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Abstract

The present work is concerned with the study of the effect of crosslink density of sulphur-
vulcanized natural rubber (NR) on strain-induced crystallization (SIC) and tensile strength of NR. It
was found that the crosslink density has almost no effect on the onset of SIC for low crosslink
density, but for high crosslink density (above 8x10~ mote/cmz), the onset of SIC showed slight
decrease. The strain-induced crystallinity index was found to increase with increasing crosslink
density then decreased. Tensile strength showed similar dependence on the crosslink density.
The crystallinity index developed reaches a constant value of about 1.5 even at high strain. Since
the stress still continues to rise even after the degree of crystallinity reaches a constant value, it
was proposed that the high tensile strength of NR vulcanizate is not the direct consequence of
SIC as is widely believed but is due to orientation of the molecular segments, particularly those
connected to the crystalline structures.
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Introduction

Natural rubber (NR) vulcanizates show great physical and mechanical properties in tensile
strength and fatigue resistance, together with high hysteresis energy [1]. Since these characteristics
take place without addition of any filler. In particular, its high tensile strength (20-30 MPa) and
large strain at break (8.0-10.0) are excellent in comparison with the case of unfilled SBR (Styrene
Butadiene Rubber) vulcanizate where the tensile strength is about 1.5-2.0 MPa and the strain at
break is 4.0-5.0. These superior properties of NR have been assumed to be due to its strain-
induced crystallization (SIC) ability [2-5]. Therefore, the study on SIC behavior of crosslinked NR is
the most importance for elucidating the mechanical characteristics of NR.

The strain-induced crystallization in NR has been observed and studied by X-ray diffraction
since 1925 [6]. The increase of strain-induced crystallization in NR with strain had been studied
extensively [7-11]. The simultaneous measurements of the stress-strain relation and the strain-
induced crystallization by wide angle X-ray diffraction (WAXD) using a conventional X-ray
instrument [12] revealed that the hysteresis of stress-strain relation is caused by the strain-
induced crystallization. The results show that the strain-induced crystallization decreases the
stress since the length of amorphous molecule along the stretching direction increases due to its
crystallization.

Synchrotron X-ray and modified stretching machine make it clear to show the both
hysteresis in the stress-strain relation and in the strain-induced crystallization in rubbers and to
elucidate the stress decrease by the onset of strain-induced crystallization [13-21]. The
experimental results agree with classical thermo-mechanical theories on strain-induced
crystallization [22-23] that suggested the onset of strain-induced crystallization decrease the
stress before the upturn of stress.

Sulphur vulcanizated rubbers have network structures that are mainly composed of
monosulphidic, disulphidic, and polysulphidic crosslinks. The structures including the crosslink
densities and types of vulcanizates are very important parameters because of their dominant
effects on the mechanical properties. The ratio of polysulphidic, disulphidic and monosulphidic
crosslinks depends on the ratio of sulphur to the accelerators, cure time and the kind of
accelerator in the formulation. The crosslink has been considered to be vital for SIC since the
theory of rubber elasticity of polymer crosslink network has applied to elucidate SIC at thermo-
mechanical equilibrium state. In this paper, we focus on the role of crosslink. Five levels of

crosslink density are studied.

Experimental
Materials.

Commercial grade of Standard Thai Natural Rubber Light (STR-5L) was compound with
many formulae shown in Table 1. Al the ingredients including sulphur and accelerator were
mixed on a laboratory-scale 6-in. roll mill. Vulcanization was carried out in an electrically heated
hydraulic press at 150°C using the optimum cure time (T.y) previously determined with a moving
die rheometer (TechPro MD+) at 150°C following ASTM D-5289.
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Table 1 Composition and sample preparation conditions of the samples.

) Quantity [phr]
Ingredients

V1 cv2 cv3 cva CV5
STR-5L 100 100 100 100 100
Zinc Oxide 5 5 5 5 5
Stearic acid 1 1 1 1 1
CBS 0.19 0.56 0.75 0.94 1.31
Sulphur 0.50 1.50 2.00 2.50 3.50
Cure time” [min] 31 16 13 12 11

*CBS (N-cyclohexyl-2-benzothiazole sulphenamide), bCuring temperature 150°C

Determination of crosslink:

Equilibrium swelling in toluene was used to determine the crosslink densities of the rubber
vulcanizates. The Crosslink density was determined using the method described by Cunneen and
Russell [24]. The molecular weight of the network chain between chemical crosslinks for a
phantom network, M is expressed by the Flory-Rehner relationship [25-26]:

—2p V. (V'3 =V /2)
M. = r.s r r (1)
c 2
[In(=V)+V,. + zV’]

where V, is the volume fraction of rubber in the swollen sample, V; is the molar volume of the

swelling solvent, P, is the density of the rubber sample, and ¥ is the rubber-solvent interaction
parameter. The values of the constant used in the above calculation were V, = 10" cm’/mole

and X, = 0.393 [27]. The total crosslink density (V1) is given by [28]
1

:2—%

Measurements of stress-strain curves and tensile strength:

Vr

Tensile properties of NR vulcanizates were measured according to ASTM D-412 using a
universal testing machine (Instron 5569 series, Norwood, USA) at 25°C. The rate of deformation
was 500 mm/min.

Strain-induced crystallization measurement:

In-situ wide-angle X-ray diffraction (WAXD) measurements were carried out at the X27C
beamline in the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL).
The wavelength of X-ray was 0.1371 nm. An MAR-CCD X-ray detector (made by MAR, USA) was
used to record the two-dimensional wide-angle X-ray diffraction (WAXD) pattemns for quantitative
image analyses. The typical image acquisition time for each scan was 30 sec. The data analysis
software package (POLAR) used was developed by Stony brook Technology and Applied Research
at Stony Brook, New York. The tensile machines allowed the symmetric stretching of the sample,
permitting the focused X-ray to illuminate the same sample position during deformation. The
chosen deformation rate was 10 mm/min. The stress-strain curves during extension were

collected at 25°C in the uniaxial deformation mode.
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Results and Discussion

Stress—strain curves of NR vulcanizates with various crosslink densities are shown in Fig. 1.
The sample with the larger crosslink density showed the higher modulus in the tensile
measurements of this study (Table 2). In the lower strain region, the modulus is low and slowly
increases with the increase in strain; when the strain is larger, the upturn in stress. The sample

with the larger crosslink density showed the upturn in stress at lower strain.
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Fig. 1 Tensile stress-strain curves of NR vulcanizates with various crosslink densities.

Table 2 Total crosslink densities and mechanical properties of the samples.

Sample Cv1 cvz cv3 Cva CV5
v, [x 10° mol/em’] 0.5 5.6 78 8.7 113
M1° [MPa] 0.3 0.7 0.8 1.0 13
M3 [MPal 0.4 15 19 2.7 4.1
75 [MPal 0.9 20.5 28.7 30.6 24.9
Strain at break 6.2 7.6 7.5 6.9 5.8

“Total crosslink density, b!\/\odulus at strain 1.0, ‘Modulus at strain 3.0, d'I'ensile strength

The stress-strain curve and selected 3D WAXD patterns during deformation (at a 10
mm/min rate) of sample CV3 at 25°C are shown in Fig. 2. Each WAXD image is taken at the strain
indicated by the arrow. The high intensity of synchrotron X-rays made it possible to collect the
WAXD patterns during deformation in real time without holding the sample still. It was seen that
stress generally increased with strain. In Fig. 2, it is seen that 3D WAXD patterns exhibited an
amorphous halo below strain 3.0, while its intensity distribution shifted slightly toward the
equator with increasing strain (e.g., strain 3.0). At strain 4.0, the deformation of the halo pattern
became more intense, and several weak but distinct crystalline reflections are seen. These
reflections are sharp and highly oriented and appeared in smaller numbers than those in fully
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crystallized patterns (e.g., at strains 5 and more). These reflections are caused by the first-formed
strain-induced crystallites, which are defective in crystalline ordering or registration but highly
oriented with respect to the stretching direction. This finding is consistent with the fringemicelle
crystal model induced by strain during deformation of rubber recently proposed by Toki and
coworkers [5,15-16,18-19]. In contrast, at strains above 4 (e.g., strains 5.0 and more), the WAXD
patterns exhibited well oriented crystalline reflections from a monoclinic unit cell with
parameters similar to a = 1.25 nm, b = 0.89 nm, ¢ = 0.81 nm, and Y = 92°, as previously reported
by Bunn [8]. It is interesting to see that, even at strains 5.0 and more, one can observe the
persistence of the unoriented amorphous halo, which is consistent with the finding that a

substantial amount of amorphous chains remain unstretched at high extension [5,15,18].
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Fig. 2 The stress-strain relationship and selected WAXD patterns in 3D expression of the sample
CV3. Each image was taken at the average strain indicated by the arrows.

WAXD patterns can be analyzed into three fractions such as crystal, oriented amorphous
and unoriented amorphous. (The procedure to analyze the data is mentioned elsewhere [5,15-
21]). The integral intensities as a function of scattering vector “s” at each strain are shown in Fig.
3. It is clear that the anisotropic fraction increases with strain smoothly.
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Fig. 3 1D cylindrical intensity profiles as a function of scattering vector “s” of the sample CV3.

From the integrated intensity patterns, we can evaluate crystallinity index and oriented
amorphous index as shown in Fig. 4. Crystallinity index increases with strain during deformation.
The oriented amorphous index does not increase significantly and seems to be a precursor of
strain-induced crystallization. The tendencies are similarly observed in pure vulcanized NR and
pure vulcanized IR [5,15-21]. From the above observation, we can conclude that the oriented
amorphous chains are precursors to the induced crystals. The crystallization rate from the
oriented chains must be very fast, probably in the order of 60 m/s, as reported by Mitchell and
Meier [29]. In addition, it is reasonable to rationalize that the strain-induced crystallites are in the
extended chain crystal form having a microfibrillar structure. As only a small fraction of chains are
oriented and crystallized, this suggests that the strain-induced crystallites form an additional
physical crosslinking network, carrying most of the applied load. The above results indicate that
even under a very high deformation state, the majority of the chains remain unoriented. This
behavior seems to be very universal in rubbery materials.

The variations of the crystallinity index of NR vulcanizates with various crosslink densities
during deformation at 25°C are shown in Fig. 5. It is found that the crystallinity index starts to
increase at strain around 2.5 in all samples. The crosslink density had only negligible influence on
the onset strain of crystallization (Table 3). At strain = 3.0, the crystallinity index is almost
identical. At strain larger than 3, the crystallinity index becomes dominant. NR vulcanizates with
various crosslink densities showed similar trends. The crystallization started after the sample is
elongated to some extent. The sample with the larger crosslink density typically exhibited a
steeper slope in the plot. It is interesting to find that the rate of SIC is the faster for the samples
with the higher crosslink density.
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Fig. 4 The anisotropic fractions (oriented amorphous and crystal) of the sample CV3 at each strain
during deformation.
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Fig. 5 Relationship between crystallinity index and tensile strain of NR vulcanizates with various
crosslink densities.

Table 3 Crystallization rate, incipient strain of crystallization and strain at upturn stress of the

samples.
Crystallization rate Onset strain of Strain at upturn
Sample 4 o
[min ] crystallization stress
CV1 0.014 2.45 -
cv2 0.029 2.55 3.9
Ccv3 0.035 2.55 3.6
Ccva 0.036 2.63 2.9
V5 0.036 2.37 23
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The crystallization rate reflects a relative SIC rate and was obtained from the slope of
linearly increasing part of the curve in Fig. 5 (slope in the strain dependence of anisotropic
fraction). In contrast to the almost no effect of crosslink density on the onset of SIC, the crosslink
density was found to have definite influence on the rate of SIC as shown in Table 3. The rate of
SIC showed linearly increases with increasing crosslink density up to the value of 8x10° mole/cm’.
Further increasing of the crosslink density resulted in a nearly constant of the rate of
crystallization.

The upturn of stress in the stress-strain curve of NR vulcanizate has popularly been
attributed to SIC [30]. Results of the present study suggest otherwise. It can be seen that the
crystallinity index developed approximately reaches a constant value at about 1.5 even at the
large strain at which stress-upturn is observed. The results of the present study, thus, indicate
that stress-upturn and the high tensile strength of NR vulcanizate are not the direct consequence
of SIC. For rubbery materials, this stress-upturn is generally associated with the stress at which
the smallest chains reach their critical extensibility [31]. Therefore, it appears that molecular
orientation along the applied stress is responsible for the observed upturn of stress at a certain
strain and also the final strength of the vulcanized rubber. SIC may contribute to the high
strength by facilitating the formation of orientation of either molecules or crystals, increasing the
rubber's ability to bear force. Thus, further studies on SIC and orientation of sulphur-vulcanized
NR samples are necessary in order to understand better the factors that are responsible for high
strength of strain-crystallizable rubbers.

Conclusion

In the NR samples vulcanizates with CV curing system an increase in the total crosslink
densities, tensile strength and crystallinity index are increased up to maximum, then decreased.
The NR vulcanizates with the larger crosslink density showed the upturn in stress at lower strain.
The crosslink density had only negligible influence on the onset strain of crystallization. The rate
of SIC is the faster for the samples with the higher crosslink density.
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