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ABSTRACT: The properties X (stress, crystallinity, melting temperature, crystallite sizes) of stretched
filled and unfilled natural rubber (NR) are compared. The measurements have been done during
deformation at equilibrium and at room temperature. From each physical property X in static and dynamic
experiments one defines for the filled NR an amplification factor AX and a differential amplification factor
A/

X. From stress and WAXS measurements two regimes are observed: For λ < λA, the material has not
crystallized and the amplification factor AX is independent of λ. AX is on the order of 2 for the sample
filled with 20% black carbon (volume concentration). It is shown that the Guth relation fits rather well
our data and those of Lee and Donovan on similar filled NRs. For λ > λA, stress-induced crystallization
occurs, AX ≈ 1.5-3 is weakly dependent on λ, and the differential amplification factor is constant. The
values of AX

/ determined by the different measurements are of the same order of magnitude. These
amplification factors characterize the state of extension of the amorphous chains during the process of
stress-induced crystallization.

1. Introduction

Reinforcement of rubbers by barbon black (CB) and
others types of filler particles (mean dimension 20-100
nm) is a process of great practical and technological
importance.1-5 In most cases CB increases the Young
modulus,6 fracture stress,7 and wear and tear resist-
ances.8-10 The presence of small solid particles in rubber
changes the stress field, increases the local strain of the
chains, and leads to local heterogeneities.11-14 It is well
recognized that mechanical properties of these materials
depend on the topology of the filler’s surface and on the
adsorption properties of the chains.1,2 One of the key
problems in understanding the mechanism of reinforce-
ment is the following: what is the relation between local
properties of the chains at the solid-rubber interface
and far from the fillers; in other words, what is the
relation between the macroscopic and local deformation,
when the fillers are changed in nature (roughness,
surface treatment, etc.) and concentration? In crystal-
lizable rubbers such as natural rubber (NR), this
question can be put in the following manner: what is
the influence of the filler on the crystallization proper-
ties in the rubber matrix? One understands the impor-
tance of this question if one recalls that the excellent
mechanical properties (tear resistance, crack propaga-
tion) of unfilled rubbers are due to the strain-induced
crystallization (SIC).15

Guth and Gold6 were the first authors to point out
that the moduli E and Ef of unfilled and filled rubbers
obey the law Ef ) A(c)E. These authors noted that the
coefficient A(c) is a function of the filler concentration
c. Mullins and co-workers16-19 interpreted A(c) as a
strain amplification factor:

(ε, εf) are respectively the mean local and macroscopic
strains for filled rubbers and (λ, λf) are the correspond-
ing draw ratios. Relationships between A and the filler
content have been proposed on simple geometrical
considerations by a few authors.20,21 This factor was

determined by comparing the stress-strain behaviors
of unfilled, σ(λ), and filled, σ(λf), rubbers. To make these
two behaviors coincide, one has simply to displace the
filled stress-strain curve σ(λf) to the higher draw ratios
along the x axis. One postulates that, for the same value
of the stress σ, the filled sample has a macroscopic draw
ratio λf and local draw ratio λ. The effect of fillers, via
the amplification factor, on the mechanical properties
of various rubbers has been reviewed by Kraus4 and
Dannenberg et al.5 Recently Reichert et al.22 and Boyce
et al.23 gave rheological models based on the existence
of a double network to describe the stress-strain
behavior.

Recently Litvinov et al.24-26 and Brierty et al.27 used
1H NMR to measure the dynamic and local deformation
of the chains in filled PDMS networks. According to
their studies, the physical adsorption of the elastomer
chains to the surface of the filler causes a significant
immobilization of the chains near the filler surface. In
these noncrystalline PDMS rubbers, filled with 10%
silica, Litvinov et al. observed two microregions with
strongly different local chain mobilities: (1) a low mobile
(semirigid) rubber layer which covers the filler surface
and (2) a mobile (viscoelastic) elastomeric matrix outside
this interface. The amplification factor determined by
Litvinov and Spiess25 shows that the local chain order
at a given macroscopic elongation in a filled system is
larger by a factor of 1.5-2 compared to that of the
unfilled elastomer matrix. By small angle neutron
scattering Westermann et al.28 found an amplification
factor on the order of 1.4-2 in microphase-separated
triblock copolymer PI-PS-PI, the hard filler being the
microphase of PS. Finally it has been emphasized that
most carbon black rubbers are nonhomogeneous; carbon
black aggregation and the microvoid29 depend on the
draw ratio (and the type of filler). Göritz et al.14 by
electron microscopy and by dilatometry in the presence
of gauze of different nature arrived at the same conclu-
sion. During deformation, zones of different morpholo-
gies are observed; strands connecting fillers appear
parallel to the stretching direction. Crystallites are
formed in these strands when the draw ratio reaches a

A ) ε/εf ) (λ - 1)/(λf - 1) (1)
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critical value. In filled elastomers such as natural
rubber, strain-induced crystallization occurs. The rela-
tion between the crystallization properties (crystallinity,
crystallite morphology, ...) and the strain amplification
factor has not been analyzed in detail to our knowledge.

The aim of this study is to compare the SIC properties
of both types of rubbers, filled and nonfilled. From the
variations of crystallinity, crystallite size, and melting
temperature with draw ratio λ, one defines several
strain amplification factors. One compares these various
amplification factors with that deduced from the stress-
strain curve.

2. Experimental Section

2.1. Materials. The materials (provided by Michelin) have
been obtained by sulfur vulcanization of NR; their formulations
are given by Table 1. Samples called here NR and F-NR have
the same concentration of ingredients (stearic acid, zinc oxide,
antioxidant, sulfur, and accelerator). Filled natural rubber (F-
NR) contains 50 g of carbon black (N375) per 100 g (PHR) of
polyisoprene. The concentration of the fillers in this case is
33% in weight (20% in volume). The cross-linking density νs

of the unfilled natural rubber deduced from modulus and
swelling measurements is (5.7-6) × 10-5 mol/cm3. The number
of monomers between cross-links is NC ) F/M0νs ) 238; M0 )
68 is the molecular weight of the monomer and F ) 0.92 g/cm3

the density of NR.
2.2. Instrument and Procedure. For the study of crystal-

lization at a fixed draw ratio and at low temperature (TC )
-25 °C), a homemade oven with X-ray Kapton windows is
used. The samples are thermalized between -30 °C and +100
°C. This oven is mounted onto a conventional (θ-2θ) goniom-
eter (conventional generator, xenon-filled and proportional
counter) or the front of a parallel beam optics (rotating anode
generator, detection by CCD camera).

To measure simultaneously the crystallinity, stress, orienta-
tion, and size of crystallites during the cycle of stretching (dλ/
dt ) 0.033 min-1) at room temperature, we used a drawing
machine coupled with the above-mentioned CCD camera and
mounted at station D 43 of the synchrotron LURE. In this case
only the 002 reflection is recorded, the drawing machine being
tilted to obtain this reflection.32

2.3. Data Correction and Analysis. 2.3.1. Crystallinity
Measurements. In static deformation, the crystallinity is
deduced from the comparison between the intensity of the
amorphous halo centered at 13.5 nm-1 in crystallized and melt
states, in other words, at -25 °C and above the melting
temperature of the sample, Tm. This method has already been
explained in more detail by Dumbleton and Bowles30 and used
by others authors10,31 for determining the crystallinity profile
around a crack tip.

Using the relation established in static deformation between
the crystallinity ø and the corresponding normalized intensity31

I002, we determined the crystallinity during cyclic deformation
at room temperature. Normalization was done by the absorp-
tion measurement of the samples as explained in refs 31 and
32.

2.3.2. Crystallite Sizes and Orientation. From the line
broadening (2θ) and the arc length of corrected reflection
profiles, one measures, respectively, the size and the crystallite
orientation. The crystallite sizes in the direction normal to the
(hkl) planes are deduced from the Scherrer formula: 〈lhkl〉 )
Kλ/(â1/2cos θ), where â1/2 is the angular half-width of corrected
reflection profiles. This correction consists of subtracting the

instrumental contribution which is given by the line profile of
the quartz powder.

3. Results and Discussion
3.1. Dynamics Experiments. 3.1.1. Stress Soften-

ing and SIC. To understand the effect of the stress
softening on SIC during the cycle of stretching in filled
rubbers, one has to measure simultaneously the tensile
stress and the crystallinity during the four successive
cycles for F-NR at T ) 22 °C as a function of the strain
(Figure 1). The strain rate is constant, 1 mm/min. It is
well-known that after the first mechanical cycle a drop
of the stress is observed; this is the so-called Mullins
effect or stress softening. The fourth and fifth cycles are
superposed. During different cycles, the crystallinity
does not show any conspicuous difference. Also one has
to verify that the orientation and crystallite sizes do not
change from one cycle to another. One concludes that
the Mullins effect does not play any role during stress-
induced crystallization (stretching) and during melting
(recovery). One recalls here that this Mullins effect
appears also in noncrystallizable filled elastomers.

3.1.2. Measurements during Stable Cyclic De-
formation. In Figure 2a are compared the stress-
strain curves of filled (F-NR) and unfilled (NR) natural
rubber samples drawn at 1 mm/min. The samples have
been submitted first to four deformation cycles to obtain
a stable cycle. The maximum draw ratios λmax (arbi-
trarily chosen) are, respectively, 6 and 3 for these two
types of materials.

Table 1

ingredient NR F-NR ingredient NR F-NR

natural rubber (TSR 20) 100 g 100 g antioxidant (6PPD) 1 g 1 g
carbon black (N375) 0 g 50 g sulfur 1.2 g 1.2 g
stearic acid 2 g 2 g accelerator (CBS) 1.2 g 1.2 g
zinc oxide 5 g 5 g

Figure 1. (a) Stress-strain curves of filled (F-NR) natural
rubbers measured during mechanical cycles at T ) 22 °C,
strain rate 0.03 min-1. After the first cycle the material shows
a softening effect (Mullins effect). (b) Crystallinity measured
at T ) 22 °C during successive mechanical cycles as a function
of the draw ratio.

9094 Trabelsi et al. Macromolecules, Vol. 36, No. 24, 2003



As shown by various authors1,18 the σ(λ) curves
(stretching and recovery) of filled sample can be super-
imposed with the unfilled curve by a simple orthogonal
transformation along the λ axis. In the following by
analogy with eq 1 for any physical property X (stress,
crystallinity, melting temperature, crystallite sizes), the
amplification factor AX is definded by

ε and εf are the strains of the unfilled and filled samples
corresponding to the same value of property X. λf and λ
are, respectively, the macroscopic and local draw ratios
for filled natural rubber determined when X(λ) ) X(λf).

The properties X(λ) and X(λf) concern, respectively, the
unfilled and filled natural rubbers.

From the stress-strain curves (stretching) of Figure
2a, one notes that the amplification factor Aσ due to the
presence of fillers is on the order of 3. When the
maximum draw ratios λmax of NR and F-NR samples
are the same, one can verify that recovery curves σ(λ)
can be superposed with the same amplification factor.

In Figure 2b is reported the crystallinity ø measured
during the cyclic deformation. The exposure time is 3
min; during this time one can consider that the sample
has a fixed length. The important points to note are the
following.

(a) Crystallization appears at λA ) 4 for NR and λAf
) 2 for F-NR somewhat before the beginning of the
hardening, occurring at λB. In NR it has been shown
that between these two draw ratios with the stress
levels off, the plateau domain λB - λA decreases with
the cross-link density.32 Due to the presence of the filler,
this plateau, which is given in F-NR by λBf - λAf,
becomes much shorter than the NR one. This effect
could be due to the covered filler particles by the
semirigid interface, which can be considered as multi-
functional physical cross-links as suggested by Litvinov
et al.26

(b) During hardening (λ > λB, λBf), due to the induced
crystallites, which play the role of additional cross-links
or fillers (for details cf. ref 32), the crystallinity of NR
and F-NR varies linearly with deformation and with the
same slope dø/dλ. The crystallinity curve ø(λ) during
stretching (but not during recovery) of F-NR can be
superimposed with that of the unfilled sample. The
application of eq 2 leads to an amplification factor Aø
which varies from 3 to 2.25 when λf increases from 2 to
3.25; Aø is on the order of Aσ.

(c) During recovery, one cannot define an amplifica-
tion factor for the crystallinity; this suggests that in
filled and unfilled NR the melting processes present
some differences. One notes that the ø(λ) curve of F-NR
presents a weak hysteresis compared to that of NR.

For both types of materials, the orientation and
crystallite size l002 at T ) 22 °C given in Figure 2c,d do
not show any conspicuous variation with λ during the
mechanical cycle. The same results are obtained for the
three cross-linked samples studied,32 which enables us
to conclude that crystallization and melting proceed by
formation or disappearance of the crystallite with
constant morphology. F-NR and NR present however
an important difference; the F-NR size l002 is about 9
nm, whereas the NR size is l002 ) 12 nm. Also the
crystallite orientations in these two materials are
somewhat different; in F-NR the azimuthal angle δΨ1/2
≈ 20° is about twice the NR value, δΨ1/2 ≈ 8°. The lower
orientation observed in filled rubber (for the same
crystallinity, and therefore for different λ values) could
be attributed to the elastomer-filler interface, which
reveals a strong hindered chain mobility compared to
the bulk.27 Moreover, the filler surface could also affect
the orientation of the crystallites due to a possible
nucleating effect of the immobilized rubber-filler in-
terface, and some chain ordering at the surface origi-
nated by the adsorption interactions.25,26

3.2. Static Experiments. 3.2.1. Crystallinity. In
this experiment, F-NR and NR samples have also been
submitted to several cycles of deformation until the
stability of the mechanical cycle, the same conditions
as for the dynamic experiment. The samples are drawn

Figure 2. (a) Stress-strain curves of unfilled (NR) and filled
(F-NR) natural rubbers (the measurements are done after the
fourth mechanical cycle at 1 mm/min). Crystallization appears
at draw ratios λAf (F-NR) and λA (NR). During recovery a
plateau is observed between λD and λE for NR and between
λDf and λEf for F-NR. (b) Crystallinity measured during the
mechanical cycle at room temperature. During traction the
curves are parallel and can be superposed by a simple
translation. (c, d) The crystallite size l002 and orientation δΨ1/2
remain constant for F-NR and NR during mechanical cycle.

AX ) ε/εf ) (λ - 1)/(λf -1) (2)

Macromolecules, Vol. 36, No. 24, 2003 Local Deformation in Stretched Filled Rubber 9095



at 90 °C and then quenched to -25 °C. The samples
are then heated by steps of 5 °C. At each temperature
the WAXS is recorded; the mean time between two
successive measurements at two temperatures is 10
min. In Figure 3a are compared the variations of the
crystallinity of NR and F-NR samples with temperature;
the samples have been drawn at λ ) 3.

(a) At low temperature, -25 °C < T < T0 ) Tm - 15
°C, the curves ø(T) of both types of samples coincide. In
this domain, the extrapolated Tm value of the F-NR
sample corresponds to the melting temperature of the
unfilled sample, Tm ) 26 °C, having the same draw ratio
λ ) 3.

(b) At higher temperature, T > T0 ) 10 °C, the
crystallinity of F-NR remains constant. The plateau
would correspond to highly extended regions, located
near the fillers. Finally the crystallinity drops rapidly;
the melting temperature Tm

f of the filled sample is found
by extrapolating ø(T) to zero.

In Figure 3b is given the crystallinity for F-NR versus
T for different draw ratios 1 < λ < 4. We observed that
all curves converge to the same value, ømax ) 25%, at
low temperature. At high temperature, the crystallinity

ø(T) presents a plateau independent of the draw ratio.
Unfilled and filled rubber NR present different behav-
iors at high temperature (above T0). At low temperature,
-25 °C < T < T0, all curves of F-NR and NR coincide.

It has been shown in previous work on the same
sample NR (see Figure 3 in ref 31) that the crystallinity
varies linearly with T and the slope dø/dT decreases
linearly when λ varies from 1 to 6. This effect has been
reported also by various authors.9,31-34 By extrapolating
the ø(T) curves (for 1 < λ < 6) to zero at high
temperatures, one determines the melting temperature
Tm of the last crystallites in pure NR.

The presence of these two regimes in F-NR would be
due to the presence of heterogeneous deformations as
has been observed by Goritz et al.14 on similar rubbers.
The plateau value of the crystallinity, øp ≈ 5-8% (ømax
) 25% in Figure 3a,b), suggests that this domain of high
melting temperature (T > T0) represents about 20% of
the total crystal volume. These authors noted that
crystallization appears first near the fillers and con-
cluded that the local draw ratio near these fillers was
higher than in the bulk. These two regions would have
two different local draw ratios; the crystallites in these
domains therefore have different melting temperatures
Tm

f and Tm. The difference ∆T ) Tm
f - Tm between the

melting temperatures of the filled and unfilled rubbers,
respectively, given by the extent of the plateau and
observed in Figure 3a,b, increases linearly with λ
(Figure 3c).

In Figure 4a are compared the crystallinities of both
types of samples at 22 °C as a function of the draw ratio.
The crystallinity of filled and unfilled rubbers varies
linearly with the draw ratio; the ø(λ) curve of the filled
rubber can be superposed with the unfilled one by a
simple translation along the λ axis. Application of eq 2
gives an amplification factor Aø which varies from 2 to
1.3 when λf increases from 2 to 4; these values are
somewhat smaller than those obtained (2.2-3) in dy-
namic experiments (Figure 2b).

Figure 3. (a) Comparaison between NR and F-NR samples
drawn at λ ) 3 and then quenched to -25 °C. During heating
the crystallinity ø and the crystallite sizes l200 are measured.
(b) Crystallinity versus temperature of the F-NR samples
drawn at different draw ratios, 1 e λ e 4. (c) Difference ∆T
between the melting temperatures of the F-NR and NR
samples as a function of the draw ratio.

Figure 4. Crystallinity at room temperature (a) and melting
temperature (b) of F-NR and NR samples versus the draw
ratio. Coincidence of the curves can be obtained by the
transformation λ ) Aøλf and λ ) ATλf, where Aø and AT are the
amplification factors.
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3.2.2. Melting Temperatures. As shown by Figure
3a,b the melting proceeds progressively from -25 °C to
Tm in the first region and rather abruptly in the second
one near Tm

f. Here we report a new property: the states
of the chain extension in the two regions are correlated;
the melting temperatures verify the relation (Figure 3c):

The constant B ) 23 °C in our case (c ) 33% in weight).
It would be interesting to measure this constant B for
different filler concentrations c. One guesses here that
this coefficient would decrease with c.

Figure 3c and eq 2 indicate clearly that the material
cannot be visualized as a simple juxtaposition of inde-
pendent domains of different extensions; the local draw
ratios in these two domains are not independent.

In Figure 4b the melting temperatures Tm(λ) and
Tm

f(λ) of both types of samples are compared. These
temperatures are deduced from Figure 3 in ref 31 and
Figure 3b here. One remarks again that the Tm(λ) and
Tm

f(λ) curves can be superimposed. The amplification
factor is AT ) 2-1.8 in the studied domain, 2 < λf < 4.

3.2.3. Crystallite Sizes. In Figure 3a the variations
of the crystallite size l200 measured along the transverse
direction to the draw axis for filled and unfilled samples
versus temperature are compared. The materials have
been drawn at λ ) 3. In unfilled NR this dimension (and
the others,32 l120, l002) decreases very slowly with T. In
the filled sample the behaviors of l200 and ø are similar;
the crystallite size l200 and the crystallinity ø first
decrease linearly with T and then level off between T0
) 10 °C and a temperature T, a few degrees (3-5 °C)
below the melting temperature Tm

f(λf ) 3) of the filled
sample. The remaining small crystals in the elastomer
matrix do not melt despite the increase of the sample’s
temperature by ∆T on the order of 40 °C. This observed
behavior of F-NR could be possibly explained by the
mobility of the chain units hindered at the interface of
the fillers. The immobilization effect of the chain seg-
ments absorbed on the filler would prevent the melting
of small crystals near the filler surface.

In Figure 5a the value of the plateau is l200 ) 10 nm
for F-NR; one remarks that this value corresponds to a
draw ratio λ ) 6 in NR. In other words λ ) 6 is the
local draw ratio in F-NR, drawn at λf ) 3. One concludes
from these results that filled materials are heteroge-
neous and contain an overstrained region; this domain
would represent 20% of the total crystal volume if we
compare the crystallinity at the plateau, øp ≈ 5%, with
the maximum crystallinity obtained at low temperature,
ømax ) 25% (see Figure 3a,b).

Parts a and b of Figure 5 give the dimensions l200 and
l002 of the crystallites along the (100) and (001) direc-
tions as a function of the draw ratio, measured at -25
°C; at this temperature the samples have the maximum
of crystallinity, ømax. At a fixed draw ratio λ, the
crystallite size in F-NR measured along the stretching
direction lC ) l002 is higher than the NR one (see Figure
5b). The melting temperature Tf measurements given
by Figure 4b confirm that the increase in Tf in F-NR is
due to the increase of the crystallite size l002 (stem
length).

The other dimension l120 does not vary conspicuously
with λ. Here again one remarks that the curves l200(λ)
and l002(λ) of both types of materials can be superim-
posed by displacements as shown by arrows in Figure

5a,b. Applying eq 2, one finds that the amplification
factors Al are on the order of 2.5-1.5 (l200) and 1.7-1.4
(l002). In ref 32 it is shown that crystallite sizes follow
the affine law; the dimension along the draw ratio
increases with λ, and the transverse dimension de-
creases. The volume of the crystallites being constant
is proportional to VC ) l200l002l120. The volumes VC
measured at -25 °C of filled and unfilled rubbers
(Figure 5c) are equal and independent of the draw ratio.
For unfilled NR it has been found that the mean
crystallite volume VC is constant when the temperature
increases up to the melting temperature; this is a
characteristic of the affine deformation, which should
be verified for filled NR.

4. Conclusion
The mechanical and morphology properties of filled

and unfilled natural rubbers during SIC have been
compared. By varying the temperature, one finds that
the filled rubber exhibits two different behaviors: at low
temperature the crystallinity curves ø(T) of filled and
unfilled rubbers coincide but the size curves l200(T) do
not. At low temperature one can verify that the sizes of
the crystallites follow the affine deformation for both
types of materials. At higher temperature (for T > T0),
the observation of a plateau in the l200(T) and ø(T)
curves (in the same temperature range) is accounted for
by the presence of distinct regions where the local

∆T ) Tm
f - Tm ) B(λ - 1) (°C) (2)

Figure 5. Comparison between F-NR and NR samples at -25
°C, crystallite sizes (a, b) and crystallite volume VC as a
function of the draw ratio.
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stresses (and strains) are different. In the bulk far from
the fillers the local stress has the same value as in
unfilled rubber. Near the fillers (aggregated or isolated)
the stress is much higher.

In Figure 6 for any value of the property X (static and
dynamic) we have plotted the draw ratio λ of the unfilled
NR as a function of the draw ratio λf of the filled NR
and then postulated that λf is the macroscopic deforma-
tion and λ the local one of the filled sample. In the figure
the dashed line is the best linear fit with all the static
data (ø, Tm, l002, l200). The amplification factors Aσ, Aø,
ATm, and Al002 deduced from stress-strain, crystallinity,
melting temperature, and crystallite size measurements
are on the order of 1.3-3 when λf varies from 2 to 5.
This is summarized in Table 2.

The general relation between the local and the
macroscopic draw ratios λ and λf in static and dynamic
deformations can be put in the following form:

λA and λAf are the draw ratios for the onset of crystal-
lization in NR and F-NR samples. We call AX

/ the
differential amplification factor. All the curves λ(λf) have
constant slope, AX

/ ) dλ/dλf, when crystallization has
appeared (λ >λAf ).

The curve λ(λf) deduced from the stress-strain curve
(triangles in the figure) exhibits two different regimes,
A/

σ ) Aσ ) 3 for λf < λAf and Aσ
/ ) 1 ( 0.2 for λf > λAf.

The change of regime appears very abruptly at the onset
of SIC (λAf ) 2). It is important to remark that the
differential amplification factors AX

/ in the domain λ >
λAf are on the order of 1 ( 0.2 whatever the property
analyzed. Then eq 3 gives the local draw ratio λ ) (λA
- λAf) + λf, where the constant λA - λAf is on the order
of 1-2 depending on the property X.

In Figure 7 are given the results of Lee and Donovan10

(deduced from the stress-strain curves of their Figure
12). Their samples were filled with 10, 25, and 40 phr
of HAF carbon black; this corresponds to volume con-
centrations of 4%, 10%, and 16%. It is not clear why
the two different regimes are not observed on their
stress-strain curves (no plateau AB as observed in
Figure 2a) and on the λ(λf) curves. In our opinion this
would be due to the strain rate used for the stress-
strain experiments. We have verified that when the
strain rate increases the crystallinity decreases35 (for
the same value of the stress during stretching). Despite
this difference, one can verify that the slope dλ/dλf
decreases with the concentration. In Figure 8 is reported
the amplification factor Aσ ) ε/εf ) dλ/dλf observed
before the onset of crystallization (Aσ ) Aσ

/) as a func-
tion of the volume concentration of carbon black. The
heavy line in the figure is the best fit with the Guth
and Gold relation:6

c is the volume concentration of the filler, and the
correlation factor is R ) 0.992. The fit parameter R )
5.8 corresponds rather well with the value R ) 6.7 found
by Mullins and Tobin16 on similar materials (see the
review of Kraus4). Litvinov and Spiess24 found a similar
value for Aerosil-filled PDMS networks. It is worthwhile
to note that the above relation can be replaced by the
empirical linear relation Aσ ) 1 + 12c, the correlation
factor being on the same order. The accuracy of the
measurements and the small number of data impede

Figure 6. Draw ratio λ of the unfilled NR as a function of
the corresponding draw ratio λf of the filled F-NR sample. At
each point (λ, λf) the two different samples have the same
property X (X being Tm, ø, l200, l002, or σ). The properties X are
measured in static and/or dynamic experiments. Arrows
indicate the draw ratios at the onset of crystallization during
stretching.

Table 2

amplification
factor values

draw
ratio domain

Aσ (dynamic deformation) Aσ ) 3 for 1 < λf <2
2.5 < Aσ(λf) < 3 for 2 < λf < 3

Aø (dynamic deformation) 2.25 < Aø(λf) < 3 2 < λf < 3.25
Aø (static deformation) 1.3 < Aø(λf) < 2 2 < λf < 4
AT (static deformation) 1.8 < AT(λf) < 2 2 < λf < 4
Al (static deformation) l200, 1.5 < Al < 2.5 2 < λf < 5

l002, 1.4 < Al < 1.7

λ ) (λA - AX
/λAf) + AX

/λf (3)

Figure 7. Comparison of the λ(λf) curves of various filled F-NR
samples deduced from stress-strain curves at room temper-
ature. Open symbols: results of Lee and Donovan (10, 25, and
40 phr). Filled squares: mechanical results of Figure 6 (50
phr).

Figure 8. Amplification factor Aσ of filled samples F-NR of
Figure 7 as a function of the volume concentration of the filler.
The heavy line represents the best fit with the Guth relation
(eq 4).

Aσ ) (λ - 1)/(λf - 1) ) (1 + 0.67Rc + 1.62R2c2),
R ) 5.8 (4)
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any relevant discussion on the origin of the above
relation. It would be interesting to know how the
interaction between absorbed chains and the filler
surface modify the two amplification factors AX and A/

X.
To summarize, from WAXS study of stress-induced

crystallization in filled and unfilled natural rubbers one
can deduce two different strain amplification factors,
AX ≈ 2 and AX

/ ≈ 1, in agreement with the stress-
strain measurements. Other filled rubbers were studied
to verify if these amplification factors are dependent on
the nature of the elastomer.
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