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A B S T R A C T   

The natural rubber (NR) cured by electron beam (EB) irradiation prepared by latex mixing was studied via small 
angle and wide angle x-ray scattering (SAXS and WAXS) techniques for the first time. In this study, the effect of 
EB irradiation doses (100–250 kGy) and fillers (graphene nanoplatelets (GE), mixture of silica and graphene 
nanoplatelets (TSi/20%GE) on the mean distance of crosslink and strain-induced crystallization were investi
gated. The SAXS experiments revealed that the maximum position of the plot (qmax) was increased from 1.76 nm 
to 1 to 1.99 nm-1, indicating that the mean distance between crosslinks of NR decreased due to the occurrence of 
crosslink networks after EB irradiation processes. It was found that the mean distance between crosslinks of all 
EB-irradiated NR was insignificantly different (qmax ~ 1.94–1.99 nm− 1) although the higher crosslink density 
was found in NR with the higher EB dose. Likewise, the addition of fillers did not also affect the mean distance 
between crosslinks of NR. The discussion led to the conclusion that the mean distance of NR depended on the 
type of crosslink networks. The WAXS study revealed that the intensities of crystallinity reflection peaks 
increased in the function of EB irradiation dose. It can be seen in all NR types that molecular chains of NR were 
still in amorphous regions although the high stretching was applied. Additionally, the crystallinity percentage of 
EB-irradiated NR in stretching mode was always lower than that in retraction mode, which the highest crys
tallinity percentage was found in the case of NR250 (41.89% crystallinity at 500% strain). Based on WAXS re
sults, the conclusions were in agreement with NR cured by other vulcanization systems. Finally, it was found that 
addition of TSi/20%GE in NR pulled down the level of strain – induced crystallization, which the crystallinity 
percentage was 27.75% at 500% strain, while the crystallinity percentage of NR added GE was 36.19% at the 
same strain.   

1. Introduction 

Numerous products used in everyday life of humans are made of 
natural rubber (NR). Its excellent properties such as tensile and elastic 
properties were the main reason why NR has been applied for many 
applications [1]. It can also be mixed with nanomaterials to enhance 
product properties [2–4]. One of the outstanding characteristics of NR is 
strain – induced crystallization, which is the phenomenon that the 
crystallinity of NR increased due to the ordered molecular chains of NR 

during stretching, resulting in reinforcement itself [5]. The strain – 
induced crystallization is still a popular subject for NR research although 
it has been discovered for almost 100 years [6]. 

The strain – induced crystallization and crystallinity during defor
mation condition of NR has been investigated and observed by X-ray 
diffraction and reported in many works [7–9]. Specifically, small angle 
and wide angle x-ray scattering (SAXS and WAXS) techniques were also 
widely applied for the studies of NR molecular structure both static and 
dynamic experiments. Influential factors such as cure temperature [10], 
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impurities concentration [11], ratio of blending [12], filler type and 
concentration [13], endlinking network and entanglement [14], vulca
nizing agents [15], sulphur crosslink types [16], were studied in 
depth-details in order to evaluate the effect on strain – induced crys
tallization of NR. Additionally, the effect of the vulcanization system 
was reported in previous works. For example, the behavior of orienta
tion of molecular chain and strain - induced crystallization of NR cured 
by sulphur and peroxide was investigated by in-situ synchrotron 
equipment. The results demonstrated that there was no significant dif
ference of these subjects between NR vulcanizates [17]. There were also 
some publications reporting the difference between microscopic struc
ture of NR and other rubber types such as isoprene rubber [18]. How
ever, the behavior of strain – induced crystallization of NR vulcanized by 
irradiation such as electron beam (EB) has not been studied enough. The 
related studies of irradiated NR were rare and have never been widely 
reported, especially by the implementation of X-ray diffraction 
experiment. 

A new technology which has been applied for polymer modification – 
including NR vulcanization – is EB irradiation. The exposure of high 
energy originated from EB radiation established crosslink networks of 
molecular chains occurring after stimulated intermediates such as free 
radicals and ions joined and created new bonds with others [19]. A 
strong point of the irradiation technique is that the crosslinking degree 
of the materials can be controlled and by adjusting the exposure time 
and the electron accelerator in order to obtain the optimum properties of 
the desired material. Furthermore, the benefit from the absence of 
chemical substances and curing agents involved with the irradiation 
processes enhanced the advantages of EB irradiation for NR modifica
tion [20]. Many publications have reported the studies of the applica
tions of EB irradiation in several NR styles such as neat NR [21–23], 
epoxidized NR [24], NR blends [25,26], grafted NR [27], NR foam 
(Salmazo at al., 2016), NR filled with fillers (Jansomboon 2019b; 
[28–30]. According to these works, the improvement of material prop
erties such as mechanical and thermal properties are found by the effect 
of EB irradiation. 

The strain – induced crystallization of NR cured by sulphur and 
peroxide vulcanization were studied by the technique of X-ray scattering 
and reported elsewhere. However, the elucidation of the behavior of 
strain – induced crystallization of NR cured by EB irradiation have not 
been proposed. In this paper, the effect of EB irradiation and fillers 
added into NR, including crystallization behavior were studied by SAXS 
and WAXS. Uncured NR (neat NR) and cured NR (EB-irradiated NR at 
various doses, and EB-irradiated NR filled with graphene nanoplatelets 
(GE) and the mixture of silica and graphene nanoplatelets (TSi/20%GE)) 
were irradiated by EB irradiation for vulcanization. All types of NR 
samples were kept at latex condition during irradiation. The effect of EB 
irradiation doses and fillers on the molecular chains of NR and its 
behavior under stretching were investigated by SAXS and WAXS. 
Finally, the discussion of the results compared with other vulcanization 
systems were presented. 

2. Experimental 

2.1. Materials and chemical substances 

High-ammonia concentrated latex included 62% of dry rubber was 
provided by the National Science and Technology Development Agency 
(Thailand). Graphene nanoplatelets (specific area of 500 m2/g) were 
obtained from Alfa Aesar company (USA). Silicon dioxide (specific area 
of 163 m2/g) was given by Grand Chemical Far East Ltd (Thailand). All 
chemical substances used for silica surface treatment which were 
ethanol (99.9%) and TESPTS (98%) were given by Sigma-Aldrich (USA). 

2.2. Preparation of EB-irradiated NR 

All types of desired NR samples needed to be primarily prepared 

from the neat NR latex before the next steps. First, 40 g of high-ammonia 
concentrated latex (HA natural rubber) composed of 62% of dry rubber 
which was provided by the National Science and Technology Develop
ment Agency (Thailand) was weighed and transferred to small plastic 
boxes. In cases of EB-irradiated NR filled with fillers, 2.5 phr of the 
mixture of silica and graphene nanoplatelets (TSi/20%GE) or 2.5 phr of 
individual graphene nanoplatelets (GE) were added in NR matrix via 
magnetic stirrer mixing at 500 rpm for 30 min. The procedures of these 
mixtures preparation can be seen in Ref. [28]. These plastic boxes 
contained NR compounds were then moved to the irradiation area which 
was the 80 × 80 cm2 aluminum tray. The room temperature was 
maintained during the irradiation process. The EB irradiation doses 
were varied as 100, 150, 200, and 250 kGy, carried out by the electron 
beam accelerator (Model: MB10-50). The conveyor speed at the process 
dose of 50 kGy was 1.299 m/min, which the setting of the electron 
accelerator machine was 10 MeV. The EB-irradiated NR products were 
rapidly casted onto a 0.1 cm-thick mirror plate and kept for 12 h before 
drying at 55 ◦C in an automatic incubator for 3 h. The dried NR samples 
were kept in zip-lock plastic bags and preserved in the dark to avoid 
moisture and sunlight. The summarized details of all NR samples were 
presented in Table 1. 

2.3. Scanning electron microscope (SEM) 

The morphology of cross-sectional surface of EB-irradiated NR was 
studied using a FEI QUANTA 450 scanning electron microscope. The 
desired surfaces selected for investigation were obtained by breaking NR 
samples in liquid nitrogen. 

2.4. Test of crosslink density 

Swelling of EB-irradiated NR was tested by immersing a small rect
angular NR sample in toluene at room temperature for 3 days. The 
weight difference before and after immersing was determined. Then, it 
was used for crosslink density calculation implemented in the same 
method as described elsewhere [31]. The crosslink density of 
EB-irradiated NR was calculated based on the Flory-Rehner equation as 
follows [32–35]. 

Vc = ρp [NA / MA] (A)  

where Vc is the crosslink density of the NR sample, ρp is the density of 
natural rubber (0.915 g/cm3), NA is Avogadro’s number (6.02 × 1023 

mol− 1), and MA is the average molecular weight of crosslinked NR. 

2.5. SAXS and WAXS experiments 

The SAXS and WAXS experiments were carried out at the beamline 
BL1.3W: SAXS/WAXS (Small and Wide Angle X-ray Scattering), the 
Siam Photon Laboratory, Synchrotron Light Research Institute, Nakhon 
Ratchasima, Thailand. The photon energy of 9 keV (equivalent to the 
wavelength of 0.138 nm) was selected using a double multilayer 

Table 1 
The details of all NR samples.  

Sample 
code 

Vulcanization 
by EB 
irradiation 

EB irradiation doses (kGy) Addition 
of filler 

Filler 
types 

100 150 200 250 

NR0 –     –  
NR100 ✓ ✓    –  
NR150 ✓  ✓   –  
NR200 ✓   ✓  –  
NR250 ✓    ✓ –  
NR/GE ✓  ✓   ✓ GE 
NR/Tsi/ 

20% 
GE 

✓  ✓   ✓ TSi/ 
20% 
GE  
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monochromator (W/B4C). For SAXS experiment, a small piece of NR 
sample was deposited on a metal sample frame with the size of 10 × 10 
mm and placed on the sample stage. A CCD camera, Rayonix SX165 was 
used to capture the scattering profiles of the samples. The experiment 
was carried out in air. The exposure time of the X-ray was 600 s. 

The mean distance was calculated from SAXS experiment. According 
to Ref. [36]; the mean distance between scattering center (ξ) can be 
calculated from an equation of 

ξ=(2π)/(q max)

where qmax is the maximum position of scattering vector q. 
In the case of the WAXS experiment, a dumbbell-shaped NR sample 

was horizontally mounted to the grips of an in-situ tensile equipment 
provided by SCG chemical group, Thailand. The temperature of the 
tensile stage was fixed at 0 ◦C during stretching and retraction. The 
tensile stage was stopped for each desired strain point – the fixed strain 
stretching (0, 100, 200, 300, 400, and 500%) and the fixed strain 
retraction (400, 300, 200, 100, and 0%) to collect the static WAXS 
pattern and data. The speed of deformation applied for the NR sample 
was 10 mm/s. The scattering patterns and data were recorded using a 
Rayonix LX170HS detector. The experiments were performed in air. The 
exposure time of the X-ray was 90 s. 

The SAXS and WAXS data and patterns were analyzed using the 
developed in-house Matlab-based data processing program called SAX
SIT (V.4.47). The crystallinity percentages of each NR type during 
deformation were also determined by fitting crystalline reflection peaks 
method with pseudo-voigt peak fitting method for WAXS data. 

3. Results and discussion 

3.1. Crosslink density 

Data from the swelling experiment carried out by immersing NR 
sample in toluene for 3 days were used for crosslink density calculation. 
According to equation A, crosslink density of EB-irradiated NR with 
100–250 kGy were plotted and shown in Fig. 1. As expected, it can be 
seen that crosslink density of EB-irradiated NR increased when dose of 
EB increased. The highest crosslink density was found in NR irradiated 
at 250 kGy which was about 250 μmol/cm3. The reason might be that 
reaching more energy from higher EB irradiation dose caused an in
crease in crosslinking structure of NR molecular chain. However, a large 
variation of crosslink density of NR irradiated at high EB doses could be 

found due to the effect of chain scission reaction. This result was 
generally found in publications involved with rubber modified by irra
diation such as the work of [29,31]. 

3.2. SAXS results 

The SAXS intensity I(q) against the scattering vector q for all NR 
samples are plotted in a log scale and shown in Fig. 2. The maximum 
position of the plot (qmax) as a function of EB irradiation dose for un
cured NR and EB-irradiated NR are also shown in Fig. 3. It can be seen 
that qmax from the uncured NR (NR0) was ~1.76 nm− 1. After EB irra
diation, qmax of NR increased which were ~1.99 nm− 1 for NR irradiated 
at 100 and 150 kGy (NR100 and NR150, respectively). It is widely 
known that the high irradiation energy can be applied for crosslink and 
curing in elastomer materials such as NR. qmax were likely to decrease 
when the increase in EB dose to 200 and 250 kGy applied for NR, which 
was ~1.95 for NR200 and ~1.94 for NR250. It might be due to an 

Fig. 1. Crosslink density of EB-irradiated NR varied at 100, 150, 200, and 
250 kGy. 

Fig. 2. SAXS profiles for uncured NR (NR0), NR irradiated at 100–250 kGy 
(NR100, NR150, NR200, NR250), NR irradiated at 150 kGy filled 2.5 phr of GE 
(NR/GE 2.5 phr), and NR irradiated at 150 kGy filled 2.5 phr of TSi/20%GE 
(NR/TSi/20%GE 2.5 phr). 

Fig. 3. qmax as a function of EB irradiation dose for uncured NR and EB- 
irradiate NR. 
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increase in chain scission reaction in a high dose of EB irradiation, which 
small chain scission fragments were generated instead of suitable 
crosslink network [31]. However, the difference of qmax between these 
EB-irradiated NR was very small when compared to the difference of 
qmax between uncured and cured NR by irradiation. qmax of 
EB-irradiated NR filled 2.5 phr of GE and TSi/20%GE (NR/GE and 
NR/TSi/GE, respectively) were also insignificantly different from qmax 
of NR150, indicating that addition of these fillers at the concentration of 
2.5 phr into irradiated NR matrix rarely affected on qmax of irradiated 
NR at the same EB dose. A reason might be that the size of filler particles 
used in this study were in micro scale. 

Furthermore, the features of SAXS profiles of NR samples can be 
explained by Porod scattering. The scattering patterns display power 
law decays in intensity which can be defined as 1/QP, where P is the 
power law exponent or Porod parameter. This parameter can be used to 
describe the geometry and interface roughness of the sample. The data 
in Fig. 2 were fitted with straight lines with R-squared of 0.99. We 
observe the scattering profiles at the high q, with the power law decay 
~1/Q4 suggesting smooth surface structure in NR/TSi/GE sample while 
which of other NR and NR/GE decay ~1/Q3 suggesting rough surface 
structure [37]. The reason might be that the surface of the NR composite 
is rather smooth when there are TSi fillers in the composite. 

The difference of qmax between uncured NR and EB-irradiated NR 
observed in Fig. 3 was due to occurrence of C–C crosslinked network of 
NR molecular chain after exposure of EB irradiation. The mean distance 
between scattering center ξ (it can be called crosslinks in this study 
related to NR) are shown in Fig. 4. As expected, the decrease in the mean 
distance between crosslinks in NR was the result of the increase in 
crosslink network in NR matrix due to EB irradiation, which ξ of NR0 
showed the value of 3.57 nm, while ξ of NR100 and NR150 showed the 
value of 3.15 nm. The explanation should be that because the reduction 
of the distance between NR molecular chains occurred when NR exposed 
the high energy of irradiation and crosslink occurred. However, a slight 
increase in ξ was found when the level of EB doses was increased, rep
resenting a value of 3.22 nm for NR200 and 3.24 nm for NR250. The 
possible reason should be that many fragmentations of NR chain due to 
chain scission reactions occurred competitively with the reaction of 
crosslink network at high level of EB irradiation dose [31,38]. Therefore, 
it might be said that too much intensity of irradiation increased in the 
mean distance between crosslinks in NR. 

Additionally, the mean distance of NR irradiated at 150 kGy filled 
2.5 phr of GE (NR/GE 2.5 phr), and NR irradiated at 150 kGy filled 2.5 

phr of TSi/20%GE (NR/TSi/20%GE 2.5 phr) showed an insignificant 
difference from the mean distance of unfilled NR150, indicating that 
addition of fillers into NR matrix did not affect on the mean distance 
between crosslink of NR composites, according to the SAXS results. 

The finding in this study was different from a previous work reported 
that the mean distance between crosslinks of NR increased after curing 
NR by sulphur vulcanization at 400 K [10]. The reason might be due to 
the difference curing system. In the vulcanization system by irradiation 
– as presented in this study – the formation of crosslink was C–C which 
would give a result in packing of molecular chains. On the other hand, in 
the case of sulphur vulcanization system, many sulfides crosslinks and 
sulphidic groups occurred during the crosslink process. These bulky 
sulphur structures provided a result of increase in the mean distance 
between crosslinks. Additionally, it was found that the mean distance of 
EB-irradiated NR in this work (~3.2 nm) was lower than that of 
sulphure-vulcanized NR (~4.5 nm). Therefore, it can be concluded that 
the mean distance ξ of NR depended on the type of crosslink networks 
occurred in the system after curing processes. Additionally, it might be 
claimed that the mean distance between crosslink of EB-irradiated NR is 
shorter than that of sulphure-vulcanized NR. 

3.3. WAXS results 

The stress-strain curve and collection of WAXS patterns of all EB- 
irradiated NR during being applied stress which the samples were held 
at the fixed strain stretching (0, 100, 200, 300, 400, and 500%) and the 
fixed strain retraction (400, 300, 200, 100, and 0%) under the speed of 
10 mm/s of deformation and the temperature of 0 ◦C are shown in 
Figs. 5–6. Although the stress relaxation behavior could be found at all 
point of fixed strain for all EB-irradiated NR samples due to the holding, 
it is obvious that the strength of EB-irradiated NR composited was the 
function of EB irradiation dose, which – in this study – NR irradiated at 
250 kGy (NR250) showed the highest stress at all strain. The increase in 
stress of polymer composites as a function of irradiation dose was 
generally found in many publications [31,39,40]. The stress of retrac
tion of NR samples was also lower than which of stretching due to the 
hysteresis loss. 

In Fig. 6, it can be clearly seen that there was indifference to the 
WAXS pattern of all NR samples. The beginning of oriented crystalline 
reflection peaks shows at a stretching strain of 200%. When the 
stretching strain of the samples was increased, the intensities of peaks of 
crystalline reflection increased. As expected, the greatest intensities of 

Fig. 4. Mean distance between crosslinks as a function of EB irradiation dose 
applied for NR vulcanization. 

Fig. 5. Stress – strain curve of uncured NR and EB-irradiated NR indicating 
both stretching and retraction mode. 
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crystalline reflection patterns were observed when the stretching strain 
was maximum. On the other hand, during retraction, the intensities of 
these patterns decreased when the strain of the samples was decreased, 
which no any crystalline pattern can be seen in the strain at 0 and 100%. 
The crystal structure appeared in this study based on WAXS pattern is in 
accordance with a system of monoclinic unit cell, which Bunn (1947) 
reported the parameter of polyisoprene unit cell: a = 1.25 nm, b = 0.89 
nm, c (chain axis) = 0.81 nm, and β = 92◦. 

The WAXS patterns of each EB-irradiated NR samples also show that 
– when comparing at the same strain – the appearance of crystalline 
diffraction pattern of stretching mode is less than that of retraction 
mode. For example – not only this case but also another case in the same 
manner – the crystalline pattern of NR samples at the retraction of 200 % 
strain (R200) is greater and clearer than that of NR sample at the 
stretching of 200%strain (S200). The above phenomenon is due to 
hysteresis effect which is consistent with the stress – strain testing, and 
generally observed in NR. 

Additionally, it was found that the crystalline patterns of NR cured 
by EB irradiation and their behavior observed in this study were not 
different from the crystalline patterns of NR cured by sulphur [41,42] 
and peroxide [17]. Numerous crosslink network in these cured NR 
molecular chain resulted in an effective strain-induced crystallization 
occurred during stretching. Therefore, it might be claimed that the 

crystalline patterns of NR were not disparate by exposure of EB 
irradiation. 

The crystallinity percentages of each NR type during deformation 
were determined by fitting crystalline reflection peaks with pseudo- 
voigt peak fitting function for WAXS data processed using SAXSIT pro
gram. The crystallinity percentage during deformation both stretching 
and retraction are shown in Fig. 7, and the crystallinity percentage at 
500% strain is shown in Fig. 8. Strain – induced crystallization can be 
seen in NR0 during stretching and retraction despite low crosslink 
density. Typically, the crystallinity percentages of all NR types were 
firstly determined at the stretching strain of 200%, which was the point 
that the crystallinity reflection peaks began to appear in WAXS patterns. 
The crystallinity percentage of NR increased when the stretching strain 
was increased. It reached the maximum value at 500% strain, and then 
decreased in the returning. It is worth noting that the crystallinity per
centage in stretching mode was always lower than that in retraction 
mode due to hysteresis effect. The crystallinity became zero when the 
retraction strain was 100%, which no any reflection peaks appeared. It 
might be due to the reason that the induced crystallization is completely 
reversible at this condition. 

To compare between uncured NR (NR0) and all EB-irradiated NR, it 
was found that the crystallinity percentage of NR0 was not significantly 
different from those of NR cured by EB irradiation at low strain (less 
than 300% strain). However, at the stretching point higher than 400% 
strain, the crystallinity percentage of NR0 was quite lower than that of 

Fig. 6. The collected WAXS pattern of each NR types at various strains both stretching and retraction. Strain – induced crystallization of NR during deformation.  

Fig. 7. The crystallinity percentage during stretching and retraction of each NR 
types under the speed of 10 mm/s of deformation. 

Fig. 8. The crystallinity percentage at 500% strain of each NR type.  
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NR cured by EB irradiation. For example, the crystallinity percentage of 
NR0 at 500% stretching strain was 9.81%, while that of NR250 at the 
same strain was 41.89%. The explanation might be that the amorphous 
regions in NR0 were still large at the high stretching strains. Lack of 
crosslink network in NR molecular chain of NR0 resulted in an ineffec
tive strain-induced crystallization occurred during stretching. 

Additionally, it can be clearly seen that the crystallinity percentage 
during deformation of EB-irradiated NR increased when the level of EB 
doses increased. This was consistent with the above discussed result 
indicating that the crosslink density of NR was a function of EB doses. 
The higher crosslink density was, the greater strain-induced crystalli
zation would be, indicating the greater crystallinity percentage. From 
these reasons, it could be explained why NR250 showed the highest 
crosslink density, stress, and strain – induced crystallization. 

The behavior of strained – induced crystallization of irradiated NR in 
this work harmonized with the behavior of strained – induced crystal
lization of NR cured by peroxide in the work of [17]. It was reasonable to 
compare because the type of crosslink network in these NR vulcanizates 
was similarly (C–C bond). In the works of [17]; the crystallinity per
centage of NR cured by peroxide at 500% strain was about 17%, while 
the crystallinity percentages of all EB-irradiated NR in this study at the 
same strain were not less than 36%. The difference between the per
centage of crystallinity indicated above might be because of the 
inequality of crosslink density and the stretching rate in the experiment. 
The higher crosslink density and the stretching rate were, the greater 
percentage of crystallinity would be. 

Types of fillers would give a different effect on the occurrence of 
strain-induced crystallization. In Figs. 7–8, to compare among NR150, 
NR/GE, and NR/TSi/20%GE, it was found that the crystallinity per
centages of NR150 and NR/GE were insignificantly different, while the 
crystallinity percentage of NR/TSi/20%GE was obviously seen to be 
lower than those two NRs. The reason should be that large particles of 
silica and agglomerated fillers might obstruct the orientation of NR 
molecular chains during stretching, resulting in the low amount of 
crystalline region. On the other hands, the strain-induced crystallization 
of NR did not be significantly affected by addition of graphene nano
platelets. It was in agreement with a previous report indicating that the 
negative effect of addition of low amounts of graphene on the orienta
tion of NR molecular chains was not found (Xing et al., 2013). Therefore, 
it might be concluded that the strain – induced crystallization of EB- 
irradiated NR could be affected by adding TSi/20%GE, while adding 
GE in NR matrix did not affect the strain – induced crystallization of EB- 
irradiated NR. 

3.4. Morphology 

Morphology of EB-irradiated NR, NR filled GE, and NR filled TSi/ 
20%GE which all samples were irradiated at 150 kGy are shown in 
Fig. 9. It can be seen that the surface of NR was quite smooth, while there 
were particles spread out on the surface of NR filled GE and NR filled 
TSiO2/20%GE. A large particle and agglomeration can be found in NR/ 
TSi/20%GE. However, there was rare agglomeration shown on the 
surface of NR filled with GE which was in consistent with a previous 
work [28], indicating a good distribution of GE on NR surface. It is worth 

noting that the appearance of all samples from SEM is inconsistent with 
the results from Porod scattering indicated in previous sections because 
the observation is in different scale. For example, the smooth surface 
structure is found in NR/TSi/GE sample by Porod parameter while filler 
particles can be observed from SEM image. 

4. Conclusions 

The SAXS experiments revealed that the mean distance between 
crosslinks of NR decreased after EB irradiation processes, which the 
value changed from 3.57 nm to about 3.15 mm due to the appearance of 
crosslink networks. Although the higher EB irradiation dose was, the 
greater crosslink density would be, it was found that the mean distance 
between crosslinks of EB-irradiated NR varied EB dose in the range of 
100–250 kGy was insignificantly different. The addition of GE or TSi/ 
20%GE into EB-irradiated NR did not also affect the mean distance be
tween crosslinks of NR. The inconsistent results between irradiated NR 
and sulphur-cured NR [10] showed that the mean distance of NR 
depended on the type of crosslink networks occurring in the curing 
process. 

The strain – induced crystallization of NR during stretching and 
retraction was investigated by WAXS experiments with in-situ stretching 
equipment. It can be clearly seen that the intensities of crystallinity 
reflection peaks appearing in WAXS pattern increased when the doses of 
EB irradiation increased, conforming to the crosslink density results. The 
similar behaviors of all NR in this study were observed and demon
strated that molecular chains of NR were still in amorphous regions 
although the high stretching was applied. It was found that the highest 
crystallinity percentage was reached at the largest stretching strain, 
which the highest value was found in the case of NR250 (41.89% 
crystallinity at 500% strain). Additionally, the crystallinity percentage 
in stretching mode was always lower than that in retraction mode. The 
low crystallinity percentage of NR/TSi/20%GE also indicated that the 
strain – induced crystallization of EB-irradiated NR could be affected by 
types of filler added into NR matrix. 
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