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ABSTRACT: Stress-induced crystallization (SIC) and stress-induced melting (SIM) in pure and filled (carbon
black, CB) natural rubbers are studied by mechanical analysis, X-ray scattering, and quadrupolar NMR as a
function of temperature and filler content. These complementary techniques allow to measure the crystallinity
and the local deformation of the amorphous chains during the mechanical cycle. The critical draw ratio for
appearance (stretching) and disappearance (recovery) of the crystallinity are compared by these three techniques.
It is shown by WAXS that CB particles act as nucleation centers of the SICHBYMR one finds that during
crystallization in both types of materials the remaining amorphous chains relax partially, as predicted by Flory.
The amplification factorg\,, A,, andAyvwr deduced from the stress crystallinity and NMR splitting measurements

are compared. The amplification factors measured by WAX$ g§nd NMR @nwvr) are of the same order and

are not far from the Bueche prediction. The amplification fagipdeduced from the stresstrain curves verifies

the classical empirical Guth and Gold relation. The relafigr= 2.5Ayvr Observed at low deformation (no SIC)
indicates that the reinforcement in these filled rubbers has two causes of similar importance: the classical overstrain
of the chains due to geometrical effect and the role of particles as new effective cross-links. When the samples
(filled and unfilled) crystallize, a third reinforcement effect appears; the crystallites act also as giant cross-links,
and the stress increases drastically with the macroscopic deformation (hardening).

1. Introduction the effects of these two types of solid particles. In crystallizable
It is well-known that natural rubber (NR) and filled natural rubbers crystallinity depends on deformation and temperature.

rubbers (F-NR) have excellent mechanical propefiésSince To estimate the relative influence of the two processes, it is
the discovery of the reinforcement of rubber by carbon blacks essential to study the reinforcement of filled natural rubber as
in 1904, filled rubbers are used to manufacture a wide range ofd function of the deformation and temperature. This is the aim
materials. Solid particles (filler) can strongly improve the ©f this work.
mechanical properties, tensile strength, tear resistance, hardness, Numerous models (homogeneous and heterogeneous) have
and abrasion resistance. This effect has been the subject of aP€en proposed to apply the statistical theory of rubber elasticity
enormous amount of works, and there is still a debate about itst0 filled (noncrystallized) rubber; reviews on this gg_glzeCt have
microscopic origin. It is recognized that the polymeolid been given by Krau¥] Dannenbergd? and Guitz et al**~?? The
surface interaction and the structure of the aggregates (morphol-Main reason for the rise in stiffness and in tensile strength of
ogy and size) play a major role. When strained, natural rubber filled rubbers is not well understood. Generally it is assumed
crystallizes. Since the pioneer work of Fl8iip 1947, various that the deformations are homogeneous and are amplified locally
authors have studied the stress-induced crystallization (SIC) ofPy the presence of the particles. Also, another source of
pure vulcanized rubbers; references are found in different réinforcement would be due to the perturbation of the chain
books!911 However, the term “strain-induced crystallization” distributions through an excluded volume effect from the filler
would be more appropriate because crystallization is due to theparticles; the role _of the interaction between the chains and the
decrease of entropy of the strained chains and not to the increaséurface of the fillers has been clearly demonstrated. To
of the stress. As reported by G&rit and by Thomas et al? understand the origin of the reinforcement, it is necessary to
the SIC effect in pure and filled NR would explain its excellent Study the behavior of the chains near and far from the particles.
mechanical properties, in particular its resistance to crack In this work we are mainly interested in the behavior of the
propagation. Around an heterogeneity or at the crack tip of a chains far from the particles. During deformation the orientations
flaw, the chains are much more extended than in the bulk; Of these chan;s having a high mobility-80 °C aboveT) are
crystallization of such chains in pure and synthetic NR stops followed by “H NMR. It is important to recall that the
the propagation of the crack, and the material has then a highcomparison of the local extension of the amorphous chains of
tensile strengtA3-15 Obviously the same process occurs in filled filled and unfilled rubber permits to define a strain amplification
NR.16 Flory in his booR7 (1953) noted that hardening in pure factor; the value of this factor in fact depends on the property
NR could be due to the formation of crystallites, these particles analyzed and therefore on the technique uSed.
playing the role of filler. In other words, the exceptional ~ The central purpose of this work is to investigate the role of
properties of filled NR would be due to the presence of both filler on the matrix deformation and on the stress reinforcement
types of solid particles, fillers, and crystallites. To understand in NR fl”ed with different concentration of carbon black. This
the origin of the reinforcement, it is then necessary to separatepaper is arranged as follows:
In section 2 we recall the various definitions and origins of
t Physique des solides, Bat 510. the amplification factors and discuss the origin of the reinforce-
*ICMMO, Bat 410. ment of filled rubbers.
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In section 3 we present the materials and detail the experi- fraction is low, C < 0.3; the strain amplification factoA.

mental conditions. deduced from the above expressior= 1/3) is then
In section 4.1 we compare the SIC and SIM properties of
filled NR with different carbon black (CB) concentrations. A~ (1+29%); C<03 (1c)

During deformation cycles, stresstrain curves, and crystal-
linity curves at different temperatures are recorded simulta- A similar expression has been proposed by Botti &t Skeveral
neously; the critical draw ratios for the onset of crystallization authors assume that the volume concentration in eq 1 is in fact
(stress hardening) and for melting (stress softening) are thenan effective concentration which must take into account the
determined. We show that CB particles must be considered aspolymer layer in interaction with the fillers surface. Guth and
nucleation centers of the crystallites during SIC. As in pure NR Gold* defined a different amplification factoke as the ratio
the mechanical hysteresis is found to be proportional to the of the moduli of filled €) and unfilled E) rubbers. They
maximum crystallinity appearing at the maximum draw ratio suggested that this modulus amplification factor due to hydro-
during the cycle. It is shown that the strain amplification factors dynamic effect has the form
deduced from mechanical and crystallinity measurements are
very different. A= E_ 1+aC+ bC? (2)

In section 4.2 we compare the extension of the amorphous E
chains in NR and F-NR, during drawing before crystallization,
during stress hardening process (crystallization), and then duringwherea andb are the constants of the Einstein viscosity equation
recovery (melting). The extension of the amorphous chains (& = 2.5,b = 14) of a system of rigid spheres in interaction in
during SIC and SIM is measured by quadrupolar NMR; the a fluid. Various theories (see ref 3) based on the elasticity of
samples contain small amounts of deuterated probes. From thecomposite systems lead to a similar relation, but agreement with
comparison of filled and unfilled samples we deduce the true the experiments is somewhat less satisfactory. Mullins and
strain amplification factor (SAA. = Awwvr (€q 1a), a function Tobin* interpretedAg as being the strain amplification factor;
of the filler content and of the crystallinity. This SA factor is  in fact, the rubber is a nonlinearly elastic material, and therefore
compared to the other factor8, and A, deduced from in the above relation the modulus cannot be replaced by the

mechanical and crystallinity curves. The relatign> Ayur at strain (at constant stress). It must be noted that the similarity
low deformation permits to estimate the role of the filler as between the concentration dependencé.@ndAg is fortuitous;
equivalent cross-links. the definitions of these factors rely on static (eq 1c) and dynamic
arguments (eq 2). Equation 2 is well verified in noncrystallizing
2. Amplification Factors rubbers; this is the reason why it seems relevant to conclude

In composite rubber matrix containing undeformable filler that the reinforcement of rubber by filler is analogous to the
particles, one expects an effectively increased strain within the increase of viscosity in fluid containing rigid particle. In fact,
soft matrix. (This will not be true during SIC; it will be shown ~ Kraus' concluded that “the interpretation of eq 2 as a strain
that crystallization produces a decrease of the chain deforma-a@mplification relation and its extension to large strains are based

tion.) The strain amplification factak. is defined by the relation ~ ©On intuitive reasoning rather than on rigorous proof”. Flory in
his book noted that during vulcanization extensive bonding

¢ M4—1 occurs at the filler surface. These bonds so formed constitute
A= < -1 (1a) additional points of constraint, and a layer of higher modulus
of elasticity of thickness~50 A (chain length) around each
wheree ande are the macroscopic and local strains in the filled particle is formed. This author concluded that “it may be
rubber andi and , are the corresponding draw ratios. This legitimate to consider that the matrix as a whole is stiffened by
amplification factor will be called the true strain amplification the formation of bonds between the rubber chains and the filler
(TSA) factor. The local extension of the chains in rubbers has surface. Under these conditions eq 2 cannot be applied
been measured by polarized infrared spectrosédpyuadru- unambiguously.” As remarked by Mark et®dla filled rubber
polar NMR24736 and small-angle neutron scatteritig3? may be regarded as a polymer network containing giant network
On simple geometrical consideration the relation between the cross-link (GNC)". The effect of cross-linking of rubbers by
strainse ande; in the noncrystallizable matrix can be calculated. fillers has been reviewed by Rajeev and D€astaing et af®
For a simple arrangement of particles, the local strain in the demonstrated clearly that long PDMS chains grafted on silica

rubber phase can be put on the form particles lead to a reinforced material even when there is no
chemical cross-linking between the chains.
ele =(1—-C* -t (1b) The effect of reinforcement in natural rubber is a more

complicate phenomenon because stress-induced crystallization
C is the volume fraction of the filler§ < 0.3 in most studies),  occurs above a critical draw ratio, and this leads to an other
and x is an exponent which depends on the structure of the (intrinsic) reinforcement effect. As noted above, the excellent
periodical arrangement of the particles in the rubber matrix. In mechanical properties of natural rubber are due to stress-induced
a 3-dimensional arrangement of monodisperse spherical par-crystallization. At high strain above a critical draw ratio
ticles,x = 1/3, this is the Bueche expressitf!For 1-dimen- hardening is observed. This effect leads Flory to conclude that
sional arrangement of rigid and soft lamellae of constant crystallites (as the fillers) would play the role of new cross-
thickness,x = 1. In filled rubber it is well-known that the link in crystallizable rubbers.
arrangement of the particles is complex, and aggregates with a The aim of this paper is to estimate the effects of the
large size distribution are observed. Also, the arrangement of equivalent GNC (effective cross-link) due to filler and crystal-
the particles can be modified during deformation. Hence, the lites on the on the local draw ratip and on the density of new
prediction of the exponent in these real materials is not effective cross-linkslgne andderyst due to the filler and to the
straightforward. Obviously, in any case, this relation is valid crystallites. For this purpose we compare the strain amplification
only when the rubber has not crystallized. Generally the volume factors Ax (A,, A,, Awur) deduced from the stress(d), CDV
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crystallinity (1), and NMR splitting curveg\v(4): a) 3.50
A = ele 3

G (MPa)

wherees = 1 — Ap—nr @ande = 1 — Ang are the macroscopic

strains of the filled and unfilled rubbers which lead to the same
property X. These strain amplification factors determined by
mechanical measurements), crystallinity measurementsy), 1.75
and NMR @wwmr) are compared at low and high deformations.

It is emphasized that the influence of the stress-induced
crystallization on these amplification factors in filled NR has

never been studied in detalil.

3. Experiments

3.1. Materials. The materials natural rubbers (NR) and filled
natural rubbers (F-NR), provided by Michelin Co., have been
obtained by sulfur vulcanization (1.2 g of sulfur per 100 g of
rubber). All materials contain the same amount of ingredients; per
hundred gram of rubber (phr), stearic acid 2 g, zinc oxide 5 g, b)
antioxidant 1 g, and accelerator 1.2 g; the materials without filler
have been previously studied in refs-146. Three series of F-NR
(with NR containing 1.2 g of sulfur) have been studied; they contain
20, 40, and 50 g of carbon black (N375) per hundred grams of
rubber (phr). The concentration of the fillers is 13, 26, and 33% in
weight (8, 16, and 20% in volume); the densities of amorphous
NR and CB are 0.92 and 1.60 g/&nThe cross-linking densitgl,
of the unfilled natural rubber deduced from modulus and swelling
measurements is (5:6.0) x 107> mol/cm®. The number of
monomers between cross-linksNig = p/Mod, = 238; Mo = 68
g/mol is the molecular weight of the monomer, anet 0.92 g/cni
is the density of natural rubber NR. As noted below, the molecular

. . . N -
T e o, S Fgue 1. (s) Mechanial cycesof R and EANR 20 = 20
. . . ! ! °C, speed 1 m#min, initial length30 mm. The stretching curve*

trapped in the network. According to Eli#&the mass of the chains  (heayy line) is the experimental stretching curve of the NR sample at
between entanglements in a non-cross-linked NRIds= 20 100. T, = 72°C (without stress-induced crystallization) taking into account
The mechanical and crystallinity properties of the NR samples with the temperature correctiah/T, (see text). This would be the hypotheti-
the same composition have been analyzed in refs 15 and 16 (calleccal stressstrain curve of the sample &t = 20 °C which would not
sample 1l in these references). All samples have dumbbell shapecrystallize. The critical draw ratios of appearanig,and disappearance,
with the same dimensions; length 30 mm, sectior B mn?. Zg, of the crystallinity are indicated. (b) Method to measure the strain

3.2. Instrument and Procedure. The experimental setup for agg'(')fr;fﬁet:?c’; fl?:ttv(\)/'(’eéan?Le'::-d’\rlaRwllr%ﬂ%graitdtihree \tﬁmcphelrg;lg?g-t é‘:eor-

i i F—NR

Zgglﬁ%ggﬂﬁsregeizagr%allg nlgorxn:gésumr?nzs?rrlzr?:;sttsalnr?i\{; Oa?;r{same value of the stress of the filled and unfilled samples; see text.

. > ) The stressstrain curves (stretching) of the NR and F-NR sample are
the (200) NR reflection was recorded with a linear counter. WAXS plotted in the inset. At low deformatioA,, the slope of the curve

intensities of t.he (200) reflection and of the amorphous halo Were 7 q(1enr) is constant. The jump of the curves is due to SIC; the values
corrected taking into account the change of thickness during of 4% and A%, arrows for sample at 16C, correspond to the
deformation and the concentration of CB. The absorption coefficient characteristic ratida at the onset of crystallization.

and the thickness of the sample during experiments were measured

by a photodiode along the central X-ray beam (with and without

the sample). The stresstrain curves are obtained at 2 mm/min  conclusion, the durations of mechanical and NMR cycles are

(¢ = 0.001 s?). The X-ray acquisition time is 60 s; fdr= 7 the comparable. In all the experiments the draw rdtivas deduced
time of a cycle is 171 minFrom the WAXS spectrum and from  from the distance of ink marks on the samples.
the transmitted central beam (giving the thickniessne calculates The basic concepts 8H NMR in anisotropic fluids are given

the intensity of the amorphous halg(s) (at constant thickness), in refs 49 and 50. A large amount of work (see references in the
and the total crystalline intensity of the sample which would have  review paper of Deloche and Sdfahas shown that the local
the same constant thickness. As noted above, only the intensitiessegmental order in stretched elastomers can be monitored accurately
in the XOY plane of the CCD camera are taken into account. The by the splittingAv of lines in the?H NMR spectra, the deuterated
index of crystallinity y = IJ/la x 100 is then calculated. This  probes being solvent molecules or the chains itself. In a previous
procedure is somewhat different from Mitchell’s offe. work ! we have shown that deuterated alkane®4», sufficiently

For 2H NMR measurements, the samples were swollen with |ong (h > 8) and in low concentratior < 4%) are good candidates
1-2% of deuterated dodecane. A stretching device permits to drawto follow the orientation of the NR matrix during stretching,
the sample in the NMR tube (diameter 10 mm). The stretching recovery, and stress relaxation at any temperature betwdén
direction of the sample is parallel to the magnetic field. The NMR and 100°C.
spectra were recorded on a Bruker AM 360 spectrometer (H-2
frequency 55.3 MHz), and the spectral width was limited to 10 000 4. Results and Discussion
Hz. Previous studies have shown that the NMR splitting is . - .
independent of the concentratio@  4%). 2000 transients were 41 Mechanical and Crysta_lllmty Propertles.4._1.1_. Me-
acquired for each spectrum (acquisition time is 10 min). To relax chanical Cycles(a) Determination of the Characteristic Draw
the samples after the next stretching, 5 min delay was used betweerRatios from Mechanical CycleSIC and SIM during mechanical
each measurement. The time for doing a complete stretehing cycles in pure NR of different cross-link density have been
relaxation cycle (a series of 15 NMR spectra) is about 225 min. In studied previously>16:5¥56 Figures 1 and 2 give examples 8fDV
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mechanical cycles of NR and F-NR sample at various temper-

atures. As for nonfilled NF53 we define the different
characteristic draw ratiod,s andg during stretchingip and
Ae during recoveryAc corresponds to the maximum drawing
during the cycleda and Ag correspond to the beginning of
crystallization and the end of melting, aig corresponds to

Filled Natural Rubbers 8359

macroscopic deformatioti—ngr. For the three temperatures, 10,
20, and 40°C two regimes separated by a crossovehatand
Af_\r a@re observed (arrows in the figure for the sample at 10
°C). It will be shown below that the valugl$ correspond to
the onset of crystallizations in both types of NR. All filled
samples present similar behavior. At low deformation the

the beginning of the recovery plateau. The six different domains material is not crystallized, anthg varies linearly withg_yg;

can be easily distinguished in Figure 1la: OA is the Mooney
and Rivlin (MR) domain; AB is the (inclined) stress plateau;
BC and CD the hardening domains due to SIC and SIM; DE is

in that case the amplification factéy, is the slope of the curve
ANr(AF-NR). From this curve we conclude that the amplification
factor A, is constant at low deformation (independent of the

the recovery stress plateau; EO is the small deformation domaintemperature) and then varies at high deformation, when stress-
where elasticity theories applies. As reported by other authors, induced crystallization occurs. It is important to remark that

the main effect of fillers is to displace the mechanical cycle
toward smaller elongation (amplification effect); some differ-

the departure from the linearityyr VS Ar—ngr, OCCUrs somewhat
before the crossovekyg; this clearly indicates that simple

ences must be noted. In F-NR (a) the (inclined) plateau AB arguments leading to eq 1 cannot explain the observed behavior
during stretching is not observed, and (b) the stretching and of fijled NR at high strain, abové = 1.6.

the recovery curves do not merge exactly. This is due to the

creep effect.
This will impede an exact determination of the critical draw

(c) Effect of Filler on the Elastic Modulus at Low Deforma-
tion. In the domain between ¥ 4 < 14, before the hardening
domain, the nominal stress of NR and F-NR follows the

ratio by the mechanical measurements. From the similar form semiempirical MooneyRivlin (MR) relationshig—3

of the hardening domain (and its disappearance at high
temperature) we can only suggest that crystallization and melting

appear at the inflection points marke#t)(in Figure 1a on the
stretching and recovery curves. This will be confirmed by
WAXS.

In Figure 1a we have plotted the corrected stresigin curve
ch‘1 = o7,(T4/T,) of unfilled NR atT; = 20 °C deduced from
the experimental curve al, = 72 °C; the temperature

dependence of stress of noncrystallizing rubbers verifies the

rubber elasticity theoryg ~ T. The experimental curve at 72

°C does not present any hardening effect, and no crystallinity

can be detected by WAXS up fo= 6. The small curvature of
the or,(1)and a#l curves nearl = 4.5 would be due to the
finite extensibility of the chains at high elongation; this
reinforcement effect in NR is weak compared to the effect of
SIC and will not be analyzed herej (1) is the curve of the
“hypothetical” sample atT; 20 °C, which would not
crystallize. One verifies that this curve merges with the
experimental curve only at low deformation when there is no
SIC. In the figure we have drawn the tangents to the stress
strain curveor,(4) of the pure NR at the inflection points on
the two (inclined) plateau AB and DE. The intersections of these
tangents with the corrected cure& define the points A and
E. We have shown that in pure NR the critical draw ratias
and Ag corresponding to SIC and SIM are deduced with the
same accuracy from the stresgl) and crystallinity y(4)
curves®® A similar procedure can be employed to determine
the critical draw ratiola in F-NR.

(b) Determination of the Amplification Factor,Aln Figure
1la we compare the behavior of the F-NR 20 phr with the unfilled
sample drawn afp = 22 °C up toAnr = 6.4 andir—nr = 4;

O=E/30L — 17 3(C,+CJ1) A<4 (4a)
for most NR studied in the literature; the chains between cross-
links are rather long so the effect of the limiting extensibility
of the chains is seen above= 5, and the hardening effect
observed foll > A4 is due to the crystallization. At small and

large deformation, the above MR relation gives
o~Ey(A—1)
o~ dyd

1<1<2 (4b)

2<i<4 (4c)
wheredg is the density of cross-linkd, = p/M. (the chains
linking two cross-links havél: monomers of molecular weight
Mo (M¢ = NcMp). C; andC; are the MR constants. The modulus
Eo = FpRT/3M¢ ~ d. is deduced from the classical rubber
elasticity theory, and the front factér depends on the choice
of the molecular model of the network chaii (affine or
phantom network, etc.). Here we are only interested in the effect
of density of “effective” cross-links (due to sulfur bridge,
entanglements, fillers), and then for simplicity reasons all the
prefactors in eqs 4b and 4c are dropped.

In pure NR it is well-known that the deformation is affine;
the macroscopic and local deformation are equal, and the
nominal stress is proportional to the entropic terin—(1-2).

In filled rubber the deformation is not affine. If the above
relation is applied4 being the macroscopic draw ratio, then
one finds that the modulus increases with the concentration of
filler according to the Guth and Gold relation (eq 2). In fact, if
one assumes that the chains in filled and unfilled NR form the
same type of network (between fillers), the macroscopic draw

the maximum stress during the cycles is the same. One canratio, 4, in the above equation must be replaced by the local
verify that the cycles cannot be superimposed by the simple one, 4 = 1 + A(4 — 1). Then the main question concerning

orthogonal transformation 4 Ang = Ax(1 — Ar—nRr). IN Figure

the reinforcement at low strain is the following: Does eq 4 apply

1b we have plotted for the 40 phr sample the correspondencefor the filled rubber (noncrystallizing) if the macroscopic strain

between the draw ratiosr andAr—nr Which leads to the same

is replaced by the local strain = A and if the density of

stress value during stretching. This procedure was first used incross-links ¢ ~ 1/Mc) remains constant?

ref 16 to calculate the amplification factéy, of F-NR samples.

In the inset of the figure the stresstrain curves (stretching)
of the two samples are schematized, an arbitrarily numimgr
stress valuesAoy are chosen, the corresponding valubg(
Ar—nR) are recorded, and then the curgr(Ar—nr) is drawn.

A, the slope of the vector linking the origin (1,1) and the point
(ANnrAF-NR) ON the corresponding curve, is dependent on the

In unfilled rubber the density of cross-links is deduced from
modulus and swelling experiments. Several authors in fact
pointed out that the density of cross-linklg is in fact an
effective density which must take into account the presence of
entanglements, which are trapped in the network and act also
as new cross-links. Therefore, in egl4 must replaced by the
effective densityd};, the sum of the cross-linksdy), andCDV

cl»
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entanglement$d. ~1/M¢) densities: a) b) .
1 1 1 1 o(MPa) 10c s 0] olMPa) i
2I:dcl+deN_:_+_ (5a)
* M, M
MC Cc e / A0Phr
£ ! S0Pt
Dubault et ak® and Simon et at?-20have verified this relation 2 /i s aoene
in PDMS and SBR networks by quadrupolar NMR. Simon et /S
al5” found a good agreement betwedfh. values in cis- P o / . / -
polybutadiene deduced from stresgrain measurements and | A ol , A
by IH and?H NMR transversal relaxation methods. 1 2 3 4 ! £ g 4
In a similar manner, if any filler particle (and/or crystallites) 9 o
is equivalent to a certain amount of sulfur cross-links as T ovpa) ' ‘m c{NPaI) . .
suggested by Flory, then we must write 4 ac ] 4 66°C _
A0Pte S0Phr
l 1 1 1 34 1 34 A0y -]
o= dcl"'de"'dGNc”_*:M"'V"' M (5b) e
Mg c e GNC 2] // ] 2 77 i
- R MR
Mgnc is a phenomenological parameter which describes the ' D — 1 1 / .
cross-linking effect of the fillers. 0 . . . A o A
Chemical cross-links, entanglements, and chains adsorption ! 2 3 4 1 2 3 4

on the filler contribute to the total network density, called Figure 2. Stress-strain curves (cycles) of filled and pure NR samples
hereafter effective density. For simplicity reasons, we assumeat various dtempe{%{“resdf('lo\?] 238 ‘#‘L 352.- S}t{:ﬂrll)ratet 0-?33t;§-

: H maximum draw ratiG.c = 4. Oow aerormation natural rubber
FhatMC andM. are not dependent on_the flller_ concentration. It does not crystallize. The upturn of the stress for filled rubbers is due
is relevant to assume that the effective dendéjic ~ p/Maenc to the stress-induced crystallization.
of GNC is proportional to the filler content (more exactly to

the total surface area of the fillers). In that case the local modulus offect in NR has been discussed receftlyn the hardening

Gm ~ dy varies linearly withC. This modulus must not be  domain the local draw ratiol; of the amorphous chains
confused with the macroscopic modulisOne must note the  (measured by NMR) is constant; & 1), and the increase of
difference between fillers and crystalliteigne does not depend 5 with the macroscopic deformaticnis due to the increase of
on Z in filled rubber at low deformation (no SIC) if the  the crystallites densitgl.ystand not to the limiting extensibility
interaction filler chains do not Change dUring deformation. In of the amorphous chains. Each new Crysta”ite formed acts as a

pure and filled rubbers when SIC occurs, we expect@dat  new cross-link or a series of cross-links which reinforce the
increases witht; the number of crystallites (GNC) per unit  material. The process of crystallization is described in Figure
volume increasing linearly witf. 13 of ref 53. Obviously in filled natural rubbers the same SIC

The above relation is not totally new; Maier andr&®used effect occurs and locally leads to the same process of reinforce-
a similar relation for interpreting the Payne effect; in their model ment. Then to understand the origin of reinforcement, it is
the density of effective cross-links due to the unstable bonds necessary to separate the effects of crystallites and those of fillers
between chains and filler is dependent on the strain amplitude. on the local deformation of the amorphous chains. These two
Berriot et al>® also used the above relation to interpret tReir  types of rigid particles would have a common characteristic:
NMR relaxation results on polyacrylate matrix filled with silica  they can be considered as giant network cross-links (GNC).
particles; the additional constraint densitic ~ 1/Mgcn) was 4.1.2. Crystallinity Cycles. (a) Critical Draw Ratiok and
found to increase proportionally to the total surface area of the Je. In Figure 3 we present crystallinity curves of the different

filler introduced in the matrix. Litvinov et al. used this relation samples during the mechanical cycles at four temperatures. By

to explain t_he re'”f(?fce’_“e”t mechanism of filled EPBM: WAXS analysis one observes that the melting of the crystallites
The strain amplification deduced from the stresgain is progressive betweehc and Ag; it has been shown previ-

curves (and from other properties) would have two origins: the ouslyP253 that during this process the volume and dimensions

amplification of the local strain due to geometrical consider- ¢ e orystaliites do not change, while their number decreases
ations and the amplification of the local modulus due to the linearly with T. Both critical draw ratios increases with As

new cross-links formed by the crystallites and the fillers. the cr P el . -
S . . . > ystallinity varies linearly with the deformation, by WAXS
(d) Effect of Filler in the Hardening Domaivht high strain, the critical draw ratiosla and Ag can be determined with

above the critical draw ratida, hardening is observed in both accuracy AL < 0.2); this was not the case by mechanical
types of rubbers, and eq 4a is no longer valid. The stress measurements

increases drastically with the macroscopic draw rafip, . . - .
according to the scaling forfrs3 In Figure 4 the stressstrain and crystallinity-strain curves
of two F-NR samples, 20 and 50 phr, at room temperature are
o~0(A) + KA —1,); A> 4, (6) given for different maximum draw ratidc. All these results
indicate clearly that the reinforcement above the critical draw
wherek is a constant. The second term which describes the ratioa (hardening) is due to the stress-induced crystallization
hardening is due to the Crysta”ization of the rubbdn and not to the limited eXtenSibiIity of the chains. In F-NR
noncrystallizable rubber (for example SBR) hardening is also samples it is then necessary to separate the reinforcement effects
observed:; this well-known effect is due to the finite extensibility above and belowla (andig) and to know the dependence of
of the chains. Flory in his bodk suggested also that small these characteristic draw ratios for SIC and SIM with the filler
crystallites in cross-linked crystallizable elastomers could be content.
visualized as new type of cross-link, which would be the cause In Figure 5 we have reported for a same macroscopic draw
of the hardening observed in NR drawn at high extension. This ratio,A = 4, the engineering stress, of all rubbers as afunctio&DV
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Figure 4. Mechanical and crystallinity cycles of F-NR 20 and 50 phr T°C
for different maximum extensialc. For more clarity all the crystallinity 0 1 ]
points are not given. The mechanical hysteresis is proportional to the 0 20 40 60 80

maximum crystallinity obtained at the maximum draw ratio of the cycle. N ] o
Figure 6. (a) Critical draw ratiola andAg for onset of crystallization

of the phr content of carbon black and for different temperatures. ?enrggggﬂ:grl)latﬁe?gg ?i,{’;;\,“feag?gsl'i'gﬂ '\(lg) Bme?;;gmﬁ'gg gf

At 60 °C, the F-NR and NR samples have not crystallized (no function of temperature for the NR and F-NR samples. Lines are guides
SIC atA = 4). Compared to the NR sample, the stress of the for the eyes.

50 phr sample has been amplified by a factor 2. At’COthe . .
crystallinity ae 0 % (NR) and 10% (F-NR), and the stress of (1) The drgw ratiote (,)f NR and F-NR at the end of melting
the F-NR sample has been amplified by a factor This verifies the linear refatiot?

example clearly shows the importance of reinforcement due to
SIC.

We have determined the variations of and Ze with the The temperature of the experiment is the melting temperature
filler content and the temperature; the estimated error is aboutatlE. The extrapo|ated temperatu‘l’ﬁo (AE = l) is the me|t|ng
AL ~ 0.2 These characteristic ratios are reported in Figure 6a temperature of pure NR in the isotropic state; the siBpe=
as a function of temperature for NR and F-NR (50 phr); for dT,/dA is higher for F-NR Br = 50 °C) than for pure NRBr
more clarity the results for the other samples are not given. The= 30 °C). This relation for pure NR is the well-known linear
differenceAl = Aa — g for all samples is plotted as a function  relation between the melting temperature and the draw ratio
of T in Figure 6b. From these two figures we conclude: observed by various authétd>5253sing WAXS measuremenEDV

Tm:TmO+BT(’1E_1); Tm:T’;L:;LE (7)
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a) 3 (c) Mechanical and Crystallinity Hysteresig Figure 7a,b

| we compare the mechanical hysteredis of F-NR and NR
samples as a function of the maximum draw rattie= A¢c of

/ the mechanical cycle and as a function of the maximum
crystallinity, y = xm, observed ailc. We have shown previ-

B ously’>52that in pure natural and synthetic NR this hysteresis
varies linearly withy andAc. The same behavior is observed
for F-NR samples. For all samplék, extrapolates to zero for
the critical draw ratiols (Figurel2 of ref 52 and Figure 6 of
ref 15). The mechanical hysteresésX 1) is essentially due to
the stress-induced crystallization (and melting) and not to the
viscoelastic properties of the rubber matrix. The temperature
of the experiments is about 9UC aboveTy; the (plateau)
modulus would be independent of the time of measurement
(several minutes). This conclusion obviously does not hold at
shorter times. It is well-known that crystallizing and noncrys-
tallizing filled rubbers show the Payne efféetat low strain
(0.01 < € < 0.1) and at higher frequencys(> 1 Hz) the
maximum energy dissipated during a cycle is dependent on
strain amplitude and filler concentration, and this last effect
would be due to the rupture and reorganization of the aggregates
and not to SIC.

(d) Variation of the Amplification Factors Aand A, with
Filler Content.The amplification factoA, is deduced from the
stress-strain curve in the stretching domain. The method is
described in Figure 1b. During stretchifg presents weak but
nonmonotone variations. At high deformation this factor has
no straightforward meaning because it compares materials of
different crystallinity. It is important to note thak, at low
deformation, 1< Ar-nr < 1.8, is constant and independent of
the temperature. Above a critical draw ratio which corresponds
to the onset of crystallizatioda (Aa = 2 for the 50 phr NR;
see Figure 3c) the curvinr (Ae-nr) presents a jump. After

0 & this jump, during SIC and stress hardening the amplification

0 5 10 15 factor decreases s_Iowa w?t_h th_e draw ratio. In Figure 8 we have
Figure 7. Mechanical hysteresidn, of NR and F-NR as a function of reported .the strain amplification factdk, .measured at.IOW
the crystallinityy measured at the maximum draw ratio< Ac) of deformation,i < Za, by the method of Figure 1b. By linear

the cycle at 22C (a) and as a function of the maximum draw rafio, ~ regression we obtain the following relation:
= Ac (b). Lines are guides for the eyes.

b)

A,=1+13.4C;, A<, (8a)

and predicted by the Flory theory (and related theories, see the
above referencesBr decreases with the filler content; this is  The correlation factor of the fit iR = 0.98. The fit with the
due to the amplification of the strain in the F-NR samplgs. Guth and Gold relation (2) gives
in filled samples is not the local draw ratio of the chains at the
end of melting. A,=1+6.9C+38C% 1 < 1,(GG) (8b)

(2) A1 decreases with the filler content at any temperature.
At any constant draw ratio Figure 6a gives the supercodijng the correlation factor being = 0.995.
— Te. This difference between the melting and crystallization ~ From the stressstrain curves of similar filled NR reported
temperatures is of the order of 3€ for pure NR and 20C by Lee and Donovaf we deduce a similar relation. We must
for the 40 and 50 phr samples. This indicates clearly that the note that these amplification factors are much higher than those
filler particles act as nucleation centers for the crystallization. predicted by geometric considerations (eq 1c); this fact and the

(b) Amplification Factor A The crystallinity curves of filled fact thatA, is independent of suggests that at low deformation
samples during stretching and recovery can be put into the fillers act as cross-links (GNC). In this low deformation
coincidence with the corresponding curves of the nonfilled domain we can comparg, to the strain amplification factor
samples by the orthogonal transformatior-1ing = A,(1 — A, deduced from the curveBy(Zg). As ie for NR and F-NR
Ar-nR). As noted above foA, this new amplification factor is  varies linearly withT and converge t@mo = —20 °C (eq 7), it
different if the stretching or the recovery curve is concerned; is not necessary to use the method of Figure 1b. The amplifica-
also, it varies somewhat with the deformation. For example, tion factorA, is the ratio of the slop&r(NR)/Br(F-NR). The
the SA valuesh, of the 50 phr sample are 2 and 1.45 ngar  values ofA, for the three F-NR samples are given in Figure 8;
and Zg. It must be noted that melting is a thermodynamical linear regression leads to the relation
transition, and there is no delay in melting; therefore, in the
Flory relation,Ty(4), 4 is the true strain (the local strai) at A, =1+34C Ag <1, (9
the temperature of experimeri,{= T). In the followingA, is
determined from the experimental valugsobtained by WAXS As there is no delay in the meltin@y, in the two types of NR
measurements (Figures 3 and 4). gives the real (local) extension of the chains viaeq 7. There@be\,/
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area of the peaks is proportional to the number of deuterium
belonging to these groupsch,/lcp, = 20/6 = 4.3).

Quadrupolar splittings are given by the well-known relation
for uniaxial deformation:

Av = (3/2)vP,(cosQ)[P,(cos6(t)) ] (20)

The bracket§Tlholds for a time average over motions faster
than 144 The angle between the magnetic field and the draw
axis isQ = 0°. The quadrupolar frequency is of the ordengf
= 175 kHz for the C-D bonds. The angl® in the second
Legendre polynomials connects the experimental coordinate
system with the direction of the €D bonds; this angle
fluctuates during the timd. In the fast motion regime,

empty squares) measurements as a function of the carbon bIaquuadrupolar splittingA»; of probes are proportional to the

concentrationA, (empty triangles) is deduced from the stresgain
curves, Figure 1b, filled triangles data from Lee et%, is deduced
from the melting temperatures, egAuwr is deduced from the splitting
curves Figure 11b at low deformation in the stretching domain. Lines
are guides for the eyes; the NMR results are fitted with the Bueche
expression (see text).

I v 1 v 1 v
I (arb. units) 2 F-NR 50phr
i o
22 R
25 "':_.: a
39 \1/ Hz
1 1 L 1 1 N
-2000 -1000 0 1000 2000

Figure 9. Quadrupolar NMR spectra of the F-NR 50 phr sample
containing 1% of deuterated dodecane. Samples have been drawn at
= 2.2, 2.5, and 3.9. The splitting of the two doublets due to the CD
and CD bonds are indicated.

the strain amplification factod, is the real strain amplification
factor A, = A, measured ale. The direct measurement by
NMR of the local extension, of the chains in the filled samples
will confirm this conclusion.

When the filled NR has crystallized,> 14, one can calculate
the amplification factorgy, andAum from the crystallinity curves
x(A) of Figure 3 and from the mechanical hysterdsig1) of

average of the chain orientati&h62
The observed spectra are well resolved, with narrow lines;
this indicates that we are indeed in the regime of fast diffusion.
The time of the segmental motion is rapid compared to the
quadrupolar characteristic timig= 1/vq ~107° s, the temper-
ature of the experiments being 90 above the glass temperature
of NR. In that condition the averad®,(cos6(t))of the probes
is proportional to the entropic elasticity terd?(— 1/1) of the
chains and inversely proportional to the effective molecular mass
M7 between cross-links (eq 5a). The splitting writes
Av = KAMI)(AZ — 1A) = k,(A° — 1/A) (11)
In pure NR the deformation is affine; the macroscopic draw
ratio A and the local ong, are equal. In filled samples must
be replaced by,. The constank depends only on the local CD
bond orientation in the alkane chain (on the stereochemical
structure of the probe, i.e., on the location of the,GDd CDy
group in the probe molecule). The variation of the slépe=
AvI(2? — 1/A) with MZ has been observed in various network
systemg4-26.33.3563.64n nonfilled NR the dependence kf on
the cross-link density has been studied; by extrapoldting
zero cross-link concentration (@4 = 0 in eq 5a) one deduces
the molecular weighi of the chains between entanglements.
In Figure 10a the splitting\v; due to C} end groups is
given as a function of2 — 1/ for the four different samples
at ambient temperature for small macroscopic deformation (1
< A < 1.6). In this domain the rubber matrix has not crystallized,
eq 11 is verified, and the sloge = dAv/d(A — 1/4%) ~ 1M
increases with the CB content. One concludes that this effect is
due to strain amplification},Z > A, or/and to the increase of

Figure 7b. The NR and F-NR curves can be superimposed bythe effective cross-link densit; ~ 1/M due to the formation

the transformation - Ang = A(1 — Ar—nR) if A varies in an
important way. For exampléyym varies from 3 to 1.8 and,,
from 2.6 to 2.5 betweeid = 2 andi = 3.5 for the 50 phr

of GNC. In pure NR this slope, as recalled above, increases
with the cross-link density. In Figure 10b, the effects of cross-
linking density and of filler content are compared. The slkpe

sample. These factors compare NR materials which have beerof unfilled NR varies linearly with the magss of sulfur. For

crystallized at different supercooling and then having different
crystallinity; therefore, the respective roles of the crystallites
and fillers cannot be separated easily.

4.2. Amorphous Chain Orientation: NMR Study. 4.2.1.
NMR Spectra at Low Deformatiofypical NMR spectra of
F-NR 50 phr with 26 of deuterated dodecane € 12) drawn

the same mass of sulfum{ = 1.2 g phr) this slope varies also
linearly with the filler content. We are tempted to conclude that
the effect of the filler and sulfur cross-links present similar
trends.

4.2.2. Deformation Cycles$n Figure 11a the splitting curve
Avi(A%2 — 1/2) is reported for high deformations & 1 < 5).

at various draw ratio are given in Figure 9. Similar spectra are We remark that two linear regimes are observed; the crossover
observed for pure NR. There is no time evolution of the spectra, between these regimes corresponds to the onset of crystallization
and this indicates that the high molecular weight solvent (boiling at 14 (arrows for the 50 phr and for the unfilled NR in the
point 215°C) is not expelled during the experiment. Also, the figure). In NR during stress-induced crystallizationlat 1
same spectra have been found for different probe concentrationgia ~ 4) the splitting remains nearly constant upie = 7,
(0.5-2%). The signal consists of two doublets of splittifng; which is the maximum draw ratio before rupture. This essential
andAvy; the smaller one is due to the @bonds and the other  property is explained by the model of crystallization discussed
to the five different CIQ groups along the alkane chain. The inref 53; during crystallization the remaining amorphous Cha(iEBV
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Figure 10. (a) NMR splitting Av, of NR and F-NR samples as a
function of the elasticity termi®> — 1/1, at room temperature during
stretching,4 is the macroscopic deformation. In this domain of low
extension, 1< 1 < 1.3 there is no stress-induced crystallization.
Samples contain9 deuterated dodecane. Lines are obtained by linear
regression. (b) Comparison between the effects of density of cross-
links (mass of sulfums) in NR and concentration of carbon black (phr)
in filled NR on the slopek, of the Av;(A? — 1/2) curves in (a) at low
deformation. The filled samples have 1.2 g of sulfur phr. NR data from
ref 51.

previously drawn af > A, relax partially tol = Aa. In filled

NR we remark a somewhat different behavior. Abdyethe
splitting is no longer constant but varies slowly and linearly
with the entropy termA2 — 1/1). All the curvesAvi(12 — 1/A)
pass through a same point/at= 3.6. The properties reported
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Figure 11. (a) NMR splitting Av; of NR and F-NR samples as a
function of the elasticity term? — 1/4, at large extension, 1.18 1 <

5. The change in the slope in both types of rubbers during stretching
(indicated by arrows for the 50 phr and pure NR) corresponds to the
value of 14, the onset of stress-induced crystallization, obtained by
mechanical and WAXS measurements. In NR crystallization begins at
An = 4.2; the splitting remains constant up to the rupture 7. (b)
Method for measuring the amplification facttyivr; see text and Figure

1b. In the inset, schematic view of tide/;(1) curves of NR and F-NR

50 phr of (a). The filled NR drawn at the macroscopie Ar—nr has

the chains locally drawn af, = Anr. At low deformation (not
crystallized samples) the strain amplification factégusr at low
deformation is the slope of thiar(lr—nr) Curve.

curvesAvi(1) merge. Also, we note that at the beginning of
crystallization, afla, the splitting curved\v(1) present a change

of slope (see Figures 11 and 12). In F-NR and in pure NR
samples as soon as crystallization appears the remaining

here for F-NR samples at high extension are puzzling. Figure amorphous chains become less oriented than in the noncrys-
11a demonstrates clearly that the splitting curves of NR and tallized sample. The effect of drawing is less efficient on the
F-NR (stretching and recovery) cannot be superimposed by aorientation of the amorphous chains when SIC occurs. This is
simple and unique orthogonal transformationr Zr_ng — A(1 an effect suggested by Fldnbut to our knowledge never

— ANR)-
Here we were interested in the splittidg, due to the Cl

verified (see for example Figure 12.6 of ref 5 and Figure 13 of
ref 53).

groups; we stress that the same properties are observed if one In conclusion, by quadrupolar NMR in filled and unfilled

plots Av, as a function of {2 — 1/1). As an example, we give
in Figure 12a the splitting\»; and Av, of F-NR 50 phr as a
function of the macroscopic deformatidn The CD bonds of

NR (swollen with a low concentration of deuterated alkane)
one determines with accuracy the critical draw raficandAg
for stress-induced crystallization and melting. At high deforma-

the CD, groups are obviously more oriented than those of the tion, in the hardening domain, the splitting is constant (NR) or
CDs. During stretching (and recovery) the two splitting are weakly increasing withh (F-NR). This again means that the
proportional:Av,(4) = 3.7Av1(A); the same relationship is found  reinforcement above the critical draw rafig in all samples is

in nonfilled NR>! In the same figure we have reported the not due to the limited extensibility of the chains but to the
crystallinity curves during the deformation cycle (Figure 3d). formation of crystallites which act as GNC.

We verify that the characteristic draw ratios and Ag 4.2.3. NMR Strain Amplification Factongyr. In Figure 11b
determined by the two techniques correspond. In Figure 12b, we apply the method of Figure 1b to calculate the amplification
we compare the mechanical and NMR cycles obtained in factor Aywr in the low deformation domain} < Aa. In the
equivalent conditions (at ambient temperature and same globalinset we reproduce the splitting curvas; (1) of NR and F-NR
deformation rate). It is noted that ag, that is to say at the (50 phr) as an example; the curves are smoothadilues of
melting of the last crystallites, the NMR recovery and stretching Av are chosen arbitrarily, and the corresponding draw raélgil
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Figure 12. (a) NMR splittingAv;, andAv, due to C[3 and CD groups

of dodecane (1%) in FNR 50 phr samples as a function of the
macroscopic draw ratid. In dashed line the crystallinity curves; see
Figure 3d. Lines are guides for the eyes. By WAXS and NMR one
measures the same critical draw ratipsand Ze. (b) Same sample.
Comparison between mechanicaf) (and NMR (Avi) cycles. The
critical draw ratiosta (change of slope of the NMR stretching curve)
andAe (merging of the stretching and recovery NMR curves) correspond
to the values (crystallization and melting) observed by WAXS.

Anr @nd Ag—nr are recorded. The curvinr(Ar—nRr) gives the
variation of the local draw ratid; = Anr as a function of the
macroscopic draw ratia = Ar—ngr Of the filled sample. The
amplification factor

ANMR_AF_NR—l_/l—l

(12a)

is the true strain amplification factor. In the three filled samples,
the slope of the curvénr(Ae-NR) IS cOnstant at low macroscopic
deformation up to the critical draw ratib, at the onset of
crystallization. The values dAywr are compared to the other
strain amplification factors in Figure 8. By linear regression
one obtains
Awr=1+25C, A1<1, (12b)

When the filled NR does not crystallizé, < A, we conclude
that:

(a) The strain amplification factors, and Ayvr (€qs 7 and

Filled Natural Rubbers 8365

(b) Aumr is very different from the mechanical amplification
factor A, deduced from this work (eq 8) and from the work of
Lee and Donovaf? The experimental relatiord; — 1)/(Anvr
— 1) ~ 5 (Figure 8) indicates that reinforcement for< 14 is
not due solely to the more important local extension of the
amorphous chains in the filled NR but also to an additional
cross-linking effect: the increase of the density of effective cross-
links due to the constraints added by the fillers on the chains.
As recalled in the Introduction, such a role of the CB patrticles
was suggested by Flory a long time ago.

Berriot et al?® analyzing the magnetization relaxation time
of isotropic polyacrylate matrix filled with silica particles
concluded that “topological constraints localized at the interfaces
have the same effect on the magnetization relaxation as the
cross-links (and entanglements) homogeneously distributed in
the matrix”. In our strained filled rubbers these constraints which
increase with the filler content produce a greater effect on the
modulus A, = 1 + 13C) than on the local straildwr = 1 +
2.5C). We postulate then that the amplification facégrdeduced
from the stressstrain curves is due to both effects: the
amplification of the strain and the increase of modulus. In other
words, theo(1) curve of the filled rubber is deduced from that
of the unfilled rubber by two successive orthogonal transforma-
tions of ratio &.)~! andE¢/E. We assume that in filled rubber
the effective cross-link density increases linearly with the
volume fraction of filler,d/dy = E/E; = 1 + yC. Taking into
account eq 12b, we obtain

A, = (di/d,)A. = (1+ yO)(1 + 2.5C) (13)
This is the Guth and Gold (GG) relation, eqs 2 and 8b, with
=y -+ 2.5 andb = 2.5y; the fit with the data of Figure 8 gives
y = 7.6, and the correlation coefficient iR = 0.99. By this
fitting procedure, we obtain the GG relatiofy; = 1 + 10C +
20C2. The accuracy of the measurements does not permit to
conclude which form of the GG relation (eq 8b or eq 13) is
more appropriate.

Typically, for C = 0.15,d}/dy ~ 2. The effect of constraints
created locally by the particles is equivalent to an increase of
density of cross-linksl; — dc ~ do homogeneously dispersed
in the matrix.

4.2.4. Homogeneity of the Deformatiohsfilled rubbers the
structure and the morphology observed by electron microscopy
and AFM are not uniform; particles are aggregated, and the
size of these agglomerates and the distance between aggregates
are not uniform. Also in some circumstances we have found
that in pure rubber during recovery the material contains two
phases in equilibrium (inverse yielding effe®t One wonders
if the local deformation and then the local stress are spatially
nonhomogeneous in these materials (in particular during stretch-
ing). It is important to give an estimate of the length scale over
which the splitting is averaged.

Unnikrishnan et af> have measured the diffusion coefficient
D of four n-alkanes (hexane to nonane) in natural rubber
vulcanized via different ways. In NR vulcanized by sulfiv(
~ 15 500,N; ~ 229) they observed a decreaselfnith the

12) are of the same order, the CB concentration dependence idength of the probes. Linear extrapolation of their results to
similar to that predicted by Bueche (eq 1c), and the fit with eq dodecane leads  ~ 107> cn¥/s; in our systems the deuterated
1b gives the exponent = 0.55 (Awwr) and 0.73 A,) with a probes diffuse in the rubber matrix over a lendthrelative to
correlation factoR = 0.99. These exponents must be compared (Dtq)?® which is of the order of 100 nm for the quadrupolar
to the Bueche exponert= 0.33 for an ideal three-dimensional  characteristic timet{ = 1/vq ~ 10> s). Obviously this length
arrangement of monodispersed rigid spheres in a rubber matrixis reduced in F-NR by the solid particles (carbon black, NR,
and tox = 1 for a one-dimensional arrangement of soft and and stearic acid crystallites); for a crystallinity of 10% the mean
rigid lamellae. distance between crystallites is about 20 nm, and in the 40C;B\r/
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Figure 13. (a) Correlation between the splittingyy; and the widthw,

of the NMR peak doublets GfXsquare, NR; circle, F-NR) and GD
(+, NR; x, F-NR). Lines are guide for the eyes. (b) Comparison of
the widthW; of the two doublets peaks GRnd CD} of NR and F-NR
(50 phr) as a function of the macroscopic deformation. At low
deformationA < Aa, the two curvedVi(4) andW,(1) of the NR and
F-NR samples can be superimposed by the transformatioRy— 1)

— Aw(Anr — 1). The amplification factoAy is of the order of 1.5

1.7.
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with deuterated dangling and cross-linked chains and by Valic
et al®” in polybutadiene networks swollen with deuterated
chains.

As W could be an indication of the heterogeneity of the
rubber, we have compared in Figure 13b the variation of the
line widthsW; andW, with the macroscopic draw ratio of the
filed (50 phr) and unfilled samples. From this figure we
conclude that:

(a) The widths of the Cband CL; peaks of all materials
vary linearly with the deformation; extrapolationic= 1 leads
to the observed valua\( ~ 50 Hz) of the isotropic sample.

(b) In the low deformation regimé, < A, the widthWi(4)
of the F-NR sample can be superimposed (arrows in the figure)
with that of the NR sample by the transformatidp-(\g — 1)

— Aw(Anr — 1). The amplification factoAw ~ 1.6 is very near
the value deduced from the splittingyvr ~ 1.5 (Figure 8)

(c) In the high deformation regime > 1a = 2.2 the width
of the F-NR sample continue to increase withbut slower.
The splitting Av and the widthW present similar variations;
the crossover between the two regimes correspond to the critical
draw ratioa, for the onset of the stress-induced crystallization.

The striking feature of these results is the similar line
broadening observed in filled and nonfilled rubbers: the samples
being drawn at different draw ratios but having the same splitting
(that is to say the same local extensign Since the line width
is always proportional to the splitting (and the fact that the slope
Av/W does not depend on the mass and concentration of the
deuterated probes), it is likely that the broadening is homoge-
neous. This conclusion should be verified by other NMR
technique$87° Also, it would be interesting to compare the
line shapes of filled NR-containing deuterated probes and cross-
linked PI chains, although the origins are differéni?.62

5. Conclusion

By WAXS and quadrupolar NMR we have shown that the
stress-induced crystallization and melting in filled rubber can

isotropic and stretched samples the mean distance between CBye followed very accurately. The critical drawing ratios for

particles and aggregates is 0800 nm (see for example ref

appearance and disappearance of the NR crystallization cor-

21). In conclusion, the length scale over which the splitting is respond to the critical valuess and Ag, deduced from the

averaged is of the order of 2A.00 nm; this is smaller than the

mean distances between carbon black aggregates and NRg

crystallites. It would be important in the future to know if NR

stress-strain curves. The main interest of the NMR technique
to give a mean value, with a high accuracy, of the local
extension of the amorphous chains during the processes of

to understand the origin of such heterogeneities.

From the variation of the propertX with the strain (in

The line width of the NMR peaks depends in a complex stretching experiments) we have defined the strain amplification

manner on the static and dynamic heterogené€ifi®e have
found that the widthW and the splittingAv of these oriented

factorsAx (X: stress, crystallinity, mechanical hysteresis, NMR
splitting, and line broadening). These factors vary with deforma-

materials do not depend on the molecular weight of the probe tion as soon as crystallization (or melting) begins during
(eicosane, dodecane, decane, nonane) and its concentratiogtretching (or recovery). The NMR amplification fact8givr

(<4%). This behavior indicates that andW are not dependent

gives the true strain amplification in all domain of deformation,

on the diffusion coefficient of these types of probes. A different the sample being partially crystallized or not, during stretching

result has been reported by Sim#nn SBR networks swollen
with deuterated benzemer andW do depend on the concentra-

or during recovery. From the melting of NR crystallites
(observed by WAXS) we deduce the deformation of the

tion ¢ of the NMR probes. We have remarked that the width amorphous chains and then calculate the amplification factor

W and the splittingAv; increase with the deformation (see for
example Figure 9), and we have then plotted in FigureABa
vs W, for the unfilled and filled (50 phr) samples; similar plots
are obtained for the other sampl&®r a same splitting, that is
to say for a same local deformation (same), the line width

A,. Amplification factorsAywmr (@andAw) andA, are of the same
order of magnitude and vary with the filler concentration as
predicted by eq 1b with the exponeat 0.75 the arrangement

of particles (aggregates) in the rubber soft matrix cannot be
considered as a three-dimensioxaf 1/3, or a one-dimensional

of the CD; peaks of the filled sample is 1.6 times broader than regular arrangement, = 1.

that of the unfilled one. The same conclusion is reached if we

plot Av, vs W5 (in the figure, symbolst and x).

The simultaneous increase \Wfand Av with rising deforma-
tion was observed by Menge et®lin unfilled polybutadiene

At low deformation, before stress-induced crystallization, the
strain amplification factoré\, and Aymr Of F-NR samples are
very different. The relatiod\, ~ 2.5Ayur (Figure 8) indicates
clearly that the reinforcement in filled rubber at low deformat'BBV
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is due to both effects: the overstrain of the chains and the and Dr. P. Sotta for stimulating discussions and remarks about
increase of the cross-link density due to the filler. These effects this work.

are coupled and of the same magnitude. The density of
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