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Polymer nanocomposites (PNCs) represent a new class of
materials compared to conventional filled polymers or polymer
blends, as they can possess enhanced properties through
nanoscale reinforcement." Widespread interest in PNCs over
the past several years has been fueled by their promise of
unprecedented performance, design flexibility, and lower cost.
A great deal of effort has been devoted to understanding the
reinforcing mechanism of PNCs containing highly anisotropic
nanofillers such as nanoclays.” In this study, we present
experimental evidence of a remarkable enhancement of strain-
induced crystallization in natural rubber (NR) nanocomposite
under uniaxial stretching due to the presence of nanoclay
particles. By using synchrotron wide-angle X-ray diffraction
(WAXD), we have monitored the structure changes and crystal-
linity development during deformation in real time. The behavior
of significantly enhanced strain-induced crystallinity in orga-
noclay/NR nanocomposites has not been observed before in
systems containing conventional fillers. This effect might be
responsible for the observed enhancement in mechanical proper-
ties of organoclay/NR nanocomposites.® The results suggest a
dual crystallization mechanism in nanocomposites, which is
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Figure 1. Representative TEM images (I: scale bar 1000 nm; II: scale
bar 50 nm) and SAXS patterns (A: face-on view; B and C: edge-on
views) of the NR—NC1 nanocomposite.

absent in the unfilled system. The mechanism consists of spatial
reorganization of organoclay at low strains (e.g., less than a. =
3), followed by rapid strain-induced crystallization of NR. The
observed in-situ structure changes in NR nanocomposite enable
us to suggest a mechanism that may be universal to crystallizable
elastomers containing nanosized fillers.

Layered-silicate nanofillers can improve the physical, me-
chanical, and thermal properties of polymeric matrices.* This
behavior has been explained by the formation of a reinforcing
nanofiller network (exfoliated or/and intercalated), within which
the polymer chains are confined. However, this explanation is
not sufficient to paint a complete picture of the reinforcing
mechanism taking place in many systems. For example,
Giannelis and co-workers™® have reported a unique class of
semicrystalline and amorphous nanocomposites having tough-
ness values 1 order of magnitude higher than that of the unfilled
polymer matrix. They suggested that the presence of nanopar-
ticles introduces new energy-dissipating mechanisms, and they
attributed the mechanical property enhancement to the nano-
particle mobility and orientation during deformation. A study
by Joly et al.” using birefringence and infrared dichroism on
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Figure 2. WAXD results for NR—NCI1 nanocomposites. (a) Stress—strain curve and selected synchrotron WAXD patterns during extension and
retraction cycles. (b) Integrated and corrected intensity profiles from the 2D WAXD patterns at various strains as a function of scattering vector s

(nm™).

organoclay/NR nanocomposites also reported a higher orienta-
tion of amorphous chains by the addition of nanoclays. However,
they did not consider the behavior of strain-induced crystal-
lization in NR, which is the dominant effect in mechanical
reinforcement.

The purpose of this study was to investigate the effects of
organoclay on strain-induced crystallization under uniaxial
stretching in crystallizable natural rubber nanocomposites. In-
situ experiments were carried out to couple the stress—strain
behavior with structure determination using synchrotron wide-
angle X-ray diffraction (WAXD). This method enabled us to
monitor the changes at the local molecular structure during
deformation in real time.®

Two NR/organoclay nanocomposites, NR—NC1 (NC1-filled
NR (15 phr)) and NR—NC2 (NC2-filled NR (15 phr)) were
prepared by mechanical mixing at room temperature and
vulcanized at 150 °C. NCI is a quaternary ammonium salt
modified montmorillonite with a basal distance of 29.4 A. NC2
was prepared from NCI1 after Soxhlet extraction to remove
excess surfactant (~6.2 wt %) from the clay. Both nanocom-
posite samples exhibit an intercalated structure as observed by
WAXD (data not shown). Transmission electron microscopy

(TEM) (Figure 1) confirmed the presence of finely dispersed
tactoids (nanoclay stacks) spaced 10—40 nm apart. In addition,
directional small-angle X-ray scattering (SAXS) measurements
(A: face-on view; B and C: edge-on views) of the unstretched
but pressed specimen showed the preferred orientation of
nanoclay stacks aligned parallel to the film plane due to
processing. Figure 2a shows the stress—strain curve and corre-
sponding 2D WAXD patterns at selected strains during stretch-
ing and retraction for the NR—NCI nanocomposite. The
corresponding stress—strain curve for the unfilled NR is included
for comparison. Figure 2b illustrates the normalized and
corrected linear diffraction profiles for unfilled NR (A) and the
NR—NCI1 nanocomposite (B). All images at high strains
exhibited preferred orientations of (100), (200), and (300)
reflections from layered silicates, indicating that nanoclays
became highly orientated along the stretching direction. The
orientation began at a relatively low strain (& = 0.4) and
increased progressively until a maximum alignment was reached
(at a = 4). In addition to the orientation of nanoclays, WAXD
images clearly revealed the strain-induced crystallization of
natural rubber chains, which was evidenced by the alignment
of (200) and (120) reflections from the rubber matrix. It is



Macromolecules, Vol. 41, No. 7, 2008 Communications to the Editor 2297
0.6 — - T . r - T 0.6 - — T v T v T T
= s/ Unfilled NR ] = ,sf NR-NC1 ]
g g- .\ .................................................. e ]
x o
g o4 1 ¥ o4r Cl.= 0.48 : 1
= r - 1 f . 1
2 o3t | - > 03f A=60 % s=0.31 ]
E E e & b - o K 1
T 02l o d = o2} A
g C.I. = 0.24 0 * E .\ ................................. O@ ]
e : @ 0
o o1f o 4 S‘ 01LC.l.= 0.18 J
Oﬁn‘s=o14 \*s=0-10
0.0 L I o PR oW g W i il 0_0 L i i i i
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Strain,a Strain,o
D-E hd T - L] T T T
- NR-NC2
= osf '
Q !
3 o04f -
=
=
2 03k - E
E [Rm
E 02} o .
7]
A=22% : -
S oaf o —s=018
.................................... Q.5
ool Gl=008  ©,5=0.035
"o 1 2 3 4 5 6

Strain, o

Figure 3. Crystallinity index as a function of strain during the first stretch cycle.

interesting to note that the crystal reflections of NR appeared
at a lower strain in the nanocomposite compared to the unfilled
NR. In addition, we did not observe strong evidence for
orientation of the amorphous phase based on the WAXD
analysis. If there was some oriented amorphous phase, the total
fraction was small. This is in slight contrast with the study by
Rault et al.,” who have demonstrated orientation of the
amorphous phase using 2H NMR.

Figure 3 shows the evolution of crystallinity index (CI) as a
function of strain for the unfilled NR and the nanocomposites.
The results indicate that the onset strain (0.°) of deformation-
induced crystallization was 3.3 and 1.2 for the unfilled sample
and nanocomposites, respectively. The overall crystallinity index
was significantly higher in the nanocomposite than in the unfilled
sample (e.g., the maximum strain-induced crystallinity in unfilled
NR was 25% at a strain oo = 5° while the maximum strain-
induced crystallinity in the NR—NC1 nanocomposite was 48%
at a strain oo = 4). In systems containing conventional fillers
such as carbon black, silica, or calcium carbonate a lowering
of the threshold (a® = 2) has been reported, but no differences
in the overall crystallinity index were observed.'®'> The
difference between these traditional fillers and nanoclays is due
to the very high surface-to-volume ratio of 10*—10* m%*mL for
nanoclays compared to 107'—10> m*mL for conventional
fillers.”® Hence, the observed different behavior can be attributed
to the high interfacial interactions between the polymer matrix
and the nanoclays, resulting in a more efficient transfer of stress
across the matrix. The large interfacial region can lead to an
early orientation of polymer chains, thus promoting nucleation
under stretching.

Our experiment also revealed a different strain-induced
crystallization mechanism of NR in the presence of nanoclays.
Unfilled NR usually shows a single crystallization step,® while
the NR nanocomposites exhibit two well-defined crystallization
steps: the first one for a < 3 is related to the orientation and
alignment of nanoclays during elongation forming a physical
network while the second (3 < o < 4) corresponds to the
conventional crystallization mechanism of unfilled NR," but
with a crystallinity index and strain slope approximately twice
that of the pristine sample.

Another interesting aspect of our results is the effect of the
amount of surfactant on the clay on the behavior of strain-
induced crystallization in NR nanocomposites. The quantitative
analysis of the WAXD data for NR—NCI and NR—NC2
samples (Figure 3) revealed that the onset strain ratio did not
change in the two nanocomposites. However, the crystallinity
index strongly depended on the amount of surfactant. The
maximum crystallinity for NR—NC1 and NR—NC2 is 50 and
25%, respectively. This different crystallinity in the nanocom-
posites can be related to the crystallizability of the NR chains
(both nanocomposites showed two crystallization steps, but their
slopes were quite different). In the first crystallization step, the
NR—NCI1 nanocomposite exhibited a slope about 1 order of
magnitude higher than the NR—NC2, while the slope of the
second step in NR—NC1 was also twice that of NR—NC2. The
change in the crystallizability may be attributed to the higher
amount of surfactant molecules surrounding the NC1 fillers,
resulting in a greater enhancement of chain mobility for
crystallization.'
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In summary, we conclude from this study that the presence
of interfacial interactions between nanoparticles (i.e., nanoclays)—polymer
matrix and the enhanced mobility of the polymer on the clay
surface are crucial in promoting strain-induced crystallization
in natural rubber nanocomposites. Addition of nanoclay leads
to significantly enhanced crystallinity and lower onset strain for
stretch-induced crystallization compared to conventionally filled
NR composites.
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