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Abstract

Structural development in preferentially aligned short pineapple leaf fiber (PALF) reinforced natural
rubber (NR) composites was investigated with synchrotron wide angle X-ray scattering (WAXS) during
stretching. NR and NR reinforced with 2 types of PALF, i.e. untreated and sodium hydroxide-treated PALF,
were found to have different stress-strain behaviors. Normally, NR displays very low stress in the low
strain region. This pattern changed considerably with the addition of the PALF. Stress for the composites
increased sharply in the initial strain region and then remained roughly constant in the strain range of
60 to 200% before displaying an upturn. The composite containing sodium hydroxide-treated PALF
displays a stress upturn at a lower strain than that with untreated PALF. A comparison of the WAXS
patterns for stretched NR and the NR-PALF composites revealed that the onset of crystallization of the
NR in the NR-PALF composites occurred at a lower macroscopic strain than that in the NR. Both types
of NR-PALF composites display similar crystallinity at the same strain. Analysis of azimuthal scans of
the 2 composites revealed a better orientation of the amorphous phase in the composite containing the
sodium hydroxide-treated PALF. This suggests that the early stress upturn in the system containing
treated PALF should be attributed to better stress transfer to the fiber.
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Introduction

Rubber is a soft polymeric material that can be  ability to undergo strain-induced crystallization
deformed to a length many times its original  at very high strains. The mechanical properties
length and has the ability to regain its original  of rubber can be altered by the addition of
shape. Natural rubber (NR) stands out for its  different types of fillers such as carbon black,
excellent mechanical properties owing to its  silica, clay, synthetic and natural fibers, and
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graphene (Blow and Hepburn, 1982; Donnet
and Custodero, 2005; Lopattananon et al.,
2006; Fukahori,2008; Rezende et al.,2010; Eldho
et al., 2012; Kengkhetkit and Amornsakchai,
2012; Prasertsri and Rattanasom, 2012).
Generally, incorporation of these fillers
increases the modulus of the rubber. The availability
of synchrotron wide angle X-ray scattering
(WAXS) has allowed in-situ investigation of the
structural development in NR during stretching
(Toki et al., 2002; Tosaka et al., 2004; Candau
et al.,2012; Toki, 2014). It was found that the
presence of certain fillers in NR caused the
onset of strain-induced crystallization to occur
at lower strains (Poompradub er al., 2005;
Gonzalez et al.,2008a,2008b; Ozbas ez al.,2012).
This has been attributed to the strain
amplification effect of the added rigid filler.
Despite the addition of the same filler content,
the degree to which the strain is amplified may
not be the same. This indicates that each type of
filler imparts changes in the mechanical
properties via different mechanisms. Fillers with
a very high aspect ratio, such as nanoclay and
functionalized graphene sheet, have been shown
to promote much early onset of strain-induced
crystallization.

In recent years, environmental-friendly
products in various industries have attracted a
great deal of interest. Natural fibers, such as
banana fiber, pineapple leaf fiber (PALF), sisal
fiber, and hemp fiber, are alternative fillers to
synthetic fibers for the reinforcement of
composites. PALF has attractive properties of
high strength and modulus when compared with
other natural fibers. The tensile strength and
modulus of PALF are approximately 413-1,627
MPa and 34.5-82.5 GPa, respectively
(Satyanarayana et al., 1982; Susheel et al.,
2009).

In addition, PALF can be obtained from
the pineapple leaf which is one of Thailand’s
agricultural wastes (Kengkhetkit and
Amornsakchai, 2012). The main components
of PALF include cellulose (67.0-82.0%),
hemicellulose (9.5-18.8%), lignin (4.4-15.4%),
pectin (1.2-3.0%), and waxes (3.2-4.2%) (Sapuan
etal.,2011). We have studied PALF reinforced
rubbers as well as NR. These fiber reinforced

rubber composites display very distinct
stress-strain behavior, i.e. a sharp rise in stress
at relatively low strains. This characteristic is
not obtainable from rubbers with particulate
fillers or even with nanoclay, nanocellulose, or
graphene. Such a very different behavior would
naturally appeal for investigation of
strain-induced crystallization in the matrix
rubber.

In this work, WAXS was used to investigate
the structural development in PALF-reinforced
NR during stretching for a better understanding
of the reinforcing mechanism. The knowledge
and understanding on these effects would be
important in developing better NR composites.
Two types of PALF, i.e. as prepared or untreated
PALF and sodium hydroxide-treated PALF were
investigated. The PALF content was fixed at
10 parts (by weight) per hundred of rubber (phr),
since a greater PALF content would cause a severe
drop in elongation at the break of the composite
(Lopattananon et al., 2006; Kalapakdee and
Amornsakchai, 2014 Wisittanawat et al.,2014a).

Materials and methods

Materials and Methods

Natural rubber (NR) grade STR 5L was
purchased from Natcha Chemicals Co., Ltd.,
Bangkok, Thailand. All rubber chemicals and
sodium hydroxide were commercial grade.

Pineapple leaf was supplied from Kok
Kwai District, Amphor Ban Rai, Uthai Thani
Province, Thailand. The pineapple leaf was
chopped into 6 mm lengths and milled with a
small disc milling machine, as previously
reported (Kengkhetkit and Amornsakchai,
2012).

Pineapple Leaf Fiber (PALF) Treatment

The PALF was immersed in 10% w/v of
NaOH solution for 30 min. The PALF was then
filtered out, washed with tap water several times,
and dried in a hot air oven. The untreated PALF
is coded as UPALF and that treated with sodium
hydroxide as TPALF. The UPALF has an average
diameter of 18.70 um while the TPALF has an
average diameter of 11.47 um. The aspect ratios
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of the UPALF and TPALF are approximately
320+ 48 and 523 + 55, respectively. The UPALF
has lignin, hemicellulose, and cellulose contents
of 0.1, 18.5, and 73.1%, respectively, and those
contents of the TPALF are 0.1, 5.6, and 90.8%,
respectively. Figure 1 displays the scanning
electron micrograph of the UPALF and TPALF.
The images were taken with a Hitachi scanning
electron microscope (S2500, Hitachi Ltd.,
Tokyo, Japan).

X5ee

200003 15KV

Preparation of NR/PALF Composites

The formulations of the NR and NR/PALF
composites are shown in Table 1. The amount
of the PALF was fixed at 10 phr. The composite
compounds were coded as NR/10UPALF and
NR/10TPALF for the untreated and treated
PALF, respectively. The compounds were mixed
in a laboratory 2-roll mill to produce mixtures
with fibers aligned in the machine direction,
as described previously (Wisittanawat et al.,

30um

Figure 1. SEM images of UPALF (left) and TPALF (right)

Table 1. Formulation of NR and NR/PALF composites

Ingredient NR NR/10UPALF NR/10TPALF
NR STR5L 100 100 100
PALF - 10 -
TPALF - - 10
ZnO 5 5 5
Steric acid 2 2 2
CBS 1 1 1
Sulphur 2 2 2
Table 2. Mixing steps of NR and NR/PALF composites
Step NR NR/PALF composites
1 Rubber mastication 8 min (0-8 min) 2 min (0-2 min)
2 Slowly add PALF - 6 min (2-8 min)
3 7ZnO + Steric acid 3 min (8-11 min) 3 min (8-11 min)
4 CBS 2 min (11-13 min) 2 min (11-13 min)
5 Sulphur 2 min (13-15 min) 2 min (13-15 min)
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2014a; Kalapakdee and Amornsakchai, 2014).
The sequence of ingredient addition is shown
in Table 2. Each composite was vulcanized at
150°C for cure times obtained from tests on a
moving die rheometer.

Mechanical Test

The tensile behavior of the samples was
investigated by using an Instron Universal Test
Instrument (model 5566, Instron, Norwood,
MA, USA). The test was conducted according
to ISO 37 (International Organization for
Standardization,2011). The sample was dumb-
bell-shaped according to Die C, ISO 37. The
gauge length was 25 mm and the crosshead
speed was 500 mm/min. Strain was determined
with a long travel contact-style extensometer.

WAXS Studies

WAXS was performed at Beamline
BL1.3W at the Synchrotron Light Research
Institute (Public Organization), Thailand. The
X-ray energy was 9.5 keV. The plane of the
rubber sheet and the fiber direction were
perpendicular to the beam direction. The
samples were stretched to different levels of
nominal strains (0%, 50%, 100%, 200%,400%,
500%, and 600%) and the WAXS patterns were
recorded with a Mar detector. The 2-theta scan
on the equator line was averaged over the
azimuthal angle of 5° on both sides of the

equator. Data were analyzed with the Saxsit
program,aself-developed program for small angle
X-ray scattering (Rugmai and Soontaranon,
2015).

The crystallinity, X,, of each sample was
calculated from the intensity data of its
equatorial 2-theta scan using Equation 1.

)x 100 (1)

x= (2
(A+A,)

when A, = Areas of crystalline region
A, = Areas of amorphous region

Results and discussion

Mechanical Properties

The stress-strain curves of NR and the NR/PALF
composites (NR/IOUPALF and NR/10TPALF)
in the longitudinal and transverse directions are
shown in Figure 2. The large difference between
the stress-strain curves in the 2 directions
confirms the preferential alignment of the
PALF. With an increasing strain, the stress of
NR increases gradually and then increases
sharply at the high strain region before breaking.
On the other hand, the stress of the NR/PALF
composite increases sharply in the initial strain
region and then remains stable in the strain
range of 60 to 200%. Afterwards, the stress
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Figure 2. Stress-strain curves of NR and NR/PALF composites
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increases sharply at the high strain region. The
tensile stress of the NR/PALF samples in the
low strain region is much higher than that of
NR. In addition, the stress-strain curve of the
NR/10UPALF displays an upturn in stress at a
slightly lower strain than that of NR. That of the
NR/10TPALF displays such an upturn even at
the lower strain. The strains at which a deflection
in the stress is observed for NR, NR/10UPALF,
and NR/10TPALF are 400, 350, and 250%,
respectively. Although the stress-strain curves of
the NR/IOUPALF and NR/10TPALF resemble
the cold-drawing behavior of semi-crystalline
polymers, the mechanism is different. It should
be noted that both the NR/10UPALF and
NR/10TPALF do not return to their original

lengths once deformed beyond the yield-like
point which designates fiber debonding
(Wisittanawat et al., 2014b). The stresses at
which the composites break are quite similar and
lower than that of NR. This is because failure
at such a large extension is determined by the
presence of defects (Setua and De, 1985; Akhtar
et al., 1986; Wisittanawat et al., 2014b).

The upturn or deflection in stress is
generally attributed to strain-induced
crystallization of NR. It is thus straightforward
to ask if such a shift of the stress upturn relates
to the shift of the onset of strain-induced
crystallization. To answer the question,
structural studies using WAXS would be
required.

NR/10UPALF

DDODHOD

NR/10TPALF

Figure 3. WAXS patterns of NR, NR/10UPALF, and NR/10TPALF composites stretched to different strains
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WAXS of NR and NR/PALF Composites
During Stretching

To study the effect of the PALF on the
reinforcement of NR, the structure of NR and
NR/PALF were investigated using WAXS.

Figure 3 shows the WAXS patterns of NR
and NR/PALF stretched to different nominal
strains. All un-stretched samples display a halo
pattern indicating the amorphous nature of the
material. When the samples were stretched to

higher strains, the crystalline reflection peaks
indexed as the 200,120, and 201 reflections
appear, albeit at different strain levels NR seems
to exhibit the strain-induced crystallization
at a strain around 200% while for NR in the
composite containing PALF, the strain-induced
crystallization starts to appear at a strain of
approximately 50%.

In order to see clearly the emergence of
crystalline reflections in the stretched samples,

NR NR/10UPALF NR/10TPALF

\' 0% 0% 0%
NN | TN N
0 H 0 15 20 25 30 0 5 0 15 20 25 30 _5' 0 15 20 25 30
200 % 50% 50%

400 % 100 % 100 %

-

10 15

2theta(deg)

20

2theta(deg)

2theta(deg)

Figure 4. Equatorial 2-theta scans (+) (averaged over +/- 5 degree from the equator) of NR, NR/10UPALF,
and NR/10TPALF composites stretched to different strains. For each strain, the amorphous
background (©) is substracted from the corresponding 2-theta scan to yield the crystalline signal
(—). The down arrows indicate the onset of strain-induced crystallization
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a 2-theta scan on the equator will be considered.
Figure 4 shows the equatorial 2-theta scan
from 5° to 30° of the WAXS patterns of NR
and the 2 NR/PALF composites stretched to
different strains. The intensities of 200 and 120
reflections of each sample increase with increasing
the strain. For each scan, the corresponding
amorphous background was subtracted to
obtain only the crystalline peaks. These data are
then used to calculate the crystallinity for the
stretched samples using Equation 1 and the
results are shown in Figure 5.

From Figure 5, the crystallinity of
NR/IOUPALF and NR/10TPALF increases
with the increasing strain. That for NR/10UPALF
appears to increase linearly and reaches
approximately 24% while that for NR/10TPALF
starts to level off at approximately 19%. The
crystallinity of NR remains close to O up to a
strain of approximately 300% and then increases
withroughly a similarrate to that of NR/10UPALF.
However, the crystallinity of NR appears to
reach a plateau of about 16%. It should be noted
that the crystallinity here may not be directly
comparable to that reported elsewhere (Toki
etal.,2003).1t can, however, be used to illustrate
the structural development within this work.

It appears that the presence of the PALF
indeed affects the onset of strain-induced
crystallization. A similar phenomenon has been
observed in nanoclay-filled NR (Gonzalez et al.,
2008a) and functionalized graphene sheet-
filled NR (Ozbas et al. 2012). However, the onset

of strain-induced crystallization of NR may not
always relate to the upturn in the stress observed
in the tensile experiment.

The early onset of strain-induced
crystallization in nanoclay-filled NR (Gonzalez
et al., 2008a) and functionalized graphene
sheet-filled NR (Ozbas et al., 2012) has been
attributed to different mechanisms. The former
was attributed to the formation of a completely
aligned physical network of nanoclay and this
is suggested to favor the alignment of NR
chains and thus increase the crystallization
rate (Gonzalez et al., 2008a). The latter was,
however, attributed to the increase in surface
area which in turn increased the amount of
immobilized NR chains. The greater amount of
immobilized rubber renders a very high strain
amplification (Ozbas et al.,2012).Since our PALF
has much less surface area than graphene and
it contains no functional group of immobilized
NR chains, the mechanism for the promotion of
an early strain-induced crystallization should be
different from that with nanoplates. It is generally
accepted that the stress transfer in short fiber
reinforced composite occurs via a shearing
mechanism between the fiber and the matrix
(Cox, 1952; Hull and Clyne, 1996). The matrix
has, according to the theory, zero shear strain
at the middle of the fiber and the shear strain
progressively increases towards both ends of
the fiber. Since the fiber is many times stiffer
than the matrix rubber and, thus, would not
deform, there would be an extremely high
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Figure 5. Crystallinity of NR and NR/PALF composites stretched to different strains
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shear strain at the fiber-matrix interface to
accommodate the much greater macroscopic
strain. It is believed that the NR chains that
stay on, or close to, the fiber surface would be
highly strained and crystallize first. Although
there is only 10 phr of PALF and the fraction
of NR in contact with the fiber may not be
considered high enough to contribute to the
observed change in macroscopic behavior, it
should be noted that the shearing mechanism
is not confined only to the interface but could
extend far beyond. The level of shear strain
would progressively decrease as the distance
from the interface increases.

Still there are some differences between
the effect of the UPALF and TPALF on the
macroscopic stress-strain behavior of the
composites. NR/1I0TPALF displays a stress
upturn at a lower strain that does NR/10UPALF.
The 2, however, display virtually the same
crystallinity. To find out if there are other
differences in the matrix microstructure,
azimuthal scans at 2-theta of 14.25-14.50
degrees, which is the peak of the amorphous
ring, were carried out and the results are shown
in Figure 6. An azimuthal scan contains both

200 % strain

300% strain

amorphous and crystalline signals. The 2
crystalline signals at about -39 and 39 degrees
are the shoulders of the (201) reflection. The
change in intensity of the amorphous over
the azimuthal angle provides information on
the amorphous orientation (Murakami ez al.,2002;
Ikeda et al.,2007; Amnuaypornsri et al.,2012).
Itis seen that the amorphous orientations in NR and
NR/10UPALF stretched to 200, 300, and 400%
strains are relatively low. This is in agreement
with what has been reported by other groups
(Murakami e al., 2002; Amnuaypornsri ef al.,
2012; Ikeda et al., 2007). There is, however,
a clear signal for amorphous orientation in
NR/10TPALF. The relative amount of amorphous
orientation with respect to that randomly
aligned can be determined by the method
used by Murakami et al. (2002) with slight
modification. Here the ratio of the intensities at
the azimuthal angle of 0 degree to 90 degrees
isused. The values for NR, NR/10UPALF, and
NR/10TPALF are displayed in Table 3. It can be
seen that the amorphous orientation at a fixed
strain becomes greater with the addition of the
PALF and that TPALF gives the greatest value.
The amorphous orientation for each material

400% strain

-90 60 30 0 30 60 9 -90 60 30
Azimuthal Angle (deg)

0

Azimuthal Angle (deg)

30 60 90 90 60 30 0 30 60 90
Azimuthal Angle (deg)

Figure 6. Azimuthal scans at 2-theta = 14.25-14.50 degrees for NR(©), NR/10UNPALF, (+) and NR/10TPALF
(—) composites stretched to selected strains. The down arrows indicate the position for amorphous

orientation

Table 3. Ratios of the intensities at the azimutal angle of 0 degree to 90 degrees (Iequator/Imeridian) for
NR and NR/PALF composites stretched to different strains

Strain 200% 300 % 400 %
NR 1.23 1.25 1.26
NR/10UPALF 1.34 1.37 1.26
NR/10TPALF 1.54 1.64 1.51
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increases with the increasing strain. However,
the amorphous orientations for NR/10UPALF
and NR/10TPALF decrease at 400% strain.
This probably indicates the occurrence of stress
relaxation at very high strains.

From the results shown above, the presence
of the PALF in NR causes the NR to crystallize
at a much lower macroscopic strain than it
normally does. The PALF also promotes greater
crystallinity (Figure 5). Furthermore, the sodium
hydroxide-treated PALF causes additional
friction of the NR chains to orient along the
stretching direction. It is difficult to completely
visualize what is happening during the entire
stretching process. More work is definitely
needed before complete understanding could
be gained. It may, however, be worthwhile to
ttempt to explain these observations. Since it is
widely accepted that no load is transferred
directly through the fiber ends, it would follow
that the oriented NR chains in NR/PALF
composites are chains that are stretched via the
shearing mechanism. Sodium hydroxide treated
PALF presumably has a smoother surface
and thus provides better and more intimate
contact with the matrix rubber. Such a better
contact would then give better frictional stress
transfer and more NR chains would be stretched
as a result. Additional contact areas are also
created as a result of the finer diameter of the
TPALF. Thus, the number of stretched chains
should be greater than that in the case of the
UPALF. It is postulated that among these
stretched chains, some chains remain
non-crystalline, as observed in the azimuthal
scans. These stretched non-crystalline chains
may be groups of parallel chains that do not have
a regular lateral order or long range order. It is
these groups of chains that cause the early stress
upturn during the stretching of the NR/10TPALF
composite. A contribution also comes from the
development in crystallinity which is similar
for both the NR/1OUPALF and NR/10TPALF
composites.

Conclusions

The presence of the PALF in the NR matrix
has caused a considerable change in the

macroscopic stress-strain behavior of the
material. The tensile stress in the low strain region
for the NR/PALF composite is much greater
than that of the NR. In addition, the surface
treatment of the fiber affects the stress-strain
behavior further. Synchrotron’s WAXS studies
have revealed that the presence of the fiber
also affects the onset of the strain-induced
crystallization of the matrix rubber, indicating
a region with very high local molecular strain
at a relatively very low macroscopic strain.
The presence of the fiber also increases the
maximum crystallinity of NR. The nature of the
surface of the fiber does not, however, affect the
maximum crystallinity of NR but increases the
amorphous orientation.
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