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ABSTRACT: Nanocomposites of natural rubber (NR) and unmodified clay were prepared by latex compounding method. Phenolic

resin (PhOH) was used to crosslink NR. Crosslinked neat NR was also prepared for comparison. The structure–property relationship

of uncrosslinked and crosslinked NR/clay nanocomposites was examined to verify the reinforcement mechanism. Microstructure of

NR/clay nanocomposites was studied by using transmission electron microscopic (TEM), X-ray diffraction (XRD), wide angle X-ray

diffraction (WAXD), and small angle X-ray scattering (SAXS) analyses. The results showed the evidence of intercalated clay together

with clay tactoids for the nanocomposite samples. The highest tensile strength was achieved for the crosslinked NR/clay nanocompo-

site. The onset strain of deformation induced the crystallization of NR for nanocomposites was found at almost the same strain, and

furthermore their crystallization was developed at lower strain than that of the crosslinked neat NR because of the clay orientation

and alignment. However, at high strain region, the collaborative crystallization process related to the clay dispersion and conventional

crosslink points in the NR was responsible to considerably high tensile strength of the crosslinked NR/clay nanocomposite. Based on

these analyses, a mechanistic model for the strain-induced crystallization and orientational evolution of a network structure of

PhOH-crosslinked NR/clay nanocomposite was proposed. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42580.
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INTRODUCTION

Natural rubber (NR) has been considered as an excellent renew-

able commodity material, which is used extensively for a wide

range of products such as tires and conveyor belts.1–3 Because

NR has high structural regularity, it can exhibit strain-induced

crystallization when stretching due to the ability of molecular

chain arrangement along the stretching direction.1–5 Owing to

the strain-induced crystallization, NR can provide high tensile

strength and resistance to cutting, tearing, and abrasion. Hence,

the strain-induced crystallization is a significant subject to

understand the characteristic properties of NR. The strain-

induced crystallization mechanism of NR has been explained on

the basis of inhomogeneous distribution of the network chain

length, i.e., highly crosslinked network region, which would

contribute to the molecular chain orientation to induce the

crystallization.4–7

Today polymer nanocomposites reinforced by nanoclay have

become of importance in polymer research fields and the indus-

try because they exhibited outstanding properties over those of

conventional neat polymers and filled ones.8–13 For NR-based

nanocomposites crosslinked with sulfur and peroxide, it was

reported that the properties of NR crosslinked with sulfur and

peroxide crosslinking agents such as modulus and tensile

strength were significantly enhanced, if the clay was finely dis-

persed in the NR matrix. The property increase of crosslinked

NR was attributed to microstructural change and clay mobility

in a chemical network of NR.14–20 This caused a decrease of

strain for the onset of crystallization and the enhancement of

crystallization. A strain-induced crystallization mechanism of

crosslinked NR in the presence of nanoclay was proposed.18

When the clay was dispersed in the crosslinked NR matrix, the

clay was oriented and aligned during the elongation at low level

of strain (<300%). This led to a decrease in onset
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crystallization, subsequently the completely aligned clay along

the stretching direction and to form physical network for the

alignment of NR chain and the crystallization increased.18 How-

ever, the role of clay in strain-induced crystallization of cross-

linked NR was not clearly clarified in the past reports due to a

morphological change of NR nanocomposites by the presence

of crosslinked network. To clearly understand the property

enhancement related to the morphological change of NR with

clay and crosslink point, it is necessary to investigate the addi-

tion effect of clay on the crystallization behavior of uncros-

slinked NR. So far, the strain-induced crystallization of

uncrosslinked NR/clay has never been studied.

In this study, we prepared NR/clay nanocomposites by using

unmodified (pristine) clay (abbr. clay). The NR/clay nanocom-

posites were obtained by a latex-compounding method due to

the latex compounding has unique advantages of excellent dis-

persion of clay and less molecular weight reduction.21 In addi-

tion, this method is promising for industrialization because of

low cost of pristine clay, simplicity of preparation process and

superior cost/performance ratio.22,23 The phenolic crosslinking

agent (abbr. PhOH) was used to cure the NR because it pro-

vides NR vulcanizates with more homogenous cross-links,24 bet-

ter heat resistance, lower compression set, better dynamic

properties and optimum heat resistance/cost balance,25–27 when

the other crosslinking agents such as sulfur and peroxide are

compared.

To our best knowledge, the strain-induced crystallization of

PhOH-crosslinked NR/clay nanocomposites has also never been

reported. To differentiate the effect of clay and conventional

crosslinking on the strain-induced crystallization of NR, the

mechanical properties and strain-induced crystallization of

uncrosslinked and crosslinked NR nanocomposites were investi-

gated by tensile test, wide angle X-ray diffraction (WAXD), and

small angle X-ray scattering (SAXS). The clay dispersion was

examined by using X-ray diffraction (XRD) analysis and trans-

mission electron microscopy (TEM). Finally, a mechanistic

model for reinforcement of PhOH-crosslinked NR/clay nano-

composite under the presence of nanoclay was proposed.

EXPERIMENTAL

Materials

NR latex consisting of dry rubber content of 60% and stabilized

with high concentration of ammonium was supplied by Yala

Latex Co. (Yala, Thailand). Unmodified clay, sodium montmo-

rillonite (Na-MMT, Kunipia-F
VR

), was kindly provided by Kuni-

mine Industries Co. (Tokyo, Japan). Hydroxymethylol phenolic

resin (HRJ-10518), having softening point of 80–958C and a

specific gravity of 1.05 was manufactured by Schenectady Inter-

national (New York, USA) and used as crosslinking agent. Stan-

nous chloride (SnCl2�2H2O), with melting point and density of

378C and 2.71 g/cm3, manufactured by Carlo Erba Reagent (Val

de Reuil, France) was used as catalyst for the crosslinking reac-

tion of phenolic resin.

Preparation of NR/Clay Nanocomposites

Suspension of clay in water (2 wt %) was added into the

NR latex to obtain uncrosslinked NR/clay nanocomposites. The

NR/clay mixture was firstly mixed under vigorous stirring

(600 rpm) at ambient temperature for 30 min, and dried at

508C for 3 days. For the preparation of PhOH-crosslinked NR

nanocomposites, the NR/clay nanocomposite was compounded

with a crosslinking agent (PhOH) and catalyst (SnCl2�2H2O) in

a mixing chamber of a miniature mixing machine (Figure 1)

(IMC-18D7, Imoto Machinery Co., Japan) at rotor speed of

140 rpm and temperature of 1008C for 20 min. The sample was

then melt pressed in a small hot-press machine (Imoto Machin-

ery Co., Japan) at 1808C for 10 min to obtain the film with a

thickness of 1 mm. The formulation of PhOH-crosslinked NR/

clay nanocomposite is shown in Table I. The uncrosslinked and

PhOH-crosslinked NR specimens without clay were also pre-

pared by using the same procedure outlined above for the prep-

aration of the uncrosslinked and PhOH-crosslinked NR

nanocomposites, respectively.

Figure 1. Schematic representation of a miniature mixing machine.

Table I. Formulation of Phenolic Resin Crosslinked NR/Clay

Nanocomposite

Ingredients
Part per hundred
parts of rubber (phr)

NR 100

Clay (Na-MMT) 0 and 5

HRJ-10518 (phenolic resin) 10

SnCl2�2H2O (catalyst) 1
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Characterizations

X-ray diffraction (XRD) (Rigaku TTRAXII, Japan) analysis was

performed to measure the interlayer spacing (d001) of pure clay

and NR/clay nanocomposites. The X-ray beam was CuKa
(k 5 0.154 nm) with voltage of 50 kV and current of 300 mA.

Data were obtained at a scanning rate of 0.028/min.

For the tensile test, the NR specimen was cut into a dumb-bell

shape of 35 mm length. The stress–strain curve of the film spec-

imen was obtained by using a tensile testing machine (Strog-

raphVES05D, Toyoseiki Co., Japan) at a crosshead rate of

300 mm/min at room temperature, according to JIS-K6251 and

five specimens were used for the tensile test.

Transmission electron microscope (TEM) observation was per-

formed to estimate the dispersion of clay in the nanocomposite

samples. Ultra-thin sections about 100 nm in thickness were cut

at 21008C using an ultra-cryomicrotome (Leica EM FC7). The

sectioned samples were observed by using JEM-2100TEM (JEOL

Co., Japan) at accelerating voltage of 200 kV.

Wide angle X-ray diffraction (WAXD) and small angle X-ray

scattering (SAXS) measurements during stretching were per-

formed by using NANO-Viewer system (Rigaku Co., Japan). A

Cu-Ka radiation (46 kV, 60 mA) was generated and collimated

by a confocal max-flux mirror system. The wavelength was

0.154 nm. The sample to detector distance was 15 mm for

WAXD and 700 mm for SAXS, respectively. An imaging plate

(IP) (Fujifilm BAS-SR 127) was used as a two-dimensional

detector and the IP reading device (R-AXIS Ds3, Rigaku Co.,

Japan) was used to transform the obtained image to the text

data. The sample was stretched in steps after WAXD or SAXS

measurement at the fixed strain using a miniature tensile

machine (Imoto Machinery Co., Japan). The exposure time was

15 min for WAXD and 1 h for SAXS measurements. All meas-

urements were performed at room temperature (20oC). The

scattering intensity was corrected with respect to the exposure

time, the sample thickness, and the transmittance.

RESULTS AND DISCUSSION

Clay Dispersion

Figure 2 shows the TEM images of uncrosslinked and PhOH-

crosslinked NR nanocomposites containing 5 phr clay. The dark

lines are the intersections of the silicate layers (clay platelets). It

is seen that the silicate layers were not exfoliated into single pla-

telet, but they were intercalated by the rubber chain. It is also

seen that the clay was not homogenously dispersed in the NR

matrix and that the intercalated clay together with the nanome-

ter sized aggregates of clay or tactoids were observed. The size

of the clay tactoids were in the range of 10–50 nm and 12–

120 nm in thickness in the uncrosslinked and crosslinked NR/

clay, respectively, suggesting that the clay layers were stacked.

The state of clay dispersion, i.e., the size of clay tactoids dis-

persed in the NR matrix, was changed after the crosslinking

process with PhOH crosslinking agent. The reason for this

change needs to be further investigated.

To confirm the microstructure of NR/clay nanocomposites, the

XRD analysis was performed. Figure 3 shows the XRD patterns

of pristine clay (Na-MMT), uncrosslinked and PhOH cross-

linked NR nanocomposites filled with 5 phr clay. It is seen that

the XRD pattern of pure nanoclay has a strong diffraction peak

at 2h 5 7.04o, corresponding to interlayer spacing (d001)

between silicate platelets of 1.26 nm. The XRD pattern of NR

nanocomposites showed two diffraction peaks at 2h 5 3.448 and

6.268 for uncrosslinked sample and at 2h 5 3.768 and 6.508 for

crosslinked NR, corresponding to interlayer spacing of 2.57 and

1.41 nm and 2.35 and 1.36 nm, respectively. The decrease of

intensity and broadening of the diffraction peaks at lower angle

regions for the uncrosslinked and crosslinked NR/clay nano-

composites when compared with the diffraction peak of the

pristine clay indicated that the rubber chains moved in between

the gallery spacing of clay platelets, suggesting intercalated clay

structure.12 Based on the TEM and XRD results, the nanocom-

posites of NR and clay with intercalated clay structure and thin

tactoids of nanometer scale could be confirmed.

Figure 2. TEM images for uncrosslinked and phenolic resin-crosslinked NR/clay nanocomposites.
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Stress-Strain Behavior

Figure 4 shows the stress–strain curves of the uncrosslinked and

PhOH-crosslinked NR/clay nanocomposites. The stress–strain

curves of the corresponding uncrosslinked and crosslinked neat

NR samples are also shown in Figure 4. The stress–strain behav-

ior of the NR was significantly changed by the inclusion of the

clay. The tensile strength of the NR distinctly was improved by

the clay dispersion in both uncrosslinked and crosslinked NR,

when compared with their counter parts. After gradual increase

of the strain, a sharp stress increment was observed for all sam-

ples; i.e., the occurrence of stress-upturn. It is obvious that the

stress-upturn of both uncrosslinked and crosslinked NR/clay

nanocomposites started at lower strain than that of the neat

NR. Furthermore, the tensile strength of the NR/clay nanocom-

posites was clearly higher than that of neat NR, and the increase

of stress with applied strain in the uncrosslinked NR/clay nano-

composite was different from that of the crosslinked NR/clay

one. The increase of stress for the uncrosslinked NR/clay

nanocomposite was apparently larger than that of crosslinked

NR/clay one. The reason why the tensile stress of the uncros-

slinked NR/clay nanocomposite was higher than that of the

crosslinked one will be discussed later.

WAXD Observation

Two-dimensional WAXD was performed to analyze the crystalli-

zation and orientation of the NR molecules. The 2D WAXD

images coupled with their corresponding linear diffraction pat-

terns, azimuthally integrated in the range of azimuthal angles

from 808 to 1008, of the two different NR/clay nanocomposites

and crosslinked neat NR at the strain of 200% are shown in

Figure 5. From Figure 5, the reflection spots assigned to (200)

and (120) planes for highly oriented crystalline NR was detected

for the uncrosslinked and PhOH-crosslinked nanocomposites

[Figure 5(a)]. The diffraction peaks corresponding to (200) and

(120) planes from the NR were also observed for the uncros-

slinked and PhOH-crosslinked nanocomposites [Figure 5(b)].

On the other hand, these reflection spots and diffraction peaks

were not observed in the crosslinked neat NR (Figure 5) at the

same strain. From the 2D WAXD analysis, it was suggested that

the addition of layered silicate caused the alignment of NR

chains in the stretching direction at low level of strain

(<300%), leading to the formation of crystallized region in the

NR matrix.

Based on the 2D WAXD image, the crystallinity (Xc) of the

stretched NR could be estimated by measuring the WAXD

intensity of the diffraction peaks, corresponding to the (200)

and (120) planes (Figure 6), as reported by Hernandez et al.28,29

The diffraction intensity in the equator direction was normal-

ized and azimuthally integrated in the range of the azimuthal

angles from 808 to 1008 as shown in Figure 6. The area of the

crystalline diffraction peaks assigned to the (200) and (120)

planes and the area of amorphous halo were fitted by using Ori-

gin
VR

9.1 software. The Xc was calculated using eq. (1);

Figure 3. XRD patterns of (a) pristine clay and (b) NR/clay

nanocomposites.

Figure 4. Stress–strain curves for uncrosslinked and phenolic resin-

crosslinked NR with and without clay addition.
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Xc5
Ac

Ac1Aa

3100 % (1)

where Ac is the area of crystalline diffraction peaks, correspond-

ing to the (200) and (120) planes, and Aa is the area of the

amorphous halo.

The estimated crystallinity (Xc) of the uncrosslinked and cross-

linked NR/clay nanocomposites and crosslinked neat NR sam-

ples as a function of applied strain is shown in Figure 7. The

crystallinity of all specimens increased with increasing strain,

indicating that the crystallization of these materials was attrib-

uted to the strain-induced crystallization of the NR matrix. The

crystallinity was increased in the order that crosslinked NR/clay

nanocomposite> uncrosslinked NR/clay nanocomposite> cross

linked neat NR. Different from the crosslinked neat NR, the

NR/clay nanocomposites started to crystallize at lower strain.

For example, the crystallization of the NR matrix was developed

at the strain of about 100% in the uncrosslinked and cross-

linked NR/clay nanocomposites, while that of the crosslinked

neat NR was at about 280%. This suggested that the strain-

induced crystallization of the NR could be accelerated by the

incorporation of the clay, as reported by authors17,19,20,29 for the

onset of NR crystallization upon the addition of organically

modified clay.

From Figure 7, it is obvious that the crystallinity of the uncros-

slinked NR/clay nanocomposite began at the same strain with

the crosslinked NR/clay nanocomposite, and increased with

applied strain. Because the effect of the crosslink on NR crystal-

lization of the uncrosslinked NR/clay nanocomposite could be

eliminated, it is clearly explained that the crystallization of NR

was caused only by the presence of clay, and was effective even

at high strain. These observations indicated that the crystalliza-

tion induced by the clay initiated from lower strain than the

one originated from the crosslink points. More precisely, the

Figure 5. Coupled (a) 2D WAXD images and (b) WAXD patterns of crosslinked neat NR and NR/clay nanocomposites measured at strain of 200%.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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crystallization induced by the clay started at the strain of

approx. 100%, whereas that related to the crosslink points

started at the strain of approx. 280%. Therefore, we could pre-

sume that the great increases of tensile stress at low strain

region (<300%) in the uncrosslinked and crosslinked NR/clay

nanocomposites, as shown in Figure 4, were attributed to the

enhancement of strain-induced crystallization by the clay.

As can be seen from Figure 7, the strain-induced crystallization

of the crosslinked NR/clay nanocomposite drastically increased

at the strain applied above about 300%, at which the crystalliza-

tion induced from the crosslinking points just began as indi-

cated by the crystallinity (Xc) data for the crosslinked neat NR

(Figure 7). As a result, the increase of the crystallinity of the

crosslinked nanocomposite became greater than that of the

uncrosslinked nanocomposite at higher level of strain (>300%),

although the crystallinity of these two NR/clay nanocomposites

started at almost the same strain. Furthermore, the crystallinity

of the PhOH-crosslinked nanocomposite was much higher than

that of the crosslinked neat NR due to the contribution of NR

crystallinity enhancement by the presence of clay. Similar

behavior was also reported for the sulfur and peroxide cross-

linked NR/clay nanocomposites.14–20 As a result, the drastic

increase of stress in the crosslinked NR/clay nanocomposite at

high strain region above 300% was due to the collaborative

crystallization induced by clay and conventional crosslink

points, whereas the increase of the stress at low strain level

(<300%) was mainly dominated by the crystallization induced

by the clay as described previously. According to previous inves-

tigation,18 with the conventional sulfur curing system, the con-

tent of unmodified nanoclay at 15 phr was used to prepare NR/

clay nanocomposite. At high strain level, i.e., 400%, they found

that the crystallinity index of the sulfur-crosslinked nanocompo-

site was about 15%, and the stress at 400% was about 2.5 MPa,

which was approximately 80% greater than that of the virgin

crosslinked one (�1.4 MPa). Although the crystallinity index at

similar strain obtained in our study (16%) was comparable to

that reported in publication,18 but the stress at 400% of the

PhOH-crosslinked nanocomposite with low addition of 5 phr

unmodified clay was 3.5 MPa, which suggested the improve-

ment level over the neat PhOH-crosslinked NR (�1.4 MPa) by

about 150% (Figure 4). This indicates that the combined use of

PhOH and unmodified nanoclay offers the benefit for the pro-

duction of NR nanocomposite having higher level of property

when compared with commonly used sulfur crosslinking

system.

Figure 8 shows the orientation function (f) of the neat NR and

NR/clay nanocomposites as a function of strain during stretch-

ing. The orientation function was calculated by Hermann’s

equation30,31 from the azimuthal angle dependence of the

WAXD intensity (Figure 9). From Figure 8, it is seen that the

values of f were negative, and their magnitude increased with

increasing strain, indicating that the degree of orientation in the

NR crystallites increased with increasing strain. The change of f

value for the NR/clay nanocomposites was obtained at lower

Figure 6. Typical WAXD images and WAXD profiles as a function of dif-

fraction angle of crosslinked NR/clay nanocomposite selected at 400%

strain. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 7. Change of crystallinity (Xc) as a function of strain for uncros-

slinked NR/clay nanocomposite, phenolic resin-crosslinked NR/clay nano-

composite and crosslinked neat NR.
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strain, comparing with the crosslinked neat NR. As shown in

Figure 8, the change of the f value for the crosslinked nanocom-

posite was also higher than that of the uncrosslinked NR/clay

nanocomposite, nevertheless the change of f value was observed

at almost the same strain. These results corresponded to the

increase of the crystallinity (Xc) with increasing strain as already

shown in Figure 7. That is, the increase of the crystallinity with

higher strain was associated with the increase of the orientation

of NR chains. Thus, the increase of NR crystalline for the cross-

linked NR/clay nanocomposite was mainly explained as follows;

the orientation of the NR chains was increased in the presence

of clay, and the increase of the crystallinity at high strain region

above 300% was caused by the increase of NR chain orientation

by collaborative effects of clay and crosslinking points.

SAXS Analysis

It is known that the clay stacks and single clay platelets in the

NR matrix could be rotated and aligned by stretching, resulting

in clay orientation.32 To understand the orientation of clay dur-

ing the stretching, 2D SAXS measurement was performed and

the 2D SAXS images of the uncrosslinked and crosslinked NR/

clay nanocomposites at various strains are shown in Figure 10.

The result of the crosslinked neat NR was also included. From

Figure 10, the circular pattern was seen in all specimens at the

strain of 0%. The pattern of the PhOH-crosslinked neat NR

was almost unchanged by stretching. In contrast, the pattern of

the uncrosslinked and crosslinked NR/clay nanocomposite

changed from circular one to ellipsoidal one during stretching.

Therefore, it is clear that the change of the pattern for the

uncrosslinked and crosslinked nanocomposites was influenced

by the rotation of the dispersed clay. Generally, the circular pat-

tern in the NR/clay nanocomposite was seen when the clay was

randomly oriented at the strain of 0%. Because the shape of

clay is plate-like structure, therefore the ellipsoidal pattern

appeared as a result of the clay orientation and the dimension

of ellipsoidal shaped pattern in the perpendicular direction to

the stretching one became greater with increasing the degree of

orientation. The aspect ratio of the ellipsoidal pattern defined

as L/D, where L is maximum dimension in perpendicular direc-

tion to the stretching and D is maximum dimension in parallel

direction to the stretching, was increased with the increase of

the orientation of the clay. Hence, the orientation of the clay

could be determined by the change of aspect ratio of the 2D

SAXS image.

The aspect ratios of the 2D SAXS images of the various NR

samples as a function of strain are shown in Figure 11. The

aspect ratios of the uncrosslinked and crosslinked NR/clay

nanocomposites increased in response to the level of strain

applied. On the contrary, no significant change of the aspect

ratio was observed for the simply crosslinked NR. These results

suggested that the rotation of the clay was taken placed at small

strain (100%) and then the clay was aligned along stretching

direction according with increasing strain. As described previ-

ously, we demonstrated that the crystallinity (Xc) (Figure 7) and

the degree of orientation (f) (Figure 8) of the NR matrix in the

NR/clay nanocomposites were developed at the low strain of

100%. Judging from the result of crystallization and orientation

of NR, it is considered that the clay was also rotated and

Figure 8. Change of orientation parameters (f) as a function of strain for

uncrosslinked NR/clay nanocomposite, phenolic resin crosslinked NR/clay

nanocomposite and crosslinked neat NR.

Figure 9. Typical WAXD image and WAXD profile as a function of azi-

muthal angle of crosslinked NR/clay nanocomposite selected at 400%

strain. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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oriented in the stretching direction even at low strain level of

100%. Thus, the strain-induced crystallization for the NR/clay

nanocomposites observed at the low strain of 100% strain was

associated with the orientation of the clay.

It is interesting to note that the aspect ratio of the uncros-

slinked NR/clay nanocomposite was higher than that of the

crosslinked one, although the crystallinity and orientation

parameter of the NR in the uncrosslinked NR/clay nanocompo-

site were smaller than those of the crosslinked nanocomposite

(Figures 7 and 8). This might be attributed to the prevention of

the clay orientation by existence of the crosslinked network of

NR chains. Referring back to the results shown in Figure 4, the

tensile stress of the uncrosslinked NR/clay nanocomposite was

higher when the crosslinked one was compared, especially at

lower strain region (<300%). During tensile test, the sample

was uniaxially deformed, the clay particles rotated and became

aligned with their axes running parallel to the stretching direc-

tion, this would lead to better stress transfer ability. Apparently,

the thickness of single clay platelet is about 1 nm11 and the

average thickness of clay tactoids dispersed in the uncrosslinked

NR nanocomposite was less than that of the crosslinked NR/

clay nanocomposite (Figure 2). This means that the number of

platelets stacked within the clay tactoids was also less for the

uncrosslinked sample. Increasing number of platelets in the

intercalated clay tactoids resulted in decreasing tensile modulus

of clay in the direction parallel to platelet plane.33 Thus, the

combination of both preferred alignment and greater tensile

modulus of anisotropic clay surely led to more reinforcement

efficiency for the uncrosslinked NR/clay nanocomposite. More-

over, the tensile stress of the uncrosslinked NR/clay

Figure 10. Two-dimensional SAXS images of crosslinked neat NR and NR/clay nanocomposites measured at various strains (SD 5 stretching direction).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. Change of aspect ratios as a function of strain for uncros-

slinked NR/clay nanocomposite, phenolic resin-crosslinked NR/clay nano-

composite and crosslinked neat NR.
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nanocomposite continued to increase at the strain above 300%,

even though the orientation of the clay almost completed and

the crosslinking points did not exist. This phenomenon sug-

gested that the crystallization of NR induced from the clay was

also effective after completing the orientation of the clay. As the

strain-induced crystallization by the clay continuously occurred,

the increase of the tensile strength for the crosslinked NR/clay

nanocomposite at high strain region above 300% was much

greater than those of the uncrosslinked NR/clay nanocomposite

and crosslinked neat NR. This could be explained with the col-

laborative crystallization of NR by the dispersion of clay and

crosslink points as described in the previous section.

From these results, the schematic illustration was proposed for

the strain-induced crystallization in the crosslinked NR/clay

nanocomposite, as shown in Figure 12. In this scheme, the

nanometer-sized tactoids were dispersed in the crosslinked NR/

clay nanocomposite, and the NR matrix was possibly connected

to the clay tactoids through intercalation of NR chain and strong

adhesion via specific interaction between PhOH functionalized

NR and clay [Figure 12(a)]. Study on interaction between clay,

NR, and PhOH-crosslinking agent is being performed and the

research results will be reported in future publication. During

stretching the nanocomposites, the plate-like shaped clay was ori-

entated and aligned along the stretching direction. The

Figure 12. Proposed model for strain-induced crystallization mechanism of phenolic resin-crosslinked NR/clay nanocomposite during stretching. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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crystallization of the NR matrix was then induced due to the

stress concentration at the surface of the clay, and the crystallinity

(as well as the degree of NR crystallite orientation) became

increased in association with the orientation of the clay [Figure

12(b)]. Subsequently, the NR chains were rearranged and crystal-

lized at higher strain about 300% [Figure 12(c)]. Finally, the crys-

tallinity of the NR matrix was steeply increased due to the

collaborative crystallization of NR enhanced by dispersed clay and

crosslink points at strain above 300%. Thus, the significant

increase of tensile strength was obtained.

CONCLUSION

NR/unmodified clay nanocomposites consisting of intercalated

clay structure and thin tactoids of nanometer scale were success-

fully prepared and were crosslinked with phenolic resin (PhOH).

The effect of clay addition on the crystallization and molecular

orientation of NR was studied. In the presence of clay, the tensile

strength significantly increased for both the uncrosslinked and

crosslinked NR/clay nanocomposites owing to the acceleration of

strain-induced crystallization of NR. At low strain, the crystalliza-

tion of crosslinked NR containing clay was mainly attributed to

the clay dispersion. However, at high strain, the crystallization

was considerably enhanced by the clay and the crosslink points.

Owing to the collaborative crystallization enhancement by the

clay addition and crosslinking points, the tensile strength of the

crosslinked NR/clay nanocompoiste was much greater than those

of the uncrosslinked nanocomposite and the crosslinked neat NR,

particularly at high strain region. A mechanistic model for the

strain-induced crystallization and orientational evolution of a

network structure of phenolic resin-crosslinked NR/clay nano-

composite was proposed. The study on the changes of the clay

dispersion during vulcanization with PhOH and the interaction

between clay, NR and PhOH is being performed and the research

results will be reported in the near future.
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