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ABSTRACT: Kenaf fiber (KF) based thermoplastic natural rubber (TPNR)
composite was produced by melt blending with polypropylene (PP). Kenaf fiber
(15% by volume) and TPNR were mixed in as Haake 600p internal mixer.
The fracture behavior of the TPNR matrix and of TPNR—kenaf (with and without
maleic anhydride grafted polypropylene, MAPP) composites was evaluated using the
essential work of fracture (EWF) method and double edge notched tensile (DENT)
specimens. Various ligament lengths were employed ranging from 4 to 12mm.
The strain rate was fixed at 2 mm/min. The specific work of fracture (w,) and plastic
work (Bw,) showed the highest energy for TPNR that corresponds to its ductility and
allows the application of the EWF approach. It was found that the presence of kenaf
fibers and MAPP reduced the toughness of TPNR and changed the ductile fracture
to brittle behavior. SEM observation revealed that energy absorption mechanisms
include matrix deformation, fiber pullout, and fiber breakage. Acoustic emission
(AE) was employed to analyze the failure processes further. The signals emitted by
composites were substantially higher than that of the TPNR matrix, reflecting that
also the failure mechanisms were affected by the fibers incorporated.

KEY WORDS: thermoplastic natural rubber, kenaf fiber, essential work of fracture,
acoustic emission.

INTRODUCTION

HERMOPLASTIC NATURAL RUBBER (TPNR) is known as a blend of natural rubber and
a polyolefin. Its properties are between that of rubber and plastic. The advantage of
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TPNR is that it can be processed using any thermoplastic machinery at comparable
prices [1]. It is benefited by adding a filler or reinforcement into the TPNR since it may
reduce price and increase the performance, as well [2].

The use of thermoplastics possess several limitations as compared to it thermosetting
counterpart, and furthermore the increasing prices of plastics and natural rubber have
risen sharply over the past few years. Hence, effort is currently being made to
combine natural fibers with thermoplastic elastomers which can provide cost reduction
to the plastic industry. This simultaneously increased the value added of the lignocellulosic
fibers. Lignocellulosic fiber offers various advantages including environmental friendly
and decreasing wear of manufacturing machinery. Additionally, by careful selection
of agro-fibers, considerable reinforcement of the plastic can be achieved by enhancing the
mechanical properties of the composites during its useful lifetime. To a lesser extent,
combination of TPNR and kenaf fiber were never studied and documented.

Kenaf fiber (KF) extracted from Hibiscus cannabinus L. plant is receiving attention in
combining its fibers with thermoplastics in a way to develop a new type of composite.
Apart from environmentally friendly, KF are also lower in density, inexpensive,
biodegradable and has fairly good mechanical properties [3]. The KF derived
from renewable resources is suitable for use in automotive applications, building
appliance, etc.

Previous studies have shown that carbon and kenaf fiber exhibited low stress—strain
to failure [3]. This behavior will cause fracture in composite materials and occurs
catastrophically without warning. Therefore, composite based rubber-toughened polymer
matrix will provide extra toughness and delay the failure with some mechanism dispersed
through the material. The failure behavior in advanced materials and modern technologies
particularly in transportation and building may expose everyday lives to high risk.
However, the risk and failure can be minimized through fracture toughness studies and
non-destructive evaluation.

Fracture toughness of polymers can be evaluated using the essential work of fracture
(EWF) and J-integral method [4]. However, the EWF method has been gaining attention
lately for the toughness description of ductile polymers, toughened polymer blends,
and composites, because of the simplicity of the experimental process and data
manipulation [5-10]. Previous researchers have studied the EWF response of various
polymeric materials as a function of testing conditions, including specimen thickness
[10,11], strain rate [11-13], temperature [14,15], influence of notching, moulding conditions
[16], effect of physical ageing, plasticization [17], and molecular weight [18,19].

Acoustic emission (AE) techniques for non-destructive evaluation of material
failure have been extensively used to study the fracture behavior of composite materials.
It was demonstrated that monitoring AE during loading composites is a useful tool
to identify the mechanisms of failure and to estimate the development of the damage
zone [20].

Although the damage mechanisms in synthetic fiber reinforced polymer composites
have been successfully monitored by AE before, according to the author’s knowledge there
have been no reports on acoustic emission associated with the damage mechanisms in
reinforced TPNR. This article explores a new method to evaluate the fracture toughness of
thermoplastic natural rubber TPNR reinforced by KF via the EWF method. The
morphological analysis of the EWF fracture samples is also discussed. /n situ monitoring
of AE during EWF has been adopted to characterize the failure mechanism of TPNR-KF
composites.
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EXPERIMENTAL
Materials

Kenaf bast fiber (KF) was obtained from Livestock Strategic Research Centre
(MARDI), Serdang. Polymers used were SMR-L grade natural rubber (NR) purchased
from Rubber Research Industries Malaysia with density of 0.92g/cm?, polypropylene
(PP) with a density of 0.905g/cm® was supplied by Polipropilinas (M) Sdn. Bhd. and
maleic anhydride polypropylene (MAPP) with a density of 0.95 g/cm?® was from Aldrich
Chemical Co. Liquid natural rubber (LNR) was synthesized using a photochemical
oxidation technique on natural rubber in our laboratory [21].

Kenaf Fiber Preparation

Kenaf bast fibers were used in the form of flakes and sieved at 300-500 um aperture sizes
based on the optimum tensile results. The density of Kenaf fiber was measured to be
1.13 g/em® and the moisture content was 4.1%.
Thermoplastic Natural Rubber Matrix Preparation

TPNR was melt blended using an internal mixer, Thermo Haake 600p. Mixtures of NR,
LNR and PP at a ratio of 20:10: 70 were used in this work. Blending was carried out at
175°C and at a rotor speed of 40 rpm for 12 min.
Composite Preparation

TPNR-KF composite were prepared using the same internal mixer. Prior to mixing,
TPNR and KF were pre-mixed. MAPP (6%) was pre-mixed together with TPNR and KF
whenever the use of coupling agent was required. Based on optimum processing
parameters determination, mixing was carried out at 175°C for 12 min at a rotation speed
of 9 rpm. The compound was then compression moulded for 16 min at 175°C.

Essential Work of Fracture (EWF)

According to Mai and Cotterell [22] and Wu and Mai [23], EWF is preferred when
dealing with ductile and toughened polymer. Theoretically, EWF can be described as:

W= W+ W, ()

where W, is the essential work of fracture and W, is the non-essential or plastic work.
Equation (1) can be rewritten as [7]:

Wi = wetl + pwytl* 2)
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where w, and w), are the specific essential work of fracture and specific plastic work,
respectively. ¢ is the thickness of the specimen, / is the ligament length, and B is the plastic
zone shape factor. Thus, the specific total fracture work, wy, is:

W.
Wp= = We + Bw,l. 3)

In Equation (3), w, is the fracture toughness of the material.

Based on ESIS TC-4 Testing Protocol 28 [7], the EWF was used as a tool to evaluate
fracture toughness of TPNR and TPNR-kenaf composites. The overall fiber content was
15% by volume. Samples were tested using a Zwick Z020 tensile tester at 2 mm/min strain
rate. Five specimens were tested for each ligament length. DENT specimen geometry was
employed. Pre-notching was done by cutting with a fresh razor blade. As described in the
testing protocol, the EWF is independent of specimen geometry. The sample gauge lengths
were varied among 4, 6, 8, 10, and 12mm, while width and thickness were 30 mm and
1 mm, respectively. Details of the specimen geometry are described in Figure 1. The EWF
fracture surfaces of the composites were observed under a scanning electron microscope
(JEOL JSM-6380LA).
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Figure 1. Dimension of the DEN-T specimen for the EWF method.
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Acoustic Emission (AE) Tests

In order to obtain a deeper understanding of the failure behavior, the AE signals of the
DENT specimens were recorded in situ using a miniature sensor (10mm diameter)
attached to the specimen surface and coupled to a SENSOPHONE AED-40/12
(Hungary). An A-11 type microphone, which operates on a piezo-clectric basis, was
fixed on the fracture mechanical specimens so that the sound waves could be detected.
During the tests, the following primary AE signals were measured, calculated and stored:
elapsed time, number of events, peak amplitude, event width, and rise time. The principle
of this test is that the structure exposed to mechanical loading emits sound waves from the
areas where any physical change (e.g., matrix deformation, fiber breakage, etc.) occurs.
Different failure modes were assigned to the different signal levels determined based on the
force—displacement curve and the physical parameters of the sound waves.

The AE technique aims at detecting and analyzing the sound waves emerging in the
material in order to locate their origin as precisely as possible. For this purpose, a sensor
(b) operating in the ultrasound range is fixed on the material (a) during loading.
The recorded acoustic signals are amplified (c) and are processed with capable electronic
systems (d), and then are analyzed with adequate software on a computer (e). Details of
the schematic diagram of AE device is described in Figure 2.

RESULTS AND DISCUSSION

Tensile strength and tensile modulus of TPNR and reinforced TPNR by kenaf fiber are
given in Table 1. Generally, the incorporation of kenaf fiber (with and without MAPP)
into TPNR matrix has increased the tensile properties. Tensile strength for untreated
TPNR-KF (UTK) and treated TPNR-KF (TK) were about 18% and 46% higher than
unreinforced TPNR. The higher tensile properties obtained in TK are due to chemical
linkages between hydroxyl group— coupling agent—matrix [3].
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Figure 2. Schematic diagram of AE measurement set-up.

Table 1. Tensile properties (ASTM D638) of TPNR-KF at 15% by volume.

Tensile strength Tensile modulus
Materials (MPa) (MPa)
TPNR 18.8 315
TPNR-UTK 221 524
TPNR-TK 275 676
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Essential Work of Fracture (EWF)

The fracture resistance of TPNR blend and TPNR—kenaf composites in the presence of
sharp cracks were evaluated by the EWF method. As shown in Figure 3, the TPNR curves
exhibited a peak load, which corresponds to gross yielding, while beyond the maximum
load, a slow decrease is observed indicating a slow stable crack that propagated
perpendicular to the load direction. Besides, similarities in the load—displacement curves,
as displayed in Figure 3, for each ligament length, were observed during the deformation
process. The maximum load and the displacement at failure also increased with increasing
ligament length. This shows that TPNR fulfilled one of the basic requirements of the EWF
method. Figure 3 also ensures that the cracks propagated under similar stress conditions,
being unchanged with the ligament length. The curves obtained for TPNR in Figure 3
were expected and successfully measured using the EWF method. This is due to the fact
that the brittle behavior of PP has been toughened by 30% of natural rubber and hence
TPNR underwent plastic deformation. DENT specimen of pure PP exhibited brittle
behavior in the presence of notches, and thus EWF method is not suitable for pure PP
(Tjong et al. [24]). The results obtained agreed with the previous studies by Li et al. [25] on
elastomer-modified polypropylene and Mouzakis et al. [9] on elastomeric polypropylene
(ELPP), who have successfully characterized fracture toughness via the EWF method.

The incorporation of kenaf fiber into TPNR has changed the fracture behavior of
TPNR blends. The load—displacement curves for TPNR-KF composites are depicted in
Figures 4 and 5. Figures 4 and 5 also show that the plastic zone has significantly
diminished as demonstrated in Figure 3 for the TPNR matrix. In these cases the EWF
approach cannot be applied for the determination of fracture mechanism for the
reinforced TPNR. The criteria of yielding, necking and stable fracture propagation
were always met in the case of the TPNR matrix examined (Figure 3). As can be seen in
Figure 4 and 5, in the case of reinforced TPNR by kenaf fiber (with and without MAPP),
the condition fulfilled the EWF requirements less and less. However, our aim was to
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Figure 3. Load-displacement curves for TPNR matrix.
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investigate the impact of kenaf fiber reinforcement, and the results obtained for fiber
reinforcement can only be used for comparison with the matrix in our case.

Specific work of fracture (w) versus ligament length for TPNR and kenaf composites is
shown in Figure 6, which reveals that w,increases linearly with ligament length. A good
linear regression with a high correlation coefficient (> > 90%) is achieved between the data
for wrand / for TPNR. However, linear regression confidence limits for kenaf composites
with and without MAPP have been reduced to 78%.

By extrapolating the curve of w, versus / to zero ligament length, value of the specific
essential work of fracture (w,) can be obtained at the y-axis intercept. The specific plastic
work dissipation (Bw,) can then be calculated from the slope of the linear regression wy
versus /. The values of w, and Bw), can be calculated according to Equation (3) as described
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160 1 8.2mm
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S 100
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— 80
60
40
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Figure 4. Load—-displacement curves for untreated TPNR/kenaf composites.
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Figure 5. Load-displacement curves for treated TPNR/kenaf composites.
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Figure 6. Specific work of fracture (wy) versus ligament length (1).

Table 2. Summary of EWF results.

Composition (%) w, (kJ/m?) pwp (kJ/m?) r?

TPNR 16.0560 6.1130 0.9203
15 UTK 1.5268 0.7626 0.7815
15 TK 3.5043 0.2304 0.7863

in methodology. Details on the quantitative measurement of EWF results of TPNR and
kenaf composites are summarized in Table 2, which shows that TPNR requires higher
energy to initiate crack and its resistance to crack propagation was higher compared to the
kenaf composites. As indicated in Table 2, extensive energy is dissipated in the outer
plastic zone (Bw,) for TPNR matrix. Untreated TPNR /kenaf (UTK) composites show
reduction in w, and Bw, values, which are about 90% and 88%, respectively, compared to
TPNR. However, in the TPNR-kenaf-MAPP (TK) system reduction in w, was only about
78% as compared to TPNR. Thus this shows that the presence of MAPP has improved
the w, value by about 12% compared to untreated TPNR—kenaf. On the other hand,
plastic deformation decreased in composites of TPNR—kenaf-MAPP as shown by the Bw,
value.

Table 2 also shows that the presence of KF and coupling agent influenced the fracture
behavior of TPNR blends and hybrid composites. Besides, the lower fracture toughness
obtained in kenaf composites could be due to the nature of kenaf fiber and its random
alignment in the TPNR matrix. The presence of fiber has changed the ductile behavior of
TPNR to brittle fracture. The trend observed agreed well with the work of Tjong et al. [24]
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Figure 7. SEM micrograph showing the fracture surface of UTK after EWF measurements.

on styrene ethylene butadiene rubber (SEBS)/polypropylene/glass fiber hybrid composites,
where fracture toughness was reduced by glass fiber addition. However, the results
obtained show an opposite trend to another study by Tjong et al. [26] on short glass fiber
(SGF)-reinforced polyamide 6,6 composites toughened with maleated SEBS where it was
revealed that the w, enhanced with SGF addition. It was also observed that matrix
yielding, fiber debonding, and pullout are responsible for the energy absorption of hybrids
containing SGF during EWF measurements.

The energy dissipated in the plastic zone of a polymer matrix involves microvoiding or
cavitation (Tjong et al. [26]) of the elastomer and also necking and shear yielding of the
matrix. However, the mechanisms decreased with the presence of KF in TPNR matrix.
This is due to the fact that KF restrains the TPNR yielding in composites. Figure 7(a)
and (b) shows a SEM micrograph of the fracture surface of TPNR-KF after EWF
measurements. It is proved that plastic deformation occurs in the TPNR matrix of the
hybrids, particularly in the matrix rich region next to the fiber ends. Moreover, debonding
and the fiber pullout can also be observed in the fractographs. It is noted also formation
of void at the end of KF pullout as in Figure 7(a) and fiber breakage in Figure 7(b)
for TPNR-KF without MAPP have contributed to the failure mechanism. This indicates
that matrix yielding (lower than in TPNR), fiber pullout, and fiber breakage are
responsible for the energy absorption mechanisms.

In the case of the treated TPNR—kenaf composites, as observed in Figure 8(a) and (b),
MAPP has been found to restrict matrix deformation. Accordingly, debonding and
pullout of KF from the matrix are the primary energy absorption mechanisms for the
composites during mode I (DENT samples) test loading.

Acoustic Emission (AE)

The dependence of the number of acoustic events and their amplitude distribution on
the ligament length of DENT specimens was investigated. As seen in Figures 9—11, the
amplitude histograms were between 21 and 55dB (20dB was the environmental signal
threshold level), but their distribution varied depending on the material and range.

In the case of the TPNR matrix as in Figure 9, 70% of AE signals were lower than
25dB. As reported by Czigany et al. [27] on polypropylene matrix, signals below 30 dB are
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Figure 9. Amplitude distributions of events of a TPNR matrix.

referred to matrix deformation. It was also reported that signals with amplitudes above
40 dB before and after the maximum force refer to matrix cracking and tearing.

As for reinforced kenaf composites displayed in Figures 10 and 11, it is observed that the
amplitude distributions of composites are greater than in the TPNR matrix. The highest
amplitude recorded (55dB) occurred in the case of untreated TPNR-KF, while the
highest amplitude for TPNR-KF-MAPP was only at 50dB. It can also be seen in
Figures 10 and 11 that the amplitude lower than 25dB has decreased from 70-90% for
TPNR to between 40-60% for both types of kenaf composites. Accordingly, the fibers are

found to cause the events, even though lower amplitudes were recorded compared to
matrix failure.
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Figure 10. Amplitude distribution of events in untreated TPNR—kenaf composites.
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Figure 11. Amplitude distribution of events in treated TPNR—kenaf composites.

Based on Figure 9 it can be concluded that signals below 25dB are derived from the
failure of the matrix. The few larger signals originate from the final failure of the TPNR.
As opposed to this, if Figures 10 and 11 are compared to Figure 9, it is obvious that the
ratio of signals above 25dB increases due to the fibers. These signals higher than 25dB
originate from fiber—matrix separation, fiber pullout, or fiber breakage.

Figure 12 shows an example of the force—elongation and amplitude—elongation plot
of a TPNR-KF composite. The plot shows that the amplitude increases intermittently
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Figure 12. Force and amplitude curve for treated TPNR-kenaf composite at 6 mm ligament length.

with elongation. The ‘bursts’ of acoustic events could be associated with failure events in
the composites. As shown in Figure 12, in the beginning, when the force is applied, only
few AE signals are detected. However, at the middle of the process, the acoustic activity
increases which can be associated to fiber—matrix debonding. It is also noted that near to
the final fracture there is a second higher acoustic activity range which can be assigned to
breakage of fiber. This observation agrees with previous studies by Dogossy and Czigany
[28] who revealed that the amplitude detected in PE filled maize hull was characterized
by matrix deformation (below 25dB), fiber pullout (26-40dB), and fiber breakage
(over 41 dB). However, such a time-consuming calibration has not been carried out for this
material. The calibration mentioned in Ref. [23] is a chapter of a PhD dissertation.

Only few signals are detected in the AE studies due to the fact that TPNR is a NR based
material. The damping properties of NR could stabilize and neutralize the sound waves
generated and propagating in the material and thus, the amplitude of AE signals reaching
the sensor is much lower as compared to the source. Additionally, the low signals emitted
in TPNR and TPNR—kenaf composites could be related to the sample dimension, which
was very thin. The EWF theory is usually applied on thin foils by researchers. In the case
of a thicker specimen, probably other fracture mechanical method could have been
applied. It is generally known that thicker specimens tend to exhibit higher amplitude
acoustic emission response.

From Figures 10 and 11, it can be seen that higher amplitude waves were emitted in the
fractures below 25dB. Therefore, this could suggest that matrix deformation contributed
more to the failure processes. However, fiber pullout and breakage as observed under
SEM micrographs in Figures 7 and 8 also contributed to the failure mechanisms.

Figure 13 shows the average number of AE event counts for various ligament lengths
ranging from 4 to 12 mm. The average number of AE event counts was based on 20-60 dB
signals. Five specimens were evaluated for each ligament length. As shown in Figure 13, the
average number of AE event counts for TPNR matrix for the whole series of ligament
lengths was around 40-50. The second bar with gray color refers to UTK. Figure 13
demonstrated that the presence of kenaf fiber (treated and untreated fibers) has increased
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Figure 13. Average event counts versus ligament length of TPNR, UTK, and TK.

the AE event counts compared to TPNR. The higher the ligament length, the higher the
number of AE event counts for UTK composites. The higher event counts in the case of the
composite as compared to the TPNR matrix revealed that, apart from matrix deformation,
the failure was also caused by the fiber failure due to higher event counts in the case of a
composite compared to a TPNR matrix. However, lower signals of AE event were recorded
for TK compared to UTK composites. Based on Figure 13, by making comparison at 12 mm
ligament length, the average number of AE event counts for UTK was almost 150% higher
than for TK. This could be related to a stick-slip mechanism caused by the rough nature of
kenaf fiber. The rough surface of kenaf fiber prevents it from being directly pulled out from
the matrix and thus it would emit higher signal during pullout failure. As for untreated
TPNR-kenaf, pullout is more dominant and this has been proven in Figure 9 where the
range of 26-40 dB show higher amplitude. However, an addition of MAPP has improved
the adhesion between matrix and fiber as described elsewhere [29], consequently resulting in
less fiber pullout as depicted in Figure 11.

CONCLUSION

The TPNR and TPNR-KF composites have been successfully evaluated using the EWF
method. TPNR shows higher w, and fw, values than its composites. The presence of kenaf
fiber (treated and untreated fiber) has restricted the yielding of the matrix and changed the
ductile failure of TPNR to brittle fracture. From the AE analysis, higher signals were
emitted in case of kenaf composites. It was found that lower value of w, in EWF
measurement, resulted in more AE signals, and vice versa. (Direct correlation could not be
found between Pw, and AE signals, since Bw), is referred to plasticity of polymer). In order
to be able to generalize the conclusion, measurement has to be carried out and verified
for other materials as well. Based on AE signals together with the information gained
from EWF and SEM observation, failure mechanism could be associated to matrix
deformation, fiber pullout, and fiber breakage.
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