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Abstract. The influence of multiwall carbon nanotube (MWNTs) contents on electrical and mechanical properties of
MWNTs-reinforced natural rubber (NR) composites is studied. The volume resistivity of the composites decreases with
increasing the MWNTs content and the electrical percolation threshold is reached at less than 1 phr of MWNTSs (phr = parts
of filler by weight per hundred parts of rubber). This is caused by the formation of conductive chains in the composites.
Electrical measurements under uniaxial deformation of a composite carried out at a filler loading above the percolation
threshold, indicate a gradual disconnection of the conducting network with the bulk deformation. The drop in the storage
modulus G’ with the shear strain amplitude (Payne effect) is also attributed to a breakdown of the filler network. Consider-
able improvement in the stiffness is obtained upon incorporation of MWNTSs in the polymer matrix but the main factor for
reinforcement of NR by MWNTSs appears to be their high aspect ratio rather than strong interfacial interaction with rubber.
The tensile strength and the elongation at break of the composites are reduced with regard to the unfilled sample. This is
probably due to the presence of some agglomerates that increase with the nanotube content. This hypothesis is confirmed
by a cyclic loading of the composites where it is seen that the deformation at break occurs at a much higher level of strain
in the second stretch than in the first one. The overall significant property improvements are the result of a better nanotube
dispersion attributed to the combined use of tip sonication and cyclohexane as dispersion aids during composite processing.
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1. Introduction

Polymer nanocomposites have attracted a huge sci-
entific interest because they allow the design of
high-performance materials that exhibit significant
improved properties with regard to the pristine poly-
mer. The extent of improvement generally depends
on several parameters including the size of the par-
ticles, their aspect ratio, their state of dispersion and
their surface chemical characteristics that determine
the interaction between the filler and the polymer
chains and thus the interface of the polymer-filler
system [1, 2].

Polymer-carbon nanotube composites have attracted
particular interest because the structural character-
istics of carbon nanotubes such as their high aspect
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ratio, high surface area available for stress transfer
as well as their exceptionally high Young’s modulus
and excellent electrical and thermal properties, are
expected to allow the emergence of a new genera-
tion of ultra-lightweight and extremely strong com-
posite materials [3—5]. In fact, one of the biggest
challenges is to obtain a homogeneous dispersion of
CNTs in a polymer matrix because van der Waals
interactions between individual tubes lead to signif-
icant aggregation and agglomeration that reduce the
expected property improvements. A homogeneous
distribution and a good dispersion are essential for
mechanical reinforcement of polymers. In the case
of anisotropic electrical conductive inclusions, a
good dispersion allows the formation of an inter-
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connecting filler network at a low filler content
characterized by a sharp drop, by several orders of
magnitude, in the electrical resistivity of the com-
posites reaching the so-called percolation threshold.
In fact, it is one of the major attributes of carbon
nanotubes to provide electrical conduction at a very
low filler loading, this property being required in
commercial applications to dissipate electrostatic
charge.

This paper reports investigations carried out on nat-
ural rubber filled with multiwall carbon nanotubes.
The state of nanotube dispersion is evaluated from
transmission electron microscopy and electrical
properties in the isotropic and uniaxially stretched
states of the composite are examined in addition to
mechanical measurements.

2. Experimental part

2.1. Materials

Multiwall carbon nanotubes (MWNTSs) were pur-
chased from Nanocyl S.A. (Belgium). In this study,
we have used the Nanocyl 7000 series (purity:
90%) produced via the catalytic carbon vapor depo-
sition process without any further purification.
Their average diameter and length are around 10 nm
and 1.5 pm respectively and their surface area
between 250 and 300 m?-g~'.

Non-vulcanized natural rubber, containing all the
vulcanization ingredients was provided by Formix
(Orléans, France). It was compounded with sulfur
(1.5 phr), zinc oxide (3 phr), stearic acid (2 phr),
cyclohexylbenzothiazole sulfenamide (1.5 phr),
(phr = parts by weight per hundred parts of rubber).

2.2. Composite processing

One of the main factors that have a large influence
on the physical performance of a filled composite is
the state of filler dispersion within the host polymer
matrix. Carbon nanotubes can easily form bundles
and this aggregation decreases their aspect ratio and
reduces their efficiency as reinforcing agents for
high strength polymer composites. Different process-
ing methods, including in-situ polymerization, solu-
tion mixing, surfactant-assisted processing and melt
compounding, have been used to optimize the dis-
persion of CNTs in the polymeric medium in order
to fully exploit the potential of these materials.

In this work, solution mixing which is one of the
most common methods, has been used for fabricat-

ing MWNTs/NR composites. The general protocol
is to mix both components in a suitable solvent and
evaporate the latter before proceeding to the cross-
linking process and film formation. The most effi-
cient dispersion of the nanotubes in a solvent is
achieved by tip sonication with sonication condi-
tions determined in such a way not to degrade the
nanotubes.

An appropriate amount of MWNTs was dispersed
into cyclohexane (0.1 mg/ml) by sonicating the sus-
pension for 30 min (3 times separated by a rest of
30 min) using a Vibra-Cell VCX 500 operating at
40% amplitude with on and off cycles respectively
equal to 4 and 2 seconds. Cyclohexane was used to
disperse the nanotubes because it can also dissolve
natural rubber and is less dangerous than toluene
well known to be is a good solvent for rubbers.

The gum containing the rubber and all the ingredi-
ents of formulation was mixed separately in cyclo-
hexane under magnetic stirring until complete dis-
solution then mixed with the MWNTs dispersion.
The mix of polymer and MWNTs dispersions is
stirred until evaporation of the major part of cyclo-
hexane then put under vacuum at 50°C for one day
for total removal of remaining solvent.

The unfilled and filled samples were then cured into
plaques at 170°C during 20 min under a pressure of
120 bar in a standard hot press.

2.3. Characterization techniques

The state of dispersion of the filler particles was
examined by transmission electron microscopy
(TEM) by means of a JEOL JEM-2010 Electron
Microscope, operating at 200 kV. Ultrathin sections
(50—60 nm) were cut at —90°C by using an Ultracut S
ultramicrotome from Leica fitted with a diamond
knife from Diatome.

Electrical resistivity measurements were deter-
mined on samples of 10x20x0.2 mm? by measur-
ing their resistance on a high resistance meter
(Keithley 6517A) between two conductive rubber
electrodes with an alternating voltage of 1 V. This
alternating voltage is needed to avoid a background
current effect. The measured resistances R were
then converted into volume resistivity p by using
Equation (1):

_ RS

; M

p
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where S is the cross-sectional area perpendicular to
the current and d the thickness of the sample
between the two electrodes.

The strain dependence of electrical resistivity was
carried out on strips (size: 40 mm x 6 mm % 0.3 mm)
stretched with a manual stretching machine. The
film under study is clamped between the jaws of the
stretching machine and two copper plates attached
to the jaws of the machine are connected to the
high-resistance meter.

Under the assumption that the volume remains con-
stant during deformation, the resistivity was obtained
from the measured resistance, R, from Equation (2):

_ RS,
a2L0

p @)
where Sy and Ly are respectively, the initial cross-
sectional area and length between the two clamps
and o 1s the extension ratio, which is the ratio of the
length of the sample in the direction of strain to the
initial length before deformation.

The dynamic properties of the vulcanizates were
measured by means of a Anton Paar Rheometer at

c)

1 Hz sinusoidal oscillation, using disc specimens
with thicknesses of 2 mm, diameters of 8 mm, oper-
ated in a shear mode.

The tensile tests were performed at room tempera-
ture on a standard tensile Instron machine, model
5565 equipped with a 10 N load cell and a video
extensometer. The strips (length around 20 mm
between the jaws, width around 5 mm and thick-
ness between 200 and 300 um) were marked with
two dots with a white marker for their recognition
by the video extensometer then stretched at a strain
rate of 0.1 s7.

3. Results and discussion

3.1. Transmission electron microscopy
analysis (TEM)

The state of dispersion, which significantly affects

the electrical and mechanical properties of the

material, can be evidenced by TEM analysis of the

composites.

TEM images, taken at different scales for the NR

composite filled with 3 phr of MWNTs, are seen in

Figure 1. Figures 1a—c show a rather homogeneous

Figure 1. TEM images of NR filled with 3 phr of MWNTs taken at different (a, b, ¢) scales. d) shows the graphene layers of

an individual tube
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distribution of the nanotubes in the elastomeric
matrix and in Figure 1d are magnified the graphene
shells with the hollow core of an individual tube.

3.2. Electrical properties

Carbon nanotubes have largely demonstrated their
ability to provide electrical conduction when incor-
porated into polymeric media usually considered as
electrical insulators. From a great number of results
in the literature, it is now evident that very small
quantities of carbon nanotubes are required to get
relatively high values of electrical conductivity and
this property is expected to open the way for a wide
range of industrial applications.

The electrical conduction process depends on sev-
eral parameters, mainly on filler concentration. But
processing techniques intended to improve disper-
sion of CNTs in the host matrix also influence the
electrical conductivity of the final material. On the
other hand, factors such as nanotube type, polymer
matrix, filler-matrix interactions and filler orienta-
tion are key factors in determining the electrical
properties. At a given amount of conductive parti-
cles (carbon black or carbon nanotubes), called the
percolation threshold, a continuous network of filler
is formed across the matrix and the material under-
goes a sudden transition from an insulator to a con-
ductor. For composites containing conventional con-
ducting fillers such as carbon black (CB), carbon
nanofibers or graphite, depending on the structural
properties of the particles, the percolation threshold
is achieved for a filler content as high as 10-50 wt%,
which may result in a composite with poor mechan-
ical properties and high density. Thongruang et al.
[6] showed that the percolation-threshold concen-
tration in composites is around 10-15 wt% for car-
bon fiber and high structure carbon black and around
40-50 wt% for low structure carbon black and
graphite. Carbon nanotubes yield adequate conduc-
tivity at a much lower filler content on account of
their high aspect ratios thus retaining the desired
mechanical properties of the resulting material.
Another way to enhance electrical conductivity has
been shown to incorporate simultaneously hybrid
fillers of carbon nanotubes and carbon black [7, 8].
It was demonstrated that when CB particles are
added into the nanocomposites containing CNTs,
the result is a better overall dispersion due to syner-
gistic effects arising between the two different

fillers and the formation of connected structures by
bridging uncontacted particles. But, the replace-
ment of carbon black by carbon nanotubes alone for
the synthesis of electrically conducting polymer
composites is very promising for the design of
lightweight materials for numerous future applica-
tions.

As seen in Figure 2 which shows the effect of filler
loading on the volume resistivity of MWNTs-filled
composites based on insulating natural rubber, the
decrease in resistivity is observed from 0.5 to 1 phr.
According to Mamunya et al. [9], at the beginning of
the transition region, an infinite conductive cluster
is formed and, consequently, the composite becomes
conductive. The higher aspect ratio of the nanotube
bundles which increases the probability of particle-
particle contacts explain the low percolation thresh-
old. With regard to previous reported results [10],
thanks to improved dispersion methods, the perco-
lation threshold is shifted to a lower nanotube con-
tent and from this point of view, measurements of
electrical resistivity appears as an indirect tool to
evaluate the state of dispersion. As mentioned above,
an important factor that controls the performance
and especially the electrical properties of CNTs-
reinforced composites is the state of dispersion of
CNTs.

Because the resistivity is very sensitive to any
change in filler distribution, electrical properties of
composite filled with conductive particles should
be affected by a mechanical deformation. Signifi-
cant changes in electrical conductivity against
degree of elongational strain have already been
reported in the literature [11-15].
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Figure 2. Volume resistivity against nanotube loading for
NR composites
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Typical strain dependences of volume resistivity are
shown in Figure 3: the results are related to a NR
sample filled with 3 phr of MWNTs that is at a filler
content above the percolation threshold (deter-
mined around 0.5 phr of filler). Tests are performed
as follows:
— 1: stretching to ¢ = 100% then release,
— 2 and 3: second stretching to ¢ = 200% then
release,
— 4 and 5: third stretching until failure.
A gradual increase in resistivity is obtained in the
first step as result of a breakdown of contacts and
increasing distances between the conducting inclu-
sions. After total unloading of the sample (step 2),
the resistivity is much higher than that observed for
the undeformed material thus showing that the con-
tacts are not reformed after removal of the stress. A
second stretching leads to a decrease in resistivity
until the point where the first and second stretching
meet. At this point, we can consider that the sample
is in the same state as it was at the first stretching. It
is interesting to point out that this part of the curve
(unloading + second stretch) is completely reversible
as shown in the paper of Ciselli et al. [16] related to
composites based on ethylene-propylene-diene-
monomer (EPDM) filled with MWNTs. After the
point where the first and second stretchings meet,
the curve join up the first stretching curve till ¢ =
200% (step 3) and the resistivity increases again
due to the breakdown of new contacts that were not
affected during the first stretching. A further removal
of the stress leads to a higher value of resistivity
than that obtained in the first unloading cycle and
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Figure 3. Strain dependence of the electrical resistivity for
NR filled with 3 phr of MWNTs

the third stretching displays a decreease (step 4)
then increase (step 5). The strain dependence of
electrical resistivity described here for NR compos-
ites is quite similar to that obtained in other rubbery
matrices like SBR [17] or EPDM [18].

3.3. Mechanical properties

3.3.1. Low-strain dynamic behavior

Filled elastomers have the specific ability to dissi-
pate an important part of mechanical energy during
deformation. At small strains (typically for shear
strains below 100%), those materials exhibit a non-
linear viscoelastic behavior, known as the ‘Payne
effect’ and characterized by a drop in the elastic mod-
ulus G’ when the shear strain amplitude increases.
The Payne effect in composites filled with conven-
tional fillers (carbon black or silica) has been the
subject of numerous studies on both experimental
and theoretical aspects [19-22] but its origin is still
controversial. The most commonly accepted picture
is the breakdown of a filler network formed by
filler-filler interactions. The percolated network is
progressively broken by increasing the strain ampli-
tude.

Figure 4 displays the strain dependence of the stor-
age modulus of the unfilled NR and of MWNTs-
filled composites. While the unfilled elastomer does
not display any change in the storage modulus with
strain amplitude, at least in the investigated strain
domain, the observed behaviors for filled com-
pounds are similar to what was mentioned in the lit-
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Figure 4. Strain dependence of the storage modulus of
unfilled NR and of MWNTs/NR composites at
room temperature
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Figure 5. Temperature dependence of the storage modulus
for NR filled with 3 phr of MWNTs

erature for carbon-black filled rubbers, that is an
increase in amplitude of the Payne effect with the
amount of reinforcing particles, because the linear
part of the storage modulus typically below 0.1%
strain strongly increases with the filler loading. But
as shown in Figure 4, a Payne effect is observed till
0.5 phr while much larger amounts of carbon black
are required to give rise to a storage modulus drop
with the strain amplitude [23].

In the case of an unfilled rubber network, the mod-
ulus should increase proportionally with tempera-
ture because of its entropic nature. For all the filled
systems, the modulus values should then be cor-
rected by the entropic factor 273/T, in order to get
rid of the modulus dependence of the rubber part
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w
o
= 6
w
w
2
w
T
E 4
=]
=
2
0 1 1 1 L L 1
0 100 200 300 400 500 600 700
a) Strain [%]

due to temperature [20]. As a typical example, the
temperature dependence of the storage modulus is
shown in Figure 5 for the 3 phr MWNTs/NR com-
posite. As already observed in conventional compos-
ites, the amplitude of the Payne effect decreases
with increasing temperature which is opposite to
the entropic variation characteristic of the unfilled
network [23-25]. The decrease of the Payne effect
results from a weakening of filler-filler interactions
by raising the temperature.

3.3.2. Tensile properties

A common objective for adding fillers into poly-
mers is to increase the modulus or stiffness. Com-
posite theories have been developed in order to pre-
dict the performance of the composite by taking
into account various filler parameters including
geometry, stiffness and orientation [26-28]. In poly-
mer-clay nanocomposites, it was demonstrated that
the superior reinforcement provided by exfoliated
layered aluminosilicates with regard to a conven-
tional filler like glass fibers, arises primarily from
the combination of high modulus and aspect ratio of
the nanofiller [27].

As seen in Figure 6a which represents the strain
dependence of the nominal stress for pure NR and
for composites, considerable improvement in stiff-
ness is observed upon addition of MWNTs in the NR
matrix. In order to evaluate the extent of improve-
ment with the nanotube loading, the stress at 100%
strain is displayed in Figure 6b.

The stress-strain curve for unfilled NR exhibits a
large increase in stress at higher deformations. NR

5

Stress at 100% strain [MPa]

0 1 ] 1 ] L
0 2 4 6 8 10 12

b) Carbon nanotube content [phr]

Figure 6. Stress-strain curves (a) and stress at 100% for pure NR and MWNTs composites (b)
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displays, due to its uniform microstructure, a very
unique important characteristic, that is, the ability
to crystallize under strain, a phenomenon known as
strain-induced crystallization. This phenomenon is
responsible for the large and abrupt increase in the
reduced stress observed at higher deformation cor-
responding, in fact, to a self-toughening of the elas-
tomer because the crystallites act as additional
cross-links in the network. This process can be bet-
ter visualized by using a Mooney-Rivlin representa-
tion, based on the so-called Mooney-Rivlin equa-
tion (Equation (3)):

(o

[o*] = = 20) + 2Ga ! 3)

a— a2
where o is the nominal stress, o is the extension
ratio and 2Cy and 2C, are constants independent of
a. The curves of the unfilled vulcanizate displays, at
higher deformations, an upturn in the modulus
ascribed to the strain-induced crystallization of
polymer chains (Figure 7). For the composites
filled with 1 and 2 phr, the upturn is still observed
but it starts at a lower extension ratio than that of
the unfilled sample. That means that the addition of
carbon nanotubes favors the crystallization process.
This fact has already been established by infrared
spectroscopy under strain [29] and by synchroton
wide-angle X-ray diffraction [30]. The reduction in
the strain at rupture for the other composites does
not allow the observation of the tensile behaviour at
high deformations. Unfortunately, the rupture prop-
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Figure 7. Mooney-Rivlin plots for pure NR and MWNTs/
NR composites

erties are negatively affected by the nanotubes prob-
ably on account of the presence of some agglomer-
ates which act as failure points and lead to a degra-
dation of the mechanical properties of the materials.
The stress at 100% deformation is seen to increase
linearly with the MWNTSs loading (Figure 6b). With
regard to the pure polymer, 10 phr of MWNTs leads
to more than a 700% increase in the stress at 100%
strain. The observed improvements are higher than
those previously obtained in the literature for the
same polymer [10, 29, 31-36].

Such increases in stiffness are not observed for sim-
ilar loading fractions of spherical carbon black or
silica particles in the same matrix, thus highlighting
the effect of the high aspect ratio (length/diameter)
of the nanotubes. In conventional composites, the
increase in the modulus has been ascribed to a
hydrodynamic effect arising from the inclusion of
rigid particles in the soft matrix and to an increase
in the cross-linking density created by polymer-
filler interactions [1, 2, 26, 37—40]. But the anisom-
etry of the filler structures as well as the quality of
their dispersion can greatly affect the composite
performance. The latter point is especially true for
entangled MWNTSs in which the occluded rubber
trapped inside the bundles and partially shielded
from deformation, increases the effective filler con-
centration.

To interpret the variation of stiffness of the poly-
meric composites with the MWNTs amount, the
100% modulus results are fitted to the model of
Halpin-Tsai [41]. intended to predict the mechani-
cal properties of fibre reinforced composites. This
model (Equation (4)) yields, for aligned fibre com-
posites and in conditions where the modulus of the
fiber, Ef, is much higher than that of the unfilled
matrix (as in elastomeric composites):

1+ fo
1-¢

E = E “4)
(E and Ej are the moduli of the composite and the
unfilled elastomer respectively, f'is the aspect ratio
and ¢, the volume fraction of filler ).

The experimental values are compared with the
Halpin-Tsai predictions using an aspect ratio of 90
to fit the data (Figure 8). This value is lower than
expected from the average dimensions of the
MWNTs but much higher than those previously pub-
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Figure 8. Dependence of the stress at 100% strain of NR/
MWNTs composites on the filler volume fraction
and comparison with predictions of theoretical
models

lished for hydrocarbon rubber/MWNTs composites
[42, 43] as a result from a better filler dispersion.
Besides the state of dispersion, another fundamen-
tal issue that determines the properties of the com-
posite is the interfacial interaction between the
polymer and the nanotubes. A good adhesion between
the two phases is required and might result in better
load transfer from the matrix to the nanotube [44].
Raman spectroscopy under strain has also been used
to probe interactions between carbon nanotubes and
polymers in nanotube-based composites. If the nan-
otubes are carrying strain, the Raman peaks of car-
bon nanotubes have been shown to exhibit shifts
upon application of a mechanical deformation to
the composite. Large downshifts up to 20 cm™ at
about 1% strain have been observed for the G’ band
of SWNTs in stiff polymers such as epoxy resins
[44—46]. In our rubbery composites, no significant
shift of the G’ band has been observed which means
that load transfer to the nanotubes is negligible.
However, in our experiments, we obtain an upshift
in frequency of the G mode (ascribed to the stretch-
ing of the C—C bond of the carbon materials) with
an increase in strain. The upshift of the G mode has
been attributed to nanotube-nanotube decoupling
within the bundle because the upshift is not reversible
with strain [47, 48].

Some hysteresis (area between the first and second
stretches) is also observed in carbon nanotube-filled
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Figure 9. Loading-unloading cycles performed on NR
filled with 3 phr of MWNTs

samples while the unfilled sample does not display
any significant stress softening effect. In the experi-
ment presented in Figure 9, the composite was
stretched to a strain of 200% , then released and re-
stretched till the rupture of the sample. In view of
our Raman results, we are in a position to believe
that there is a poor adhesion between the nanotube
surface and the rubber. Consequently, the stress-soft-
ening effect does not originate as in the case of con-
ventional composites from a loss of elastic chains
taking place at the polymer-filler interface [49]. In
previous papers [42, 50], we have suggested a loss
of nanotube orientation on releasing the strain to
explain the lowering in the stress in the second
stretching. Despite the fact that we cannot overlook
the large contribution of orientational aspects in the
stress-strain behavior of composites, we can also
consider that a significant effect of the strain is a
debundling of the agglomerates still remaining in
the polymeric medium. This interpretation is sup-
ported by the fact that the rupture of the sample in
the second stretching occurs at a much higher value
of strain than that obtained in the first stretching
curve (compare Figure 6a and 9).

4. Conclusions

This paper demonstrates that optimized processing
conditions used to achieve good dispersion lead to
composites with high mechanical and electrical
properties. Nevertheless, the presence of a small
number of agglomerates acting as defects are respon-
sible of the lack of improvement in rupture proper-
ties. Comparison of the experimental tensile meas-
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urements with the Halpin-Tsai model leads an aspect
ratio of 90 for carbon nanotubes. This high aspect
ratio appears to be the main parameter for mechani-
cal reinforcement and electrical conduction. The
high aspect ratio also explains the formation of a
filler network at a low nanotube loading. Applica-
tion of an uniaxial deformation to the composite
leads to an increase of electrical resistivity while a
drop in the storage modulus is observed when the
sample is submitted to low shear strains. Both
effects are attributed to the breakdown of the filler
network.
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