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ABSTRACT: The filler network in filled rubbers exhibits a very disordered structure which is close to a
fractal pattern. During mechanical solicitation, the interaction between polymer and the filler network leads
to local strong heterogeneous deformation. The question is: How does the fractal structure of the filler
network affect these deformations? Direct observation of these microstructures, in particular under an
imposed deformation, is difficult; however, AFM phase imaging can fulfill this objective. Local deformation
of'the filler networks has been observed in situ along two loading sequences. Fracture in the filler network has
been observed, strong deformation heterogeneities have been measured. It has been also shown that, from the
first loading to the second, the aggregates seem to follow the same path even if the strain heterogeneities
increase. Finally, along a current line, the heterogeneities of deformation are self-similar until a maximum size
is reached. This size has been determined to be approximately 1 #um, and the return to homogeneity does not

occur before 50 um.

Introduction

Mechanical properties of filled rubber are well-known to be
related to the filler network and the interaction between fillers
and rubber.'"® On a nanometric scale, strong heterogeneities of
filler concentration (either carbon black or silica) lead to the
formation of aggregates and agglomerates exhibiting a wide size
distribution.” This complex microstructure is generally consid-
ered as a fractal network® as concentration heterogeneities are
almost self-similar along a large range of scales. During loading,
nonlinear behaviors such as Payne'®!!" and Mullins effects'>~ '
occur due to filler structure rearrangement, partial break of the
filler network and its interactions with rubber.'>'® Modeling
filled rubber mechanical properties requires taking into account
this very specific microstructure. Some mechanical models have
been proposed!” in particular to take into account the fractal
characteristics of the microstructure. However, their reliability
and principally their correlation with local mechanisms could be
improved. To reach this goal, major difficulties have to be faced.
First the relation between the fractal microstructure and the
mechanical response should be clarified. Does the deformations
are also fractal and until which scale? In addition, the conse-
quence on the local microstructure of the irreversible phenomena
occurring after the first loadings (Mullins effect) should be
evaluated.

It is particularly difficult to elucidate these latter questions
because very few quantitative experimental data exist about
the local evolution of the filler network along deformation
cycles. In this paper, we propose to show how a meticulous
analysis of tapping mode AFM images can bring new experi-
mental clues concerning the relation between heterogeneous
local behavior and the macroscopic one. Tapping mode AFM
has been shown to be a powerful tool to observe at a nanoscale
the filler network."® " Indeed it allows discriminating the
hard and soft phase on a nanometric scale.’! >> A simple
tension device allowing imposing a constant strain has been
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designed for AFM observations. In situ AFM scanning have been
performed during the two first loading sequences until 120% of
deformation on same zone. Then, movements of individual
aggregates have been followed along the tensile test. This kind
of experiment was initiated by Lapra et al.® and Christenson.”’
The questions of the influence of the macroscopic strain on the
filler networks, the reversibility after a first loading will be
addressed. The maximum characteristic size where the structure
can be considered as fractal has been examined, as well as the size
where the homogeneous behavior is recovered.

Experimental Section

The material chosen is a filled rubber composed with SBR
(25 wt % of styrene, 55 wt % of 1,2-polybutadiene, and 20 wt %
of 1,4-polybutadiene, without oil) provided by Bayer S.A. Then
15 phr of carbon black filler has been added (N234 provided by
CABOT Corporation, with an average particle size of 24—29 nm
and a specific surface of 124 m?/g). The relatively low filler rate
has been chosen to make easier the phase AFM observation. The
material is therefore below the mechanical threshold and close to
the electrical one.?® Particularly flat films were prepared by
compression molding between flat surfaces. Bone shaped samples
are finally obtained with sizes of 0.5 mm thickness, 6 mm width,
and 30 mm length.

Before imaging the material by AFM, a classical tensile test has
been realized to evaluate the Mullins effect. The results observed
on Figure 1 have shown that the first loading is significantly
different from the following ones, but no significant difference is
observed between the second and the third. Consequently the
present study will be restrained to the first and the second
loadings.

Concerning the AFM setup, A Veeco (Santa Barbara, CA)
NanoScope Dimension 3100 was used in tapping mode with
silicone cantilevers with resonance frequencies close to 350 kHz.
The set point was modified at each deformation steps in order to
maximize the phase contrast. To perform in situ AFM observa-
tion, an experimental device (Figure 2) has been designed. It is
composed with a tension device located under the AFM canti-
lever. In the Figure 2, the AFM tip would be situated in place of
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the reader. The elongation is applied thanks to screws so that a
constant strain can be applied to the sample. An adjustable
sample table allows elevating slightly (less than 1 mm) the rubber
film in order to maintain it on a rigid plane surface so that no
vertical movement could perturb the scanning.

To observe the filler network deformation along the first and

the second loading the following procedure has been used:

e A zone is chosen by optic microscopy where easily
identifiable topographical incident can be seen (around
20 um x 20 pum).

o Inside this zone, a lower size zone is chosen by AFM
observation where easily identifiable aggregates can be
seen (around 5 um x 5 um).

e AFM scanningis performed at different scales (three scan
sizes have been chosen) on the same zone.

e Then the draw ratio is increased and the previous experi-
ments are performed again (five draw ratios have been
chosen).

o This procedure is repeated again for the second loading.

To sum up, for 0, 30, 60, 9,0 and 120% of draw ratio, three scan
sizes (3 x 3,5 x 5,and 7 x 7 um) are realized for the first and the
second loading. All the observations have been done on the same
zone of the material. Finally, in order to obtain a stable image, all of
the AFM scannings are performed 20 min after each elongation step.

Local strain is evaluated by measuring the distance between
aggregates. Thanks to these numerous images, local deformation
of the microstructure has been measured and compared to the
macroscopic deformation.

A Preliminary Analysis. An example of the first loading
course is presented in Figure 3.
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Figure 1. Stress/strain curves (3 cycles) of a 15 phr filled rubber.
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The tensile axis is horizontal, and an easily identifiable
aggregate is rounded all along the tensile test. First of all, it
can be seen that during loading, “new aggregates” appear as if
they emerge out of the material.>> Moreover, the size and the
contrast of the aggregates increase. These effects prevent us
from using image correlation analysis software. The measure-
ments have to be done “manually”. Considering easily identifi-
able aggregates (an example is rounded on the Figure 3), it is
possible to measure the local deformation in the tension direc-
tion and compare it to the macroscopic deformation. To eval-
uate strain heterogeneity, it has been decided to measure the
relative elongation ¢ in the axial direction.

e = Alfl, 1)

Here, [, is the initial size of the aggregate and A/ the size increase
under loading.

This definition is not the rigorous strain for large A/, but it is
simple and enough to compare different zones. A/, and /, are
measured between two aggregates and several zone of different
initial size (initial spacing between aggregates) are chosen. As
the measurements are performed directly on the images, a
relative precision of around 10% is obtained.

Results

Filler Network Behavior in the Axial Direction. Topogra-
phical Evolution. As it has been seen on Figure 3, when the
imposed macroscopic strain is increased, the aggregates seem
to become more numerous, bigger and clearer. In fact by
analyzing the topographical evolution for the extreme macro-
scopic strains, i.e., for 0 and 120%, (Figure 4), it appears that
the roughness (or topography) increases strongly. Indeed, the
height of the same line is reported at 0%, 120% and again 0%
(after unloading). Under loading, only a fraction of the initial
3 um length is represented. The maximum difference of height
is around 160 nm, whereas it is only around 40 nm before and
after loading. Comparing the initial curve with the one under
loading, it can be seen that initial slight defect becomes under
loading significant asperities. This observation is consistent
£=90%
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Figure 3. AFM phase images of the same zone realized at 0, 30, 60, 90%
of macroscopic deformation.
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Figure 2. In situ tension device designed for AFM observations.
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Figure 4. Topography on a 3 um line before loading, during loading
(120% strain) and after loading.

with the “appearance” of new filler on the images. It is worth
noting that the topographical evolution is quasi reversible.

This effect has already been observed by Lapra.” There
is no definitive explanation however it is plausible that the
topographical increase would originate in the filler network
resistance. Indeed, if only a part of the filler networks is
brought with the rubber flow, some new aggregates could
emerge on the surface as if a rigid skeleton of aggregates
were kept undeformed in the direction perpendicular to the
tensile one.

Filler Network Behavior in the Axial Direction. Strain
Heterogeneity. Several zones of different initial size (initial
gap between two aggregates) from 20 to 30 nm to around
2000 nm have been chosen, the deformation is measured in the
tension direction. The intensity of strain heterogeneities is
represented on the Figure 5. On this figure is plotted the local
strain versus the macroscopic one. The continuous straight
line represents the macroscopic strain and all the other curves
represent the local deformation of the different zones mea-
sured by analyzing AFM phase image. As we can see, the gap
between macroscopic and local strain increases for the higher
macroscopic strain. Some zones exhibits always a lower strain
whereas others exhibits always a higher strain which was an
expected result as the material has to follow the imposed
macroscopic strain. To quantify the strain heterogeneity
intensity, the following ratio between local and macroscopic
deformation can be considered:

€0 — Erocal| _ |Ag] )
€0 T g

Here ¢, is the imposed macroscopic deformation and &, the

local deformation.

A maximal value of |Ag|/e, = 80% is measured and an
average value of |A¢|/e, = 50%, 30%, and 30% respectively
for 30%, 60%, and 90% of macroscopic strain. In addition,
between 30% and 60%, it can be seen that some zone
behaviors cross the continuous line. When the deformation
of a zone (initially lower than the macroscopic one) crosses
the line, one can suppose that its stiffness decreases to a value
inferior than the average stiffness of the material. More
curiously, some crossings in the other sense can be seen.

A model for quantitative analysis of strain heterogeneities
in filled rubber has been proposed by Burr et al.,>* which
could explain these heterogeneities. Here, to describe quali-
tatively the heterogeneous behavior of the filled rubber we
have preferred more simple model based on the same kind of

Macromolecules, Vol. 43, No. 13, 2010 5883

160% -

140% -

120% -

—_

=}

1=

X
!

Local strain

0% 20% 40% 60% 80% 100%
Macroscopic strain

Figure 5. Relative elongation of several zones taken in 5 x 5 um image
size compared to the macroscopic relative elongation.

ideas. This model is based on the superposition of several
springs. In our case the aim is only to describe qualitatively
the macroscopic behavior so that only four springs are used
in the model (Figure 6). For each spring the constitutive law
is given by F; = K; , where F; is the force applied on the
considered spring, K its stiffness, and ¢, the corresponding
deformation.

The values of the different springs are arbitrary chosen
to represent the experimental behavior (in this case K; = 5,
K, = 40, K3 = 35, and K4 = 60). The displacement is
imposed so that a strain of 100% is obtained.

Globally the experimental trends are reproduced, when
the imposed macroscopic strain increases (Figure 6a), the
difference between local and imposed (or macroscopic)
strain increases. The K; values have been chosen so that an
average value of |Agl/e, = 50% is reached for any imposed
deformation. To obtain such a results very different springs
can be used, for example K4/K; = 12. Even if this is a very
simple model, this result let us suppose that very strong
modulus heterogeneities can exist in the material leading
only to an |Agl/e, ratio of 50%. In Figure 6b, when the
imposed strain reaches 30%, the stiffness of K, is decreased
to 10 to mimic a fracture in the filler network. As expected,
the strain for Ky increases strongly, but in the same time, the
strain for K3 (same branch) decreases strongly.

It seems that the hypothesis of multiple springs in parallel
and series coupling can explain qualitatively well the experi-
mental behavior of the material. In particular, it is not
necessary that the stiffness of a zone increases to provoke a
strong decrease of its deformation. The cross in both senses is
then likely determined by filler network fracture.

Filler Network Behavior in the Axial Direction. Self-Simi-
larities in Strain Heterogeneities. Do the heterogeneities
depend on the aggregates size? Or are they invariant what-
ever the scale as it is suggested by the fractal microstructure?
To bring an answer to these questions, the initial aggregate
size has to be taken into account in relation with the intensity
of strain heterogeneities. In addition, the influence of the first
and the second loading on strain heterogeneities is evaluated.

This kind of measurements has been performed on a large
range of characteristic sizes (from around 50 to 2000 nm) on
about 50 different zones and during the first and the second
loading cycle. In addition, in order to obtain the same kind of
information at significantly higher scale (from around 2 to
130 um), the optic microscope of the AFM device has been
used. In this case, topological incidents are chosen and their
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Figure 6. Schematic representation of the spring model (top), results obtained for different spring stiffness (a) and results obtained by “breaking” of

one of the springs (b).

local elongations compared to the macroscopic one are
reported. The main results are summed up in Figures 7 for
first loading and 8 for second loading. On these figures |Ag|/
€, 1s represented versus the imposed macroscopic strain and
the initial size (or the characteristic size) of the aggregates
(measured in nm or in ym).

Thanks to these representations, the overall evolution of
strain heterogeneities can be examined on a very large
characteristics size (from 50 nm to 130 um). First of all, as
suggested previously the intensity of heterogeneities seems to
decrease slightly with the imposed deformation whatever the
characteristic size. This effect could be the consequence of
filler network fractures leading to a global homogenization
of the local stiffness.

The most important information which can be obtained
from these graphs is that 3 main regimes can be seen
whatever the macroscopic strain imposed:

e From characteristic sizes between 30 to 800 nm, strong
heterogeneities appear. The intensity of these hetero-
geneities seems to be invariant with the characteristic
size.

e From characteristic sizes between 800 to 2000 nm,
strain heterogeneities seem to decrease slightly. Again
on this size range, strain heterogeneities seem to be
invariant.

e From 2 to 100 um strain heterogeneities reduce pro-
gressively and disappear.

From around 50 nm to 1 um, the strain heterogeneities
seem to be invariant which would be compatible with the
fractal vision of the microstructure that is generally assumed.
The maximal size of aggregate which would be similar to the

smaller ones would be close to 1 um. From 1 to 100 um the
heterogeneity decreases slowly to reach the homogeneous
behavior. Even in considering the possible uncertainties on
these measurements, it is clear that the deformation of a filled
rubber with 15 phr of carbon black cannot be considered as
homogeneous before a size of at least 50 um.

During the second loading, the same experiments have
been performed on the same zones. Qualitatively the same
results are observed. Indeed, the strain heterogeneities de-
creases with the imposed deformation, and three regimes
appear:

e From characteristic sizes between 50 to 1000 nm,

strain heterogeneities are invariant.

e From characteristic sizes between 1000 to 2000 nm,

strain heterogeneities are a little smaller.

e From 2 to 100 um strain heterogeneities reduce pro-

gressively and disappear.

Globally, by taking into account the average values; it
seems that the second loading is more heterogeneous than
the first nearly until the return of the homogeneous behavior.
Interestingly, it appears that the three same regimes can be
observed comparing the first and the second loading. The
Mullins effect characterized by a strong mechanical behavior
difference (see Figure 1) could be, in part, explained by these
behavioral differences. These observations are also compa-
tible with the micromechanisms generally taken into account
to predict Mullins effect.’’

Rubber Incompressibility. As we have seen in the last
sections, strain is strongly heterogeneous at local scale. For
sure, it is heterogeneous in others directions than tension
direction. As filled rubbers are well-known to be nearly
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Figure 7. |A¢|/e, during a first loading cycle is represented versus the initial distance between aggregate and the macroscopic deformation. On the left
are presented the results coming from AFM and on the right the results from optic microscopy.
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Figure 8. |A¢|/ ¢, during a second loading cycle is represented versus the initial distance between aggregate and the macroscopic deformation. On the
left are presented the results coming from AFM and on the right the results from optic microscopy.

incompressible, the question of the compatibility of the
heterogeneous local strain field with an incompressible
behavior is put forward. To answer this question, Strain
measurements have been performed in all the directions of
the surface of the sample. The displacement can be now
defined as a vector. In Figures 9 and 10 are represented the

evolution of the microstructure between 0 and 120% of
imposed macroscopic strain respectively for the first and
the second loading. The tensile direction is horizontal and the
arrows indicate the chosen aggregates which are followed
along the deformation. Moreover a grid is drawn to visualize
the deformation.
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Figure 9. Local evolution of the microstructure along deformation
(0 to 120%) and shape changes during first loading.

Figure 10. Local evolution of the microstructure along deformation
(0 to 120%) and shape changes during second loading.

As described previously, during the first loading strain
heterogeneities appear. The grid is then stretched but also
deformed. The shape changes of the grid prove that some local
shear or rotation occur as corollary phenomena to strain
heterogeneities. After unloading (first image of Figure 10),
the initial shape of the grid is nearly recovered which indicates
that the deformation is quasi reversible (but not completely)
even if the AFM phase contrast is different. During the second
loading, the distortions of the grid are also similar to the ones
observed during the first loading. The displacement differ-
ences between the first and second loading are difficult to
measure and are close to the uncertainties. It seems that no
major differences are visible at this scale between the first and
the second loading.

Concerning the movements of the filler and their compat-
ibility with the incompressibility of the filled rubber, it is
proposed to compare the theoretical current lines for an
incompressible fluid under axial elongation to the movement
of aggregates (Figure 11). This study has been restrained on
the second loading. On this figure, the incompressible cur-
rent lines are represented with dotted line, the square is the
reference from which the displacements have been measured:
practically an aggregate has been chosen has a reference.
Each arrow corresponds to the displacement of an aggregate
during an imposed deformation step. The four consecutive

Lame

Figure 11. Comparison of local movements of fillers with current lines
for an incompressible material.

arrows correspond to the movement of an aggregate for 30,
60, 90, and 120% of imposed strain. Fourteen aggregates
have been followed along the second loading sequence.

From a step of elongation to the following, some aggregates
follow approximately the theoretical current lines and others do
not. On this measurement, it seems that most of the aggregates
follow a movement notably different from an incompressible
fluid during the first three loading sequences. During the last an
adjustment seems to occur to approach the incompressibility.
When an aggregate trajectory is to far from the average move-
ment, it is likely that strong correction forces appear to reduce
the deviations. A competition between the rubber flow
(incompressible) and the filler network fracture leads to these
perturbed trajectories. The deviation of the observed zone
from an incompressible fluid can also be balanced by other
zones of the material to maintain the overall incompressibility.

Finally, it appears clearly that the strong local strain
heterogeneities and the deviations from the incompressible
flow are not incompatible with the global incompressibility
of the material.

Conclusion

In this study, we have used AFM tapping mode imaging to
analyze local movements of carbon-black filler in a SBR rubber
during tensile test. Low filler rate has been chosen to 15 phr.
AFM is only a surface analysis technique; however the compar-
ison between macroscopic displacement and microscopic ones is
possible. By following the movements of several aggregates at
various scales, it has been shown that the local strain is strongly
heterogeneous and reaches a relative difference of 50% for initial
aggregate sizes about 50 to 1000 nm. This result is the same for the
first and the second loading sequence. At this observation scale,
the heterogeneities seem to be invariant with initial aggregate size
so that the microstructure as the deformation could be considered
as fractal until around 1 um. After 1 um the strain heterogeneities
decrease and reach progressively the homogeneous behavior for a
size between 50 to 100 um.
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Along the loading sequence from 30 to 120%, some aggregates
first deform less than the overall medium and more at the end. We
have shown that it can be attributed to local fracture in the filler
network. This effect, generally considered as the main cause for
Payne effect, has been followed in situ along the deformation.

Macroscopically, Mullins effect has a strong influence on
mechanical behavior as the stress for a given deformation as well
as the dissipated energy is strongly higher compared to the
following tensile loading sequences. This significant phenomenon
does not lead to complete modification of the strain heterogene-
ities as the three same regimes are observed when comparing the
first and second loading sequence. However, during the second
loading the strain heterogeneities have appeared to be consider-
ably higher than during the first for scale length between 1 to
50 um. This observation is compatible with the classical mechan-
isms assumed for Mullins effect. Indeed, if some links between
fillers are broken during the first loading, it could lead to an
increase of the local strain heterogeneity.

In addition, local movements of aggregates have to accom-
modate the rubber flow which is incompressible. It has been
shown that the aggregates follow partially this movement, when
the deviation is too high, correction movements appear which
could be correlated with filler network breakage. Consequently,
each different aggregate is submitted to strong distortions to
accommodate the continuity of the displacement field. Of course,
little cavitations probably participate also.

Finally, all these experimental measurements have also shown
that during a tensile test a filled rubber is submitted to opposite
constraints. The rubber behaves as an incompressible medium
carting partially the filler network. The filler network exhibits a
rigid behavior that breaks only when the local stress reaches a
threshold. Depending on the observed characteristic the behavior
is either determined by the rubber behavior (incompressibility) or
by the filler network (local heterogeneous deformation).
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