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Because strain-induced crystallization (SIC) behaviour is the key for predicting the performance of

alternatives to Hevea natural rubber, characteristics of the SIC of sulfur crosslinked guayule and

dandelion natural rubbers were investigated using quick in situ simultaneous synchrotron time-resolved

wide-angle X-ray diffraction/tensile measurements, for the first time. The SIC of sulfur crosslinked Hevea

natural rubber was also evaluated for comparison. The SIC phenomena were clearly observed when

guayule and dandelion natural rubbers were purified using acetone, then crosslinked with sulfur and

subjected to strain. Guayule natural rubber showed a superior SIC upon high stretching to Hevea natural

rubber, whereas dandelion natural rubber had a similar SIC to Hevea. The crosslinked guayule natural

rubber had larger oriented amorphous components and larger crystallite sizes parallel to the stretching

direction than the crosslinked dandelion and Hevea natural rubbers. These characteristic features

resulted in larger crystallite volumes and lower orientation fluctuations of the crystallites in guayule

natural rubber than in the others. It was speculated that the differences were because of their

macromolecular structures and the amounts of non-rubber components in their matrixes. However, the

SIC results clearly support the fact that both guayule and dandelion natural rubbers are the real

alternatives to Hevea natural rubber.
Introduction

Guayule (Parthenium argentatum) and rubber dandelion (Tar-
axacum kok-saghyz, also known as the Russian dandelion,
Kazakh dandelion, Buckeye Gold, TK and TKS) have long been
known to produce natural rubber (NR),1–4 and are the most
promising plants for the next generation of NR sources among
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a large number of NR yielding plants.5–9 Alternatives sources of
NR besides the Pará rubber tree (Hevea brasiliensis) are related
to the sustainability of our society:HeveaNR is an indispensable
material for heavy duty tires (typically tires for aircras and
trucks) and about 50 000 other products.8–10 Schultes accurately
and concisely summarized the history of Hevea NR in his
paper:11 “Few economic plants have more deeply affected civi-
lization than the Pará rubber tree, Hevea brasiliensis, the
product of which has made possible present day transportation
and much of modern industry and technology. Furthermore,
this tropical tree represents one of man's most recently
domesticated plants”. However, Hevea brasiliensis, which is
cultured in rainy tropical regions, has recently experienced
biosecurity problems,8,9,12 and guayule and rubber dandelion
have been greatly highlighted as possible alternative plants5,7,9,13

because of their adaption to temperate or even subarctic zones.
Lack of biodiversity of NR has long been recognized as poten-
tially disastrous to the global rubber supply.9,11,12,14

The most important property of Hevea NR is its self-
reinforcement effect, which is manifested by the strain-
induced crystallization (SIC) behaviour of crosslinked NR. The
Hevea NR is amorphous at room temperature (RT), but highly
RSC Adv., 2016, 6, 95601–95610 | 95601
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crystallizable upon stretching.8,9,13,15 This property has to be
evaluated during deformation in situ for guayule and dandelion
NRs. The versatility of Hevea NR in industrial applications is
attributed to its outstanding tensile properties and excellent
crack growth resistance, which are considered to be because of
its SIC ability.9,13–22 Therefore, it is of utmost importance to
thoroughly evaluate the SIC behaviour of guayule and dandelion
NRs to determine their suitability as alternatives to Hevea NR.

Up to now, several papers on the SIC of guayule NR have
been published: for example, the lower degree of crystallinity of
uncrosslinked guayule NR than that of uncrosslinked Hevea NR
was detected by using birefringence measurements.23 Contrary
to this, the degree of crystallinity was observed to become
higher in guayule NR than in Hevea NR when both rubbers were
subjected to peroxide crosslinking.24 The SIC behaviour in the
double networked guayule NR was also reported to enhance the
fatigue properties when compared to the crosslinked and
deproteinized Hevea NR.25 However, for dandelion NR, no
research on its SIC phenomenon has been reported, but the
presence of crystalline reections of uncrosslinked dandelion
NR was recently found by using a wide-angle X-ray diffraction
(WAXD) measurement during deformation.26 Note that the
speed of the stretching condition used in the study was very
slow (1 mm min�1). Therefore, the synchrotron time-resolved
WAXD measurement should be applied in situ during fast
stretching for the investigation of SIC behaviour of dandelion
NR. In addition, a comparison of the SIC characteristics
between the alternative NRs is necessary under the same
experimental conditions for guayule NR and dandelion NR.
Especially, SIC behaviors of the sulfur crosslinked rubbers
should be evaluated because most of the rubber products which
are used today are produced using a sulfur crosslinking reaction
(vulcanization). Note that guayule NR and dandelion NR should
be puried in order to remove resins from the rubbers, because
the presence of resins is known to accelerate oxidation, degrade
the rubber, retard the vulcanization reaction of rubber and so
on.27,28 The removal of the resins may result in productions of
high quality of vulcanizates. Because the resins are insoluble in
water but soluble in polar organic solvents, acetone extraction
has been widely used for this purpose.4,29–34

In this research, guayule and dandelion NRs were subjected
to acetone extraction before sulfur crosslinking. Then, the SIC
behaviours of sulfur crosslinked guayule and dandelion NRs
were demonstrated and directly compared to that of sulfur
crosslinked Hevea NR under the same experimental conditions
by using quick in situ simultaneous synchrotron WAXD/tensile
measurements, for the rst time.

Experimental section
Materials and purication processing

Guayule and dandelion NR latexes were extracted from
mature guayule shrubs and rubber dandelion roots using
alkaline aqueous extraction and purication of ground
shrubs and roots, respectively.29,35,36 The latexes were coagu-
lated by drying at ambient laboratory conditions under gentle
air ow (fume hood)29 at The Ohio State University, Ohio
95602 | RSC Adv., 2016, 6, 95601–95610
Agricultural Research and Development Center (OARDC). The
coagulated guayule and dandelion NRs were cut into smaller
pieces, and then subjected to the conventional acetone
extraction27,29–34,37 at RT under a nitrogen atmosphere in order
to remove the resins. The solvent was exchanged four times
during ve days. The puried rubbers were dried under
vacuum rst at RT and then at 40 �C to constant weight. The
molecular weights of the gel free fractions of the rubbers were
supposed to be >1 � 106 g mol�1 as measured by one of the
authors.4,29 Commercial grade Hevea NR (RSS no. 1, molecular
weight: >1 � 106 g mol�1 (ref. 38)) was used as a reference
sample and also puried similarly to the guayule and
dandelion NRs.

Elemental analysis

All puried rubbers were subjected to elemental analysis before
their vulcanization at the Center for Organic Elemental Micro-
analysis, Kyoto University in order to check the elemental
compositions in the raw natural rubbers quantitatively.

Fourier-transform infrared spectroscopy (FT-IR)
measurement

FT-IR measurements for puried guayule, dandelion and Hevea
NRs were carried out at 64 scans every about 88 s in a wave-
number range from 4000 to 400 cm�1 at RT using a trans-
mittance method with a Shimadzu Infrared Prestige-21. FT-IR
spectra of the puried NRs are shown in Fig. S1 (ESI†).
Absorption peaks for the main components, i.e., hydrocarbon
chains of cis-1,4-polyisoprenes of the three NRs were assigned: n
¼ 840 cm�1 (C–H out of plane bending in the –CH]CH– group
of the cis-1,4-unit), 1127 cm�1 (CH2 rocking), 1310 cm�1 (CH2

wagging), 1375 cm�1 (CH3, asymmetrical stretching), 1450 cm�1

(CH2 symmetrical stretching and CH3, asymmetrical deforma-
tion), 1664 cm�1 (C]C stretching), 2725 cm�1 (overtone of CH3

asymmetrical deformation), 2852 cm�1 (CH2 and CH3

symmetrical stretching), 2915 cm�1 (CH2 symmetrical stretch-
ing), 2959 cm�1 (CH3 asymmetrical stretching), 3038 cm�1 (]
CH stretching).39–41 In addition to the peaks, all spectra showed
specic peaks, which were attributed to each of the non-rubber
components: n ¼ 3450 cm�1 (wide hydrogen bonded O–H
symmetrical stretching in proteins, fatty acids and/or esters,
overlapping with a small amount of environmental water
absorbed by non-rubber components39), 1694 cm�1 (C]O
asymmetrical stretching of dimer of acid), 1738, 1736 and 1735
cm�1 (C]O asymmetrical stretching of ester for the puried
dandelion, Hevea and guayule NRs, respectively), 3280 cm�1

(small but relatively sharp N–H stretching of secondary amides
in proteins for the puried dandelion andHevea NRs), 1544 and
1622 cm�1 (N–H bending of mono-substituted amide II and
amide I, respectively, for the puried dandelion and Hevea
NRs), 1560 cm�1 (probably COO� asymmetrical stretching of
the salt for the puried guayule NR).

Preparation of NR vulcanizates

The puried rubbers were subjected to sulfur crosslinking
(vulcanization): each rubber was mixed with zinc oxide at 1.0
This journal is © The Royal Society of Chemistry 2016
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parts per one hundred rubber by weight (phr), 2.0 phr stearic
acid, 1.0 phr N-cyclohexyl-2-benzothiazole sulfenamide and 1.5
phr sulfur on a two-roll mill at RT. The rubber compounds
obtained were cured at 140 �C in a mold to make 1 mm thick
crosslinked rubber sheets. The press-heating times for guayule,
dandelion and Hevea NRs were 15, 17 and 14 min, respectively,
which were determined from the maximum torques shown in
the cure curves obtained at 140 �C using the JSR Curelastometer
III. Subsequently, in this paper, the sulfur crosslinked samples
are designated as S-GR, S-DR and S-NR for guayule, dandelion
and Hevea NRs, respectively. Their raw (not vulcanized but
puried) rubbers are referred to as guayule NR, dandelion NR
and Hevea NR, respectively. The network-chain densities of the
crosslinked rubbers were calculated using the modied Flory–
Rehner equation42 using the results of swelling tests in toluene
at 25 �C. Volume changes were measured using a OMRON
VC1000 Digital Fine Scope charge coupled device (CCD) camera.
The details of the swelling experiment are described in
a previous paper.43 The degrees of swelling by volume and gel
fractions of S-GR, S-DR and S-NR were determined using eqn (1)
and (2):

Swelling degree by volume ¼ Va/Vb (1)

where Vb and Va are the volumes of crosslinked sample before
and aer the swelling, respectively.

Gel fraction ¼ Wa/Wb (2)

where Wb is the weight of crosslinked sample before swelling
and Wa is the weight of crosslinked sample aer swelling and
then followed by drying. The network-chain densities, degrees
of swelling by volume and gel fractions of S-GR, S-DR and S-NR
are summarized in Table 1.
Simultaneous WAXD/tensile measurements

Synchrotron time-resolved WAXD measurement was con-
ducted during tensile deformation of the samples in situ at the
BL-40XU beamline of SPring-8 in Harima, Japan. A custom
made tensile tester (ISUT-2201, Aiesu Giken Co., Kyoto) was
set on the beamline and WAXD patterns were recorded during
both cyclic and single tensile measurements at RT. The
wavelength of the X-ray was 0.08322 nm and the camera length
was 131 mm. The two-dimensional (2D) WAXD patterns were
recorded using a HAMAMATSU ORCA II CCD camera. The
Table 1 Characteristics of S-GR, S-DR and S-NR

Sample code
Network-chain
densitya � 105 (mol cm�3)

Degree of swelling
by volumeb

S-GR 9.4 6.1
S-DR 9.7 5.9
S-NR 9.7 5.9

a Determined by using modied Flory–Rehner equation.42 b Determined b
using eqn (1). c Determined by the change of weight of crosslinked samp
e Stretching ratio at break.

This journal is © The Royal Society of Chemistry 2016
intensity of the incident X-ray was attenuated using a beam-
line equipped aluminum plate. The sample was exposed to the
incident beam for 70 ms every 3 s in order to minimize the
relaxation effect in the SIC evaluation and radiation damage to
the samples during the measurements. The absorption
correction for thinning of the samples under stretching was
carried out using calculated correction coefficients, which
were estimated on the basis of absorption coefficients per
density44 and weight fractions of each element in the samples.
Ring shaped samples were used in order to correctly measure
the stretching ratio (a) of the deformed samples. The inner
and outer diameters of the ring shaped specimen were 11.7
and 13.7 mm, respectively. Here, a is dened as a ¼ l/l0, in
which l0 is the initial length and l is the length aer defor-
mation. The stretching speed was 100 mm min�1, i.e., the
strain speed was about 4.98 per min. The tensile experimental
conditions for the uncrosslinked samples were the same as
those in the simultaneous WAXD/tensile measurements for
the vulcanizates although the WAXD measurements were not
conducted.
WAXD analysis

The obtained WAXD images were processed using “POLAR”
soware (Stonybrook Technology & Applied Research, Inc.).18,19

TheWAXD patterns of stretched samples were decomposed into
three components, i.e., isotropic, oriented amorphous and
crystalline components. The three components were integrated
azimuthally within the range of �75� from the equator. The
details of this analytical method were described in previous
papers by Tosaka et al.18,19 Three structural parameters, “crys-
tallinity index (CI)”, “oriented amorphous index (OAI)” and
“oriented index (OI)”, were calculated using the following
equations, and “OI” is dened as OI ¼ CI + OAI:

CI ¼

X
crystal

2p

ð
sin fdf

ð
IðsÞs2ds

X
total

2p

ð
sin fdf

ð
IðsÞs2ds

(3)

OAI ¼

X
oriented-amorphous

2p

ð
sin fdf

ð
IðsÞs2ds

X
total

2p

ð
sin fdf

ð
IðsÞs2ds

(4)
Gel fractionc
Stress at a
¼ 4.0 (MPa)

Stress at a
¼ 7.0 (MPa) TB

d (MPa) EB
e

0.99 1.4 5.9 16.0 8.3
0.98 1.4 7.5 16.2 8.5
0.98 1.3 7.0 11.4 7.7

y the change of volume of crosslinked sample before and aer swelling
le before and aer swelling using eqn (2). d Tensile strength at break.

RSC Adv., 2016, 6, 95601–95610 | 95603
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In eqn (3) and (4), I(s) represents the intensity distribution of
each peak that is read from the WAXD pattern, s is the radial
coordinate in reciprocal space in nm�1 unit (s ¼ 2(sin q/l),
where l is the wavelength and 2q is the scattering angle), and f

is the angle between the scattering vector of the peak and the
ber direction.

Coherent lengths (apparent crystallite sizes) were estimated
using the Scherrer eqn (5):45,46

Lhkl ¼ Kl/(b cos q) (5)

where Lhkl is the apparent crystallite size in the direction of the
perpendicular to the (hkl) plane, and q is the Bragg angle (half of
the scattering angle). In this study, a value of 0.89 was used for
K.15,46 b was determined as follows: the intensity distribution on
the equator was extracted from the original WAXD pattern, and
each peak was tted with a linear background and a Gaussian
function having the form I(x) ¼ h exp[�(x � xc)

2/(2w2)], where
I(x) is the intensity at position x, and xc is the position at the
scatteringmaximum. Parameters h andw are related to the peak
height and peak width, respectively.18 Each w value was con-
verted into the half-width b.

Orientation uctuation of 200 reections was evaluated from
the azimuthal scan of the peak:18 the width parameter in the
azimuthal direction (waz) was obtained by tting the intensity
distribution with a Gaussian function. Then, waz was converted
into a half-width baz using the following equation:

baz ¼ 2waz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 lnð1=2Þ

p
(6)

Furthermore, it was reported that the value of L020 was
approximated as 0.94L120 when an angle between the (120) and
the (020) directions was nearly 19�.47 This observation agreed
well with the angle estimated by the value of lattice constants in
our experimental data. Ultimately, an average volume of crys-
tallites (Vc) is dened as follows:47

Vc ¼ L200L020L002 ¼ 0.94L200L120L002 (7)

Assuming that crystallites have identical dimensions at
a given stretching ratio, an average number of the crystallites
per unit volume can be calculated using the Vc.47 However, the
CI value in this study was the crystallinity index. Therefore, the
index of average number of the crystallites per unit volume (N)
was calculated using eqn (8):
Table 2 Characteristics of purified guayule, dandelion and Hevea NRs a

Sample
Amount of acetone
soluble parts (wt%)

Elemental analysis R

C (%) H (%) N (%)
N
s

Puried guayule NR 14.4 86.6 11.8 0.00 N
Puried dandelion NR 15.6 83.9 11.7 0.75 1
Puried Hevea NR 2.6 86.0 11.6 0.55 1

a Determined using semi-quantitative analysis of FT-IR spectra using eqn

95604 | RSC Adv., 2016, 6, 95601–95610
N ¼ CI

Vc

(8)

Results and discussion

The puried guayule, dandelion and Hevea NRs were charac-
terized using elemental analysis and FT-IR measurements, the
results of which are summarized in Table 2. The results of
acetone extraction were in good agreement with results found in
previous reports.29,48 The acetone soluble parts were much
higher in the dandelion and guayule NRs than in Hevea NR.
This is attributed to the fact that the raw dandelion and guayule
NRs were collected from the plants not by tapping but by
aqueous processing and followed by solvent extraction.9 The
elemental analysis showed that the percentage of H atoms of all
the puried rubbers was in the same range, as shown in Table 2.
However, the percentage of C atoms in dandelion NR was
slightly lower than those in guayule and Hevea NRs. The
difference in the percentage of N atoms was clearly detected
among three puried NRs: the percentage of N atoms in the
dandelion and Hevea NRs were 0.75% and 0.55%, respectively.
Generally, the percentage of N determined using elemental
analysis has been used for indicating the amount of proteins
and phospholipids in Hevea NR.49,50 Therefore, these results
clearly showed that the contents of proteins and phospholipids
inherent in the dandelion NR was larger than those obtained for
the Hevea NR. However, it is worth noting that the N atom was
not detected in the guayule NR (the percentage of N atom ¼ 0),
which means that this guayule NR does not contain any
detectable proteins. Furthermore, the non-rubber components
in the guayule, dandelion and Hevea NRs were evaluated using
the semi-quantitative analysis of FT-IR spectra, where the rela-
tive intensity of the specic peak against the reference peak was
calculated by using eqn (9):

Relative intensity of the peak at X cm�1

¼
�
intensity of the peak at X cm�1

intensity of the reference peak

�
(9)

where X is 3280, 1622, 1544, 1694 and 1738 cm�1, and the base
lines and reference peaks for the calculation of each peak
considered are described in Fig. S2 (ESI†). The relative inten-
sities of each peak mentioned previously for the three samples
are summarized in Table 2. The relative intensities of
fter the acetone extraction

elative intensity of peaka

–H
tretching Amide I Amide II

C]O stretching
of ester

C]O stretching of
dimer of acids

/A N/A N/A 0.1 0.1
.3 2.9 2.2 1.0 1.3
.1 2.5 2.0 0.5 0.6

(9).

This journal is © The Royal Society of Chemistry 2016
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absorption bands at 1694 cm�1 (C]O stretching (asym) in
dimer of acids) and 1738 cm�1 (C]O stretching (asym) in ester)
were larger in the order of dandelion NR > Hevea NR > guayule
NR. Furthermore, the relative intensities of absorption bands at
3280 cm�1 (N–H stretching in peptide bond), 1622 cm�1 (amide
I) and 1544 cm�1 (amide II) in the guayule NR were not detected
using FT-IR. In addition, the dandelion NR had higher relative
intensities of the absorption bands at 3280, 1622 and 1544 cm�1

than those of the Hevea NR. These results clearly suggested that
the contents of proteins, fatty acids and fatty acid esters in the
puried rubbers were larger in the order of dandelion NR >
Hevea NR > guayule NR, which was in good agreement with the
results obtained using elemental analysis.

Fig. 1 shows the stress–strain curves of S-GR and S-DR, where
the stress–strain curves of their uncrosslinked samples before
and aer purication are shown together. As reported in
previous studies,30,35 the very poor tensile properties of
uncrosslinked guayule and dandelion NRs without the acetone
purication were also observed in this study. However, the
stress of uncrosslinked guayule and dandelion NRs slightly
increased aer purication using acetone. The low stress of raw
guayule and dandelion NRs before the acetone treatment is
probably because of a plasticizing effect of resins and/or
aliphatic acids inherent in NRs. It is worth noting that the
sulfur crosslinking reactions using the method in this study
were useful for preparing the high performance vulcanizates for
guayule and dandelion NRs as shown in Fig. 1, where the
substantial enhancement of tensile properties for S-GR and S-
DR was obtained. The tensile stresses at a ¼ 4 and 7, the
tensile strengths at break (TB) and the stretching ratios at break
(EB) of S-GR, S-DR and S-NR are summarized in Table 1. It is
clearly suggested that the purication and crosslinking process
are essential for the raw guayule and dandelion NRs intended
for use in practical applications. Characteristics of the vulca-
nization reaction of guayule and dandelion NRs will be reported
elsewhere.

Fig. 2b shows the tensile stress–strain curves in a cycle mode
measurement of the sulfur crosslinked rubbers. S-GR and S-DR
were stretched up to a¼ 8.0, whereas S-NR (natural rubber from
Fig. 1 Stress–strain curves of S-GR, S-DR and uncrosslinked guayule
and dandelion NRs with those of uncrosslinked purified guayule and
dandelion NRs. The experimental conditions for the uncrosslinked
samples were the same as those in the simultaneous WAXD/tensile
measurements for the vulcanizates, although the WAXD measure-
ments were not conducted.

This journal is © The Royal Society of Chemistry 2016
Hevea) was stretched to a ¼ 7.5 because it ruptured just before
a ¼ 8.0. Sequential changes of the WAXD pattern of each
sample were observed upon stretching. Their WAXD patterns at
a ¼ 1.0, 5.0, 8.0 or 7.5 and in retraction at a ¼ 5.0, 1.0 (returned
to the original length) of each sample are shown in Fig. 2c.
Before stretching at a¼ 1.0, an amorphous halo was observed in
each 2D-WAXD pattern, indicating the presence of randomly
coiled amorphous chains in all samples. Upon stretching,
a crystalline reection appeared and the SIC phenomena
developed in all samples. At maximum strain, all the samples
showed crystalline reection peaks together with an amorphous
halo in the background. During the retracting process, the
crystalline reections decreased gradually, but the intensities in
each sample remained higher than those at equivalent elonga-
tion during the stretching process. When the samples returned
to a ¼ 1.0, their isotropic amorphous halos reverted to the
relaxed states. These phenomena clearly indicate that both S-GR
and S-DR show reversible SIC behaviours comparable to those
observed for S-NR. These results were in agreement with the
previously reported ones on the crosslinked Hevea NR.18–20

When the SIC phenomena among the samples in Fig. 2 were
carefully compared, the following differences were detected:
upon stretching to a ¼ 5.0, crystalline reections appeared in S-
DR and S-NR, but were not seen in S-GR. Furthermore, it is
Fig. 2 (a) Photographs of guayule, rubber dandelion and Hevea bra-
siliensis: the photographs of guayule and rubber dandelion reprinted
from the Source of Natural Rubber by K. Cornish, Retrieved June 13,
2016, from http://cornishlab.cfaes.ohio-state.edu/guayule. Copyright
2016 by The Ohio State University. Reprinted with permission, and
Hevea brasiliensis photograph taken by Y. Ikeda in 2005. (b) Stress–
strain curves of S-GR ( ), S-DR ( ) and S-NR ( ). The arrows indicate
the direction of deformation. (c) Sequential changes of WAXD patterns
of S-GR, S-DR and S-NR in the stretching and retracting processes.
Corresponding stretching ratios are indicated on the right top of the
images, where “re” means the retracting process.
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Fig. 3 (a) Stress–strain curves to the break points of S-GR ( ), S-DR ( )
and S-NR ( ). (b) Variations of OI, (c) OAI and (d) CI of the samples
plotted against the stretching ratio.
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notable that the amorphous halo of S-GR aer retraction to the
original length at a ¼ 1.0 showed the most completely return to
the original randomly coiled amorphous state of the three
samples. This result was most probably related to the extremely
low protein content in guayule NR, as indicated by the
elemental and FT-IR analyses. The neutron scattering data in
our previous paper demonstrated that the Hevea NR network,
which contained some proteins and other compounds such as
phospholipids, showed structural heterogeneity, especially
localization of crosslinking points.51 Lack of proteins and/or
other effects of non-rubber components in guayule NR may
have led to differences in network heterogeneity in S-GR
because of the sulfur crosslinking.43,52,53 The detail of the
crosslinking reaction for guayule NR will be investigated in the
near future. At least, however, the SIC apparently occurs in S-
GR, thus, S-GR may be useful for the manufacture of rubber
products for medical usage, because guayule NR is non-
allergic.5,7,35,54,55 Natural rubber latex allergy has been a serious
problem among healthcare workers and patients, especially
when using rubber gloves in surgical operations, and about 400
medical products contain NR.5,7,38

Further simultaneous WAXD/tensile measurements were
conducted up to the mechanical rupture of the samples in
Fig. 3a. The stress–strain curves were similar to those in Fig. 2b.
At a # 4, all the sulfur crosslinked rubbers showed comparable
tensile stress as presented in the inset of Fig. 3a. Regardless of
the slightly lower network-chain density of S-GR than S-DR and
S-NR, slightly higher tensile stresses were observed in S-GR.
This may be attributed to the better orientation capability of
the network chains along the stretching direction in S-GR than
the others. This is because the amount of natural crosslinked
gel is much lower in guayule NR than those for dandelion and
Hevea NRs, which are sometimes is too low for detection.29

In vulcanized rubber, the strain-induced crystallites are
supposed to be sufficiently connected to the oriented amor-
phous rubber chains, to load the applied force at larger defor-
mations.18–20 Thus, the difference of tensile stress at the same
strain among the samples is more clearly understood by relating
these differences to the SIC phenomena at a high strain. Thus,
the SIC parameters were determined next, in order to reveal the
characteristics of the tensile properties of S-GR and S-DR using
our previous methods.19

Variations of OI, OAI and CI values against strain are shown
in Fig. 3b, c and d, respectively. The OI values tended to increase
with increasing strain. It was noted that a maximum OI were
around 40% in S-GR and around 30% in S-DR and S-NR,
respectively. These results indicated that about 60–70% of
rubber chains remained in the unoriented amorphous state,
which was in agreement with the strong amorphous halo
observed in Fig. 2c. Considering the three samples, only the OI
values of S-GR showed a rapid initial increase, and the OI of S-
GR mostly remained higher than those of the others. A similar
pattern was observed in the OAI. These observations suggested
that the short amorphous network chains in S-GR began to
orient immediately upon stretching, as detected by the variation
of the OAI. The ability of S-GR to easily and immediately orient
along the stretching direction may be because of the less
95606 | RSC Adv., 2016, 6, 95601–95610
branched polyisoprene chains in guayule NR. In fact, the main
fractions of both fresh guayule NR and commercial guayule NR
were reported to be a linear polymer.56 One of the authors in this
study also reported that the gel content in guayule NR was about
10% and much lower than that of Hevea NR.29 Most completely
return to the original randomly coiled amorphous state of S-GR
shown in Fig. 2c is also explainable by this specic feature of
guayule NR.
This journal is © The Royal Society of Chemistry 2016
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These characteristics were more clearly detected in Fig. 3d.
The CI values of all the samples increased under increasing
strain. Onset of SIC for S-DR, S-NR and S-GR were at a ¼ 4.0,
4.25 and 5.0, respectively. Although the exact reason for this
behaviour is still to be determined, the order of onset strain
matched the order of nitrogen content, and it was assumed that
the differences in the network heterogeneity were because of the
proteins. The slope, i.e., the development of SIC, was highest in
S-GR, whereas those of S-DR and S-NR were similar. The CI and
OAI of S-GR were the highest of the three samples at a > 6,
although the tensile stresses at 5.5 < a # 7.5 of S-GR were lower
than those of S-DR and S-NR. These differences are attributable
to the presence of proteins in S-DR and S-NR, which contribute
to the polymer network.

Until this research, the degrees of crystallinity for guayule,
dandelion and Hevea NRs had been evaluated using different
techniques and under different conditions, making direct
comparison difficult. Without the purication, uncrosslinked
guayule NR had a lower level of crystallinity than uncrosslinked
Hevea NR as determined using on-line birefringence measure-
ments.23 However, the peroxide crosslinked guayule NR
provided the largest degree of crystallinity with the lower onset
strain of SIC than the peroxide crosslinked Hevea NR (SMR-10)
and deproteinized Hevea NR, as also detected using the bire-
fringence measurements.24 Furthermore, uncrosslinked and
unpuried dandelion NR was fully amorphous in the unde-
formed state, and its SIC occurred only at high strain ratios (a >
4) as detected by the presence of crystalline reection in its 2D-
WAXD pattern.26 However, the results were obtained from the
WAXD measurement during tensile deformation at a very slow
speed of 1 mm min�1. These results are useful, however, most
of the SIC behaviours reported in these previous papers may
Fig. 4 Variations of apparent crystallite sizes (a) L200, (b) L120, (c) L002, an
number of crystallites and (f) orientation fluctuation of crystallites for S-

This journal is © The Royal Society of Chemistry 2016
have contained signicant stress relaxation effects because of
the non-real time WAXD measurement during stretching. In
addition, other experimental details were unclear.26 Until now,
there have been no reports of simultaneous in situ synchrotron
WAXD/tensile measurements, which were performed in the
current study under large deformation and 100 times faster
tensile speed (100 mm min�1) than the previous report. The
results reveal the SIC behaviours of S-GR, S-DR and S-NR under
the same experimental conditions of quick uniaxial stretching.
The SIC parameters for generated crystallites are quantitatively
discussed in the next section.

Apparent crystallite sizes (coherent lengths) during stretch-
ing were determined from the WAXD proles using the Scherrer
equation.45,46 The calculated coherent lengths are reasonably
assumed to reect actual crystallite sizes. Fig. 4a shows strain
dependences of apparent lateral crystallite sizes estimated
using the 200 reection (L200) for all the samples. Their L200
values decreased with strain and tended to be a little smaller in
the samples containing proteins (S-DR and S-NR) than in S-GR,
which is clearly detected to be in the early stages of SIC. The
protein content may also have slightly affected crystallite size,
because the L200 of S-DR was smaller than that of S-NR. In
contrast, no differences in lateral crystallite sizes among the
samples were detected using the 120 reection (L120) against the
stretching ratio even in the early stages of SIC. The L120 values
were comparable over the wide range of strain among the
samples shown in Fig. 4b. There was also little decrease in L120
values with strain among the samples. These results suggest
that more stress was perpendicularly applied to the (200) plane
than to the (120) plane of the crystallites in all the samples. The
smaller variation of L120 than of L200 against stretching ratio has
already been reported in both sulfur and peroxide crosslinked
d variation of (d) average volume of crystallites, (e) indexes of average
GR ( ), S-DR ( ) and S-NR ( ) plotted against the stretching ratio.
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Hevea NRs in our previous work,20 and appears to be common
for the SIC behaviour of crosslinked polyisoprene segments.

The apparent crystallite sizes in the direction parallel to the
stretching direction (L002) of all the samples tended to increase
in the beginning and decrease upon further stretching. Inter-
estingly, however, the L002 values were found to be signicantly
different among the samples as shown in Fig. 4c: S-GR had
a much larger L002 than S-DR and S-NR at the early stages of SIC
even when the standard deviation error was considered.
Because the apparent crystallite sizes perpendicular to the (002)
plane are assumed to relate to the length of fully stretched
chains acting as the initiating species for SIC, it is speculated
that the larger the L002, the longer the fully stretched chains are.
Thus, the longer fully stretched chains in S-GR are attributable
to the better orientation of rubber chains, which is permitted by
the less branched structure of guayule NR.56

Using the parameters of CI and three Lhkl values, volumes of
generated crystallites, which load the stress were calculated and
compared among S-GR, S-DR and S-NR. Because of the reduc-
tion of apparent crystallite size upon stretching for all samples,
their average crystallite volumes (Vc) tended to decrease with
increasing stretching ratio as shown in Fig. 4d. It is worth
noting that the Vc of S-GR was obviously larger than that of S-DR
and S-NR at each strain. The presence of proteins in S-DR and S-
NR is thought to hinder the development of SIC, whereas the
less branched chemical structure of guayule NR may have
promoted the development of SIC in S-GR. In addition, it was
Fig. 5 (a) Schematic drawings of the morphologies at a ¼ 6.0 and 7.5 f
Two-dimensional images for each generated crystallite at a ¼ 7.5 in S-G
the centers of each crystallite represent starting sites for SIC.

95608 | RSC Adv., 2016, 6, 95601–95610
also found that the indexes of average crystallite number per
unit volume (N) of S-GR, S-DR and S-NR increased with
increasing strain. Although the onset strain of SIC varied in the
order of S-DR < S-NR < S-GR, the indexes of N were comparable
among the samples as shown in Fig. 4e. It is presumed that the
physical interaction between rubber and non-rubber compo-
nents accelerated the SIC at low strain for S-DR and S-NR as
shown in Fig. 3d, but the physical interaction may have been
broken with further stretching and followed by the formation of
similar network size distributions resulting in a similar number
of starting sites for SIC. Probably, the number of generated
crystallites at high strain (a > 5) for each rubber may have been
mainly governed by the chemical crosslinking network. This
needs to be investigated in detail.

However, the Vc and N values obtained gave a unique real-
isation about S-GR: the abrupt increases of tensile stress over
about 6 of the stretching ratio in S-GR were mainly attributed to
its larger crystallites than those of S-DR and S-NR not to the
difference of crystallite number. Generally, in rubber science
and technology, it has been believed that, at similar weight
loadings, the smaller the ller size, the larger the ller surface
area and the stronger the reinforcement effect. In this case,
both the variations to the small size and to the large surface area
of the ller accompany the increase of number of ller particles.
However, when the number of ller particles is xed, the ller
with a bigger particle size must give a larger total surface area
which leads to a better reinforcement effect than that of the
or the generated crystallites in S-GR, S-NR and S-DR, respectively. (b)
R, S-NR and S-DR. The yellow parts show the crystallites. Thick lines in

This journal is © The Royal Society of Chemistry 2016
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smaller sized ones. This scenario agrees well the results of this
study: the larger crystallites generated connected with the larger
oriented amorphous chains in S-GR can load the stress better
than the smaller crystallites in S-DR and S-NR. Up to now, the
scenario has been accepted intuitively among the rubber
scientists and technologists. However, the control of the
number of ller particles has been difficult, because of the
aggregation of ller particles, and by the lack of experimental
evidence. Therefore, the results in this study will be useful for
the design of materials of so nanocomposites mixed with
nano-llers. Additionally, of course, the inuence of orientation
of crystallites has to be taken into account to explain the rein-
forcing effect of the strain-generated crystallites, which is dis-
cussed in the next section.

The orientation uctuation of crystallites (baz) also plays
a role in the abrupt increase of stress in S-GR as mentioned
before. Fig. 4f shows the strain dependence of baz for all
samples. The smaller the value of baz, the smaller uctuations
in orientation. As shown in Fig. 4f, the orientation of crystallites
along the stretching direction was signicantly disturbed at the
low strain for all samples, but the uctuation degree decreased
and became almost similar upon further stretching. This may
be because of the balancing of the perturbation of the stretched
chains by the increase of number of crystallites, with the better
chain orientation caused by the decreased crystallite size.
However, at a given stretching ratio, considering to the standard
deviation error, the orientation uctuation of crystallites in S-
DR was much larger than that in S-NR, and probably corre-
sponds to the higher N content. The proteins in the matrixes of
S-DR are supposed to prevent signicantly the orientation of
crystallites because of the steric hindrance. Unexpectedly, S-GR
exhibited a slightly lower baz than S-NR even with 0% N content.
This is attributable to the competitive effects between the
increase of baz because of the large crystallite size in S-GR and
the good alignment of the crystallites to the stretching direction
because of the less branched chain molecular structure of
guayule NR.

As a result, the lower orientation uctuation of crystallites in
S-GR seems to be an important factor in addition to the larger
apparent crystallite size and higher OAI, affecting the rein-
forcement of S-GR, and causing the abrupt increase of tensile
stresses at a > 6 for S-GR. The speculated orientation behaviours
of the crystallites in S-GR, S-DR and S-NR are illustrated in
Fig. 5.

Conclusion

The SIC of sulfur crosslinked guayule and dandelion NRs were
clearly detected using the quick time-resolved simultaneous
synchrotron WAXDmeasurement during tensile deformation in
situ for the rst time, where the natural rubbers were puried by
acetone, followed by sulfur crosslinking. The detailed investi-
gation revealed that the SIC of NR from guayule was signi-
cantly more pronounced at high strain than that of Hevea
brasiliensis: the onset of SIC occurred more slowly, but the
development of SIC became faster and the crystallites generated
became larger and its orientation was more aligned to the
This journal is © The Royal Society of Chemistry 2016
stretching direction in guayule NR than the other rubbers. The
differences are attributed to their macromolecular structures
and the amounts of non-rubber components in their matrixes.
However, the SIC behaviour of NR from rubber dandelion was
comparable with that of Hevea brasiliensis. The SIC, which is an
indispensable function and absolutely required for alternatives
to Hevea NR as a sustainable resource,13 was accurately revealed
in both guayule and dandelion NRs in this study.
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