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Structure evolution during deformation of unfilled natural rubféR) vulcanizate and filled ones

with carbon black or calcium carbonate was investigated by the synchrotron x-ray diffraction. The
crystallization onset straing?, was found to decrease by the inclusion of the filler. However,
correcteda® values into the effective strain ratio of deformable rubber portion were almost constant
between filled and unfilled samples. Accordingly, our model of strain-induced crystallization of
unfilled NR vulcanizates, assuming that melting temperature is independent of network-chain length
(n), was applied to the filled samples. The discrepancy between classical theories and experimental
results was thought to come from the distribution rof By the inclusion of filler, the lateral
crystallite size was decreased but the orientational fluctuation increased. The lattice of the
strain-induced crystallites changed almost linearly with the nominal stress. In addition, the degree of
lattice deformation decreased with the filler content, especially in the carbon black-filled system. All
these experimental results are consistent with the proposed mod@f0® American Institute of
Physics[DOI: 10.1063/1.1900927

I. INTRODUCTION terephthalaté® (PET) or poly(ethytlene naphthalene-2,6-
dicarboxylat¢ (PEN),"®*° during the uniaxial deformation

An elastomer is a polymer material which has the abilitywere compared with the case of NR. In the case of PET or
to resume its shape after large deformation. The long polyPEN, as the strain ratio increases, the amorphous halo is
mer chains of an elastomer are cross-linked with each othegcalized onto the equator and subsequently crystalline re-
and account for the flexible nature of the material. Amongflections appear, indicating that the overall molecular orien-
various types of elastomers, natural rubféR) is the most  tation occurs first and the crystallization follows. Despite the
typical one and an indispensable material for many industriapeculiarity, because the isotropic halo from the strained NR
and household applicationghe versatility of NR is mainly  could be expected as a result of relaxation during long expo-
due to its outstanding tensile properties and the good crackure using a conventional x-ray source, not much attention
growth resistance, which originates in its ability to crystallize has been paid. In the subsequent synchrotron WAXD studies,
upon elongation. Thus the strain-induced crystallization inthis feature of NR was more clearly recognized by time-
cross-linked polymer system is a significant subject fromresolved WAXD measurement$?%?! Since synchrotron x
both academic and industrial viewpoints. Even though theay allowed thein situ examination of structural evolution
strain-induced crystallization of NR was recognized longduring deformation, the detection of a persistent isotropic
ago?? the crystallization mechanism in cross-linked NR hadamorphous halo in the highly strained NR cannot be related
not been much understood in spite of the extensive studie® the relaxation of the stretched chains but to an intrinsic
on this subject™’ feature of the NR samples.

There is a characteristic feature in the wide-angle x-ray  In the recent quantitative studies by some of the authors
diffraction (WAXD) patterns of highly strained NR, which is of the present paper, the feature was attributed to the coex-
the coexistence of highly oriented crystalline reflections andstence of stretched chains and random coiled cH3i8A
near isotropic amorphous halo. This feature has been denodel mechanism has been presented for the strain-induced
scribed in the early work by Katz in 1928Mitchell reported crystallization of unfilled NR on the basis of the features
the same feature almost six decades later, and investigatéolund through a close inspection of the WAXD patterns, con-
the crystallinity and the degree of molecular orientation ussidering the polydisperse distribution of the network-chain
ing the conventional WAXD techniqug.One may under- length which results in the inhomogeneous deformation of
stand the peculiarity of this feature when the WAXD patternsthe molecular network of NR vulcanizat&s?® This model
of other semicrystalline linear polymers, e.g., gethylene  will be extended to the filled system.

In this paper, we discuss the structure evolution and its
3 Author to whom correspondence should be addressed; F#8¢:-774-38-  Mechanical response in NR samples containing nanosized
3067; electronic mail: tosaka@scl.kyoto-u.ac.jp particulate fillers. Since the filled NRe.g., with carbon
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TABLE I. Formulations of the NR compounds in parts by weight per hundred parts of rubbers.

Ingredients NR-0 NR-20H NR-40H NR-40CA NR-60CA
NR 100 100 100 100 100
Stearic acid 2.0 2.0 2.0 2.0 2.0
Active ZnO 1.0 1.0 1.0 1.0 1.0
cBS 1.0 1.0 1.0 1.0 1.0
Sulfur 15 15 15 15 15
Carbon black 20 40 :
Calcium carbonate 40 60
Curing timé& (min) 14 14 14 15 15
Volume fraction of filler, ¢ 0 0.097 0.177 0.135 0.190

“N-cyclohexyl-2-benzothiazole sulfenamide.
bCuring temperature 140 °C.

black) is of extreme importance in many applicatic?ﬁs, detect the change of diffraction angle which corresponds to
clarification of the relationship between the filler and thevariation of lattice spacing smaller than 0.04 nm.
strain-induced crystallites is also an important subject from A tabletop stretching machine from Instron, Inc., modi-
both academic and industrial viewpoints. We have reported &ed to allow the symmetric deformation of the sample, was
short communication obtained by the synchrotron WAXD used to illuminate the same sample position during stretching
and simultaneous stress-strain measurements for the carbwaith the focused x raf/?'zs’ﬂ‘SOThe incident beam impinged
black-filled sample%‘f’ Hereafter, we present additional and on the sample perpendicular to the stretching direction. Each
comprehensive results including those for the samples mixeslpecimen was continuously elongated up to the predeter-
with calcium carbonate, and discuss the strain-induced crysnined strain ratio and then retracted to the original length,
tallization and mechanical response of the filled samples imot stopping during the exposure. The strain ratip,was
view of the model for strain-induced crystallization de- determined from the distance between the clamps during the
scribed in the previous papers based on unfilled sanipfds. deformation. Hereg=1/1, in which |, is the initial length of
An important problem on the application of the classicalthe sample and is that of the elongated one. The initial
theorie§*° to the real system is also addressed in this papedistance between the clamps was 25 mm and the deformation
rate was 10 mm/min. All the measurements were carried out

at room temperaturéca. 25 °G.
Il. EXPERIMENT

The grade of NR used in this study was ribbed smoked
sheet(RSS No. 1 from Malaysia. Carbon blacHS-HAF,  lll. RESULTS
Diablack l_\I339 Wlt_h an average particle size of 26—-30 nm A. Tensile properties
and ultrafine calcium carbonai€aCQ, ACTIFORD700Q
with an average particle size of 20 nm were used as fillers.  The results of the tensile stress-strain measurements are
The formulations for the preparation of varying rubber com-shown in Fig. 1. For the filled samples, the stress upturn
pounds are shown in Table I, along with the volume fractionoccurred at a smallerr value, compared to the unfilled
¢, of the filler. Each of the filler was dried in an oven at Sample. This effect was more significant for the samples with
120 °C for 2 h. Subsequently, all of the ingredients werecarbon black than those with calcium carbonate, according to
mixed on a two-roll mill at room temperature. The cure timethe comparison Of,_ e.g., NR-40H a_nd NR-60CA having
was determined on the basis of cure characteristics from gloser ¢ values. This is in accord with the general trend
JSR Curelastmeter Il oscillating disk rheometer, which wageported previousl§* Although calcium carbonate of nanom-
used to monitor the progress of curing. The NR compoundéter sizeACTIFORD700 was used, its effect on the tensile
were vulcanized into sheets of 1-mm thickness under prefehaviors of NR was less than that of a conventional carbon
sure in a mold. Dumbbell-shaped specimens were cut frorklack[high abration furnacéHAF)].
the sheets. The initial thickness and the width of the thin part

of the specimen were 1 and 3 mm, respectively. 16
Synchrotron WAXD experiments and simultaneous ten- 14 F NR-20M NRS:E‘;C A
sile measurements were carried out at the X3A2 beamline in =12 r NR4OH /|
national synchrotron light sourddSLS), Brookhaven Na- glg [ - \*
tional Laboratory(BNL), NY, USA. The wavelength of the x § 6
ray was 0.1542 nm. The two-dimensior{adD) WAXD pat- ZI
terns were recorded in every 30 s by a charge-coupled device 2
(marCCD x-ray detector systgmwith a flat screen and a 0
pixel size of 0.158 mm. The camera length was 93.5 (fan 01 2 3 4 5 6 7 8
NR-0 and NR-40Hi or 107.0 mm(for NR-20H, NR-40CA, “
and NR-60CA. These experimental conditions enabled us to FIG. 1. Stress-strain curves.
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FIG. 2. Flat camera WAXD patterns ¢&) NR-0, (b) NR-20H, and(c)
NR-40CA, at strain ratiax=5. Stretching direction is vertical.

B. WAXD patterns of unfilled and filled rubber
samples
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FIG. 3. Variation of the integrated intensity of the equatorial reflectibys,
during the stretching and retracting processegdbNR-0, (b) NR-20H, (c)
NR-40H, (d) NR-40CA, andie) NR-60CA. The thick and thin lines indicate

the stretching and the retracting processes, respectively. The larger symbols
correspond to the stretching process. Thg data during the stretching
process near the onset of crystallization are shown in (arfrom which

the a° values were estimated.

If some sites on the filler particle were acting as nucleating
points, randomly oriented crystallites of NR would have ap-
peared, resulting in ring-shaped reflections of NR crystal-
lites. Such ring-shaped reflections of NR have not been
found in this study or in the previous stud@< The ab-
sence of such randomly oriented reflection of NR crystallites
strongly suggests that both carbon black and calcium carbon-
ate in this study are not acting by themselves as nucleating
agents.

C. Development of strain-induced crystallites

The development of crystallinity was evaluated by using
the integrated intensity of 200 and 120 reflectighg), ob-
tained by a conventional curve-fitting method, from the
equatorial intensity distribution that included?5° from the
equator. Figures(8)-3(e) show the development of, with
a. During the stretching process, thg, value of all the
samples increased monotonically. In addition, during the re-

Figure 2 shows the examples of the WAXD patterns afracting process, in accord with our previous studfes the
a=5. Only the highly oriented crystal reflections in WAXD | . value of the unfilled sample decreased monotonically

are observed in NR. On the other hand, the ring-shdped
oriented reflections of calcium carbonat@alcite), which
can be indexed as 0l@veak inner ongand 104 (strong
outer ong reflections of the trigonal crystal(a

=0.4989 nm,c=1.7062 nm, space group No. 16R3c),*?

[Fig. 3(@]. In the case of the filled samples, thg, value
increased when the retracting process started, and then de-
creased monotonicallfFigs. 3b)—3(e)]. This increase would

not be due to the increase of the sample thickriess the
scattering mass, synchronizing the contraction of the sgmple

are seen in the WAXD pattern of NR-40CA. As confirmed by because the change in the sample thickness was not so large
the ring-shaped reflections, the filler particles did not have avhen the sample was highly stretched, and furthermore, such
preferred orientation in the rubber samples upon elongatioran increase in intensity has not been observed for unfilled
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TABLE II. Onset strain ratio of crystallization for unfilled and filled NR 30 @
samples. 25 r é"x
220 H== 1\ R
Onset strain ratio of crystallizatin E s - $-(2)0H Aat\;‘!;-\-—&‘%
0 0 0 < ™™~ NR- ~o---18-
Sample code \a o a(¢p) (V) S0 Hoa NRa0m _—
NR-0 3.0 3.0 s H ::-$-40C:
NR-20H 0.167 26 2.8 2.9 o I, L L
NR-40H 0.305 2.3 2.6 29 0 1 2 3 4 5 6 7 8
NR-40CA 2.8 3.1 a
NR-60CA 2.7 3.1 30 5
& p=1.72. 25 r a
P40 the values before correction?(qﬁ): corrected values for the filler vol- =20 | "u‘
ume fraction, anda?(V): corrected values for the volume fraction of the g ‘#.‘ki*‘éf
fillers plus occluded rubber. s T -y
~N10
samples>**Therefore, the increase Ig, at the beginning of ST
the retracting process was mainly attributed to the increase in 0
the crystallinity of the sample. 61 2 3 4 5 6 7 8

In this study, the strain ratio at the onset of crystalliza-
tion (a®) was determined by the relation between diffraction
intensities andv: «° value was estimated as the intercept of
the regression line in the plot &y, againsta near the crys- o ) , i
tallization onset region(Here, |0, denotes the integrated smaII.er vaIL_Je 0f3,, indicates the sm_all_er fluctuat|o_ns in ori-
intensity of the 200 reflection of NRIn this case, the 120 €ntation. Figure 5 shows the variation g, during the
reflection was excluded from the evaluation of diffraction St'étching and the retracting processes. For each sample, the
intensity because the 120 reflection is overlapped by thgrientational fluctuation decreased withduring stretching,

strong amorphous halo, and hence separation of the weaﬂpd then increased gradually during retracting. It was noted

peak from the halo was impossible when crystallinity wasthat theB,, values of all the filled samples were larger than

low. The plots used for the estimation of th8 values are the unfilled ones.

shown in Fig. &f). Table Il shows thex? values determined

in this way. It was found that® shifted to a lower value in F. Lattice deformation of strain-induced crystallites
the case of the samples mixed with filler. This trend is more

FIG. 4. Variation of lateral crystallite sizéyq, during the(a) stretching and
(b) retracting processes.

In order to evaluate the deformation of the crystal lattice
rby the stress upon stretching and retracting processes, the
lattice constants were estimated from the WAXD patterns
during deformation by using the least-square regression
method. The unit cell was assumed to be a rectangular par-

The crystallite size was estimated by using the Scherreallelepiped, according to the structure analysis by NyBfirg.

those with calcium carbonate.

D. Crystallite size

equation, The estimated values of the lattice constants and the volume
L200: K- )\/(B COSG), (l) 25

whereL,qq is the crystallite size in the direction perpendicu- 20 _(a)

lar to the (200) plane, \ is the wavelengthg is the half- 3.1 ““n&h_

width of the 200 reflection in the radial directiof,is the g"ls o Y 13.‘:‘,‘2»&%

Bragg angle(half of the scattering angleK is a constant, ;510 [ \*_fj-N

and the value of 0.89 was used in this stdtifhe detailed 5 H-x--NReoca

procedure for the estimation df,oq has been described in 0 —o o NRGocA

our previous pape?rz. Figure 4 shows the variation df,q,
during the stretching and retracting processes. As shown in
the previous papéﬁ the L,ygg values of all the samples de-

0 1 2 3 4 5 6 7 8
o

25
creased during the stretching process, whereas the values in- | &)
creased gradually during the retracting process. On the 320
whole, thel 5o values of the filled samples were smaller than %15 i
those of the unfilled one. St

&

E. Orientational fluctuation of crystallites T

0 1 1 1 1 1 1 1

The degree of crystallite orientation was evaluated based 00123 45 67 8

on the azimuthal intensity distribution of the 200 reflection.

The aZimUtha| ha”'Widthﬁm O_f the intensity distribution i, 5. variation of azimuthal half-width of 200 reflectiog,, during the
was estimated as described in our previous p#pd@he () stretching andb) retracting processes.

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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of the unit cell are plotted in Fig. 6 against the stress valuesre consumed for the crystal growtin the same way as the
obtained in the dynamic experiment. We note that both thehishi-kebab structuté*) would be supplied by the sur-
stretching and retracting processes are included in this figureounding coiled chains.
The contraction of the unit cell in tha and b directions As a result of crystallization, the molecular chains are
(perpendicular to the stretching directjpand the elongation partly extended in the stretching direction, and the rest,
along thec direction (parallel to the stretching directibn namely, the amorphous portion, is conversely relaxed. Thus
with the increase in the nominal stress were recognized ithe entropy of the amorphous portion will be increased after
both the unfilled and filled samples. The differences of thecrystallization}**?%3%4?and as a result, further crystalliza-
lattice constants among the samples at zero stress, whitlon would be hindered without additional elongation of the
were estimated by the extrapolation of the plots, may be dusample. The persistence of almost isotropic amorphous halo
to the slight differences of the experimental configurationsin the WAXD pattern of highly strained NR sampf&&"=°
and corresponding errors. Unfortunately, measurements faran be explained in this way.
NR-0 and NR-40H were performed at different experimental ~ An important postulate assumed in the previous studies
periods. The differences of the absolute values of the latticés thatT,, of the strain-induced crystallites is almost indepen-
constants are, therefore, not discussed in this paper. dent of network-chain density;,. This postulate arises from
the result that thex® values for unfilled NR vulcanizates
were almost independent of?223|f T, were a function of
both @ and », a® (where T,, minus supercooling equals to
IV. DISCUSSIONS ambient temperatuyevould depend on. However, not only
in our previous studié&?® but also in another synchrotron
study®® a° was found to be almost independentofEven
when the temperature was changed by the ambient condition,
In our previous papers, the following model has beena® was still independent of. The latter result was implicitly
presented for the strain-induced crystallization of unfilledreported on cross-linked NRpy plotting the data ofa®
NR.223 against crystallization temperatuti Table IV of Ref. 7,
When the stretching of a NR vulcanizate is started, theve can obtain curves for three samples with different
network chains in the sample are divided into highlywhich are almost superposed with each other as shown in
stretched chains and coiled chains, as a result of inhomogé&-ig. 7. At least, in the case of “temperature-induced” crystal-
neous deformation due to inhomogeneous topology ofites, T,, is independent ofv according to the dilatometric
chains.(In the field of polymer physics, the term “coiled” is study** of a series of NR samples with differentvalues,
customary used to express the tangled chain conformation ithough the growth rate of the temperature-induced cr¢§tals
generaﬁ5) The coiled chains result in the nearly isotropic was suppressed by increasing In this way, this postulate is
amorphous halo in the WAXD patteffi-2>*°Upon further  based on sufficient experimental evidences as stated above.
elongation, the melting temperaturd,,) of the sample On the other hand, classical theories of strain-induced
is increased due to elongation of the coiled crystallization for homogeneous network have predicted that
Chains3.’4'7’8’11'16’22'2@\/henTm exceeds the ambient tempera- T,, depends on the network-chain length, that is, ot 4°
ture, the system enters a supercooled state because polyntéowever, there is not enough evidence to prove Thatle-
molecules cannot crystallize otherwise under sufficienpends onv for the strain-induced crystallites of vulcanized
supercooling’® Subsequently, the oriented crystallites will be NR. For example, in Ref. 7, the results shown in Fig. 7 were
formed onto the stretched chains. The molecular chains thanalyzed by using the Flory’s equation,

A. The model of strain-induced crystallization
for unfilled NR

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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1 B. Onset of crystallization

= e, @ | - .
i T7 AH As shown in Table I, the strain-induced crystallization
of the filled samples starts at a smaller strain ratio than the
where unfilled sample. This shift o&° by the inclusion of carbon
black filler has already been reported by Gehman and
o 1 Field*’ To explain these results, we have to take account that
6 \112 the filler particles do not deform and only the rubber portion
Yla,n) = (%) a-———, (2) can be deformed. Because of the existence of the filler par-

ticles, the effective strain ratio of the rubber portion is larger
with T; being the incipient crystallization temperature than the nominalmacroscopitone. In the simplest model,

(namely, the ambient temperature where crystallization start\glhe.re nc; dﬁformatmn of flller particles an dd uk? |forr|n (.jefoL-.
at strain ratioa), T? a constantR the gas constan\H the mation of t e'rubber portion are assumed, t c€re atlops P
melting enthalpy, andh the number of statistical units per be'Fween the filler volume fract{gm and the effective strain
network chain. The valua is not equal to the number of ratio a;(¢) can be formulated
repeating unit per chai\. The ratioN/n is a measure of _
rigidity of the chain. The data that give the plots in Fig. 7 for ($) = (a= (1= ¢). &)
the samples with differerll have led to different values of Of course, the real value of the effective strain ratio de-
AH andN/n for each sample. In this way, the dependence ofends on the network structure and the aggregation of filler
T, on v has been believed unquestioningly by regardingparticles, but we tentatively adopt this equation as the start-
other constants as fitting parameters. However, it is unredng point. Thea® values are converted using E8) and the
sonable to attribute different values AH and N/n for the values,a?(qﬁ), are shown in Table II. Thez?(qﬁ) values are
series of NR samples prepared in the similar manner. closer to each other compared to ievalues.

The discrepancy between the experimental results and Two types of correction for the usage of E@) are
the theoretical prediction may arise from the inhomogeneousonsidered to explain the relatively large deviatiom{}(qb)
nature of the chemically cross-linked NR networks. That isfor samples with carbon blac®tNR-20H and NR-40h than
the premise of the classical theories for the homogeneou$iose with calcium carbonat&lR-40CA and NR-60CA In
network may not be valid in the real NR network system.the case of carbon black-filled NR, formation of “bound rub-
The coexistence of highly oriented crystalline reflections ancer” layer which is confinedboth physically and chemi-
nearly isotropic amorphous halo in the WAXD pattéfig.  cally) around the filler particle is widely knowti**and the
2) suggests the coexistence of highly stretched networkendency of calcium carbonate is known to be less enhanced.
chains and coiled chains, as stated befSré& This would be Equation(3) assumes that the whole portion of rubber de-
due to a polydisperse but finite distribution of network-chainforms uniformly while the filler particles do not deform. If
length in the real system. A theoretical treatment for suctwe further assume that the bound rubber layer does not de-
realistic systems, considering the distribution of network-form upon elongation as well as the filler particles, the
chain length, has been presented by Dietatlal *° Though smallera?(qﬁ) values in Table Il for the carbon black-filled
their model for strain-induced crystallization was differentsamples may be explained by the underestimation of the vol-
from ours and the theory failed to predict the experimentaume fraction of undeformable components. In the reverse
trends of the crystallization onset strain, the coexistence ofvay, we calculated the thickness of the bound rubber layer
highly stretched chains and coiled ones was successfully prérom o° to be ca. 3—-4 nm(The calculation procedure is
dicted in their paper. described in the AppendixThe calculated thickness of the

The hypothesis of the coexistence of two types of netbound rubber is within the range of reported valthe¥
work chains has led us to the above-discussed model to sat- The other type of correction considers the aggregate
isfy all the experimental evidences consistently. Hereafterstructure formed by the elementary particles of carbon
we discuss the results for filled samples from this viewpointblack>® The aggregate of carbon black particles traps a part

of matrix rubber in the internal void space, and accordingly,

80 the effective volume of the aggregate is larger than the net
70 ?A volume of carbon black particles. The trapped rubber in the
agg [ o carbon black aggregate is called “occluded rubber” and also
S40 F ® contributes to the undeformable component. The effective
&30 [|®2DC oF volume fraction,V, of carbon black including the occluded
20 |0 NN-7 rubber can be estimated by using dibutylphthalate absorption
0 rlams (DBPA) values in crd/100 g as*

0

0 1 2 3 4 5 6
a Vi =0.51+[1+0.02139DBPA)]/1.46. (4)

FIG. 7. Relationship between incipient crystallization temperatlireand In the case of the carbon black used in this stie$3-

a. The data in Ref. 7 were used for the plot. The number of repeating uni ; ;
per chain,N, for samples 2DC, NN-7, and NN-6 are 198, 140, and 154,HAF N339, DBPA is about 120 cf1100 9 (accordlng o

53 ; ;
respectively. 2DC was cured with dycumil peroxide, and NN-7 and NN-6ASTM D-1765°" and the co_rrespondlng value df/ ¢ is
were cross-linked by irradiating witly radiation. calculated to be 1.72 by using E¢4). The correcteda’
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based on Eq(3) by usingV instead of¢ [namely,a’(V)] for  filled with carbon black®~*%the filler particlesor the aggre-
NR-20H and NR-40H are shown in Table Il along with the gates of filler particlesare connected by dark bands running
values ofV. The deviations oh?(V) values for the carbon in the stretching direction. The strain-induced crystallites
black-filled samples from the® value of the unfilled sample may be formed in the bands, considering the origin of dif-
are comparable with those o&%(¢) for the calcium fraction contrast in bright-field TEM imagés. A strain
carbonate-filled samples. Slight fluctuations of these valueanalysis based on the finite element mefla@EM) also
may be partly due to the oversimplification of the modelleads to the same interpretation. The result of FEM indicates
assumed for the derivation of E(B). that adjacent filler particles are connected by the region of

The bound rubber and occluded rubber coexist in théhigh strain in deformed rubber. Therefore, there should be
real system, i.e., the undeformable rubber component woulthuch stretched chains between the filler particles. These
be composed of both of them. However, their relative constretched chains will lead to dense occurrence of crystallites.
tributions to the real effective strain are presently very diffi-On the basis of the TEM and FEM studies, the smaller crys-
cult to estimate. Therefore, we have estimated each of th&llite size of the filled samples may be attributable to the
effects separately, as described above. The more detail@nse crystal formation on the stretched chains between the
guantitative analysis is in the scope of future works. filler particles.

Becausea® for the unfilled samplea?(qS) for the cal- If the crystallites are formed from precedently stretched
cium carbonate-filled samples, ang(V) for the carbon chains which are bundled with each other, it is very difficult
black-filled ones distribute in the small range, we may beto explain why the smaller crystallite size results from the
able to assume them to be constant in the range of expeninore densely existing stretched chains. The reason why the
mental error for the samples used in this study. Under thistretched chains do not gather together to form crystallites
assumption, the model for the onset of strain-induced crysmust be due to their very low mobility. Being tightly
tallization in our previous papers™ may be applicable also stretched would be incompatible with the mobility for the
for the filled NR. That is;T,, of NR would be determined as network chains. In order to attain the mobility to form the
a function of the effective strain of the deformed rubber por-crystal lattice, the network chains must be relaxed to some
tion. Apparent increase in by mixing with filler would not  extent. Given this perspective, the observed increase in crys-
affectT,, Strain-induced crystallization will start whén, of tallinity [Figs. 3b)-3(e)] at the beginning of the retracting
NR is increased with the increase in the effective strain angbrocess can be explained by the crystallization incorporating
the system enters a supercooled sthté?®Here, we further  the slightly relaxed chains that attained the mobility from the
assumed that the fillers do not suppress the melting temperatretched immobile state. The director of the stretched chains
ture. This is because filler particles are too large to be incorean be fluctuated to connect the filler particles. This would
porated in the crystal lattice of NB;>>and accordingly, they result in larger orientational fluctuations for the filled
will not affect the melting temperature. samplegFig. 5.

C. Growth of crystallites D. Stress field around the strain-induced crystallites

In the previous paper, on the basis of the observations Based on the linear relationship between the nominal
that the crystalline reflections of NR were highly orientedstress and the lattice constants, we have proposed that the
even when they started to appear, we proposed that theansfer of the stress to the crystallites is mediated by frames
strain-induced crystals are nucleated from the stretched netf surrounding chain& We can observe the similar linearity
work chains. This assumption was consistent with the resulbetween the nominal stress and the lattice constants for the
that the values ok ,y, were smaller for the samples with the filled samples in Fig. 6. Therefore, it is conceivable that the
larger v; the more densely crystallization starts, the smallersimilar mechanical model of the stress transfer for the un-
crystallite size results due to the limited availability of coiled filled sample can be applied to the filled ones. It is seen that
network chains. Note that the resulted crystallites can be eithe absolute values of the gradients in Fig. 6 decrease with
ther chain-folded lamellae or sheaflikéringed micellg the increase in filler content. This trend is apparent for the
Crystallites?5 depending on the longitudinal crystallite size, carbon black-filled samples, and is slightly recognized for
the available length of network chains, strain ratio, and sdhe calcium carbonate-filled ones. The smaller degree of lat-
on. Such a morphological change with the strain ratio wadice deformation in the filled systems indicates that the
suggested by GentWe note that the reason for the smaller smaller stress is applied to the crystallites due to the presence
crystallite size in the samples with the largeshould not be  of filler particles.25
due to the suppressed rate of crystallizafto8train-induced The mechanism on how the smaller stress is applied to
crystallization is a fast process that has a time constant of céhe NR crystallites by the inclusion of filler particles can be
100 mst® and accordingly, the observed size of the crystal-explained with the schematic illustration in Fig. 8 which is
lites must reflect the size near the completion of the growthdrawn on the basis of the discussion in Ref. @®e note that
Furthermore, suppression of crystallinity due to the higher there are coiled chains surrounding the frames and crystal-
has not been observed in our previous experim@rﬁ%. lites in Fig. 8, though the coiled chains are not drgwihen

The smaller crystallite size in the filled samplé&sg. 4) the system is stretched in the vertical direction, the frame
can be explained in the similar way. According to transmis-will compress the crystallites in the horizontal direction. If
sion electron microscopyTEM) of stretched NR samples an elementary filler particléaverage size: 20-30 nnoccu-
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break and inferior tear strength, especially at a high defor-
mation rate* The comparison of IR with NR suggests the
importance of the strain-induced crystallites as filler.

The reinforcing effect of heterogeneous filler, especially
of carbon black®>3 is much straightforward compared to
that of strain-induced crystals. The larger reinforcing effect
of carbon black than calcium carbondieg., in Fig. 1 has
been explained by the formation of bound rubber 148t
and aggregate structure of carbon black parti%‘leﬁnough
differences between carbon black and calcium carbonate
were detected in thez?(¢) values in Table Il and in the
change in the slopes of the plots in Fig. 6, detailed discussion

) ) ) ) about the tensile properties, effect of filler, and crystallization
FIG. 8. Mechanical model to explain the deformation of crystallites for the

filled sample. The filled squares and shaded circles represent NR crystallitJ?qulreS, add'_tlonal experimental evidences. These points are
and filler particles, respectively. the subjects in our future works.

pies the same grid with the crystallite,og 1530 nm, the V- CONCLUSION

filler particle may support some part of the compressivg The synchrotron WAXD and the simultaneous stress-
stress, and less stress may be apportioned to the crystallitgrain measurements were performed for the filled and un-

Though the NR crystallites and filler particles do not necessijjled NR vulcanizates. The following results were obtained.
sarily occupy the same grid, the average stress to the crys-

tallites may be decreased by the inclusion of filler particles(1) The a® value was shifted to the lower value by the in-

In this way, the smaller degree of lattice deformation for the  clusion of fillers. If we consider the. effectiye strain ratio
filled samples(Fig. 6) can be explained. of the deformable rubber portion in the filled samples,

the strain-induced crystallization may start at almost the

E. Relationship among the tensile properties same strain ratio for the unfilled sample in this study.

)

crystallization, and fillers

From the technological viewpoint, the reinforcing effect
of crystallites and fillers is of much interest. There is a com-(3
plicated aspect in the effect of strain-induced crystallization
on the tensile properties, because crystallization may both

By the inclusion of fillers, the lateral crystallite size,
L,oe became smaller, while the degree of orientational
fluctuation, B,, became larger.

) The lattice of the strain-induced crystallites was de-

formed almost linearly with the nominal stress. The de-
gree of deformation was smaller for the samples filled

decrease and increase the modulus depending on the situa-
tion. Stress relaxatiotthe decrease in moduludue to crys-
tallization of stretched NR vulcanizates has been reported in
many studies:>**#? This is because the molecular chains
partly adopt the extended conformation aligned in the On the basis of these results, we extended the model for
stretching directior:*>?23%420n the other hand, after the the strain-induced crystallization of unfilled NR described in
consumption of crystallizable molecular chains, further ex-the previous paperfé;?to explain the crystallization in the
tension by the crystallization is hindered and the role of crysfilled NR. The important assumption for this model is thgt
tallites as fillers to increase the modul@ramely, to harden is independent ok, which may be valid for the filled NR
the samplgbecomes apparent. By changing the deformatiorvulcanizates because of conclusidn. Another assumption
rate of the rubber sample, the effect of crystallization onis that the strain-induced crystals grow consuming the sur-
modulus can be recognized. The locations of stress plateaounding coiled chains, which was supported by the obser-
(due to relaxationand the upturridue to hardeningshift to  vation of the small crystallite size for the filled samples.

the smaller strain ratio in the stress-strain curve on synthetic The lattice deformation of the filled and unfilled samples
cis-1,4-polyisoprene rubbdiR) vulcanizates, when the de- could be explained by considering the pantographlike frame
formation rate is decreasédlt is well known that IR, the structure and by assuming that the crystallites tend to be
synthetic homolog of NR, is less crystalline and exhibits in-compressed by the frames in the direction perpendicular to
ferior mechanical properties, e.g., smaller values of stress ahe stretching direction.

with the larger amount of carbon black. The samples
filled with calcium carbonate showed the similar but
weaker trend.

TABLE IlIl. Values estimated for the calculation of the thickness of the bound rubber layer.

Thickness of the bound rubber
layer (nm) assuming the

Sample Onset strain of average particle size
code crystallization,a® bo Peit (il po)M'® 26 nm 30 nm

NR-20H 2.4 0.10 0.20 1.3 35 4.0

NR-40H 2.3 0.18 0.34 1.3 3.2 3.7
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