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ABSTRACT: The activation energies (AE; and AEy) calculated from the temperature dependence of the storage compliance (J) and
the loss compliance (J”) of carbon black (CB)-filled, hydrophobic silica- and hydrophilic silica-filled cross-linked natural rubbers
(NRs) were found to be less than 15 kJ mol ™', which corresponds to the physical range of van der Waals interaction. The results of
three-dimensional-transmission electron microscopy measurements indicate that the closest distance (d,) between the two neighbor-
ing nanofiller aggregates centers decreased sharply with increasing nanofiller loading and tended to become constant at a nanofiller
loading of around 30 phr or higher. For all samples examined, there were two regions related to the elastic deformation energy, and
the critical d, value between the two regions was in the order of CB > hydrophobic silica = hydrophilic silica. Additionally, AEy
developed in the region of longer d, than that of AEy. On the other hand, AEy occurred after the formation of the filler network
and was larger than AEy. AEy is assumed to be related to slippage of the junction and the rearrangement of the nanofiller network.
Therefore, the dependence of AE; and AEy on d, suggests that the interaction layer between the nanofiller and NR has at least two

energy levels. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 2594-2602, 2013
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INTRODUCTION

Various research results have so far been reported regarding the
thickness of bound rubber. For example, Nishi' used pulsed nu-
clear magnetic resonance (NMR) to investigate the relaxation
time constant T, caused by multiple interactions between differ-
ent spins of rubber molecules in carbon black (CB)-filled rub-
ber. He measured T, of CB gels formed by kneading different
types of CB (SAF, HAFE, and SRF) and natural rubber (NR) and
estimated the thickness of the glassy layer, that is, short T, com-
ponent, in bound rubber to be 0.6-4.3 nm. Recently, Litinov
et al.’ studied CB-filled ethylene propylene diene terpolymer
(EPDM) vulcanizates using solid-state NMR and mechanical
testing. Their results revealed that a very thin layer (thickness <
0.6 nm) consisting of strong immobilized EPDM chain frag-
ments on the CB surface formed a quasi-permanent CB net-
work in the rubber matrix. Based on the measured
viscoelasticity of CB-filled rubber, Smitt> estimated the thickness
of the glassy layer around CB to be 2 nm. Nakajima and Nishi*
used an atomic force microscope (AFM) to measure the force-
volume of CB-filled NR vulcanizates. They reported that bound
rubber had a two-layer structure consisting of a glassy layer of
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about a few (2-3) nm in thickness and an uncured rubber layer
of about several (6-7) nm in thickness. They also showed that
both layers exhibited an elastic modulus higher than that of the
matrix rubber. We have found that the critical value of d, is
approximately 3 nm. Based on our investigations, the tendency
for d, to become constant at a CB loading of 30 phr or higher
corresponds well with the tendency for volume resistivity to
become nearly constant in the same CB loading range.”'* This
correspondence is further evidence of the formation of a CB
network. In this regard, based on the results of AFM observa-
tions of CB-filled elastomers, Yurekli et al.'' reported that a CB
network formed once the filler loading exceeded a level of 9 vol-
ume % (20 phr). That result is entirely consistent with our
findings.

Considering the aforementioned results, we hypothesized a
model'” of the CB/NR interaction layer as shown in Figure 1.
The upper right figure shows the relation between the potential
energy at the CB/NR interface and the distance from CB. For
example, d,, d, and dg indicate points of change in potential
energy closer to CB. Among them, d, is presumably the most
stable energy position equivalent to d, obtained by three-
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Figure 1. Nanofiller/rubber interface layer. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

dimensional-transmission electron microscopy (3D-TEM). It is
reasonable to assume that a layer ranging in depth from a mini-
mum of 1.5 nm to a maximum of approximately 3 nm from
the CB particle surface corresponds to the thickness of the CB/
NR interaction layer immobilized by the CB filler. In this
regard, a d, value of a few nm corresponds to the thickness of
the NR glassy layer around CB as found by Nakajima and
Nishi* based on pulsed NMR and AFM measurements.

In silica-filled rubber compounds, the hydrophilic siloxane and
silanol groups on the silica surface result in strong filler—filler
interactions due to strong hydrogen bonds and weak van der
Waals bonds.">™" As a result, it is much more difficult to dis-
perse silica in rubber compounds than CB. Silane coupling
agents are used to improve silica filler dispersion and to prevent
adsorption of curatives on the silica surface, which is believed
to increase the reinforcing effect of particulate silica on rubber
compounds.''® The increased filler concentration induces fil-
lerfiller interactions, which promote the formation of filler
agglomerates. Accordingly, high filler—filler interactions result in
an inhomogeneous filler distribution, problems of poor process-
ing and poor appearance, and inferior properties, for example,
an increasing amount of aggregates causes the tensile properties
of rubber composites to decline.'®™® Interaction between the
polymer matrix and the filler reduces opportunities for
agglomeration.

Table 1. Recipes of CB-Filled NR Compounds®

ARTICLE

It is well known that bound rubber is produced in the process
of mixing reinforcing fillers such as CB and silica into rubber.
The filler is surrounded by bound rubber consisting mainly of
polymer phases of different molecular mobility.?>** CB in par-
ticular disperses in the rubber matrix not as separate primary
particles but as aggregates consisting of 5-10 primary particles
together. It is believed that a secondary network of polymer
chains forms that connects filler particles.”>*” This transient
network is probably the reason for the marked enhancement
observed in viscoelastic properties. The transient network also
produces rubber-like behavior in a certain range of frequences.**
Filler networking in elastomer composites can be analyzed by
TEM, flocculation, and dielectric investigations. TEM observa-
tion provides a limited microscopic view of the filler network
morphology. This is mainly due to the spatial interpenetration
of neighboring flocculated filler clusters.”” Flocculation studies
focusing on the small strain mechanical response of uncross-
linked composites during heat treatment (annealing) have
shown that a relative movement of particles takes place,
depending on the particle size, molecular mass of the polymer,
and polymer-filler and fillerfiller interactions. This provides
strong experimental evidence for a kinetic cluster—cluster aggre-
gation mechanism of filler particles in the rubbery matrix that
results in the formation of a filler network.”® Dielectric investi-
gations have revealed that charge transport above the percola-
tion threshold is limited by a hopping or tunneling mechanism
of charge carriers across a small gap on the order of 1 nm
between CB particles.”’

In this study, dynamic mechanical properties were measured to
investigate the interactions between CB/NR, hydrophobic silica/
NR and hydrophilic silica/NR. The dispersions of CB, hydro-
phobic silica and hydrophilic silica aggregates in the NR matrix
were evaluated by using 3D-TEM. The CB/NR, hydrophobic
silica/NR and hydrophilic silica/NR interactions were investi-
gated in terms of the relationship between the activation energy
of the viscoelastic properties and the closest distance between
the centers of gravity of CB, hydrophobic silica and hydrophilic
silica aggregates.

EXPERIMENTAL

Sample Preparation Method
The compounding recipes of the CB-filled sulfur NR vulcani-
zates investigated in this work are given in Table I. The only

Sample CBO CB5 CB10 CB20 CB30 CB40 CB50 CB60 CB80
Ingredients/phr®: NR (RSS#1) 100 100 100 100 100 100 100 100 100
Stearic acid (ST) 2 2 2 2 2 2 2 2 2
Active ZnO 1 1 1 1 1 1 1 1 1
CBS¢ 1 1 1 1 1 1 1 1 1
Sulfur 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Carbon black (CB)¢ 0 5 10 20 30 40 50 60 80

@Curing conditions: 140°C, 15 min under 9.8-14.7 MPa.
®Parts by weight per 100 parts by weight of rubber.

¢ N-cyclohexyl-2-benzothiazole sulfenamide
9HAF (N330) from Tokai Carbon, grade, dried at 120°C for 2 h.
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Table II. Recipes for Preparation of Hydrophobic and Hydrophilic Silica-
Filled Peroxide Cross-Linked NR*

Sample RXO RX10 RX20 RX30 RX40 RX60 RX80
NR 100 100 100 100 100 100 100
DCP> 1 1 1 1 1 1 1
(phr)

Silica 0 10 20 30 40 60 80

RX¢

(phr)

Sample VNO VN 10 VN 20 VN30 VN 40 VN 60 VN 80
NR 100 100 100 100 100 100 100
DCP® 1 1 1 1 1 1 1

(phre)

Silica 0 10 20 30 40 60 80

RX®

(phr)

@ Cross-linking conditions: 30 min at 155°C under 9.8-14.7 MPa.

b Dicumy! peroxide.

¢Parts by weight per 100 parts by weight of rubber.

94 AEROSIL® RX200 (trimethy! silyl group treated silica, average radius =
ca. 12 nm) from Evonik Degussa Japan.

¢Nipsil VN-3 (average primary diameter = ca. 16 nm) from Tosoh Silica
Corporation.

ingredient changed in this series of vulcanizates was the amount
of CB loading, which was varied from 0 to 80 phr (grams of
additive per 100 g of rubber). The quantities of the other com-
pounding agents were all the same; 2 phr of stearic acid, 1 phr
each of active zinc oxide (ZnO) and N-cyclohexyl-2-benzothia-
zole sulfenamide, and 1.5 phr of sulfur. The ZnO particles were
submicron in size (ca. 0.1 um).*® A hot vulcanizing press pro-
vided by Gonno Hydraulic Press Manufacturing was used in the
vulcanization process. Vulcanization was performed under pres-
sure of 9.8-14.7 MPa at 413 K for 15 min in a compression
mold.

The recipes for the preparation of the hydrophobic and hydro-
philic silica-filled cross-linked NR samples examined in this
study are shown in Table II. The only ingredient changed in
this series of samples was the silica loading, which was varied
from 0 to 80 phr. The quantity of the dicumyl peroxide cross-
linking agent was identical in all samples at 1 phr. Raw rubber
and the compounding agents were first kneaded in a two-roller
mixer and then subjected to pressure of 9.8-14.7 MPa at 155°C
for 30 min, resulting in cross-linked NR samples of approxi-
mately 1 mm in thickness. In the following discussion, hydro-
phobic and hydrophilic silica-filled cross-linked NR samples will
be referred to as RX# and VN#, respectively, where # indicates
the silica filler loading (phr).

Measurement of Dynamic Viscoelasticity

Storage compliance (J') and loss compliance (J’) were measured
under the tensile mode at 20 Hz using a Rheometric Scientific
RSA II dynamic mechanical analyzer with a temperature rise
rate of 2 K/min from 143 K (—130°C) to 393 K (120°C) in a
N, gas atmosphere. The size of the original specimens was 3
mm wide, 15 mm long, and 1 mm thick.
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3D-TEM Observation

Ultrathin samples for 3D-TEM observation were cut with an
ultra-microtome from the cross-linked NR films frozen at the
temperature of liquid nitrogen (—198°C). The ultrathin samples
were then subjected to a pretreatment process using the NIS-
SAN ACR-SG method® to make their thickness uniform and
simultaneously smooth the surface. The samples obtained in
this way measured approximately 500 nm in length, 500 nm in
width, and 200 nm in thickness.

The TEM used was a Tecnai G2 F20 (FEI Company) at an elec-
tron beam accelerating voltage of 200 kV. Samples were tilted
over a range of angles from —70° to +70°, and image data
(tilted images) were continuously obtained in 2° increments.
This meant that 71 consecutive tilted images in total were auto-
matically fed into the computer.® Using the IMOD software (a
program created at Colorado University’!) installed on the
TEM, the consecutive tilted images were then converted to
image slices showing the mass-density distribution at each
angle. Then, 3D images were reconstructed from the image sli-
ces using the Amira software developed by TGS.*>

RESULTS AND DISCUSSION

Dynamic Mechanical Properties

It is known that a structural change in CB-filled sulfur-cured
NR is reflected in its dynamic viscoelastic behavior.”** For
example, physical interaction between rubber molecular chains
and CB is assumed to be the origin of the Payne effect,”” which
is related to the dependence of the dynamic modulus (E') of
filled rubbers on the frequency amplitude. According to McDo-
nald and Hess,” F' tends to increase with increasing loading,
specific surface area, surface activity, and unit size distribution
of CB in the rubbery matrix. They reported that this tendency
was closely related to the change in the CB-gel dispersion struc-
ture. For resilience, the most important CB variables appear to
be CB loading, unit size, unit size distribution, surface activity,
and structure. Kraus>® reported that the loss tangent (tan J) of
CB-filled sulfur-cured butyl rubber increased as a result of
increasing the CB loading before the formation of the CB net-
work structure and remained almost constant after the network
formed. The aforementioned increase of E might possibly be
attributable to the CB network structure rather than the CB pri-
mary particle structure.

Rivin et al.’® reported that based on their model experimental
results for adsorption of 2-methyl-2-octene to CB, 95% of the
CB surface area exhibited adhesion by Van der Waals force and
the remaining 5% showed a chemical combination. Ban et al.”’
reported that most of the bound rubber of CB- and silica-filled
SBR/BR compounds dissolved in chloroform after supersonic
wave irradiation. This raises the question of whether any or a
small number of cross-linking points are actually present in
bound rubber. These findings imply that most of the bound
rubber is formed by a physical interaction between the matrix
rubber and inorganic filler such as CB. On the other hand,
according to Printer et al.,”® the quantity of bound rubber in
CB-filled SBR begins to decrease at temperatures over 373 K
(60°C) and most of it disappears by about 423 K (150°C).
According to Pérez et al,”” the results of modulated
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Figure 2. Temperature dependence of storage compliance (J') and loss compliance (J”) of CB-filled NR vulcanizates in the temperature region from 293
to 423 K. (a) Storage compliance (J) and (b) Loss compliance (J”). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

temperature differential scanning calorimetry measurements
revealed that the thermal behavior of bound rubber in CB-filled
and silica-filled SBR/NBR was reversible in the temperature
region from room temperature to 423 K (150°C). Considering
these results, bound rubber containing CB aggregates and the
CB network probably disappears partially or almost entirely at
higher temperatures. It is believed that CB aggregates and the
CB network are destroyed and their fragments are rearranged
after the reduction and disappearance of bound rubber. During
cooling, bound rubber is reproduced reversibly inside and out-
side the CB aggregates and CB network.

Activation Energy of Viscoelastic Properties

Figures 2, 3, and 4 present Arrhenius plots showing the rela-
tionship between the logarithms of the storage compliance (J)
and loss compliance (J’) and the reciprocal of temperature (1/
T) in the temperature range from 293 to 343 K, respectively.
All of the tested samples showed a curved relationship for the
1/T dependence of J. Additionally, the samples with filler
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loadings of 20 phr or higher displayed a negative linear rela-
tionship for the 1/T dependence of J’ in the lower temperature
region.

The activation energies (AE; and AEy) calculated from these
two negative linear relationships are plotted in Figure 5 as a
function of the CB or silica loading. The AE; and AEp values
of nearly all the samples are less than 15 kJ mol %, correspond-
ing to the physical range of van der Waals interaction.*>*' The
relationship between AE; and the CB or hydrophobic silica
loading is nearly linear. This linearity is assumed to be attribut-
able to the interaction between the filler and rubber matrix. In
contrast, the AE; of hydrophilic silica-filled cross-linked NR
increases with an increase in hydrophilic silica loading up to 20
phr and becomes almost constant at 30 phr or higher. Consider-
ing that a hydrophilic silica network forms at 30 phr or
higher,'”” this constant AE; is probably related to slippage
between the NR molecular chains near the filler network junc-
tion, which leads to rearrangement of the network.
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Figure 3. Temperature dependence of storage compliance (J') and loss compliance (J') of hydrophobic silica-filled NR vulcanizates in the temperature
region from 293 to 423 K. (a) Storage compliance (J') and (b) Loss compliance (J). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 4. Temperature dependence of storage compliance (J') and loss compliance (J”) of hydrophilic silica-filled NR vulcanizates in the temperature
region from 293 to 423 K. (a) Storage compliance (J') and (b) Loss compliance (J”). [Color figure can be viewed in the online issue, which is available
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The other activation energy AEy occurred at CB or hydropho-
bic silica loadings of 20 phr or higher and tended to increase
almost linearly with a higher filler loading. It is inferred from
these results that this tendency is ascribable to the structure of
the aggregates/agglomerates. In this connection, Caoa et al.*’
have pointed out that the activation energy of thermally
induced percolation in CB-filled high-density polyethylene
(HDPE) is markedly higher than the viscous flow or molecular
relaxation in the polymer matrix. On the other hand, in this
study, AEy of hydrophilic silica-filled cross-linked NR increased
with an increase in filler loading up to 40 phr and became
almost constant at higher loadings. This result also suggests the
occurrence of slippage between the NR molecular chains near
the network junction at loadings of 40 phr or higher. The rela-
tionship between AEy and AEy of the samples is shown in Fig-
ure 6. In CB-filled NR vulcanizates and hydrophobic silica-filled
cross-linked NR, AEp increased linearly with an increase in
AEjy, whereas in hydrophilic silica-filled cross-linked NR, AEp

12 ® 8 '
W Hydrophobic silica
A Hydrophilic silica
=8
g -
X .
\_:‘\ -
u? » & & A
<4 : 2 *
e
0
0 20 40 60 80
CB or silica loading/phr
(a) AEy

was not affected by AE;. As aforementioned, it is assumed that
the former and the latter tendencies are closely related to the
interaction between the filler and NR matrix and slippage
between the NR molecular chains near the network junction.

Filler Dispersion

To make the dispersion state of CB and silica easier to under-
stand, an image processing technique®'*'>'>**~*> was applied
to 3D-TEM images of CB30, RX30, and VN30 from which the
Zn compounds had been removed, and the results obtained are
shown in Figure 7. An aggregate, in which a few or several CB
and silica particles are in contact, is painted by a color, and the
adjacent CB and silica aggregates are shown in different colors
to make them easier to recognize. Because 3D-TEM provides in-
formation along the depth direction of the samples, the differ-
ent in the dispersion state of the CB and silica aggregates is
obvious at a glance. Primary filler particles of 10-30 nm in size
and larger aggregates packed closely together are clearly

20
QO CB
[J Hydrophobic silica
4 Hydrophilic silica
15
10 . e
5 g :
0
0 20 40 60 80
CB or silica loading/phr
(b) AEy

Figure 5. Dependence of activation energies (AE; and AEy) on CB or silica loading. (a) AE; and (b) AEp. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Relationship between AE; and AEy. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

observable. The closest distance (d,) between the centers of
gravity of the nanofiller aggregates can be found as a 3D param-
eter from the image processing results in the figure. We provi-
sionally define a nanofiller aggregate as a collection of adjacent

(a) CB30

100 nm

ARTICLE

primary nanofiller particles within a distance of approximately
1 nm, which is the resolution of the 3D-TEM apparatus used.>
1012154345 The definition of d, is shown schematically in Fig-
ure 8. The nanofiller aggregates are represented as circles
(spheres) for convenience. The distance between the two aggre-
gates along a line connecting their centers of gravity is defined
as d,. Figure 9 shows the average values of d, as a function of
the CB or silica loading. The results indicate that d, decreased
sharply with increasing nanofiller loading and tended to become
constant at a nanofiller loading of around 30 phr or higher.
This tendency suggests that the nanofiller aggregates were non-
uniformly dispersed in the rubber matrix in the low nanofiller
loading range below 30 phr and that they became closely and
uniformly  distributed as the loading  was
increased.>®®'®!> It also implies that the nanofiller aggregates
became linked and formed a nanofiller network at certain criti-

nanofiller

cal values of d, in a nanofiller loading range of about 30 phr or
higher. The d,, values of CB and silica were approximately 3 nm
and 1.3 nm, respectively.

The dependence of the activation energies (AEy and AEy) on d,,
is shown in Figure 10. The AE; vs. d, lines of CB and hydro-
phobic silica show a knick at d, = ca. 3 nm and ca. 2 nm,
respectively. While the relationship between d, and AE; of
hydrophilic silica is not sufficiently clear, it appears that AE; of

Figure 7. 3D-image analysis results for CB30, RX30, and VN30. (a) CB30, b) RX30, and (c) VN30. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 8. Definition of closest distance (d,) between two neighboring CB
or silica aggregates as a 3D parameter. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

hydrophilic silica became constant below d, = ca. 2 nm and
decreased with an increase in d, over d, = ca. 2 nm. These
results reveal that for the three samples there are two regions
which are related to the elastic deformation energy and that the
critical d, value of the two regions is in the order of CB >
hydrophobic silica = hydrophilic silica. Additionally, AE;
occurred from the region of a longer d, than that of AEy. Pre-
sumably, AE; reflects the ability of the nanofiller reinforcement
and is closely related to the interaction between the nanofiller
and NR. This interaction might be with an immobilized NR
layer such as bound rubber, which enhances elasticity.

On the other hand, AE; occurred after the formation of the fil-
ler network and was larger than AE;. Specifically, the decreases
of AEp for hydrophobic silica and hydrophilic silica are curved
at d, = ca. 3.2 nm, ca. 2.5 nm, and ca. 2.7 nm, respectively.
These results suggest that AEy is related to slippage of the junc-
tion and the rearrangement of the nanofiller network. There-
fore, the dependence of AE; and AEy on d, suggests that the
interaction layer between the nanofiller and NR has at least two
energy levels.
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Figure 9. Dependence of d, on CB or silica loading. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

CONCLUSIONS

Regarding the relationship between the logarithms of the storage
compliance (J) and loss compliance (J’) and the reciprocal of
temperature (1/7) in the temperature range from 293 to 343 K,
the activation energies (AE; and AEp) were calculated from
these negative linear relationships. The AE; and AEy values of
nearly all the samples were found to be less than 15 kJ mol ™',
corresponding to the physical range of van der Waals interac-
tion. The linear relationship between AE; and the CB or hydro-
phobic silica loading is, therefore, assumed to be attributable to
the interaction between the filler and rubber matrix. The AE; of
hydrophilic silica-filled cross-linked NR increased with an
increase in filler loading at 20 phr or less and became almost
constant at loadings of 30 phr or higher. Considering that a

® B
W Hydrophobic silica
A Hydrophilic silica

0
0 2 4 6
d/nm
(b) AE,»

Figure 10. Dependence of activation energies (AE; and AEy) on d,. The dotted and solid lines are for the eyes’ guides. (a) AE; and (b) AEy [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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hydrophilic silica network forms at loadings of 30 phr or higher,
this constant AE; behavior is probably related to slippage
between the NR molecular chains near the filler network junc-
tion, which leads to rearrangement of the network. In contrast,
AEy occurred at CB or hydrophobic silica loadings of 20 phr or
higher and tended to increase almost linearly with a higher filler
loading. It is inferred from these results that this tendency is
ascribable to the structure of their aggregates/agglomerates. In
CB-filled NR vulcanizates and hydrophobic silica-filled cross-
linked NR, AEp increased linearly with an increase in AEj,
whereas in hydrophilic silica-filled cross-linked NR, AEy was
not affected by AE;. It is assumed that the former and the latter
results are closely related to the interaction between the filler
and NR matrix and slippage between the NR molecular chains
near the network junction.

The results of 3D-TEM measurements indicated that the closest
distance (d,) between the centers of gravity of nanofiller aggre-
gates decreased sharply with increasing nanofiller loading and
tended to become constant at a nanofiller loading of around 30
phr or higher. It implies that the nanofiller aggregates became
linked and formed a nanofiller network at certain critical values
of d, in a nanofiller loading range of about 30 phr or higher.
AEy of CB decreased linearly with an increase in d, below and
over d, = ca. 3 nm. AEy of hydrophobic silica decreased line-
arly with an increase in d, below and over d, = ca. 2 nm.
While the relationship between d, and AE; of hydrophilic silica
is not sufficiently clear, it appears that AEy of hydrophilic silica
becomes constant below d, = ca. 2 nm and decreases with an
increase in d, over d, = ca. 2 nm. These results reveal that for
all the samples examined there were the two regions which were
related to the elastic deformation energy and that the critical d,,
value of the two region was in the order of CB > hydrophobic
silica = hydrophilic silica. On the other hand, AEy occurred af-
ter the formation of the filler network and was larger than AE;.
Specifically, the AEp values of CB, hydrophobic silica and
hydrophilic silica decreased linearly with increasing d,, in the d,
regions from 2.7 to 3.2 nm, from 1.5 to 2.5 nm, and from 1.3
to 2.7 nm, respectively. These results suggest that AEp is related
to slippage of the junction and the rearrangement of the nano-
filler network. Therefore, the dependence of AE; and AEy on
d, suggests that the interaction layer between the nanofiller and
NR has at least two energy levels.
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