (c) E1-25HS and (d) E2-25HS.

In the equatorial direction, all investigated composites exhibited an increase of the
exponent (a1) in the low-g region (i.e. a q range where the inter-aggregate structure factor S(g)
decreases) upon stretching, associated with CB aggregates compaction with minimum inter-
aggregate distance, due to the negative strain in the transverse direction. This compaction and
contacting mechanism explain well the increase of the conductivity in regime II (see Figure 7), in
spite of a separation of aggregates in the axial stretching direction. In a second step, we can observe

that for E1-25HS, the power law exponent a1 decreases for A > 2.1, with a variation close to E1-
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35LS. Moreover, we can notice that in the equatorial direction, when a. is decreasing, b. is also
decreasing, as shown in Figure 8b and Figure 9d. It appears that at high extension ratios, a change

in the scattering regime gradually appears, possibly correlated with the decrease of conductivity

observed in regime III for E1-25HS and E1-35LS in Figure 7.

To confirm cavitation as the origin of the evolution of scattering regime and of the decrease in the
conductivity occurring at high deformations, the scattering invariant Q was analyzed. The

evolution of the invariant Q can be closely related to electrical conductivity, upon increasing the

elongation ratio A, as shown in Figure 10 a, b, ¢, d.
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Figure 10. Correlation between electrical conductivity a®*¢ and the scattering invariant Q with
increasing extension ratio A for (a) E1-25LS (b) E1-35LS (c) E1-25HS and (d) E2-25HS. Fracture
occurs before cavitation in the E2-25HS composite, where crosslinking is possibly too low to
induce cavitation under deformation. Cavitation occurs in E1-35LS and E1-25HS and manifests
as an increase in the Q values at large extension ratios.

The value of Q remains constant with 4 for E2-25HS and E1-25LS. However, for E1-25HS and
E1-35LS, above a threshold value A. and until sample fracture, Q increases from 0.227 to 0.286
for E1-35LS and from 0.158 to 0.176 for E1-25HS. This evidences the appearance of new nano-
scatterers. Nanovoids exhibit a large contrast with the surrounding matrix and impact the evolution
of the scattering invariant. Since EPDM chains do not crystallize under strain, as it can be deduced
by the WAXS analysis, crystallite formation cannot be invoked for the evolution of O, whereas
nanovoids cavitation was already reported for similar rubber composites [34,51-53]. Furthermore,
it the onset of cavitation at 4. coincides with the maximum of electrical conductivity, and regime
IIT of decreasing conductivity superimposes in the same elongation range where the invariant is
increasing. Thus, we infer that the appearance of nanovoids in the composites reduces the electrical
conductivity because the nanovoids increase the non-conducting volume fraction in the material

and contribute as well to a partial fragmentation of the percolated network. Furthermore, they limit
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the transverse contraction that is responsible for aggregate interpenetration under isochoric

deformation conditions.

In order to further analyze the SAXS patterns, the ratio I—l between the equatorial intensity

mi

I, (g) and the initial intensity (/ini(g) at A=1) and the ratio 11'/ L .((Z )) corresponding to the normalized

meridional intensity have been evaluated: If the initial isotropic CB network is decomposed into
elementary particles, then the scattered intensity can be written as li,i(q)=N x I,(q) % S(g), where
N is the number of irradiated elementary particles (/N is considered constant during an isochoric
deformation), /(q) is the mean scattered intensity by elementary particles and S(g) is the apparent
structure factor accounting for the spatial distribution of elementary particles within aggregates

and agglomerates [28]. Since the elementary particles are rigid and do not deform upon stretching,

I ) . .
the IIL ((‘ZI)) and - / (ZI)) ratios can thus be phenomenologically interpreted as apparent structure factor
ini ini

(ASF) ratios, i.e. 2@ g 2U (q). In a particular ¢ range, an increase of ASF is likely to reflect
Sini(q) Sini(q)

an increase of spatial correlation in the particle/aggregate density at a characteristic distance

1
1,(q) and 1/(@)

d ~2mn/q. The ratios i@ Iini(q)

are shown for two types of composites investigated in our

study. EI-25LS does not exhibit cavitation and E1-35LS cavitates at large deformation. The
structure factor ratios are evaluated in the absence (Fig 11a-d) and in the presence (Fig 11e-f) of

the cavitation phenomenon.
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During the early stages of stretching, i.e. before cavitation, the ASF ratios are only impacted by
deformation in the low ¢ range at ¢ < 0.02 A" As expected, a higher CB fraction induces higher
structural evolutions. In the meridian direction, stretching induces an increase of the ASF ratio
evidencing the establishment of larger inter-aggregate distances (i.e. a broader distribution of inter-
aggregate distances extending to large values). Still, for the stretching ratios before cavitation, a
broad local minimum appears at about g ~ 0.012 A", On the contrary, in the equatorial direction,
deformation is characterized by a decrease of the ASF ratio in the low-g range. This correlation
evolution is efficient up to ¢ ~ 0.012 A! corresponding to a characteristic distance 2/g around 60
nm which is the typical size of CB aggregates. Thus, such structural reorganization could reveal
the transverse compaction of CB aggregates leading to a minimum inter-aggregate distance of
about 60 nm, and a separation or disentanglement along the meridional direction. For E1-35LS
during the cavitation, the volume and the contrast of scatterers are no longer constant and the high
g values of this ratio significantly exceed unity. However, a clear maximum appears in the
equatorial direction, again close to ¢ ~ 0.012 A" This evolution results from nanocavitation, as
deduced from the invariant calculations, but in the length-scale corresponding to aggregate sizes.
Thus, nanovoid-nanovoid correlation (distance between adjacent nanocavities) should

preferentially reflect inter-aggregate separation vs. intra-aggregate cavitation.

The presence of nanocavities can also be inferred from the change in the 2D scattering patterns.
Typical scattering patterns are shown in Figure 12 for E1-35LS. The volume fraction of
nanocavities can be evaluated according to a procedure described in [51], based on a 3-phase model
(here EPDM/CB/nanovoids) and the estimation of the X-ray Scattering length density in EPDM

and CB. Such evaluations are shown in supplementary material in figure S4.
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Figure 12. (a) Initial 2D-SAXS scattering patterns of EI-35LS. Selected 2D-SAXS scattering
patterns where the initial 2D-SAXS scattering (Figure 13a) was subtracted at different values of 1
(b) 2 =13, (c) A =19, and (d) 2 = 2.0 as indicated in each frame title together with the
corresponding Q value. Cavitation manifests as an anisotropic 2D scattering pattern at large
extension ratios.

Without deformation, an isotropic pattern is observed. Raw scattered data display only slight
changes with deformation. In order to highlight the changes in the microstructure, the initial 2D
SAXS pattern (4 = 1) is subtracted from the 2D SAXS pattern measured upon stretching (4 > 1).
At small elongation ratios, before nanocavitation occurs (Figure 12b), a “butterfly” like pattern
[54] is observed: the scattered intensity is higher in the direction parallel to the stretching direction,
while it is decreasing in the orthogonal direction (negative values appear after subtraction of the
initial image). As described above, these changes are due to the reorganization of the CB

aggregates. At higher elongations, the excess scattered intensity becomes positive on the whole
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detector and an additional anisotropic scattering develops with a lozenge shape extended in the
equatorial direction. Such anisotropic additional scattering was previously described to be due to
elongated nanovoids with their major axis lying along the tensile direction [51] (see the schematic

drawing in Figure 13).

To sum up, electrical properties were probed in situ during tensile tests and during synchrotron
SAXS/WAXS. This combination of different techniques offers a clear picture of the mechanisms
underlying the coupling between the electrical and mechanical properties of the CB filled EPDM
elastomers. Figure 13 synthesizes the mechanisms that were described thanks to this coupling
approach. Leveraging our studied polymer formulations, the final decrease in conductivity before
fracture could be thus used as a criterion for monitoring incipient stages of damage that might
occur when filled elastomers are used in service, notably since it appears to be the signature of the

apparition of cavitation effects.
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Figure 13. Scheme of microstructural mechanisms observed with Electrical/Mechanical/X-Ray
coupling. The application of stress/strain is related to EPDM orientation, the increase of
conductivity is correlated with CB lateral interpenetration and decrease of conductivity is due to
cavitation during tensile test.

4. Conclusions

In this work, in situ coupled mechanical/electrical/structural investigations upon uniaxial loading
on EPDM-based composite materials prepared using CB of different (low and high) structure and
different volume fractions have been carried out. The quantitative analysis of the apparent
Herman’s factor indicates orientation effects of the polymer chains, increasing with the mechanical
strain, with absence of crystallization. A correlation between electrical, mechanical, and structural
properties have been carried out by an in-depth investigation of the composites structure by in situ
SAXS measurements during tensile test. The role of aggregate interpenetration in the electrical

behavior of CB/EPDM composites was clearly shown. The reorganization of CB aggregates drives
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the creation of new conductive pathway perpendicular to the axial stretching direction shown by
the decrease of the intensity scattered at low-g. Furthermore, the apparition of nanocavitation
effects at large deformation amplitudes preceding the material fracture has been evidenced by the
analysis of the scattering invariant Q. This mechanism, accompanying the incipient phase of
material damage, is clearly marked by the decrease of electrical conductivity. Our study offers thus
a more comprehensive picture of the successive structural mechanisms underlying the structure
/properties relationship under mechanical strain up to material fracture, summarized as follows:
chain orientation with concomittant reorganization of the CB aggregates and finally cavitation
followed by mechanical failure. Our study could have thus potential applications in developing
new smart rubber materials where microstructural changes proceeding the material fracture can be

in situ monitored by coupled electrical measurements.
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