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Abstract

In the past, the stress—strain behavior of natural rubber has been studied by a variety of mechanical analytical techniques in order to
understand the role of induced crystallization by deformation. But, this was generally done in a sequential manner by stretching to a certain
extent and examining the stretched part separately. This type of sequential experiment may not follow the exact dynamics of the process and
thus may lead to erroneous conclusions regarding the evolution of microscopic mechanisms. It is therefore advantageous to measure the
mechanical response simultaneously with the structural response to map the structural evolution onto the stress—strain behavior. In this paper,
simultaneous measurements of the stress—strain behavior and X-ray scattering intensity of vulcanized natural rubber were made continuously
by a specially designed instrument during elongation and subsequent retraction. These studies revealed three new characteristics of the strain
induced crystallization. 1. The strain-induced crystallization starts at around 400% straif att#h increases steeply, although sequential
measurements reported that natural rubber starts strain-induced crystallization at 200%. 2. At the onset of retracting, the degree of crystal-
linity continues to increase, although a drastic decrease of stress occurs. We suggest the morphology of the strain-induced crystallites change:
such that do not contribute to stress. 3. Strain-induced crystallites disappear at the strain where the stress—strain loop is closed during
retracting. The hysteresis of the stress—strain curve might be attributed to strain-induced crystal&za@o0.Elsevier Science Ltd. All
rights reserved.
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1. Introduction lamellae. The morphology of the strain/stress induced crys-
tallites has been reported to have various; fibrils, fibrils and
Vulcanized natural rubber is known as an exceptionally folded lamellae, and shish-kebabs [2,4—10,15]. The degree
tough elastomer because it exhibits high tensile stress, largeof crystallinity and the stress—strain relation have been
hysteresis loss, and crystallization upon stretching. The compared using birefringence, X-ray diffraction, pulsed
strength of the natural rubber has been attributed to thisNMR and IR. But almost all of these experiments were
strain-induced crystallizability. The crystallization of done with sequential measurements in which first the
natural rubber in both the stretched and the unstretchedsample is extended to a desired strain and fixed at that strain,
condition at various temperatures has been studied exten-and then the sample is removed from the stretching instru-
sively by many researchers [1-10]. The strain/stress ment. Finally the sample is fixed on the analyzing instru-
induced and the temperature/time induced crystallization ment and examined. Most of those who made measurements
have been analyzed by volume-change measurementsn a sequential manner intended to avoid any non-equili-
[1,3], stress relaxation [1,3,4], electron microscopy [5— brium effects associated with the original stretching [8—10].
12], birefringence [13-16], infrared absorption [17], X-ray For the stress—strain measurements, the sample was
diffraction [1,4,8—10,16,18] and pulsed NMR [19] techni- stretched and allowed to retract continuously. In order to
gues. It is observed that undeformed natural rubber formsunderstand what occurred during stretching and during
spherulitic crystallites below°C [5-10]. The temperature/ retraction, we have to examine the sample simultaneously
time induced crystallites generally form as folded chain with the strain. Both sequential and simultaneous measure-
ments of stress—strain and birefringence have been made
* Corresponding author. Tel+1-330-972-5736; fax:1-330-258-2339. [1,13,15]. These authors have shown that the birefringence
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Table 1
Poly-isoprene samples used in this study (a grade of NR(Hevia) is RSS-4
(RSS= Ribbed Smoked Sheet))

Sample

. Counter
¢

Polymer Supplier %is-1,4 Mp X 107° My/M,
NR 100 2.3 6.00

IR2000 JSR 98 6.1 3.13
Cariflex 309 Shell 91 4.8 3.02

stretching, but the stress during retraction is less than that

developed during stretching. This indicates that a substantial L |
. . . oad Cell |

portion of the total orientation of the amorphous and crystal- 2(x-ray Instrument |

line regions is delayed until the retraction stage, suggesting

a complex crystallization orientation mechanism. The Fig. 1. Instrument design for simultaneous stress —strain and wide angle X-

induced crystalline order itself can be analyzed directly by ray scattering intensity measurement.

wide-angle X-ray techniques. X-ray diffraction analyses on

natural rubber have been done in a sequential manner [4,8-sample at constant speed (50 mm/min) and can measure the

10,16,18]. They have shown that strain-induced crystalliza- tensile stress by a built-in load cell. The design of the device

tion occurs at a relatively low strain, such as 200%, then is shown in Fig. 1.

gradually increases. Several hours were required to examine

the samples at each strain. 2.3. Procedure

In the present paper, we will show the dynamic process of ) )
P pap y P Three types of experiments were performed; (i) sequen-

strain-induced crystallization by simultaneously measuring . A . .
tial and (ii) simultaneous stress—strain measurements with

the X-ray scattering intensity—strain and stress—strain beha-"© )
y g y wide angle X-ray analysis, and (iii) temperature dependence

vior. . .
of the stress—strain relation.
In a sequential measurement procedure, the sample was
2. Experimental procedures stretched up to 100% with a stretching rate of 50 mm/min,
then stretching was stopped and the wide angle X-ray
2.1. Materials diffraction pattern was measured. The latter measurement

took 30 min to complete. Then the same sample was

Natural rubber (Hevea) was chosen. Synthetic poly- stretched to 200%, followed by measurement of the wide-
isoprenes (JSR IR-2200 and Shell Cariflex-309) were angle diffraction pattern, etc.
selected as references. The chemical structures and molecu- Simultaneous experiments were performed 4€2% the
lar weights are summarized in Table 1. The polymers were newly designed apparatus that allowed the detection of
compounded with various ingredients in a Brabender mixer. equatorial planes during the stretching. The samples were
The recipes of the compounds are shown in Table 2. The stretched to desired strains at 50 mm/min until the desired
compounds were cured into215X 15 mm sheets at 140 strain is achieved. The stress—strain curves and the X-ray
for 30 min. Ring-shaped samples were cut from the sheet, scattering intensity at a given angle-strain relations were
with outer diameter 27 mm and inner diameter 25 mm.The recorded by a two-peX-Y recorder.

cross section of the ring sample i<2 mm. The temperature dependence of the strain—stress relations
was measured by stretching the sample with a Toyo Bald-
2.2. Instruments win Tensilon testing machine with 50 mm/min speed at

. . . ) desired temperatures.
A special device was built, which can be attached to the

X-ray scattering analyzing system Rigaku Denki model-
200PL. A line source, with Ni-filtered Cu wave length 3. Results and discussion

1.54183% was used. The device can stretch and retract the
3.1. Experimental results

Table 2

Recipe of compounds Wide-angle X-ray diffraction patterns were measured at
Polymer 100 100, 200, and 400% using the sequential procedure
Stearic-acid 2 described above. In this process the sample was stretched
N-phenylN-isopropylp-phenylennediamine 1 to the desired strains and subsequently taken to the WAXS
Zno 3 diffractometer and scanned. This scanning took about
gzlt;u?x'da”t i; 30 min. In these WAXS profiles a peak was observed at

21 degree as shown in Fig. 2. This angle closely corresponds
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continuous data of the stress and the intensity of the scat-
tered X-ray during stretching and retraction are shown in
Fig. 3. The X-ray intensity goes down until the strain
reaches around 400%, then increases steeply. The intensity
decrease comes from the decrease of the thickness of the
sample, which decreases the total scattering volume of the
sample. The average thickness can be calculated at a given
strain assuming no volume change during stretching. The
scattering body at the given deformation can be converted to
the original body volume. The intensity at 0% strain comes
from amorphous diffraction of the original scattering body.
The apparent crystallization can be calculated by the equa-
tion below, derived assuming affine deformation.

14 16 18. 20 22 24 26 Ca0 = 10" (x + 100Y%/10 — 1(0)
Scattering angle (degree) C4(X): apparent crystallization a®6 strain

SN pany i . o .
Fig. 2. WAXS diffractometer scans for natural rubber stretched to different 1(): X-ray |.ntenS|_ty ax% stram
deformation levels at 2E. 1(0): X-ray intensity at 0%strain

400%

X-RAY INTENSITY (arb.)

The apparent crystallization increase was steeper with
to the diffraction angle (21.67 degree) of the (120) plane of strain than the X-ray intensity, as shown in Fig. 4. However,
the unit cell of natural rubber crystal [16]. The sequential it is better to know the behavior of relative intensity with
manner of measurements revealed that strain-induced crysstrain than to calculate the value of apparent crystallization,
tallization occurred above 200% strain. This result coincides since the true crystallinity can not be determined at a speci-
with the previously reported experiments utilizing sequen- fic scattering angle. Therefore raw intensity data are
tial measurement procedures. presented in the remainder of this paper.

In order to clarify the dynamics of strain-induced crystal-  Simultaneous measurement does not show any clear
lization, we set the goniometer at the (120) peak position intensity increase due to crystallization below 400%.
and detected the changes of this intensity as a function of Above 400%, this measurement shows a very steep increase
strain. The intensity of the scattered X-ray was not normal- due to crystallization. On the other hand, sequential
ized for the thickness because the thickness of the sample isneasurements have shown crystallization to occur at
not precisely known at a given strain. The degree of crystal- 200% and thereafter to increase gradually. The discrepancy
linity can be expressed relatively as the height of the scat- may come from dynamic deformation and equilibrium state
tering intensity at this angle. The simultaneous and of samples. Nishi and Chikaraishi [19] pointed out the possi-
bility of this over-estimation of the crystallinity of natural
rubber by a sequential WAXS measurement, comparing

E with pulsed NMR results.
N When the sample is allowed to retract (the strain is
- / decreased) after the sample is stretched to a maximum
7] strain, the stress decreases drastically but the degree of the
g strain-induced crystallinity still increases for a small degree
E of decreased strain, then begins to decrease as shown in Fig.
-~ 3. The stress during retraction is much lower than the one
é during stretching. The degree of crystallinity during retrac-
> tion is higher than that during stretching. Simultaneous bire-
5 fringence measurements [1,13,15] have shown that the
E 4 birefringence during retraction is higher than during stretch-
s, ing, but has not shown an increase during retraction. This
a / difference may be due to the fact that the birefringence
I'-JI:J 2 represents a measure of total orientation of amorphous
'u_> 1] / and crystalline chains. The stress decreases during retraction
0 and starts following the curve as measured during stretching

around 200% strain in Fig. 3. The X-ray intensity decreases
during retracting and reaches to the level of no crystal scat-
tering intensity during stretching at around 200% also in

Fig. 3. The stress—strain and X-ray scattering intensity—strain behaviors of Fig. 3.
natural rubber during stretching and retraction €25 When the sample was kept at the maximum strain, stress

0 100 200 300 400 500
STRAIN(%)
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Fig. 4. Apparent crystallization-strain behavior of natural rubber during Fig- 6. The stress—strain and X-ray scattering intensity—strain behavior of
stretching and retraction at 25. natural rubber during stretching and during retraction to an intermediate
strain at 28C; the temperature of the surrounding was then increased to
80°C.

relaxation occurred and the strain-induced crystallization
increased with time as shown in Fig. 5. This increase of crystallites. Comparisons of the strain-induced crystalliza-
degree of crystallization does not depend on strain buttion and the stress—strain relations among natural rubber,
does depend on time. These induced crystallites must beJSR IR-2200 and Shell Cariflex-309 are shown in Fig. 7.
different from the crystallites which were developed during The relations between stress—strain behavior and strain-
stretching. induced crystallization of the three polymers are very simi-
When the sample was kept at an intermediate strain levellar. The closure point of the stress—strain loop is almost at
in the retraction stage and the temperature of the surround-the same strain as the closure point of the stress-induced
ing was increased by hot air, the stress increased and thecrystallization-strain loop, as shown by the arrows in Fig.
degree of the crystallinity decreased with increasing 7. The closure point can be considered as the end of melting
temperature, as shown in Fig. 6. The increase of stressof the induced crystallinity.
with temperature follows from rubber elasticity, and the = The hysteresis loops of the stress—strain relations3a
decrease in crystallinity comes from a melting of and 22C measured using a Toyo Baldwin Tensilon tester,
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Fig. 5. The stress—strain and X-ray scattering intensity—strain behavior of natural rubber during stretching and after being kept at the nzaxiat @5Gtr
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X-RAY INTENSITY (arb.)

STRESS(arb.)
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STRAIN (%)
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Fig. 7. Comparison of stress—strain and X-ray scattering intensity—strain
behaviors of natural rubber, JSR IR-2000 and Shell Cariflex 309°&.25

are shown in Fig. 8. At strains of 0 to 350%, stress—strain

5427

22°C curve does not show this decrease. This large differ-
ence in stress behavior might be caused by the different
amount of extended crystallites formed at these tempera-
tures. Above 450%, the-3°C curve is the first to show a
significant steep increase of stress, while théQ22urve
starts its increase last. During retraction, th&C curve
shows the steepest decrease and the lowest stress in the
whole retracting strain region. This suggests that the
—3°C condition creates the largest concentration of induced
crystallites during retracting. These crystallites do not
contribute to the stress and the strain in the crystallites
remains near zero strain. At 22, the stress—strain loop
closes around 200%. The crystallites that were created at
22°C disappeared also at around 200%.

3.2. Discussion

The results of simultaneous measurements suggest two
types of strain-induced crystallites that have different
dependencies on strain, temperature and time. Several
researchers have already pointed out the possibility of a
few types of strain-induced crystallites of natural rubber
through sequential experiments. Gent [3] suggested a
general transformation from polyhedral to aciform (one
dimensional) crystallization with strain. Andrews [5-7,20]
proposed a schematic diagram illustrating the effect of strain
on induced-crystallization, spherulites develop at 0—50%
strain levels, row-nucleated shish-kebabs at 100—200%,
extended-chain crystals at beyond 400%. Luch and Yeh

relations at these three temperatures are almost the same of$—10] proposed a model that represents the transformation
this scale of stress, since the increase in stress with tempera®f fibrillar to folded lamella morphology at high elongation.

ture for pure natural rubber is small. Around 400%, the

The real time simultaneous measurement of the stress—

—3°C curve shows a clear decrease of stress, whereas thétrain relation and the strain-induced crystallization can be

16
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STRESS(MPa)

100 200 300 400 500 600 700
STRAIN (%)

0

considered in several stages, as diagrammed in Fig. 9, with
proposed molecular models in Fig. 10.

3.2.1. O-A

The stress increases in accordance with rubber elasticity.
Orientation of molecular chains has occurred, but strain-
induced crystallization is not observed by real time simul-
taneous measurements. The strain-induced crystallization
starts around 400% at 25, and around 350% at3°C,
respectively. The extended-chain crystallization first contri-
butes to a decrease in the stress as shown in Fig. 8, since the
portion of the chain which is not crystallized behaves as a
non-Gaussian chain with a now shorter end-to-end distance
as described as A and’ An Fig. 10. Stage A describes the
stretching and orientation of non-Gaussian chains. In stage
A’, the chain structure is composed of strain-induced crys-
tallized region and a section whose end-to-end distance is
shorter than the un-crystallized non-Gaussian chain. This
critical portion of the chain shows lower stress. Actually,
the strain continues to increase, the stress decrease being
observed only at low temperatures such-&C. Flory [21]

Fig. 8. The hysteresis loop of the stress—strain relation of natural rubber at Pointed out this mechanism, that is, crystallization should

—3,7 and 22C.

lower the stress levels.
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Yeh [8-10] pointed out that stress relaxation is a direct
consequence of lamella formation in highly stretched

E natural rubber at low temperature. At high deforma-

< tion, network points would move to relax the stress of

E some network chains. Then these relaxed chains would
2 form folded lamellae at the surface of extended-chain
E crystal.

>

°<F 3.2.3.B-C

>

The stress decreases steeply and shows much lower value
than that during stretching. The strain-induced crystallinity
increases a little or at least there is no drastic change. The
value of crystallinity during retracting shows a much higher
value than that during stretching. This tendency coincides
with the simultaneous birefringence result [1,13,15]. The
whole orientation does not change significantly, although
the stress decreases drastically. Strain-induced crystallites
might transform their morphology to secondary crystallites
that do not contribute to the stress. Secondary crystallites

STRESS(MPa)
»H [o)] [e.]

N

0 , - : might be the same morphology as the ones causing the stress
0 200 400 600 relaxation at point “B”. The morphology model proposed in
STRAIN (%) stage C is shown in Fig. 10.

Fig. 9. The relationship of stress—strain behavior for a series of stages
during stretching and retraction. 3.24.C-D . ] .
The stress is lower than that during stretching. But

the crystallinity and orientation are larger than that
3.22.A-B during stretching. This result suggests that the number
The stress increases drastically with strain-induced of non-Gaussian network chains that are able to bear
crystallization. The stress at around 550% might be born gtress is reduced significantly, possibly due to secondary
by the energetic (no entropy) modulus of extended chain crystallization. The total concentration of strain-induced
crystals. According to the stress relaxation experiments atcrystallites decreases with the retracting strain. At point
point “B”, the crystallinity increases with time, without «p» the strain-induced crystallites have disappeared.
increase of strain. This result suggests that secondaryThe stress during stretching and the stress during
crystallites develop with time at high strain. Andrews retraction coincide. The strain-induced crystallites are
[5-7] suggested the lamellar growth would lead to a totally melted at strain “D”. Below point “D”, the stress—
reduction of stress by his thin film experiment. Luch and gtrain curves during stretching and retracting follow the
same line.

3.3. Model

The crystallites formed by deformation may be composed

Al o o pes:
Type 1 The main portion of crystallites are extended-

A M chain crystallites that develop by the strain directly

o%8 & during stretching. During retraction, most of this type of

crystallites transforms rapidly to the secondary lamella

crystallites.

Type 2 The secondary crystallites might be folded-chain
2 lamellae. These develop during retraction and decrease in

oS =0 concentration with decreasing strain. Without a further

increase of strain, this type of crystallite is able to form

C-Dofp )0
TP B, at low temperature.

Fig. 10. A model depicting strain-induced crystallization mechanism of The hySt_ereS'S of the stress—stram relation _IS attributed .tO
NR. The open circle indicates cross-link points. The lines are network the formation of the stress induced crystallites and their
chains. See text for discussion of O—A/,8-C and C-D. transformation.

%
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Real-time simultaneous measurements reveal that theof the University of Akron for their encouragement to write
dynamics of these two types of strain-induced crystallites this report.
is important to the stress—strain behavior of natural rubber.
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