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Abstract

The mechanical behavior and volume change of filled elastomers are studied thanks to a four-
cameras stereovision system. The device allows measuring simultaneously the displacement field
on two faces of the sample using 3D Digital Image Correlation (3D DIC). Subset size, step size
and filter size, associated with DIC calculations, are carefully calibrated to ensure efficient
analysis of the displacement fields. The smoothing parameter (i.e. filter size times step size)
appears to be a discriminating criterion with an upper limit below which the strain field can be
appreciably estimated. Within the appropriate choice of analysis parameters, volume changes
under large deformation can be discussed. For sufficiently large deformation, volume change
exhibits an upturn during stretching which could be the signature of a significant increase of void
fraction. Volume change appears to be reversible during unloading phase in case maximum
stretch ratio is low enough. So cavities that could have been open under tension are closed when
elastic deformation is released. Conversely, for high stretching ratio, volume change exhibits a
hysteresis loop-like evolution indicating that either some plastic cavities remained or closure
kinetics is slower.

1. Introduction

The understanding of the mechanisms of polymer deformation has been widely improved thanks
to the development of digital image correlation (DIC) methods in the 80" [1]. Recently, this
approach allowed new insights on the microstructure changes induced by polymer deformation
[2-5]. In some cases, DIC was coupled with complementary approaches such as X rays
diffraction [2,3], in-situ scanning electron microscopy [4] or micro-computed tomography [5] to



better quantify the properties at the microscale level. Used solely, image correlation technique
also provides crucial information on the strain field at the continuum mechanics macroscale level
[6]. Indeed, this allows accounting for non-uniform deformation and 3D effects. An interesting
improvement (compared to historical methods) consists in measuring the volume changes
induced by loading making possible to address isochoric assumptions and/or damaging kinetics.
This approach is particularly useful when studying the mechanisms involved in rubber materials
submitted to large deformation, where cavitation, strain-induced crystallization or the
concomitant effects of both take place [7]. As a matter of fact DIC is a pleasant alternative to
more classical dilatometry experiments [8,9], though it is only related to the evolution of the
strain field at the specimen surface.

Within the last decade, homemade [10] and commercial [11,12] image correlation analysis
packages have been developed. The commercial VIC 3D® software [11] has particularly known
a strong improvement and is one of the most extensively employed packages. Because of
numerical calculation involved in the analysis, it offers a selection of set of parameters (subset,
step, filter) to adjust for characterizing accurately the strain field. A question then arises that is to
assess the sensitivity of the calculated strain field to these parameters. This was already partly
studied in complex situations such as cracked propagation analysis [13], or highly non uniform
deformation (such as holed tensile samples [14] or necking [15]). Nevertheless, no extensive
study focused on the combined effect of such parameters on apparently homogeneous 3D strain
field under large deformation, namely in elastomeric materials. Such work is however necessary
to build accurately the full strain field used to access to the volume changes in the sample.

In most of the studies based on DIC or similar techniques, volume changes are estimated through
the transverse isotropy assumption due to the use of 2D strain measurements. We have also to
keep in mind that even a 3D displacement measurement is not pertinent enough to build a 3D
strain field in the sample. It only allows accounting for the out of plane displacement of the
surface of the sample. This assumption is always questionable, in particular in the case of
elastomers where volume change must be investigated through the measurement of at least two
faces of the tested sample.

To address volume changes using DIC in tension, several options exist with an increasing
complexity. First, we can cite 2D DIC system used with an optical prism that allowed analysing
two faces of the sample on one-recorded 2D-image [16, 17]. A second approach is the use of two
independent cameras combining two simultaneous 2D analyses on the two faces of the sample
[18]. Both these two approaches do not account properly for out of plane displacements even if
telecentric lens on one hand or high depth of field system on the other hand can help a lot.
Indeed, those systems require a perfect ruling of optical scene: e.g., respective orientation of lens
and observed surface, focus length and aperture to rule depth of field and reduced observation
zones to avoid residual aberrations of the lateral picture zones. Last solution is based on a four-
cameras stereovision system (one pair of cameras system for each face) [19] that makes the



approach simpler either in terms of cameras positioning or in terms of analysis as DIC system
will partly accommodate for image analysis. So, stereovision approach should ensure a proper
construction of the volumic strain field provided that the image capture is correct enough (depth
of field, lighting, focussing, etc.) and that the numerical analysis is performed according to the
state of the art, which are of experimentalist responsibility. In spite of its strong interest, to the
authors’ knowledge, no study dedicated to the analysis of mechanical behaviour and volume
change on elastomers submitted to high strain by using a four-cameras stereovision system was
already reported in the literature.

The aim of this paper is first to illustrate such experimental methodology to characterize the
mechanical behaviour and volume changes of elastomers submitted to large deformation. A
special attention will be focused on the adjustments of numerical parameters involved in DIC
analysis to provide a proper estimate of strain fields. Then, experimental results combining
mechanical behaviour and volume change of filled elastomers during uniaxial cyclic tensile tests
are discussed.

2. Materials and protocols
2.1. Materials

The materials — sample 1 and sample 2 — are two extended oil carbon black filled EPDM (Keltan
5470) obtained by sulphur vulcanization of the gum. They contain 70% in mass of Ethylene and
and 4.6% of Ethylidene Norbornene (ENB). They initially contain 80 phr of carbon black (80 g
of fillers per 100 g of rubber) and 65 phr of paraffin oil. Within this composition, the materials
are semi-crystalline with a degree of crystallinity of 2.7% (estimated from differential scanning
calorimetry). Sample 1 has then been swollen in a solvent (cyclohexane) during three days and
dried in vacuum during one day in order to partly remove the oil. The final oil fraction in sample
1 is found equal to 33 phr, corresponding to a decrease of weight fraction of 12% (from 27% to
15%). The main consequence is that the weight fraction of the carbon black filler is increased of
6% (from 32% to 38%). Secondly, it has been checked that the final degree of crystallinity in
sample 1 after swelling and recrystallization during drying has remained down to 3%. Regarding
the material processing, the gum and vulcanization recipe are sheared in an internal mixer.
Sample sheets are then obtained by hot pressing at 170°C during 15 min. For tensile tests,
dumbbell-shaped samples with a 15 mm gauge length (L), 6 mm thickness and 10 mm width,
are machined.

2.2, Principle of 3D Digital image correlation (3D DIC)

3D DIC is a coupling between DIC [20] and stereovision. Stereovision makes possible to build
the 3D-shape of a surface starting from two 2D plane images. DIC allows building 2D
displacement field on a surface from the evolution of a random pattern. The deformation of this
pattern is assumed to be joined to the deformation of the sample. Technically, two sets of images



— corresponding to two different mechanical states (i.e. reference and deformed) — are recorded
with two rigidly bounded cameras between which a given angle has been set. The displacement
of given points of the pattern between two pictures is determined from DIC by addressing the
similarity of the grey level distributions on a subset. After determining the calibration parameters
for each camera, the 3D specimen shape can be deduced from the point correspondences using
triangulation. To determine the 3D displacement field, DIC is also used to determine point
correspondences between the stereo pairs acquired before and after the deformation. A complete
description of the 3D DIC technique can be found in the literature (e.g. Luo et al [21]). In this
work, a 3D DIC method is preferred over 2D DIC for the following reasons:

e in 2D DIC, the specimen and the camera must be perfectly parallel.

e in 2D, the out of plane displacement has to be limited as it cannot be corrected. To avoid
such problem, a telecentric lens could be used. In our application, this approach is not
suitable due to the high deformation applied on the sample.

e the calibration lens distortions are corrected for a better accuracy of the measurements.

2.3. Experimental setup

Mechanical tests are performed with an electro-mechanic tensile test machine INSTRON 5960 at
room temperature. Two loading paths are chosen. The first loading path consists in a constant
nominal strain-rate uploading-unloading tests; the second one is a constant nominal strain rate
loading interrupted by 5 min relaxation steps. Crosshead velocities are adjusted to promote strain
rates of 0.1s" and 1s™', respectively.

The displacement fields on the front and side faces of the sample are deduced from images
recorded using a four-cameras system which consists of two-pairs systems (figure 1). Four AVT
cameras were used in this study. Two of them are PIKE 5 Megapixels, with a 2/3’ CCD sensors
(front face camera system) and the other ones are PIKE 4 Megapixels, with CCD sensors size
equal to 1’ (side face camera system). Both systems are respectively mounted with 25 mm and
50 mm Schneider Kreuzwach objectives. This combination of CCD sensors and objectives are
chosen so that the pixels size from both systems remain close (i.e., 79 ym and 76 ym for front
and side faces, respectively). The CCD resolution is 2452%2054 square pixels and 2048%2048
square pixels, respectively.

Like for a single stereovision-system, each camera pair is set up independently of the other one.
Both systems are then placed in the same coordinates system using a calibration target. Sampling
rate (2 Hz and 10 Hz for the strain rates 0.1s™ and 1s™ respectively) are chosen to ensure a low
nominal strain increment between two images (0.05 and 0.1 for the strain rates 0.1s" and 1s
respectively). The exposure time of the cameras is fixed equal to 30 ms, a value three times
lower than the minimum time between two image records, i.e. 100 ms (10Hz).
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Figure 1. Experimental setup: front and side surfaces are recorder by the two independent
cameras pairs system.

Front and side surfaces of the samples were coated with a white spray paint in order to generate a
random speckle pattern. Large speckles are avoided as they should need large subset sizes which
would reduce the spatial resolution of the analysed zone [22]. This point will be more deeply
discussed in the following section. The speckles size are characterized using Image J software
[23]. Prior to analysis, the camera image is thresholded and converted to a binary image. The
speckles are analysed assuming a circular shape. Particles analysis then give access to the area
distribution of the speckles. Figure 2b depicts typical statistical analysis of initial patterns on
both the two analysed faces. The distribution is not highly broad and centred around a three
pixels average size. Actually, this size is closed to the optimum mean speckle size for an accurate
analysis of the strain field, which is found between 4 and 7 pixels in the study of Robert et al.
[24].
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Figure 2. (a) Side and front surfaces of the specimen painted with white speckle pattern. The
squares represent the analysis zones (b) Probability of the number of white speckles as a function
of their size for the front face (diamond symbols) and the side face (circle symbols).

2.4. Analysis with DIC 3D



The series of images are post-processed using VIC-3D software package [11]. The first step
consists in meshing a region of interest (so-called ROI) on both front and face surfaces. The
meshing allows tracking the speckle pattern during the tensile test. The meshing elements are
squares whose size (in pixels) is called the subset. For each subset, the strain is calculated using
neighboring data points (similar to FEA models). The spacing (in pixels) of the data points are
determined by the step size. To provide the best combination of spatial and displacement
resolutions, the pixels of subsets are weighted by centred Gaussian functions. For the analysis, a
zero normalized sum of square difference (ZNSSD) correlation criterion is used. Moreover, to
reach sub-pixel resolution an interpolation of the grey level is made using quintic 8-tap splines
[24].

In practice, images are generally contaminated by some noise from imaging sensors, or
correlation process [1]. For reducing the noise to increase from one image to another, a non-
incremental correlation has been chosen. Then, a filtering parameter (i.e. averaging) has been
carefully chosen, as presented in the following section. The filter size is defined in terms of data
points, which are separated by the step size. If the filter size is n, and the step size is m, the total
smoothing area is n*m pixels. This zone corresponds to the area where the deformation gradient
is interpolated before being derived.

The 3D DIC displacement data is converted into Hencky strain (true strain) values. €, is the true
strain in the tensile direction, €, and €, are the transversal true strain in the directions of the
sample thickness and width, respectively (figure 3a). Shear strains €,,, €, and €,; remain
negligible during tensile test. However, for a proper estimate of the strain field, the strains are
calculated in diagonalized coordinates space.
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Figure 3. Schematic view of the specimen coordinates (a). Longitudinal (b) and transverse (c)
strain fields in the front face of a rubber specimen stretched at the maximum extension reached
during the experimental set. Longitudinal (d) and transverse (e) strain field in the side face of the
same specimen.

As shown in figure 3b-e, the transverse and longitudinal strains are homogeneous in the center of
the sample and significantly decrease close to the clamping zones. The strain field in both front
and side faces are obtained in the central part of the sample using areas as depicted in figure 2a.
Stress-strain and volume change data are extracted from such domains. The true stress is defined
as the ratio between the applied force F and the surface orthogonal to the stretching axis. Then, it
comes:

F
Ly exp(e,) e, exp(es)

o7

(1)

Where L, is the initial length and e, the initial width. The relative volume change AV/V, is
written as:
AV

— =exp(e; +& + &) —1
Vo

2)

3. Results and discussion
3.1. Influence of the parameter analysis

A deep analysis of the volume changes requires a preliminary work focusing on the effect of the
main correlation parameters (subset, step and filter) on the strain field. These parameters are
analysed from pictures recorded at the maximum applied strain for the strain rate 0.1s™. The first
parameter to account for is the subset size. Figure 4 presents the values of the longitudinal strain
as a function of the subset size for a range of step size varying from 1 to 25 pixels. It is known
that low subset values generate an increase of the displacement uncertainty [13,25,26] as well as
strain uncertainty [27]. Combined with large step sizes (20 and 25 pixels), the effect on the
results is a strong underestimation of the measured strain. If the subset size decreases down to 20
pixels, the strain field analysis is even aborted.

Thus, the combination of large step and small subset appears inefficient to properly estimate the
strain field. By decreasing the step size from 25 pixels to 1 pixel, the dependency of the strain on
the subset size decreases. For the lowest step size values (15 pixels and below), the strain
estimation does not depend on the subset size anymore. A particular case is observed for the



lowest couple of step and subset values (1, 9). True strain is underestimated compared to the
series of other data obtained with the same step (step=1). This should be interpreted as an
underestimation of the strain field related to the displacement uncertainty induced by a low
subset size. Indeed, to be distinguished from neighboring subsets, each subset must contain a
unique information (i.e. containing black and white patterns). Practically, the analysis generates
holes that grow up until a complete loss of the strain field. This is consistent with the common
rule of thumb which suggests that the subset must be 3 times larger than the mean speckle size
[1]. Indeed, for an average speckle size measured close to 3 pixels (figure 2), the critical value of
subset below which the strain field calculation is not available is around 9 pixels. Even for low
step sizes, small subset should be avoided. However, to maintain a high spatial resolution of the
strain field, subsets should not be too high compared to the length of the ROI (around 100 pixels
for the front face and 60 pixels for the side face). In the following, the subset size will be chosen
equal to 25 pixels.
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Figure 4. True strain as a function of subset size (in pixels) and different steps (in pixels) at
maximum displacement for a strain rate of 0.1s™. Filter size value is equal to 15.

The effect of the filter size is depicted in figure Sa for different step sizes. The strain increases by
decreasing the filter size. This is consistent with a study of Ashrafi et al. [14], showing that the
maximum principal strain measured by DIC was decreasing linearly with filter size for a more
limited range of filter size values. When plotted as a function of the smoothing size, i.e. filter
size*step size; all series of data points merge into a master curve (figure 5b). Thus, the
combination of small step size with a large strain filter, or of large step size with a small strain
filter give equivalent estimation of the strain. In a reasonable range of smoothing size, the strain
reaches a threshold value. However, above a critical smoothing size around 100 pixels, the strain
value dramatically decreases. This indicates that, independently of the step and filter size values,
the smoothing size is the discriminating analysis parameter above which the strain cannot be
significantly estimated.

As a too low filter size could lead to some noise during the calculation of the strain field [1], an
intermediate value of 11 has been chosen. Concerning the step size, a minimization is crucial but
its value should not be too low as the analysis time varies inversely with the square of the step



size. In the following, the analysis of the displacement of both front and side surfaces is
performed with a step size of 3 pixels, and thus a smoothing size of 33 pixels. The sensibility of
transversal strains €, and €3 on the VIC analysis parameters has also been studied and leads to
equivalent results than those presented in figures 4 and 5.
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Figure 5. (a) True strain versus filter size for different steps (in pixels) at the maximum
deformation of the cyclic loading at the strain rate (0.1s™). (b) True strain as a function of the
smoothing size. The subset size is equal to 25 pixels. The symbols corresponding to the different
step sizes are the same than in figure 4.

3.2. Mechanical properties and volume change at high strain

Figure 6 displays the stress-strain and the volume change curves for different camera setups: 1)
four-cameras system; 2) two-camera system on the front face, 3) two-cameras system on the side
face. True stress behavior and volume change are estimated from equations 1 and 2 respectively.
Using the four-cameras system, we are able to measure the ratio between the transversal strains
a=¢gy/e3, which is found equal to 0.9. This result is consistent with previous study from the
literature [18] and is assumed to be due to an anisotropy induced by the calendaring process. Let
us now consider that €3 is unknown, i.e. only one stereovision system for the front face is used. If
we assume transverse isotropy (€2=¢3), the true stress is overestimated, while the volume change
is strongly underestimated as shown on figure 6. On the opposite, if €, is missing, inverse trends
are observed. We can therefore conclude that the use of transverse isotropy assumption can lead
to inaccuracy when capturing the stress-strain behavior and volume change. Complete strain
field measurement are thus needed.

Volume change during cyclic loading can find several reasons. They can be related to a change
in the material porosity, which could be induced by void nucleation and growth. Moreover,
loading could induce a phase transition (melting or crystallization under strain) and thus a change
in the chains density. In contrast to EPDM with an ethylene content of 79% [28], no significant
change of crystalline fraction is expected in our materials, which contain only 70% of ethylene.
Moreover, the density of the ethylene crystal (1.005 g.cm™) and that of the ethylene and
propylene amorphous chains (0.855 g.cm™) being relatively close, a potential change in the



crystalline fraction would have few impact on the overall density variation and consequently on
volume change (a decrease of 1% of volume change roughly corresponds to an increase of 10%
of the crystalline fraction). In our study, the measured volume change is thus assumed to be
essentially due to the evolution of voids fraction.
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Figure 6. True stress (a) and volume change (b) versus true strain during cyclic tests at 0.1s™" and
room temperature. Volume changes are measured with 1) the four-cameras system (curve in the
center), 2) with a single stereo-vision system at the front face (curve on the top) and 3) with a
single stereo-vision system at the side face (curve on the bottom).

Figure 7 presents the volume change and true stress versus true strain using the four-cameras
system for cyclic tests performed at 0.1s”, at room temperature and for different maximum
extensions. We can observe that volume change increases immediately after applying the
deformation. This is in agreement with reference [29] while other study reported that volume
change only occurs after a certain applied strain [18]. As displayed in the figure, volume changes
exhibit an upturn at a strain of about 1.1. During unloading, the volume change decreases. An
open hysteresis loop is observed if the maximum strain applied is sufficiently high (above the
strain at the upturn), while volume change follows the same mechanical path in other case. As
shown in figures7a-b, samples exhibit a relatively high residual strain. Ex situ WAXS
experiments performed on our tested samples show an increase of the diffracted intensity of the
crystal planes orthogonal to the stretching direction, while the crystalline fraction measured by
differential scanning calorimetry (DSC) is not modified. This is consistent with in situ SAXS
from previous study [30] showing a transformation from lamellae to fibrilar transformation of
the crystalline phase during the deformation of similar EPDM systems. This crystalline phase
transformation as well as the viscoelastic effects strengthened by the presence of fillers should
contribute to increase the residual strain as well as the mechanical hysteresis loop (figure 7b).
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Figure 7. True stress (a) and volume change (b) versus the true strain for cyclic tests performed
at 0.1s™" and room temperature measured by the use of the 4-cameras system.

To account for the potential effect of nucleation and growth delay of cavitation during loading,
relaxation steps are performed after stretching at a strain rate of 1s”, i.e. one decade higher
compared to previous tests. Figure 8 shows the evolution of volume change and true stress (in
insert) as a function of the testing time. During the relaxation steps, no evolution of volume
change is observed while the stress exhibits a significant relaxation likely due to strong
viscoelastic effects. Thus, in the range of the experimental time, volume changes increase during
loading with no delay.
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Figure 8. Volume change versus time during stretching at room temperature and with the strain
rate 1s' interrupted by relaxation steps of five minutes.

In figure 9, mechanical properties and volume change in sample 1 are now compared to those of
sample 2. The increase of oil fraction from sample 1 to sample 2 eases the chains mobility,
leading to a decrease of the temperature transition of the segmental relaxation from -30°C to -
45°C (see the insert in figure 9a). At room temperature (temperature of the tensile tests), the
observed differences in the mechanical behavior and damage mechanisms between sample 1 and
2 should rather be mainly related to the different filler fractions (see details in the materials
section). The higher content of fillers in sample 1 should mainly justify: (i) the higher elastic
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modulus extracted from DMA or tensile test (figure 9a-b); and (ii) a higher strain amplification
during stretching, which leads to a stronger hardening effect on the stress-strain curve (figure
9a). This hardening is concomitant with the previously discussed volume change upturn,
highlighted here by comparison with sample 2 (figure 9b).
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Figure 9. True stress (a) and volume change (b) versus the true strain during cyclic tests at 0.1s
and room temperature for sample 1 and sample 2. In insert of figure 9a are given the elastic
modulus E’ and the loss factor tand during DMA test performed between -80°C and 50°C at 1Hz
with the strain 0.1%.

4. Conclusion

An experimental device based on a four-cameras stereovision system has been used in order to
characterize the mechanical behavior and the volume change of filled elastomers. A preliminary
work shows the importance of an accurate choice in the analysis parameters related to Digital
Image Correlation (DIC) analysis. The combination of small step and large subset appears
mandatory for a proper estimate of the strain field. The strain estimate plotted as a function of the
product filter size % step size (namely smoothing size) exhibits a master curve. It indicates that,
independently of the step and filter size values, the smoothing size is a discriminating analysis
parameter below which the strain can be accurately estimated. After verifying that transverse
isotropy assumption may lead to inaccurate results, the complete strain field is measured. In our
filled EPDM rubbers, the increase of volume changes during loading are likely due to the
increase of the void fraction. In the rubber containing the larger content of fillers, volume change
shows an upturn during loading. During unloading, the volume change decreases. An open
hysteresis loop is observed if the maximum strain applied is sufficiently high (above the strain at
the upturn), while volume change follows the same mechanical path in other case. To further
analyze these mechanisms in rubber materials, the effect of crosslink density, fillers content and
testing conditions (multi-loading) have been studied by using the same methodology and will be
presented in subsequent papers.
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