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1. INTRODUCTION

Technical rubbers represent an important class of materials
with a wide range of applications. The macroscopic properties of
the rubbers can be strongly modified by compounding with
plasticizers, fillers and other additives, by changing the cross-
linking system and cross-linking conditions. The mechanical
properties of rubbers are strongly improved by reinforcing with
active fillers. The most frequently used filler in the rubber
industry is carbon black. The most of carbon blacks are near-
spherical particles of colloidal size fused mainly into particle
aggregates. The processing behavior, the performance and
appearance of the final rubber products are largely influenced
by the type and the amount of filler, and by the dispersion in the
rubber. Despite numerous investigations on carbon-black filled
rubbers,1�11 the molecular origin of the reinforcement effect is
still under discussion. A number of factors contribute to the
significant improvement of the rubber properties by the incor-
poration of active fillers. Among the most important factors,
determining the rubber reinforcement, the following should be
mentioned: strain amplification due to the filler volume effect,
filler�filler networking and filler�rubber interactions.

Characterization of the glass-transition temperature (Tg) and
the dynamics of polymer chains at solid surface have attracted a
lot of attention during the last two decades. A number of studies
have revealed various and sometimes even opposite effects of a

solid on the dynamics of adsorbed polymer molecules.12�16 In
some cases, a decrease in molecular mobility in the proximity of
solid surface is observed. In other cases, an increase or no change
of molecular mobility upon chain adsorption was shown. “It
seems that the existing theories of Tg are unable to explain the range
of behaviors seen at the nanometer size scale, in part because the glass
transition phenomenon itself is not fully understood”.11 This con-
troversy and the lack of understanding of the dynamical hetero-
geneity of polymer chains on the surface of solids have various
reasons. First of all, the polymer-solid interactions depend on the
type of solid surfaces, the composition of themixtures, themixing
procedure, the dispersion of the solid particles in the polymer
matrix and the storage conditions of the mixtures after their
preparation. Second, several types of interactions occur at the
surface of solids and these various interactions affect the chain
behavior at different time and length scales. Finally, various
techniques for studying the immobilization of polymer chains
at the surface of solids differ in the sensitivity to motional
heterogeneity and to the time and length scales of chain
dynamics investigated. It should be noted that at temperatures
well above Tg, the dynamics of polymer chains spreads over a
wide range of frequency and length scales.17
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ABSTRACT: Immobilization of EPDM chains on the surface of carbon black and
network structure in the rubber matrix of filled EPDM rubbers were studied by low-field
proton NMR experiments. Advanced NMR experiments unambiguously show strong
immobilization of EPDM chain fragments on the surface of carbon black. The thickness
of the immobilized EPDM�carbon black interfacial layer is estimated to be g0.6 nm.
The average number of monomer units per adsorption site is approximately nine, which
suggests preferential chain adsorption at the crystal boundaries of carbon-black particles.
The adsorbed chain fragments form physical (adsorption) junctions restricting chain
mobility in the rubbery matrix outside of the interface. The cross-link density in filled
EPDM is determined as a function of the filler type and its amount. The contribution of
adsorption junctions to the total cross-link density is moderate as compared to the density of chemical cross-links and entanglement
density. The mechanically effective network density in carbon-black-filled vulcanizates is determined by analysis of the stress�strain
curves on the basis of the dynamic flocculation model. Comparison of the network density as measured by NMR and mechanical
experiments shows significant differences which helps in better understanding of the reinforcement mechanism of filled rubbers.
The study demonstrates that a relatively small amount of strongly adsorbed chains impacts the stress�strain properties of filled
elastomers significantly.
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On the molecular scale, the mobility of chain fragments which
are adjacent to a solid surface is largely determined by the local
adhesive forces. As a result of the short-range of the adsorption
interactions and the short length of the statistical segment of
elastomers, the fraction of the chain segments, whose mobility is
strongly influenced by the surface effects, is small. Therefore, the
possibilities for investigating the mobility of polymers chains at
the surfaces in a direct manner are rather limited. Just a few
techniques can provide information about the physical properties
and the amount of interface between the polymer matrix and the
solid surface. This information can be obtained by studying
model mixtures consisting of, for example, rubber with very large
amount of filler, which are not of practical relevance.18�23 These
studies have shown that a thin layer of rubber, which is at the
surface of silica or carbon black, is immobilized by chain
adsorption. The estimated thickness of the immobilized layer,
the rubber�filler interface, is in the range of two diameters of the
monomer unit. Filler aggregates, which are covered by the
interface, can be considered as multifunctional physical cross-
links, which contribute to the total network density of the rubber
matrix.21,22 Traditionally, the physical rubber�filler network is
characterized by the content of the apparent “bound” rubber,
which is determined as the amount of unvulcanized rubber still
adhering to the dispersed filler aggregates after extraction.24

Since the amount of bound rubber is related to the surface area
and the surface activity of the fillers, this phenomenon provides
indirect proof of a multicontact chain adsorption at the filler
surface. The formation and the strength of the physical network
influence most mechanical properties of filled rubbers.18,21

One of the most powerful methods for the characterization of
reinforced rubbers is solid-state NMR. The method is very
sensitive to the nanoscale heterogeneity of materials,25 and
provides detailed information about the structure of the polymer
network.26 1H NMR transverse magnetization relaxation (T2

relaxation) experiments were widely used for studying chain
dynamics in filled rubbers.26,27 Three types of chain fragments
with different chain mobility were observed in carbon-black filled
compounds using NMR methods: i.e., (1) chain fragments
whose local mobility is largely hindered, tightly bound rubber at
the filler surface or rubber�filler interface; (2) chain fragments
outside of the immobilized interface whose large spatial scale
mobility is restricted due to chain adsorption, loosely bound
fraction of bound rubber or network chains which are formed
due to physical rubber�filler interactions; (3) free rubber with a
relatively low number or without adsorption network junctions
or extractable rubber.22,28 The degree of heterogeneity increases
with increasing filler content irrespective of the filler nature.29

Two effects can complicate the interpretation of the NMR
relaxation data in relation to the chain dynamics, namely, (1) the
presence of free radicals on the surface of carbon black30 and (2)
the magnetic field gradients introduced by the filler particles
associated with magnetic-susceptibility differences between the
filler and the rubber.31 However, the immobilization of chain
fragments is observed in mixtures of polymers with silica’s which
do not contain free radicals.18�21,32 Recently developed double-
quantum (DQ) 1H NMR experiments provide results which are
free of the possible artifacts, since they directly probe the restric-
tions (anisotropy) of chain motions.33�37 Therefore, DQ NMR
can provide more reliable information about rubber�filler inter-
actions as compared to the 1H NMR T2 relaxation methods.

In this study, the rubber�filler interactions, the network
structure in carbon black filled EPDM and the corresponding

stress�strain properties are studied by low-resolution solid-state
1H NMR methods and by analysis of stress�strain curves using
the dynamic flocculation model (DFM).38 In order to establish
the role of several factors on the reinforcement, a large series of
samples with various types and amounts of carbon black and
vulcanized with various levels of sulfur vulcanization packages
was prepared for the study. The immobilization of EPDM chain
fragments on the carbon black surface is studied by DQ NMR
and spin-diffusion experiments. The network structure, which is
formed by the chemical and physical network junctions, is
analyzed by 1H NMR T2 relaxometry.26 The mechanically active
network density is determined using the DFM approach. A
comparison of the network structure determined by NMR and
the analysis of stress�strain curves allow better understanding of
the reinforcement mechanisms.

2. EXPERIMENTAL SECTION

2.1. Sample Composition and Preparation. The following
samples were prepared for the study: unfilled and carbon black filled
EPDM compounds, carbon black with just bound EPDM, and unfilled
and filled EPDM vulcanizates. The composition of compounds is
provided in weight parts of component per hundred weight parts of
the rubber (phr).

Preparation of Compounds. The EPDM grade K4802 from DSM
Elastomers B.V. was used for preparation of all samples. This amorphous
grade of EPDM rubber is composed of 48 wt % ethylene, propylene and
4.5 wt % 5-ethylidene-2-norbornene (ENB). The carbon blacks used
were rubber-grade furnace blacks N550, N330, and N115 from Cabot
Corporation. The specific surface area of these blacks, which was
determined by the adsorption of hexadecyl trimethylammonium bro-
mide (CTAB method), was 30, 83, and 142 m2/gram, respectively. For
various calculations performed below, densities of carbon black and
EPDM of 1.8 and 0.854 g/cm3, respectively, were used. The EPDM
compounds were prepared on a laboratory two-roll mill (1 mm gap;
1:1.1 rotor speed ratio; 60 �C). First, the EPDMpolymer was milled into
a sheet and zinc oxide was mixed in. Next, the carbon black was added in
small steps with the rubber sheet being cut and turned to ensure
homogeneous mixing. The maximum amount of carbon blacks with
higher specific surface area was lower. Then, the sulfur vulcanization
chemicals were added together and mixed in. Finally, the compound was
further homogenized with a mill gap of 0.5 mm. It was more difficult to
achieve visually homogeneous compounds and, thus, the total mixing
time was longer upon increasing the carbon black content in the series
N550 < N330 < N115.

Preparation of a Bound Rubber Sample. When an elastomer and a
reinforcing filler are mixed, part of the rubber cannot be extracted even
after prolonged extraction in a good solvent. The residual carbon gel or
silica gel mainly results from physical adsorption of rubber chains onto
the filler particles, but also partly from a small amount of chemical cross-
links and/or grafting of rubber chains onto the filler surface. The bound-
rubber fraction is, by definition, the weight percent of nonextractable
rubber relative to the total rubber in the compound before extraction.
According to previous studies,39,40 the amount of bound rubber depends
on the storage time of the compounds prior to the extraction, the
extraction time and temperature, and, to a small extent, the quality of the
solvent used for the extraction.22 The bound rubber sample was
obtained as follows. The compound containing 60 phr of N115 carbon
black was cut into approximately 1 mm3 pieces. About 1 g of the
compound was subsequently immersed in o-xylene and extracted for 30
days at room temperature. To prevent possible degradation and/or
cross-linking, 0.1 wt % of 2,6-di-tert-butyl-p-cresol (DTPC) stabilizer
was added to the solvent. The solvent with dissolved rubber was
decanted every day in the first week of the extraction and fresh solvent
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was added. During the next 23 days of extraction, the solvent was
replaced each third day. Finally, the residual (carbon black)/rubber gel
was isolated and immersed in pentane for 4 days with one time solvent
refreshment after 2 days. The filler/rubber gel was dried for 1 day in an
oven at 60 �C in a vacuum of 5 mBar and a small nitrogen flush. The
bound EPDM rubber sample contained 300 phr of carbon black N115.
Preparation of Vulcanizates. EPDM compounds with different

amounts and types of carbon black were cross-linked using sulfur
vulcanization. The compounds were vulcanized with three different
levels of a sulfur-based package here referred to as 50%, 100%, and 200%.
The 50% package was composed of 2.5 phr ZnO, 0.5 phr stearic acid,
0.31 phr mercaptobenzothiazole (MBT-80), 0.62 phr tetramethyluram
disulfide (TMTD-80), and 0.94 phr sulfur S-80. The 100% and 200%
samples were prepared with two and four times of these amounts,
respectively. The compounds were vulcanized in a compression mold at
160 �C. The vulcanization time t90 was determined with a Monsanto to
vulcameter. For uniaxial testing, axial-symmetrical dumbbells with
15 mm thickness were prepared in a specially designed mold.
2.2. NMR Experiments. 1H NMR relaxation experiments were

performed for static samples in 9 mmNMR tubes on a Bruker Minispec
MQ-20 spectrometer operating at a proton resonance frequency of
20 MHz. The dead-time of the receiver and the duration of the 90�- and
180�-pulses were 7 μs, 2.8 and 5.3 μs, respectively. A BVT-3000
temperature controller was used for temperature regulation with an
accuracy of (0.1 �C. All experiments were performed at 90 �C.

The samples studied, the type of NMR experiments used, the fitting
functions used for the analysis of the NMR T2 relaxation decays, and the
NMR T2 relaxation parameters obtained are discussed below and
summarized in Figure 1.
2.2.1. 1H NMR Solid� and Hahn�Echo Experiments. Three types of

NMR T2 relaxation experiments have been performed for an accurate
study of the mobile and immobilized fractions in filled EPDM.22,42 The
free induction decay (FID) of the bound rubber sample was measured
using a 90�-pulse excitation (FID-90) and the solid�echo pulse
sequence (FID-SEPS). The transverse magnetization relaxation of the
mobile rubber matrix was measured in all samples by the Hahn�echo
pulse sequence (HEPS).

Knowledge of the FID shape for the immobilized rubber fraction with
a short T2 relaxation time is required for the accurate deconvolution of
the FID into the two components, corresponding to the immobilized

and mobile rubber fractions. The shape of the FID for the immobilized
fraction of the bound rubber was determined by the FID-SEPS: [90�x�
τse� 90�y� τse� acquisition], with the time τse = 10 μs. The FID-SEPS
was used to record the initial part of the transverse magnetization
relaxation. The point in time from the beginning of the first pulse t = 2τse
þ t90 (at the echo maximum) was taken as zero, where t90 is the duration
of the 90� pulse. This pulse sequence has the advantage of avoiding the
dead time of the spectrometer, allowing the accuratemeasurement of the
shape of the initial part of the FID. The analysis of the FID-SEPS has
shown that the FID shape for the immobilized adsorption layer in the
bound rubber sample is close to the Gaussian (G) one. It should be
noted that the fraction of immobilized rubber can be underestimated in
this experiment.42

The amount of the immobilized fraction and the chain mobility of this
fraction, as defined by theT2 value, were determined by the FID-90: [90�x
� dead time � acquisition of the amplitude A(t) as a function of time t
after the 90� pulse]. At a signal-acquisition time longer than 150�200 μs,
the amplitude of FID, which is recorded using the FID-90 and the FID-
SEPS, is affected by the inhomogeneity of the magnetic field B0 itself and
the large inhomogeneity of B0 within the sample volume, which arises
from inhomogeneous magnetic susceptibility of the heterogeneous sam-
ple. Therefore, only the part of FID at times <200 μs was analyzed. This
part of the FID was least-squares fitted with the following function:

AðtÞ ¼ A0
int expð � t=T2A

intÞ2 þ B0
m expð � t=T2B

mÞ þ BL ð1Þ
The baseline value (BL) was determined in a separate experiment
performed with an empty NMR tube. The transverse magnetization
relaxation components with a short (T2

int) and a long (T2
m) characteristic

decay time were assigned to the relatively immobile and mobile EPDM
chain fragments, respectively. The amount of the immobilized chain
fragments is calculated as %T2

int = [A0
int/(A0

int þ B0
m)] � 100%. It

cannot be excluded that%T2
int could be underestimated, since some of the

immobilized chains at the surface of the carbon black particles may not be
detected as a result of the large shift of the resonance frequency and the
relaxation effects combined with spin diffusion due to the paramagnetic
impurities (free radicals) at the surface of the carbon black.

The FID experiment cannot be used for an accurate determination of
T2 relaxation times longer than about 100 μs, which are typical for
EPDM rubbers.22,36,41 Therefore, the HEPS [90�x� tHe� 180�y� tHe
� acquisition of the amplitude of the echo maximum] was used to
record the slow part of the T2 relaxation decay for the mobile fraction,
where the echo time (tHe) was varied between 35 μs and 400 ms. At tHe
g 35 μs, the major part of the signal from the immobilized rubber decays
nearly to zero. The HEPS makes it possible to eliminate the magnetic
field and chemical shift inhomogeneities and to accurately measure the
T2 relaxation time for the mobile rubber fraction.22

A quantitative analysis of the shape of the T2 decay for rubbers is not
always straightforward, due to the complex origin of the relaxation
function itself43�48 and the structural heterogeneity of polymer
networks.21,22,26 Theoretical models describing the decay of the trans-
verse magnetization relaxation (T2 decay) for polymer melts and model
networks cannot be used for the analysis of heterogeneous networks, if
the type of heterogeneity is unknown. Since this is the case for the
samples studied, a phenomenological approach was used in the present
study. The T2 decay, which was measured by the HEPS, was described
with a linear combination of Weibull and two exponential functions:

AðtÞ ¼ A0½ fA expð � t=T2AÞR þ fB expð � t=T2BÞ þ fC expð � t=T2CÞ�
ð2Þ

with R = 1.38 providing the best fit of the shape of the relaxation
component with short T2 value, and fractions fA, fB, and fC for the
components with relaxation times T2A, T2B, and T2C, respectively.
Rather than assigning specific types of network chains to the A, B, and

Figure 1. Samples studied, types of NMR experiments used, fitting
functions used for the analysis of NMR T2 relaxation decays, and NMR
T2 relaxation parameters obtained by the least-squares fit of T2 decays.
Abbreviations are explained in the Experimental Section.
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C components in eq 2, we extract from the decay an effective overall
decay time T2

index)av, which is determined as follows: [(T2
index)av]�1 =

[fA/T2A þ fB/T2B þ fC/T2C]
�1, where index designates the type of the

sample (Figure 1). The (T2
index)av was used for determining the weight-

average molar mass of the network chains. The random error of the
(T2

index)av values was smaller than 2%. For estimating the systematic
error caused by the fit model, we have used also othermodel shapes, such
as a single Weibull (W) function, and a superposition of a Weibull and a
single exponential functions. These approaches yielded (T2

index)av

values within ∼5% of the values obtained by use of eq 2.
2.2.2. 1H NMR DQ Experiments. The proton DQ build-up (DQ-FID)

curve was recorded using the pulse sequence [90�x � tex � 90��x]EX �
[tDQ]EV � [90�y � tex � 90��y]RE � tz � [90�x � acquisition of the
amplitude A(t) of the transverse magnetization]DE. The subscripts EX,
EV, RE, and DE stand for excitation, evolution, reconversion and
detection periods, respectively. The z-filter time tz was set to 5 ms,
according to a previous NMR study of EPDM vulcanizates.36 The initial
amplitude A(0) of the transverse magnetization relaxation was deter-
mined by a least-squares fit of the FID at different excitation times, tex. The
four-pulse sequence does not compensate for resonance offsets and
differences in the chemical shifts for the different types of hydrogen
atoms are not compensated. Therefore, this pulse sequence was only used
for a qualitative study of chain immobilization in filled EPDM samples.
2.2.3. 1H NMR DQ-HEPS Experiments. DQ-filtered Hahn-echo ex-

periments (DQ-HEPS) were carried out to confirm the immobilization
of the rubber matrix in the bound EPDM rubber. The decay of the
transverse magnetization relaxation of the mobile fraction of the rubbery
matrix in the bound rubber sample and of the unfilled EPDM’s was
recorded using the DQ-HEPS pulse sequence: [90�x� tex/2� 180�x�
tex/2 � 90��x]EX � [tDQ]EV � [90�y � tex/2 � 180�y � tex/2 �
90��y]RE � tz �90�x � tHe � 180�y � tHe � [acquisition of the
amplitude A(t) of an echo maximum]. The first part of the DQ-FID and
DQ-HEPS pulse sequences, [90�x� tex/2� 180�x� tex/2� 90��x]EX,
excites DQ coherences. The tDQ was set to 5 μs. The DQ coherences are
converted by 90�y and 90��y pulses to the z-polarization. The 180�
refocusing pulses in the middle of the excitation and the reconversion
periods eliminate the effects of resonance offsets and differences in the
chemical shifts for different types of hydrogen atoms.49 After the delay
time tz of the DQ filter, the HEPS was applied. The condition of
selecting the isotropic powder average dipole�dipole interactions is
broken for short DQ times. Simply, the magnetization of the segments
with (residual) coupling tensors oriented along B0 is enhanced, as
compared to the other orientations, especially those at the magic angle.
Therefore, a sufficiently long delay time tz is required for proper
redistribution of the magnetization between the chains with different
direction of the end-to-end vector with respect to the B0 direction. The
redistribution of the magnetization is effective on distances that are
comparable with the length scale of spin diffusion and/or translational
chain mobility within time tz. The time tz was set to 5 ms, since the
experiments with different tz times have shown that 5 ms was sufficient
for the redistribution of the magnetization over all rubbery chains either
due to spin diffusion or large spatial-scale chain mobility.36,50 Thus, by a
proper choice of the excitation time, the decay of the transverse
magnetization relaxation of rubbery chains of different length and,
consequently, with different anisotropy of the chain motions, and the
strength of the dipole�dipole interactions can be selected.48,51�55

2.2.4. 1H NMR DQ-Filtered Spin Diffusion Experiments. Spin-diffu-
sion experiments with a DQ dipolar filter were performed to answer the
following question: is an immobilized adsorption layer present or not on
the surface of carbon black? 1H NMR spin-diffusion data were recorded
by using the following pulse sequence: [90x

0� τex� 90�x
0 � tDQ� 90y

0�
τex� 90�y

0 � td� 90x
0� FID], where τex and td are the excitation and the

spin-diffusion times, respectively. An excitation time of 15 μs was used in
the experiment. At this excitation time, the DQ filter selects mainly the

signal from relatively immobile chain fragments in polymers.34,35,53 The
evolution time of the DQ coherences, tDQ, was 5 μs in all experiments.

2.2.5. Determination of the Molar Mass of the Network Chains
Which Are Formed by Chemical Cross-links and Physical Junctions.
Different NMR methods with relatively basic or sophisticated characters
can be used for investigating the network structure in rubbers. For the
characterization of large series of samples, however, one should choose the
most robust, convenient and accurate NMR method. 1H NMR T2
relaxometry is widely used for studying the network structure in rubbery
materials.26 The T2 relaxation time is largely affected by the anisotropy of
the chain motions, or more precisely, the residual dipolar couplings. The
distinguishing feature of the T2 relaxation for cross-linked polymers is the
plateau, observed at temperatures that are well above Tg. The temperature-
independence of T2 at the plateau (T2

pl) is attributed to constraints, which
limit the number of the possible conformations of a network chain relative
to those of a free chain. On the basis of Gaussian chain statistics, the theory
of transverse magnetization relaxation in elastomeric networks relates T2

pl

to the number of statistical segments, Z, in the network chains that are
formed by the chemical cross-links and the physical network junctions:56,57

Z ¼ ðT2
plÞ=½aðT2

rlÞ� ð3Þ
where a is a theoretical coefficient, which depends on the angle between the
segment axis and the internuclear vector for the nearest nuclear spins at the
main chains. For polymers containing aliphatic hydrogen atoms in the main
chain, this coefficient is close to 6.2 ( 0.7.57 T2

rl is the relaxation time
measured below Tg for the polymer swollen in a deuterated solvent. T2

rl for
swollenEPDMmeasured at�133 �C is 10.4(0.2μs.41Using thenumberof
backbone bonds in one statistical segment, designatedC¥, the weight-average
molar mass of the network chains,Mw, can be calculated from the Z value:

Mw ¼ ZC¥Mu=n ð4Þ
whereMu for EPDM is the averagemolarmass per elementary chain unit for
copolymer chains (Mu = 34.7 g/mol for EPDM used in this study), and n =
2 is the number of backbone bonds in an elementary chain unit. AC¥ value
of 6.62 for an alternating ethylene-propylene copolymer58 was used for the
calculation of Mw of the EPDM network chains. It was shown that this
NMRmethod provides reliable values of the density of chemical cross-links
and chains entanglements in cross-linked EPDM rubbers.41 Estimated
relative and absolute errors ofMw are ∼2% and ∼15%, respectively.41

2.3. Stress�Strain Properties of Filled Rubbers. Fillers have a
major effect on the stress�strain properties of rubbers, but so far the
micromechanical effects of the fillers are not fully understood. The
extension of rubber elasticity theory of polymer networks to filler-
reinforced elastomers involves different effects and mechanisms, which
have been discussed by a variety of authors, but in most cases only on a
qualitative level. On the one hand, the addition of hard filler particles
leads to a stiffening of the rubber matrix that can be described by a
hydrodynamic strain amplification factor. On the other hand, the
constraints introduced into the system by attractive polymer�filler
couplings implies a decreased network entropy, resulting in a linear
increase of the network free energy with the number of effective
polymer�filler bonds. A further effect may result from the formation
of filler clusters or a filler network, due to strong attractive filler�filler
interactions. A typical feature of carbon black filled rubbers is the
pronounced stress softening during quasi-static deformations, which is
also termed theMullins effect due to the extensivemeasurements carried
out by Mullins.59 Depending on the history of straining, e.g., the extent
of previous stretching, the rubber material undergoes an almost perma-
nent change that drastically alters the elastic properties and increases
hysteresis. Most of the softening occurs in the first deformation and after
a few deformation cycles the rubber approaches a steady state with a
constant cyclic stress�strain behavior.

2.3.1. Stress�Strain Experiments.Quasi-static, uniaxial stress�strain
measurements at a strain rate ε ≈ 0.01/s and at 22 �C were carried out
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with dumbbells using a Zwick 1445 universal testing machine. For strain
measurements, two reflection marks were placed at a distance of l0 ≈
15mm. In thesemeasurements five cycles have been performed between
a minimum and maximum strain, εmin and εmax, respectively, and then
the strain has been increased successively from 5% to 10%, 20%, 30%,
40%, 60%, 80%, and 100% for εmax, while εmin was kept constant at 0%.
The fifth up and down cycles have been considered for the fitting
procedure, which are regarded to be equilibrium cycles.
2.3.2. Interpretation of the Stress�Strain Curves by the Dynamic

Flocculation Model. In order to estimate the mechanically active net-
work density, stress�strain curves of the rubbers were analyzed using the
dynamic flocculationmodel (DFM).36Thismodel combineswell established
concepts of rubber elasticity with a micromechanical approach of dynamic
filler flocculation in strained rubbers at different elongations. The stress
response of filled rubbers as a function of strain can be derived from the
following mesoscopic phenomena. A successive breakdown of filler clusters
takes place upon increasing the strain of an unconditioned, virgin rubber
sample. This process begins with the largest filler clusters and continues up to
a minimum cluster size. Upon decreasing the strain, complete reaggregation
of the filler particles takes place. However, the filler�filler bonds, which are
formed again after once being broken, are significantly weaker than in the
virgin sample. At subsequent stress�strain cycles of a prestrained, reinforced
sample, two micromechanical mechanisms can be distinguished: (i) hydro-
dynamic reinforcement of the rubber matrix by a fraction of rigid filler
aggregates with strong virgin filler�filler bonds, which have not been broken
during previous deformations; (ii) cyclic breakdown and reaggregation of the
remaining fraction ofmore soft filler clusters with damaged and henceweaker
filler�filler bonds. The fraction of rigid (unbroken) filler clusters decreases
with increasing strain, while the fraction of soft filler clusters increases. The
mechanical action of the soft filler clusters refers primarily to a viscoelastic
effect, since any type of cluster that is stretched in the stress field of the rubber
stores energy that is dissipatedwhen the cluster breaks. Thismechanism leads
to a filler-induced viscoelastic hysteresis contribution to the total stress, which
significantly affects the internal friction of the filled rubber samples. Note that
this kind of hysteresis response is present also in the limit of quasi-static
deformations, where no explicit time dependency of the stress�strain cycles
is taken into account.

Accordingly, the apparent stress resulting in the DFM consists of two
contributions: (i) the stress of the rubber matrix including hydrody-
namic reinforcement, and (ii) the stress of the strained and broken filler
clusters. The free energy density of filler reinforced rubber is given by

WðεμÞ ¼ ð1�Φeff ÞWRðεμÞ þΦeff WAðεμÞ ð5Þ
withΦeff being the effective filler volume fraction of the structured filler
particles, e.g., primary carbon black aggregates. The first addend con-
siders the equilibrium energy density stored in the strained rubber
matrix, which includes hydrodynamic strain amplification effects varying
with the fraction of relatively stiff filler clusters with strong virgin
filler�filler bonds. The second addend considers the energy stored in
the residual fraction of more soft filler clusters with damaged bonds that
are deformed in the stress field of the rubber matrix.

The free energy density of the strained rubber matrix is described by a
nonaffine tube model of rubber elasticity:

WRðεμÞ ¼ Gc
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The first bracket term of eq 6 considers the interchain junctions, with an
elastic modulusGc proportional to the density of network junctions. The

second addend is the result of tube constraints, whereby the tube constraint
modulusGe is proportional to the entanglement density of the rubber. The
parenthetical expression in the first addend corresponds to a non-Gaussian
extension of the tubemodel taking into account the finite chain extensibility
of the polymer network. The finite extensibility parameter is chosen as the
ratio ne/Te with ne being the number of statistical chain segments between
two successive entanglements and Te is the trapping factor characterizing
the portion of elastically active entanglements. Since Te increases with the
number of cross-links in the system (0 < Te < 1), the finite extensibility
parameter decreases with increasing cross-linking density.

The presence of rigid filler clusters, with bonds in the virgin, unbroken
state of the sample, give rise to hydrodynamic reinforcement of the
rubber matrix. This is specified by the strain amplification factorX, which
relates the external strain εμ of the sample to the internal strain ratio λμ
of the rubber matrix:

λμ ¼ 1þ Xεμ ð7Þ
In the DFM, the strain amplification factor depends on the precondi-
tioning of the sample and gives rise to the well-known stress softening
effect of filler reinforced rubbers. In the case of preconditioned samples
and for strains smaller than the previous straining (εμ < εμ,max), the strain
amplification factor X is independent of strain and determined by εμ,max:

X = X(εμ,max). For the first deformation of virgin samples, it depends on
the external strain X = X(εμ). For fractal clusters, X(εμ,max) or X(εμ) can
be evaluated by averaging over the size distribution of rigid clusters in all
space directions. In the case of preconditioned samples, this yields:

Xðεμ, maxÞ ¼ 1þ cΦeff
2=3 � df ∑

3

μ¼ 1

1
d

Z ξμ, min

0

ξ0μ
d
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þ
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)
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Here, c is a constant of order one, Φeff is the effective filler volume
fraction, ξμ is the cluster size, d is the particle size, df ≈ 1.8 is the mass
fractal dimension and dw ≈ 3.1 is the anomalous diffusion exponent on
cluster�cluster aggregation. φ(ξμ) is the normalized size distribution
that can be derived from the Smoluchowski equation of the kinetics of
cluster�cluster aggregation of colloids. With the abbreviation xμ� ξμ /
d and the normalized mean cluster size x0 � ξ0/d it reads:

φðxμÞ ¼ 4xμ
x0

exp �2xμ
x0

� �
, μ ¼ 1, 2, 3 ð9Þ

We point out that with this distribution function the integrals in eqs 8
and 10 can be solved analytically.

The second addend in eq 5 considers the energy stored in the
substantially strained filler clusters. It delivers a filler induced hysteresis
due to cyclic stretching, breakdown and reaggregation which is described
by an integral over the soft filler clusters in stretching direction (ε

·
μ > 0)

with strain dependent upper boundary:

WAðεμÞ ¼ ∑
_εμ > 0

μ

1
2d

Z ξμðεμÞ

ξμ, min

GAðξ0
μÞεA, μ2ðξ

0
μ, εμÞφðξ

0
μÞ dξ

0
μ ð10Þ

where the dot denotes time derivative. The sum over stretching direc-
tions with (ε

·
μ > 0) implies that clusters store energy by being stretched

and reaggregate upon contraction. GA is the elastic modulus and εA,μ is
the strain of the soft filler clusters in spatial direction μ. The dependency
of these quantities on cluster size ξ and external strain εμ can be derived
from basic micromechanical considerations about elasticity and fracture
mechanics of tender filler clusters imbedded into a strained rubbermatrix.
This also allows for a specification of the strain dependent integral
boundaries ξμ = ξμ(εμ) and ξμ,,min = ξμ,,min (εμ,max). A more detailed
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physical description of the DFM and the various experimental tests of the
model can be found in references 9 and 60�63.

3. RESULTS AND DISCUSSION

3.1. Chain Immobilization on the Carbon Black Surface. In
the reinforced rubber vulcanizates the fraction of EPDM, which
has direct interactions with the carbon black surface, is very small.
Therefore, chain immobilization is studied for bound rubber
sample, which contains 300 phr of carbon black N115 with high
specific surface area. The amount of chains fragments, whose
dynamics is affected by the filler surface in this bound rubber
sample, should be high enough to be detected by low-resolution
1H NMR methods.
Of the various NMR methods, 1H NMR T2 relaxometry is the

most often used for studying rubber�filler interactions.26 Although
the method provides rather high selectivity to motional hetero-
geneity of filled rubbers, the results may be affected by microscopic
magnetic susceptibility gradients caused by the filler particles,64,65

and by free radicals at the carbon black surface.21,66,67 In the spin�
echo methods used in the present study, these artifacts are largely
eliminated. Several NMR studies of silica and carbon black filled
rubbers have provided convincing evidence for the presence of an
immobilized polymer layer on the filler surface.18,19,21,22,27,29,64,68

However, the existence of such an immobilized layer is still a matter
of discussion.13,69,70

To enhance the selectivity ofNMR to themotional heterogeneity
of the filled EPDM samples, DQ NMR and NMR spin-diffusion
methods are used in the present study. In the past decade, DQ and
multi quantum(MQ) 1HNMRexperiments have provided detailed
information about the structure of polymer networks,31,32,34,35,71,72

and on the dynamic heterogeneity of the polymer chains grafted
onto the silica surface.35,73 Since the DQ method probes the
strength of the dipole�dipole interactions, the method is free of
the possible artifacts which were discussed above and could
influence the interpretation of the T2 relaxation results. Therefore,
the DQ method can provide unambiguous information about the
effect of EPDM�carbon black interactions on chain dynamics.
The initial amplitude of the FID in theDQexperiment is shown

as a function of the excitation time (tex) for noncross-linked
EPDM without carbon black and for the bound rubber sample
(Figure 2). The DQ build-up curves show intensive maxima at
approximately 500 and 300 μs for the unfilled and carbon-black
bound EPDM, respectively. The position of the maximum (tmax)
reflects constrains on large-spatial scale chain mobility in cross-
linked EPDM rubbers.34,74 A rubber with more restricted chain
mobility (higher cross-link density) shows aDQbuild-upmaximum
at shorter excitation time (tex). Fillers like carbon black also

Figure 2. (a) Initial amplitude of free induction decay (FID) in the double quantum (DQ) experiment as a function of the excitation time (tex) for the
bound rubber sample (closed circles) and the nonvulcanized EPDMwithout carbon black (open circles). The experiments are performed at 90 �C. The
amplitude A(0)DQ is determined by a least-squares fit of the FID, which is recorded in the DQ-FID experiment. A(0)DQ is normalized to the initial
amplitude of the transverse magnetization relaxation magnetization, A(0)FID, which was determined by a least-squares fit of the FID measured without
the DQ filter using the FID-90 experiment. (b) Expansion of the dependence at short excitation times showing the presence of a shallow maximum at
∼25 μs, which is assigned to the immobilized EPDM at the carbon black interface. The bound rubber contains 300 phr carbon black N115. It is noted
that the amplitude of the NMR signal in the DQ experiments should be smaller by at least 50% than its value measured without the DQ filter.

Figure 3. Transverse magnetization relaxation decays (T2 decays)measured usingDQ-FID andDQ-HEPS for (a) the bound rubber sample and (b) the
nonvulcanized EPDMwithout carbon black. The DQ-FID and DQ-HEPS data are normalized to the initial amplitude of the FID for each sample, which
is recorded using the FID-90 experiment. The experiments are performed at 90 �C.



4893 dx.doi.org/10.1021/ma2007255 |Macromolecules 2011, 44, 4887–4900

Macromolecules ARTICLE

constrain the chain mobility in the filler-attached rubber fraction. In
addition to the shift of overall maximum in the DQ build up to
shorter tex of∼300 μs, the bound rubber sample also show a weak
shoulder at∼25 μs (Figure 2b). ADQbuild-upmaximum at such a
short tex is typical for highly immobilized polymer chains, such as
present in the crystal�amorphous interface of semicrystalline
polymers,55 and for short chain fragments, adjacent to the grafting
sites on a silica surface.35 Therefore, this shoulder at 25 μs is caused
by strongly immobilized EPDM chains at the surface of carbon
black. Since the maximum is observed at tex slightly larger than that
for polymer chains in crystalline phases and glassy states,34 the
immobilized chain fragments are not fixed to the surface of the
carbon black in a completely rigid way.
Two types of chain fragments with a large difference in chain

mobility are also observed in the DQ-edited T2 relaxation decays
for filled EPDM in comparison to unfilled EPDM(Figure 3). The
DQ-FID (tex = 15 μs) and the DQ-HEPS (tex = 300 and 500 μs)
experiments are used to select the T2 relaxation decays from either
the immobilized or mobile fractions of bound rubber sample,
respectively. At tex = 15 μs, the NMR signal from the immobile
chain segments is mainly observed, whereas at tex = 300�500 μs
the signal from mobile EPDM chains is detected.34 The normal-
ized amplitude of DQ-FID at tex = 15 μs is about 10 times smaller
for the nonfilled EPDM than for bound rubber sample. Since
a larger DQ signal intensity corresponds to a more restricted
chain mobility, the mobility of some of the chain fragments in the
bound rubber sample is strongly hindered. Contrary to the unfilled
EPDM, the DQ-edited FID at tex = 15 μs for the bound rubber
sample consists of two distinct components with a short and a
long T2 decay time. The two-component decay for the bound
rubber sample provides additional proof of the large dynamic
heterogeneity of the EPDM chains in the presence of carbon
black.
The short and long T2 values for these components are typical

for the relaxation of rigid and soft materials, respectively. These
relaxation components in the bound rubber are assigned to the
low-mobile chain fragments at the rubber�filler interface and the
viscoelastic chains in the rubber matrix, respectively. The relative
amount of the rigid interface, which is determined by the analysis
of the FID without the DQ filter, is 23 wt %. The HEPS
experiment without the DQ filter for the nonfilled EPDM and
the bound rubber sample reveals faster the T2 relaxation for the
bound rubber (Figure 4). Since rubbers with higher network
density have shorter T2,

26,34,37 mobility of the EPDM chain

fragments in the rubbery matrix of the bound rubber sample is
restricted due to chain anchoring at the filler surface.
The amount of the adsorption layer is very small in the carbon

black compounds and filled EPDM vulcanizates, i.e., e 1%, as
follows from the FID-90 and the FID-SEPS experiments for
these samples. Therefore, the high-modulus adsorption layer
cannot provide large contribution to the modulus. However,
there is a significant indirect effect of the interface. First of all, the
physical network junctions at the EPDM - carbon black interface
contribute to the total network density of the rubber matrix.
Second, the EPDM-carbon black interactions significantly in-
crease the energy required to breakdown the carbon black
aggregates during deformation. Finally, the physical EPDM-
carbon black junctions could dissipate energy during macro-
scopic deformation as a result desorption T adsorption pro-
cesses, which are enhanced at high local strains causing chain
slippage along the filler surface. This results in higher homo-
geneity of the physical network.
3.2. Adsorption Layer and Rubber�Filler Network. Pre-

vious studies of carbon blacks have revealed a large energetic
heterogeneity of the carbon black surface.76,77 Two types of
rubber chain immobilization can be considered, namely the
formation of (1) “point-like” adsorption junctions at the high
energy adsorption sites on the carbon black surface and (2) the
presence of an immobilized adsorption layer covering the surface

Figure 4. 1H NMR transverse magnetization relaxation decay (T2

decay) for nonvulcanized EPDM without carbon black and the bound
rubber sample (open and closed circles, respectively). The decay was
measured using the HEPS at 90 �C. Both decays are normalized to the
initial amplitude of the magnetization as measured by the HEPS. It is
noted that immobilized EPDM chain fragments at the surface of the
carbon black in the bound rubber are not measured in this experiment.

Figure 5. Free induction decay at different mixing time (td) in the spin-
diffusion experiment for the bound rubber sample. The experiment is
performed at 90 �C. Each decay is normalized to its initial amplitude
which was determined by a least-squares fit of the decay using eq 1.

Figure 6. Simplified, graphic representation of EPDM chains at the
carbon black surface. Parallel lines show graphite layers of carbon black
nanocrystals. Low-mobile chain units adsorbed at the carbon black
surface and mobile chain units outside of the rubber�filler interface are
distinguished. The low-mobile chain fragments in the interface provide
adsorption network junctions for the rubbermatrix, explaining the origin
of bound rubber. Free rubber chains in the bulk rubber (dashed line)
have hardly any contacts with the surface of the carbon black and can be
extracted from unvulcanized mixture by extraction with a good solvent.
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of the carbon black. In the present study, an NMR spin-diffusion
method is used for determining the type of chain immobilization.
Figure 5 shows the FID’s recorded at four different spin-diffusion
times (td).
In this experiment, the magnetization of the immobilized

rubber�filler interface is selected using the DQ filter. At short
td, the fast decaying component, which originates from the
immobilized layer, is mainly observed. At increasing td from
0.49 to 50ms, the intensity of this component decreases, whereas
the intensity of the component with a long decay time, associated
with themobile rubberymatrix, increases. This behavior is typical
for heterogeneous polymers, which are composed of rigid and
soft domains,53 and it confirms that an immobilized rubber layer
covers the surface of the carbon black. An estimation of the
thickness of this layer requires several assumptions and a
theoretical model describing the spin-diffusion process for this
specific type of heterogeneous material. Quantitative analysis of
the spin-diffusion data is out of the scope of the present study.
Results, which are provided in section 3.1, are used for estimation
of the interface thickness.
The thickness of the EPDM-carbon black interface in the bound

rubber sample can be estimated from the composition of the
bound rubber (25 wt % EPDM), the amount of the immobilized
EPDM (23 wt %) and the specific surface area of the carbon black
N115 (142 m2/g). The thickness of the interfacial layer is
estimated to be ∼0.6 nm assuming that the immobilized rubber
forms a uniform layer covering all surface of the carbon black. As a
result of carbon black agglomeration, not all surface of carbon
black is available for polymer chain adsorption. Therefore, the
thickness of the adsorption layer will be somewhat larger. Anyway,
the estimated value is in a good agreement with that from the
previous study of carbon black filled EPDM.22 The small thickness
of the immobilized adsorption layer is explained by the local origin
of the surface field force of the carbon black and the short length of
the statistical segment of the EPDM chains.
The average number of the backbone bonds per single

adsorption junction [(NC�C)
ad] can be estimated using the

following equation23,78

%ðT2
BRÞint ¼ ðNC�CÞad= ½ðNC�CÞad þNphys� �100% ð11Þ

where Nphys is the average number of the backbone bonds
between adjacent physical network junctions along the EPDM
chains in the bound rubber sample. Nphys in the bound rubber
sample equals ∼60 carbon�carbon bonds as will be shown in

section 3.3.1. The calculated (NC�C)
ad equals 18 C�C bonds

per single adsorption junction.
It is anticipated that physical adsorption causes the flattening

of the polymer chains at the carbon black surface. The length of
18 carbon�carbon bonds of an EPM chain in the trans�trans
conformation is 2.35 nm. The crystallite edges on the carbon
black surface with π-delocalized electrons are the sites for
preferential chain adsorption having an enhanced adsorption
energy of about 25 to 30 kJ/mol.9 The average size of edges of
graphite layers as estimated from X-ray diffraction,79 neutron
scattering,80 and atomic force microscopy81 is similar for all
furnace carbon black grades and roughly equals 2.3 nm. This
length is the same as (NC�C)

ad, indicating that the adsorbed
EPDM chain fragments perfectly match the active carbon black
crystallite edges. A morphological model for EPDM chains
adjacent to the carbon black surface based on the results from
the present study is shown in Figure 6.
3.3. Network Structure in Filled EPDM. The network

structure in the rubbery matrix is largely affected by morpholo-
gical and the molecular scale heterogeneity of filled rubbers, i.e.,
(i) the chemical heterogeneity of the unfilled rubbers, (ii) the
morphological heterogeneity of a filled rubber due to the spatially
heterogeneous distribution of the filler particles and their aggre-
gation and agglomeration, (iii) the heterogeneous distribution of
the chemical cross-links in the rubbery matrix, and (iv) the
rubber�filler interface. The following types of network junctions
are present in filled EPDM vulcanizates: chemical cross-links,
EPDM�carbon black physical (adsorption) junctions, and fi-
nally temporary and trapped chain entanglements. The carbon-
black surface could also restrict chain motions due to the
excluded volume effect of the filler particles.10,20,68,82 The con-
tribution of the different types of network junctions to the total
network density is estimated in the next sections.
3.3.1. The Molar Mass of the Network Chains in the Bound

Rubber Sample. The filler aggregates, which are covered by the
immobilized rubber interface, can be considered as multifunc-
tional, physical cross-links, which provide network chains for the
rubber matrix in the proximity of carbon black particles. The
weight-average molar mass between the adsorption junctions
along an EPDM chain in the bound rubber sample (Mad) is
determined from the relaxation time T2

ad. T2
ad is calculated from

the T2 values for the unfilled EPDM (T2
EPDM)av and the bound

rubber sample (T2
BR)av. It is assumed that the number of chain

entanglements and the number of adsorption network junctions
are additive to the network density and, thus, (T2

ad)�1 =
[(T2

BR)av]�1 � [(T2
EPDM)av]�1. Gaussian chain statistics is

assumed for the calculation of Mad, although it should be noted
that the Gaussian characteristics of the elastomeric chains can be
disturbed by the nonpenetrable filler particles in the rubber
matrix. Because of this uncertainty, the calculatedMad should be
considered as an estimate. Mad in the bound rubber sample
amounts 1020 g/mol. This value is nearly two times smaller than
the mean molar mass of the chain segments between chain
entanglements in nonfilled EPDM, ∼1900 g/mol, and is sig-
nificantly smaller than the molar mass between chemical cross-
links in typical EPDM vulcanizates (∼1500�4000 g/mol).41,74

The mean end-to-end distance between the adjacent adsorption
junctions, which is calculated for Gaussian chains,22 is in the same
range as the mean distance between the carbon black aggregates
in bound rubbers, i.e., 5�10 nm.22,83 This suggests that there are
chains, which are adsorbed on different carbon-black particles,

Figure 7. Weight-average molar mass between adsorption junctions
along a chain (Mad) as a function of the volume fraction of carbon black
(j) in the EPDM compounds and the bound rubber sample. Dotted line
is a guide to the eyes.
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and, in this way, these chains connect neighboring carbon-black
aggregates in the filled rubbers.
3.3.2. The Effect of the Type of the Carbon Black on theMolar

Mass of Network Chains Between Adsorption Junctions in
EPDM Compounds. The structure of the physical network in
carbon black filled EPDM is strongly heterogeneous as a result of
the complex morphology of the carbon black filled rubbers. This
causes a spatially heterogeneous or “bimodal”-like distribution of
adsorption junctions in the rubber matrix of the filled EPDM.22

The structure of the physical network consists of (1) a dense
physical network in the bound rubber fraction, and (2) entangled
free rubber chains with hardly any adsorption junctions. The
amount of bound rubber fraction decreases with decreasing
amount of carbon black and its specific surface area.22

The mean molar mass of the chain fragments between
adjacent adsorption junctions in the EPDM � carbon black
compounds is determined similarly to that in the bound rubber
sample (section 3.3.1). The volume-average transverse relaxation

time T2 in heterogeneous networks provides the weight-average
molecular mass of network chains since the contribution of
network chains of different length to (T2

MB/CB)av is proportional
to their molecular mass. Therefore, the value T2

ad in filled EPDM
is still largely determined by the free rubber fraction, which is not
directly bound to the carbon-black surface.
The effect of the type and the amount of carbon black onMad

is shown in Table 1, and in Figures 7 and 8. Mad in the
compounds decreases upon (1) increasing the volume fraction
of the carbon black, j, in the compounds and (2) increasing the
maximum possible EPDM-filler contact area per unit volume of
the rubber, ψ = jFSsp/(1 � j), where F and Ssp is the density
and the specific surface area of carbon blacks, respectively. If the
entire surface of the carbon black would be available for the
adsorption of EPDM chains and the surface structure of different
carbon blacks would be the same, then one would expect the
sameMad value for samples with the sameψ value regardless the
type of carbon black.Mad is slightly smaller for compounds filled

Table 1. Characteristics of Network Structure in Unfilled and Filled EPDM Vulcanizatesa

carbon black

type phr j

Ψ, m2
CB/

cm3
EPDM

vulc,

%

Mad,

g/mol

Mchem,

g/mol

(Mtot)
NMR,

g/mol

(1/2Mchem)
NMR,

mmol/kg

(1/2Mtot)
NMR,

mmol/kg

(1/2Mtot)
mech,

mmol/kg

0 0 0 50 - 3880 1400 129 358 230

0 0 0 100 - 2210 1100 226 454 282

0 0 0 200 - 1810 1010 276 494 370

N550 20 0.0845 5.112 50 167 000 3970 1410 126 355 252

0.0845 5.112 100 167 000 2500 1160 200 431 316

0.0845 5.112 200 71 500 1870 1020 267 492 400

40 0.156 10.25 50 125 000 4240 1430 118 351 304

0.156 10.25 100 135 000 2230 1100 224 454 419

0.156 10.25 200 130 000 1850 1020 270 491 494

80 0.270 20.50 50 55 600 2510 1140 199 437 664

100 0.316 25.52 100 41 700 2540 1140 197 437 924

N330 40 0.156 28.36 50 25 000 4310 1370 116 365 540

0.156 28.36 100 35 700 2530 1140 198 440 654

0.156 28.36 200 33 300 1830 988 273 506 721

60 0.217 42.54 50 17 200 4310 1340 116 373 584

0.217 42.54 100 29 400 2450 1110 204 449 781

0.217 42.54 200 31 200 1740 968 288 522 901

80 0.270 56.72 50 17 200 3970 1300 126 385 627

0.270 56.72 100 14 700 2670 1100 187 449 752

0.270 56.72 200 19 200 1830 967 273 517 938

N115 40 0.156 48.52 50 21 700 4310 1360 116 368 438

0.156 48.52 100 55 500 2540 1150 197 434 583

0.156 48.52 200 83 000 1630 943 307 530 703

60 0.217 72.78 50 16 700 4310 1330 116 375 515

0.217 72.78 100 16 700 2670 1130 187 444 634

0.217 72.78 200 20 800 1800 945 278 529 857

N115b 300 0.581 364 - 1020 - 664
a (a) The weight-average molar mass between chemical crosslinks (Mchem), between adjacent adsorption junctions along EPDM chains (Mad),
and between all types of network junctions in unfilled and filled EPDM vulcanizates (Mtot)

NMR as determined using the NMRT2 relaxation method. (b)
The weight-average network density originating from chemical crosslinks [(1/2Mchem)

NMR], the total network density as determined by the NMR
method [(1/2Mtot)

NMR]. The total network is composed of chemical crosslinks, adsorption junctions and chain entanglements. It is suggested that the
entanglement density (Men) is the same in all vulcanizates and equals 260 mmol/kg.39 (c) The mechanically active network density [(1/2Mtot)

mech],
which is determined by the analysis of stress-strain curves. The amount of carbon black is given in phr (weight parts of carbon black per hundred weight
parts of rubber) and in the volume fraction of carbon black (j). The maximum possible EPDM-filler contact area per unit volume of the rubber [Ψ =
(jFSsp)/(1 � j)] is also provided. The relative amount of the vulcanization package (vulc) is given in %. bBound rubber.
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with the carbon black having lower specific surface area
(Figure 8). This can be caused by smaller agglomeration of
carbon black in these compounds.
3.3.3. Molar Mass of the Network Chains Between Chemical

Cross-Links in the EPDM Vulcanizates. The weight-average
molar mass between chemical cross-links (Mchem) in unfilled
and filled EPDM is calculated from T2

chem relaxation time.
T2

chem is determined from the decrease in the T2 value upon
vulcanization, assuming additivity of all types of network junc-
tions: (T2

chem)�1 = [(T2
V)av]�1 � [(T2

MB)av]�1 and
(T2

chem)�1 = [(T2
V/CB)av]�1 � [(T2

MB/CB)av]�1 for unfilled
and filled vulcanizates, respectively (for definition T2

index see
Figure 1). The weight-average density of the chemical cross-links
(1/2Mchem) is shown as a function of the sulfur level for the
different carbon black loadings in Figure 9. At a constant level of
sulfur vulcanization package, the cross-link density is hardly
affected by the type and the amount of carbon black, which
indicates the absence of any effect of carbon black on the sulfur
vulcanization efficiency of EPDM. The cross-link density is
higher at higher amounts of the vulcanization package, as
expected. The density of the chemical cross-links is comparable
with the EPDM entanglement density at the largest amount of the

vulcanization package. A previous NMR T2 relaxation and FT-
Raman spectroscopy study of gum stock EPDMsulfur vulcanizates
has shown that the average sulfur cross-link consists of approxi-
mately 2.8 sulfur atoms.84 For 4.5%ENB-EPDM,most of the ENB
is consumed upon vulcanization with amount of sulfur vulcaniza-
tion package at approximately 200%. Therefore, the density of the
chemical cross-links approaches a constant value at the level of
sulfur vulcanization package higher than 100%, since the majority
of ENB is consumed due to the reaction with sulfur.
3.3.4. The Total Network Density in Filled EPDM Vulcanizates

by NMR. The total average network density [(1/2Mtot)
NMR],

which is composed of chemical cross-links, chain entanglements
and adsorption junctions, is calculated for unfilled and filled
vulcanizates from the NMR [(T2

V)av and [(T2
V/CB)av relaxation

times, respectively (Table 1, and Figures 9 and 10). Again,
additivity of all types of network junctions to the total network
density and, consequently, to the rate of the transverse magne-
tization relaxation is assumed. The network density is calculated
assuming that the functionality of all types of network junctions
equals four: 1/[(f /4)(Mtot)

NMR], where f is the functionality of
the network junctions. This assumption is certainly valid for
unfilled sulfur EPDM vulcanizates.41

The data in Figures 9 and 10 show that the total network
density is hardly affected by the type and the amount of the
carbon black. This suggests a small contribution of the physical
EPDM � carbon black junctions to the total cross-link density.
But, it should be mentioned that the functionality of the adsorp-
tion junctions is unknown and can differ from four. Therefore, the

Figure 8. Weight-average molar mass between adsorption network
junctions (Mad) as a function of the maximum possible EPDM-carbon
black contact area per unit volume of the rubber [Ψ = (jFSsp)/(1�j)]
in the EPDM compounds and the bound rubber sample. Dotted line is a
guide to the eyes.

Figure 9. Volume-average network density as a function of the amount
of vulcanization package in carbon black filled vulcanizates [(1/
2Mtot)

NMR]. The network is composed of chemical cross-links,
adsorption junctions and chain entanglements. The contributions
of chemical cross-links (1/2Mchem)

NMR and chain entanglements to
(1/2Mtot)

NMR are also shown. Lines are guides to the eyes. The
entanglement density in EPDM vulcanizates of ∼260 mmol/kg was
determined previously.41

Figure 10. Volume-average network density in carbon black filled
EPDM vulcanizates [(1/2Mtot)

NMR] at three different levels of vulca-
nization package: (a) [(1/2Mtot)

NMR] as a function of the volume
fraction of carbon black (j); (b) [(1/2Mtot)

NMR] as a function of the
maximum possible EPDM�carbon black contact area per unit volume
of the rubber [Ψ = (jFSsp)/(1� j)] Lines are guides to the eyes. The
network density is determined by the NMR T2 relaxometry.
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total network density, as measured by the NMR method for filled
rubbers, will suffer from an error, especially at high filler loadings
and high specific surface area of the carbon black.
3.4. Stress�Strain Properties and Reinforcement Mecha-

nisms. Figure 11 shows the experimental stress�strain cycles of
the EPDM samples filled with 60 phr of N330 and N115 and
cured at low level of sulfur vulcanization package, together with
the best fits using the dynamic flocculation model. The tube-
constrain modulus Ge = 0.6 MPa is calculated from the dynamic
plateau modulus of the EPDM melt and is kept constant for all
fits. The prefactor c = 2.5/3 of the hydrodynamic strain ampli-
fication factor is chosen according to the Einstein-relation and is
also constant in all fits. For both samples, fair agreement between
the fits and the measured cycles up to 100% strain is observed.
The obtained fitting parameters listed in the graphs appear
physically reasonable. Looking first at the filler specific para-
meters, it is found that the tensile strength of the virgin and
damaged filler�filler bonds (sv and sd, respectively) and also the
related mean cluster size (x0 normalized by the particle size) is
larger for the more active carbon black N115 with a higher
specific surface area. The effective filler volume fraction (Φeff) is
almost equal for both carbon blacks. The cross-link modulus
(Gc) and, hence, the mechanically effective cross-link density is
somewhat lower for the EPDM vulcanizates filled with carbon
black N115. The finite extensibility parameter of the polymer
network (n), describing the upturn of the stress�strain curves at

large strain, is difficult to fit and found to be quite large for both
samples due to the low vulcanization level.
The total mechanically active network density [(1/2Mtot)

mech]
is calculated from the cross-linkmodulus Gc of carbon black filled
EPDM. (1/2Mtot)

mech increases upon increasing the amount of
the vulcanization package and increasing the volume fraction of
carbon black (j), as expected (Figure 12). At the same carbon
black loading, no significant effect of the type of the filler is
observed as follows from the data shown in Figure 13. The
increase in the maximum possible EPDM-carbon black contact
area per unit volume of the rubber (ψ) hardly influences (1/
2Mtot)

mech, whichwas also concluded from theNMRdata discussed
is section 3.3.4. This indicates that at high filler loadings the
maximumpossible EPDM-carbon black contact area is not achieved
probably due to dispersion problems. At lowψ values the mechani-
cally effective network density depicted in Figure 13 increases first
but levels out at high ψ values because the filler particles in non
dispersed agglomerates contact each other and a high amount of
filler surface is not in contact with the polymer.
The total network density, as determined by NMR [(1/

2Mtot)
NMR], is significantly lower than that determined from

the stress�strain experiments (1/2Mtot)
mech for almost all filled

samples, however it is larger for all three unfilled samples
(Figure 14). Obviously, in contrast to the mechanical estimates,
no pronounced effect of the constraints introduced by the filler
on the total NMR network density is found. It should be noted

Figure 11. Uniaxial stress�strain cycles of EPDM vulcanizates filled with 60 phr carbon black N330 (left) and N115 (right). The lines show the fits of
the stress�strain dependence using the dynamic flocculation model.9

Figure 12. Mechanically active network density in the carbon black
filled EPDM vulcanizates [(1/2Mtot)

mech] as a function of the volume
fraction of carbon black (j). Dotted lines are guides to the eyes, showing
the effect of different levels of vulcanization package. The network
density is determined by analysis of the stress�strain curves using the
dynamic flocculation model.9

Figure 13. Mechanically active network density in the carbon black
filled EPDM vulcanizates [(1/2Mtot)

mech] as a function of the maximum
possible EPDM-carbon black contact area per unit volume of the rubber
[Ψ = (jFSsp)/(1 � j)]. Dotted lines are guides to the eyes, showing
the effect of different levels of vulcanization package. The network
density is determined by analysis of the stress�strain curves using the
dynamic flocculation model.9
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that the density of adsorption junction, which is determined by
NMR, is calculated suggesting their functionality equals four. If
each of carbon black aggregates with adsorbed chains behaves
under mechanical load as a single adsorption junction, the
contribution of adsorption functions to the total NMR network
density is underestimated. The dominating contribution to the
mechanically active network density is provided by chemical
cross-links and trapped chain entanglements in the EPDM
rubber matrix because of relative low amount of strongly
adsorbed chain segments. On the other side, the adsorption of
chains at the filler surface impacts significantly the mechanical
response of the composites even at high extension. This makes
clear that the coupling of chains to the filler surface remains fixed
also at large strain values. This coupling is not affecting the
T2-time which appears to be dominated by the rubber matrix.
The effect of polymer�filler coupling on T2 becomes visible in
interphase-rich systems, only, e.g., the bound rubber samples
(Figure 4). Here, the strong coupling of the chains to the filler
decreases the T2-time significantly indicating a high amount of
short chain loops with the ends adsorbed at the filler surface.

4. CONCLUSIONS

Despite numerous investigations on polymer chains at solid
surfaces and in filled rubbers using different techniques, the
molecular origin of the reinforcement is still under dispute. This
is partly related to the complexity of the phenomenon, since several
mechanisms and several types on interactions and morphological
heterogeneities in a large range of length scales play a role.

Moreover, the structural heterogeneity of filled rubbers causes a
large heterogeneity of the local stress�strain characteristics,85 and,
as a result, the interpretation of viscoelastic properties of hetero-
geneous networks is also not straightforward. Several reinforcing
factors have been suggested in the literature. The most important
ones are the following: (i) a hydrodynamic effect due to the volume
occupied by the filler, (ii) an elastically active network of carbon
black particles, and (iii) the formation of a layer of immobilized
polymer at the surface of the carbon black particles.

To obtain a better understanding of the origin of reinforce-
ment of rubbers by active fillers, a large series of nonfilled and
carbon black filled EPDM vulcanizates was studied using solid-
state NMR and mechanical testing. Advanced NMR relaxation
experiments unambiguously show strong immobilization of
EPDM chain fragments on the surface of carbon black. Results
suggest that the adsorbed EPDM chain fragments perfectly match
to carbon black crystal edges, which are active adsorption sites.
The thickness of the immobilized EPDM � carbon black inter-
facial layer is estimated to be g0.6 nm. The amount of the
adsorption layer is very small in the filled EPDM vulcanizates
even at high loading and at high specific surface area of the carbon
black. Therefore, direct impact of this immobilized layer on
physical properties is expected to be small. An indirect effect of
this adsorbed layer will be due to the formation of physical
junctions that form a quasi-permanent network in the rubber
matrix in the proximity of the carbon black aggregates. Because of
the strong physical adsorption of the rubber chains onto the filler
surface, the filler particles are “glued” in the rubber matrix and
bridge adjacent carbon black aggregates. Although, the number of
these adsorption junctions is significantly smaller than the density
of the chemical cross-links and the chain entanglements, this
physical network may help in redistribution of the local strains
during deformation due to slippage of the physical junctions along
the carbon black surface. The bridging chains increase energy
required for the breakdown of carbon black aggregates and provide
a source for dissipation of energy because of filler aggregate
breakdown and reaggregation during deformation.

A microstructure-based model of stress-softening and filler-
induced hysteresis has been applied to describe the quasi-static
stress�strain behavior of filled rubbers under successive exten-
sion up to large strain. Besides the strongly nonlinear rubber
elasticity, the model reproduces the filler-induced effects, i.e.,
strain amplification, stress softening and hysteresis in fair agree-
ment with the experimental data. Generally, the fitted parameters
lie in a physically reasonable range and can be interpreted in the
frame of physically well understood quantities. The model has
been used for the evaluation of the mechanically effective net-
work density of reinforced elastomers, which increases with the
amount of filler. It has been shown that the adsorption of chains
impacts the mechanical response of the composites even up to
high extension, demonstrating that the coupling of chains to the
filler surface plays a major role in rubber reinforcement.
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