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Mechanical properties of starch-grafted-polypropyl-
ene/kenaf fibers (KF) composites were investigated
and compared to different theoretical models. In this
work, the composites were prepared via melt com-
pounding and compression molding processes at dif-
ferent KF loadings, that is, 10, 20, and 30 wt%. Tensile,
fracture toughness and fatigue tests were performed.
Generally, the mechanical properties increased with
increasing kenaf fiber loadings. This is attributed to
the good filler-matrix interactions between KF and
starch-grafted-polypropylene, as observed by scanning
electron microscopy. Tensile properties were modeled
using the rule of mixture, the Kelly-Tyson and the
Halpin-Tsai models. Fatigue data were also modeled
using different theoretical models to fit both S-N and
normalized S-N curves with simple linear model and
Boltzmann sigmoidal function. POLYM. COMPOS.,
39:3289-3299, 2018. © 2017 Society of Plastics Engineers

INTRODUCTION

Natural fiber has been used extensively in various
applications throughout human history. Due to the
increased concern in searching a sustainable and ecologi-
cal technology, substitution of synthetic fibers with natu-
ral fibers in producing polymer composites has been a
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rapidly expanding field of research. Kenaf (Hibiscus can-
nabinus, L. family Malvacea) is one of the most widely
used natural fibers in producing polymer composites.
Kenaf fibers (KF) are found in the bast (bark) and core
(wood), comprising 35% and 65%, respectively. Kenaf
bast fiber is a promising candidate to be used in fiber
reinforced polymer composites, owing to its superior
properties such as excellent tensile strength, as well as
high toughness. Furthermore, kenaf has great availability
and low material cost in comparison to other natural
fibers [1-3]. Numerous researchers have reported on the
study of KF reinforced polymer composites using various
polymer matrices, such as polypropylene [4-8], starch-
grafted polypropylene [9, 10], unsaturated polyesters
[11-14], polyurethane [15, 16], epoxy [17, 18], etc.

In recent years, development of biocomposites based
on biodegradable polymers and natural fibers is being
widely explored, as an effort to reduce the plastic waste
problem. KF have been incorporated into different biode-
gradable polymer matrices, including poly(butylene succi-
nate) [19, 20], cellulose acetate [21], thermoplastic starch
[22, 23], poly(lactic acid) [24, 25], etc. However, exten-
sive application of these biodegradable plastics is still
hampered by their possible inherent limitations, for
instance high cost, poor processability, and tendency to
degradation during processing, storage and service.
Besides that, there is a strong debate on the recyclability
of biodegradable plastics, for which there is no separate
recycling stream. Development of hybrid or biphasic pol-
ymers based on bio-based polymer and conventional poly-
olefin (generally polyethylene or polypropylene) appears
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to be a potential solution to overcome the limitations of
biodegradable plastics [26].

In this study, a commercialized biphasic thermoplastic,
Galalene® (supplied by Roquette, France) was used as a
matrix to form an environmental friendly composite with
short kenaf fibers (SKF). Gaialene® is a starch-grafted-
polypropylene (starch-g-PP) with the starch/polypropylene
ratio of 52/48, which is designed for durable and semi-
durable uses [9, 26]. According to the manufacturer, it is
over 50% bio-based and the production yields a carbon
footprint about 65% lower than that of the cleanest fossil
polymers. The mechanical performance of Gaialene® is
similar to PP and thus, addition of reinforcement such as
natural fibers is essential to further improve its mechani-
cal properties. Addition of natural fibers would also
increase the bio-based portion of the material, making it
more environmental friendly. Reinforcement effects of
KF on the mechanical properties of PP have been widely
investigated by numerous researchers [5-8]. However,
there is an issue of the compatibility between the hydro-
phobic PP and the hydrophilic KF. Starch-g-PP is a
biphasic polymer consists of both hydrophilic and hydro-
phobic phases, which favors the dispersion of KF. There-
fore, starch-g-PP shows a great potential to be used as a
more environmental friendly alternative to the conven-
tional polyolefin, especially in the composite industry. To
the best of our knowledge, research on the starch-g-PP/
KF composites is not extensively reported in the open sci-
entific literature. In our previous work, we have reported
the improvement of tensile properties, hardness, creep sta-
bility and tensile impact stress after incorporation of KF
into the starch-g-PP [9], along with thermal, rheological,
and dynamic mechanical properties [10]. Since there is lack
of study on the starch-g-PP/KF composites, a more funda-
mental study on their mechanical properties is necessary.
As an extension of our previous research, this article reports
on the fracture toughness, fatigue and biaxial tensile prop-
erties of starch-g-PP/SKF composites at various fiber load-
ing. To provide a better understanding on the tensile
performance, prediction of tensile properties is performed
by applying different theoretical models, that is, rule of
mixture (ROM), Kelly-Tyson model and Halpin-Tsai mod-
el. Fatigue data are also fitted using different theoretical
models. These models were chosen because they are the
most commonly used mathematical models to predict ten-
sile and fatigue properties of polymer composites rein-
forced with discontinuous (short) fibers. It is worthwhile to
compare the predictive capabilities of various models, in
order to determine the most suitable model to predict the
mechanical properties of starch-g-PP/SKF composites.

MODELS FOR TENSILE PROPERTIES
PREDICTIONS

The rule of mixtures (ROM) to estimate the properties
of composite materials is based on an assumption that the
composite property is equal to the sum of the volume-
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weighted property of its component materials. The ROM
is described as the equation below:

Pc:vaf+vam (1)

where P, P¢, P, are the material properties of composite,
fiber, and matrix, respectively, while v¢ and v,, are the
volume fractions of fiber and matrix [27, 28]. For short
fibers reinforced composites, an orientation factor (7,)
should be taken into account. Therefore, the ROM equa-
tion is modified as below [27, 29]:

P.=noPivi+Pyvm 2)

The semi-empirical Halpin—Tsai model for the prediction
of elasticity of composite material can be expressed as
follows [30]:

Pe _ 114;C’7Vf 3)
m nve
with
(Pt/Pm)—1
= /T - 4
n (Pr/Pm) 40 4)

where ( is a shape-fitting parameters whose value for lon-
gitudinally aligned fibers is {=2(L/D) with L and D
being the fiber length and diameter, respectively [27, 29].

The Halpin—Tsai equation was originally used for com-
posites with unidirectional reinforcement. In order to
account for the random fiber orientation observed in short
fiber composites, Tsai [31] proposed the following empir-
ical equation to predict the elastic modulus of composites
containing random-orientated fibers (ER):

3 5
ExR=-E +~-E 5
R=ghLtgEr %)
where Ey and Er are the longitudinal and transverse moduli
of an uniaxially aligned short fiber composites with same
fiber aspect ratio and volume fraction. E; and Et can be
calculated using the Halpin—Tsai equations as below:

1+
E —E, L ve ©)
1 —NLve
and
1+
Er=Ep—— 1 T %
vt

where E,, is the matrix modulus, { and 7 are expressed
as:

(Be/Em)=1  (Et/En)—1
T (E/En)t 0 T (ErfEm) T

L
CL:25§ (r=2; .

where L/D is the fiber aspect ratio and E; is the fiber
modulus. Subscripts L and T refer to the longitudinal and
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transverse directions, respectively [9]. Nielsen [32] modi-
fied the Halpin—Tsai equations by including a maximum
packing fraction, v;:

1+C’7Vf
E=E 8
- ®)

where

c1>=1+<1:2vf>w ©)
Vv

T

The strength of short fiber composites is often estimated
according to the Kelly—Tyson model, which is based on the
concept of stress transfer at the fiber—matrix interface. It
considers that a constant shear stress is induced from the
fiber ends that results in a linear stress built up [33]. Gener-
ally, the Kelly—Tyson model can be used to evaluate com-
posite strength (o) using the equation below [34, 35]:

Thive l
O™ {”0'21.% 211,:1} + ’70'21j>160fvt:j (1* i)} +om(1—vy)]
]

(10)
where 1, is the orientation factor; /; and /; are the subcritical
(1) and supercritical (j) fiber length; /. is the critical fiber
length; v¢; and vgj are the volume faction of fibers with /; and
[; fiber length; 7 is the fiber—matrix interfacial shear stress; ¢
is the radius of fiber; oy is the ultimate stress of fiber; o, is
the matrix stress at the composite fracture strain; v is the vol-
ume fraction of fiber.t is an important property in fiber rein-
forced composites as it determines the fiber failure mode,
that is, by fiber breakage or fiber pull-out. Bowyer and Bader
[36] adopted the Kelly-Tyson approach to obtain the t by
analyzing experimental data of mechanical test and fiber
length distribution measurements. The basic premise of the
Bowyer and Bader model is that at any value of composite
strain, ¢, there is a critical fiber length, /. [37, 38]:

_ Egecry

I 11

T

By modifying Eq. 70, the stress in composite (¢.) can be
expressed as:

Ge=no(X+Y)+Z (12)

where X, Y, and Z are contributions from the fibers of
subcritical length, fibers of supercritical length, and
matrix to the composite strength, respectively, that is:

tlive
X= ] —— 13
le<1c I (13)
Erée.r,
Yzz,j>lcgfgcvﬁ<1_ ;l"z:f) (14)
]
Z=Ene.(1—v) (15)

For the estimation of 1, first, two composite strains were
selected from the data of mechanical tests (g; and &)
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together with their corresponding stress values (o; and
03). & and & are used to calculate the corresponding
matrix contributions, Z; and Z, using Eq. /5. The R value
was then determined as:

01— %

R (16)

A
Next, a value of 7 was assumed. Using this t, critical
fiber lengths at ¢; and &, were calculated using Eq. 1.
Knowing the critical fiber length, X and Y can then be
evaluated from Eqgs. /3 and /4, for the whole range of
fiber length distributions. Then, R’ can be calculated:

_Xit+Y
Xo+Y,

’

7)

where X, and Y, corresponding to X and Y values at ¢,
while X, and Y, corresponding to X and Y values at &,. R’
value was then compared with R value. If they are differ-
ent, the assumed t value is tuned by *0.1 MPa, and the
same procedure repeated until the R” value is approaching
the R value. Then, the t value will be tuned to =0.01
MPa, until the R value is equal to the R value, up to four
decimal digits. Finally, the equivalent T value was used to
calculate the composite strength using the Kelly-Tyson
model (Eq. 10).

EXPERIMENTAL

Materials

Starch-g-PP (Gaialene®, grade G906PJ) with a density
of 1.1 g/em® (ISO 1183), a melt flow index of 40 g/10
min (ISO 1133, 190°C, 10 kg) and a melting temperature
of 160°C, was supplied by Roquette S.A (Lestrem,
France). Short kenaf fibers (SKF, L/D = 30) were provid-
ed by Kenaf Natural Fibre Industries Sdn. Bhd. (KFI),
Malaysia. They are composed of 45-57 wt% of cellulose,
21.5 wt% of hemicelluloses, 8—13 wt% of lignin, and 3-5
wt% of pectin, with an average density of 1.4 g/cm® [39].

Composites Preparation

Starch-g-PP pellets and SKF were dried overnight in a
vacuum oven at 50°C and 80°C, respectively. Starch-g-
PP/SKF composites with different fiber loading (Table 1)
were prepared by melt mixing in an internal mixer (Rheo-
mix 600 by Thermo Haake®, Karlsruhe, Germany) with
counter-rotating roller rotors. The process was carried out
at a temperature of 175°C, rotor speed of 60 rpm and res-
idence time of 7 min. Then, composite sheets were pro-
duced by compression molding in a Carver® hydraulic
laboratory press at 170°C, followed by fast cooling. Vari-
ous specimens were punch-cut from the molded sheets.
The material compositions and coding are reported in
Table 1.
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TABLE 1. Material designation and compositions.

Materials designation Composition Parts
Gaialene Starch-g-PP 100

SKF10 Starch-g-PP/short kenaf fibers 90/10
SKF20 Starch-g-PP/short kenaf fibers 80/20
SKF30 Starch-g-PP/short kenaf fibers 70/30

Scanning Electron Microscopy (SEM)

Samples were fractured after immersion for 30 min in lig-
uid nitrogen, and the fracture surfaces were observed by a
Zeiss Supra 40 (Carl Zeiss, Berlin, Germany) field emission
scanning electron microscope (FESEM) at an accelerating
voltage of 3 kV. The samples were sputter-coated with a thin
layer of gold to avoid electrical charging during examination.

Tensile Test

Tensile test was performed on ISO 527-2 type 1BA
specimens using an Instron model 4502 (Norwood, MA)
universal testing machine equipped with a 10 kN load cell.
An axial extensometer (Instron, model 2620) with a gauge
length of 12.5 mm was attached to the specimens to mea-
sure the strain values up to 2% at a cross-head speed of
1 mm/min. According to ISO 527 standard, the elastic mod-
ulus was evaluated as a secant value between deformation
levels of 0.05% and 0.25%. With an additional transversal
extensometer (Instron, model 2640) attached during the
tensile test, Poisson’s ratio was evaluated as a ratio of trans-
verse contraction strain to longitudinal extension strain in

the direction of stretching force. Tensile test up to fracture
was performed at a higher cross-head speed (10 mm/min)
without the extensometer. Tests were performed at room
temperature on five specimens for each sample.

Fracture Toughness Test

Single edge notched bending (SENB) test was conducted
according to ASTM D5045-99 standard using an Instron
model 4502 (Norwood, MA) universal testing machine at a
cross-head speed of 10 mm/min and span length of 40 mm.
The specimens dimension were 10 X 60 X 4 mm® with a
sharp notch of initial length of 5 mm. Tests were performed
at room temperature on five specimens for each sample.

Fatigue Test

Fatigue test was carried out according to ASTM
D3479 standard using a closed loop servo hydraulic MTS
858 Mini Bionix testing machine. A 10-Hz sinusoidal
stress ranging from a minimum (0,,;,) stress up to a maxi-
mum (0,x) Stress, that is, 25%-90% of the quasi-static
strength was applied. A load ratio R = 0 jn/0max Of 0.1
was fixed for all tests. Fatigue cycles were recorded up to
a maximum number of 500,000.

RESULTS AND DISCUSSION

Morphological Properties

SEM micrographs of cryofractured cross-section sur-
face of Gaialene and its composites are shown in Fig. 1.

FIG. 1.
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SEM micrographs of (a) Gaialene, (b) SKF10, (c) SKF20, and (d) SKF30.
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TABLE 2. Tensile properties of Gaialene and its composites.

Modulus Tensile stress Tensile strain Tensile stress Elongation Poisson’s
Compound (GPa) at yield (MPa) at yield (%) at break (MPa) at break (%) ratio
Gaialene 1.11 £0.11 20.7x2.7 3.52+0.54 19.5+2.7 490=*1.7 0.45 £0.03
SKF10 2.01 042 - - 21.1+45 1.88 =0.01 0.45+0.09
SKF20 3.47*1.20 - - 22832 1.46 = 0.60 0.65 +0.22
SKF30 4.92 = 1.00 - - 232+%33 0.83 £0.36 0.73 £0.13

Two distinct phases are clearly noticeable in the biphasic
neat Gaialene matrix, as shown in Fig. la. The continuous
phase is PP, while the dispersed phase is thermoplastic
starch (TPS) that appears as particles with diameters in
the range from 0.2 up to 1.5 pm. It can be seen that TPS
particles are homogenously dispersed in the PP matrix,
and both phases are well bonded to each other. This is in
line with the observations reported by Hamma et al. [9]
and Tessier et al. [26].

Figure 1b—d shows the cross-section surface of kenaf-
reinforced composites at different fiber loading. For all
composites, no gaps are observed at the interface between
KF and Gaialene matrix, which reveals a good interfacial
wettability. The good compatibility between them could
be attributed to the chemical affinity between TPS com-
ponent in Gaialene and KF. In fact, both constituents con-
tain hydroxyl groups and ether links in the glucose units
and polysaccharides, which might enable the formation of
hydrogen bonds [9].

Tensile Properties

Tensile Modulus. Tensile properties of Gaialene and its
composites are presented in Table 2. Tensile modulus is
significantly increased with the presence of KF with an
increment of 81%, 213%, and 343% at 10, 20, and 30
wt% of fiber loading, respectively. It is well documented
that, due to its relative high tensile modulus (~53 GPa),
KF notably increases the tensile modulus of most polymer
matrices [3, 9, 39].

The experimental data are here compared with the val-
ues predicted using different mathematical equation based
on ROM, Kelly-Tyson and Halpin—Tsai models. Figure 2
presents the tensile moduli predicted using the ROM (Eq.
2) at different orientation factors (1,). The ROM is the
simplest mechanical model to estimate the properties of a
multiple component system such as composite. According
to the literature, a three-dimensional (3-D) random fiber
alignment yields a 75, of 0.2, a planar random fiber
arrangement yields a 5, of 0.375, while an uniaxial-
aligned fiber arrangement yields a 7, of 1 [40]. Schematic
diagram of different fiber orientations is illustrated in Fig.
3. The original ROM (Eq. /) assumes all fibers are
uniaxial-aligned (n, = 1), which is untrue for most of the
short fibers reinforced composites. This can be clearly
seen from Fig. 2 that the experimental tensile moduli are
markedly deviate from the values predicted using the
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original ROM. However, it is interesting to observe that
the experimental data can be very well fitted with the
ROM model at 7, of 0.2. This suggests that KF in these
composites are aligned in a 3-D random orientation, espe-
cially at 10 wt%. As fiber loading is increased to 20 and
30 wt%, the tensile modulus values situated between
o =0.375 and 5, =0.2. The fiber alignment shows ten-
dency of shifting from 3-D random to planar random
alignment as the fiber loading is increased. At low fiber
loading, there is sufficient space in the composite for KF
to be dispersed in all directions and form a 3-D random
fiber orientation. Meanwhile, there is limited space for
the dispersion of fibers at high fiber loading. This
increases fiber—fiber contact, subsequently increases the
tendency of fibers to be dispersed as a stack of 2-D ran-
dom networks in a single plane (planar random).

The most common model that is used to predict
Young’s modulus of short fiber-reinforced polymer com-
posites is the Halpin—Tsai model [30]. In this work, ten-
sile moduli are modeled using an empirical equation (Egq.
5) that is based on the Halpin—Tsai equations. Besides
that, tensile moduli are also modeled using the modified
Halpin—Tsai equations proposed by Nielsen [32], which
include the maximum packing fraction, v} as presented in
Eq. 8. According to Nielsen [32], v} is highly dependent
on the filler type and the filler arrangement in the com-
posite. For fibrous reinforcements, v; = 0.785 if they are
arranged in a uniaxial simple cubic packing, v; = 0.9065
if they are arranged in a uniaxial hexagonal close pack-
ing, v; =0.82 if they are arranged in uniaxial random
close packing, while v = 0.52 if they are arranged in a 3-

D=1

e ,=0375

Modulus (GPa)

n,=0.2

0 10 20 30
Fiber Loading (wt%)

FIG. 2. Experimental () and theoretical (lines) tensile moduli pre-
dicted using the ROM at different orientation factor (1,). [Color figure
can be viewed at wileyonlinelibrary.com]
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D random packing [41, 42]. According to observations
from the ROM model, KF in these composites are aligned
in a 3-D random orientation. Therefore, in our case,
vy =0.52 is used.

Figure 4 shows the experimental and theoretical tensile
moduli predicted using the Halpin—Tsai model (Fig. 4a) and
the modified Halpin—Tsai model proposed by Nielsen [32]
(Fig. 4b) at different fiber aspect ratios (L/D). Volume frac-
tions were used in the calculations but the results are pre-
sented in weight fractions, which is in line with the
experimental method that we used. Aspect ratio of fibers
after processing can also be predicted from the plots, by
comparing the experimental values with the corresponding
aspect ratios from the theoretical line plots. From Fig. 4a, it
can be seen that tensile moduli predicted by Halpin—Tsai
model are not very well fitted to the experimental values at
high fiber loading (20 and 30 wt%). The experimental tensile
moduli of SKF20 and SKF30 are found to be approximately
situated at L/D of 30. Based on our previous study on the
fiber length distribution reported by Hamma et al. [9], the
average aspect ratio of KF decreased after processing from
the initial values of 30 to around 18. In fact, fiber aspect ratio
after processing will not be the same as its initial aspect ratio
due to the fiber breakage during mixing and molding pro-
cesses. Hence, the aspect ratio of 30 for SKF20 and SKF30
composites that predicted by the Halpin—Tsai model is inac-
curate. Besides that, the high standard deviations of the
experimental results may also be one of the reasons for the
poor agreement of the experimental results with the theoreti-
cal predictions. However, the modified Halpin—Tsai model
that includes the maximum packing fraction demonstrates
good agreement with the experimental results, as shown in
Fig. 4b. The corresponding theoretical aspect ratios of KF
are positioned between L/D of 18-26, which is in good
agreement with the experimental fiber aspect ratio [9]. This
implies that the Halpin—Tsai model gives better estimations
after including the maximum packing fraction.

Tensile Strength. Tensile strength values of Gaialene

and its composites are reported in Table 2. For neat Gaia-
lene matrix, the failure under tension was preceded by
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Axially aligned

Schematic diagram of different fiber orientations.

plastic deformation (a yield stress was detected), while
only stress at break was detected for the composites. This
shows that the fracture behavior changed from ductile to
brittle after addition of KF. The main reason of the
ductile-to-brittle transition is attributed to the reduction of
the molecular mobility constrained by the KF [9]. On the
other hand, addition of KF gives positive effects to the
tensile strength. Tensile stress at break is increased by
8.2%, 16.9%, and 19% at the KF loadings of 10, 20, and
30 wt%, respectively. The remarkable increase of tensile
strength is a clear indication of a good fiber—matrix stress
transfer. This is in line with the SEM observations that

Modulus (GPa)

y oot

20
Fiber Loading (wt%)

30 40

Modulus (GPa)

20
Fiber Loading (wt%)

30 40

FIG. 4. Experimental () and theoretical (lines) tensile moduli pre-
dicted using (a) the Halpin—Tsai model and (b) the modified Halpin-Tsai
model proposed by Nielsen [32] with vi =0.52 at different fiber aspect
ratios (L/D). [Color figure can be viewed at wileyonlinelibrary.com]
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=1

Tensile Stress at Break (MPa)

0 10 20 30
Fiber Loading (wt%)

FIG. 5. Experimental (¢) and theoretical (lines) tensile stress at break
predicted using the ROM at different orientation factor (1,). [Color fig-
ure can be viewed at wileyonlinelibrary.com]

have been discussed earlier, which reveals a strong inter-
facial interaction and adhesion between KF and Gaialene.

Tensile stress at break of the composites is modeled
using the ROM at different orientation factors (7,), as
presented in Fig. 5. It is obvious that the ROM overesti-
mate the composite strength, in fact the experimental
results are significantly lower than the theoretical
predictions.

The Kelly-Tyson model (Eq. /0) was also used to
evaluate the tensile stress at break. It is often reported as
the optimum model to predict the strength of discontinu-
ous fiber composites [37, 38]. Fiber-matrix interfacial
shear stress (1), a parameter required by the model, was
determined by analyzing the experimental data of
mechanical test and fiber length distribution, as described
in the previous section (Egs. 11-17). The fiber length dis-
tribution data reported in our previous publication [9]
were used in this calculation. The t parameter for SKF10,
SKF20, and SKF30 composites are 16.4, 32.9, and 31.9
MPa, respectively. This corresponds to critical fiber
length (/) values of 1.52, 0.59, and 0.34 mm, respective-
ly, for SKF10, SKF20, and SKF30 composites, as calcu-
lated from Eq. //. 7 is inversely proportional to /., so
short /. indicates good adhesion. The results show that
the fiber—matrix adhesion is better at high fiber loading
(20 and 30 wt%). The [. is the minimum fiber length
required to strengthen a material to their maximum poten-
tial. Fibers with lengths lower than /. (subcritical fibers)
are too short to support the load to cause fiber fracture.
Thus, fiber pull-out and matrix fracture are the main fail-
ure mechanisms in the composite. For fibers with lengths
longer than /. (supercritical fibers), fiber fracture will be
the dominating mechanism during fracture of composite
[36, 38]. The average fiber length of KF in the compo-
sites is 0.6 mm [9]. Hence, it is anticipated that the frac-
ture of SKF10 composite is dominated by fiber pull-out
and matrix fracture because most of the fibers are shorter
than /. (1.52 mm). For SKF20 and SKF30 composites,
most of the fibers in the composites are equal to or longer
than their /.. Thus, they show better tensile strength than
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the SKF10 composite because the applied load is carried
by most of the fibers.

Using the obtained t and /. values, Kelly—Tyson model
(Eq. 10) was applied to evaluate the theoretical tensile
stress at break, and the results are illustrated in Fig. 6.
The tensile stress at break predicted by Kelly-Tyson
model shows a good fit with the experimental results. In
addition, it can be seen that the fiber alignment shows
tendency of shifting from 3-D random to planar random
alignment as the fiber loading is increased. This is in
good agreement with our tensile modulus predictions
using the ROM, which has been discussed earlier (Fig. 2).
In short, the Kelly-Tyson model is a better model to pre-
dict tensile strength, than the ROM.

Elongation at Break. From Table 2, it is noted that the
elongation at break decreased remarkably with the fiber
loading. It is understandable that the incorporation of KF
with a relatively low elongation at break (1.6%) [3] to the
Gaialene will reduce the overall elongation at break.

Poisson’s Ratio. From Table 2, it can be observed that
the Poisson’s ratio of composites remained unchanged at
10 wt% KF loading, but increased to 0.65 and 0.73 at 20
and 30 wt% of fiber loading, respectively. Theoretically,
Poisson’s ratio of a stable and isotropic material in three
dimensions cannot be less than —1.0 nor greater than 0.5
[43, 44]. In our case, Poisson’s ratios of SKF20 and
SKF30 are greater than 0.5. This illustrates a possible
anisotropic behavior of the composites, due to the align-
ment of fibers. According to the theoretical models that
have been discussed earlier, the fiber alignment shows
tendency of shifting from 3-D random to planar random
alignment at SKF20 and SKF30 composites. The Pois-
son’s ratio results have further strengthened this state-
ment. KF tend to arrange in a 2-D planar random
alignment at 20 and 30 wt% fiber loading, which
increased the anisotropy of the composites. Similar obser-
vations are also reported by Lee and Lakes [44], which
observed a Poisson’s ratio greater than 1 for an

45

Tensile Stress at Break (MPa)

0 10 20 30
Fiber Loading (wt%)

FIG. 6. Experimental (¢) and theoretical (lines) tensile stress at break
predicted using the Kelly-Tyson model at different orientation factor
(o). [Color figure can be viewed at wileyonlinelibrary.com]
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=

0 10 20 30
Fiber Loading (wt%)

FIG. 7. Critical stress intensity factor, Ko (v) and critical energy
release rate, Gg (v) as a function of kenaf fiber loading.

anisotropic polyurethane foam. Peel [45] also explained
that there is no theoretical limit of Poisson’s ratio for
anisotropic materials.

Fracture Toughness

From the SENB test, fracture toughness is calculated
according to the ASTM D5045-99 standard. Certain sam-
ples failed to meet the size requirements set in ASTM
D5045-99 to provide a valid fracture toughness (Kic). In
fact, for a valid Kj. test it is required that the material
behavior is essentially linear elastic, with the plastic zone
size at the crack tip small enough to be ignored [46].
Therefore, fracture toughness values obtained on these
materials are reported as apparent fracture toughness val-
ues [46—48].

Figure 7 presents the apparent fracture toughness of
Gaialene and its composites, in terms of the apparent val-
ues of both the critical stress intensity factor (Kg) and the
critical strain energy release rate, (Gg). The relationship
between Ko and G is expressed as Ké =Gq E', with
E'=E for plane stress and E' = E/(1-v?) for plane strain
condition, where E is the Young’s modulus, and v is the
Poisson’s ratio of the material [48-50]. From Fig. 7, it
can be seen that the apparent fracture toughness increased
with the KF loading. This indicates that addition of KF
into Gaialene has contributed to toughening the material.
In general, there are several mechanisms that can contrib-
ute to the toughness of fiber-reinforced composites. Fiber
debonding, friction, and fiber fracture give significant
contributions to energy dissipation during composite frac-
ture [51]. Fibers can act as obstacles, leading to crack
deflection because cracks tend to propagate by twisting
around the fiber. Larger fracture energy is required to
overcome the increasing surface area in the system. Fric-
tion at the fiber—matrix interfacial region during fiber
pull-out also increased the energy dissipation. Besides
that, the SEM micrographs (Fig. 1) show a good adhesion
between the KF and the Gaialene matrix. Therefore, the
applied stress can be transferred efficiently from the com-
posite matrix to the fibers, rendering the crack initiation
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more difficult, and subsequently increasing the fracture
toughness [52].

Fatigue Behavior

Results from fatigue test are plotted as maximum
applied stress (onax) versus cycles to failure (N), as
shown in Fig. 8 in a double logarithmic scale, which are
commonly known as the S-N curves. In this work, tensile
stress was applied from 90% of the quasi-static strength
and reduced in steps of 10% until specimens survived
500,000 cycles. Therefore, fatigue limit in this work
refers to the stress level for which specimen lasted for at
least 500,000 cycles. From Fig. 8, it is obvious that the
KF-reinforced composites show a higher fatigue limit
than the neat Gaialene, and the fatigue limit improved as
the KF loading increased. This can be correlated to the
better tensile properties of KF-reinforced composites as
compared to the neat Gaialene, which lead to the better
fatigue performance. This result once again proves the
reinforcing effects of KF to the Gaialene matrix.

S—N curve is the main basic tool to analyze and pre-
dict fatigue lifetime of a material. According to the litera-
ture [53, 54], fatigue data can be fitted using a theoretical
model as shown in the following equation:

Tmax=BN"1/P (18)

where B and k are material constants. From the linear
regression of fatigue data of Fig. 8, the square of correla-
tion coefficient (R?) can be determined, which quantita-
tively indicates the goodness of fit between the regression
and the data [54]. The fitting parameters B and k and R’
values are reported in Table 3. The parameter k£ can be
used to evaluate the fatigue resistance of a material [53].
A high k value shows a high fatigue limit of the material,
which means that the material is less sensitive to fatigue
failure. Table 3 shows that the & values increased as KF
loading increased in the composites, reflecting a higher
fatigue limit at high KF loading.

* Gaialene
® SKF10
® SKF20
% SKF30
0.8 —— Linear (Gaialene)
=== Linear (SKF10)
Linear (SKF20) .
= -Linear (SKF30}

'

0.6
0 1 2 3 4 5 6

log (N)

FIG. 8. S-N curves in log—log scale with the fitting lines. [Color figure
can be viewed at wileyonlinelibrary.com]
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TABLE 3. Constant values and fitting parameters.

Eq. 18 Eq. 19 Eq. 20
Sample B k R? m R? A A, N, dN R?
Gaialene 29.29 8.42 0.813 0.115 0.843 0.978 0.052 4.926 0.551 0.978
SKF10 25.23 12.95 0.893 0.098 0.900 0.978 0.306 4.593 0.452 0.986
SKF20 26.78 13.62 0.913 0.096 0.934 0.998 0.306 4.638 0.452 0.986
SKF30 24.56 23.92 0.921 0.068 0916 0.980 0.563 4.291 0.437 0.990

Normalized S-N curves in semi-log scale of the
fatigue data are presented in Fig. 9. Several models can
be employed on these curves to model the fatigue behav-
ior of short fiber composites. The most popular model is
a simple linear model represented by the following equa-
tion [53, 55, 56]:

Tmax =1—mlog(N)
o

(19)

where gy, is the tensile stress at break as obtained from
the tensile test, and m is a fitting constant. Fig. 9a shows
the linear regression of the experimental data using Eq.
19, while the fitting parameter and the correlation coeffi-
cient are reported in Table 3. According to Tate et al.
[56], a low value of m indicates a higher fatigue strength.

Hence, the m values obtained from the model indicates
that fatigue strength of the material improves with the KF
loading, in good agreement to the observation of fatigue
strength as discussed earlier. Based on the R’ values
obtained from curve fitting by Eqs. /8 and /9, there is no
clear advantage in choosing either of these models.
Besides that, the fatigue data can also be modeled using a
nonlinear curve fitting model based on the Boltzmann sig-
moidal function [53, 56]:

Omax _ A1—Ar
gy 1+ e(logN—logN,)/dN

+A, (20)
where A; and A, represent the upper and the lower
fatigue stress limits adopted in the fatigue test, respective-
ly, while N, is the fatigue life for a stress equal to
(A1+A5)/2 and dN describes the steepness of the curve. In
this work, the parameters A, A,, N,, and dN were evalu-

a ated using the Solver Add-in of Microsoft Excel to fit the
SIS e e KX data until a minimum R’ value is reached. The R? values
&% x“ . and the fitting parameters are listed in Table 3. From Fig.
e, B 9b, it can be observed that the Boltzmann sigmoidal func-
o BB """';-_«m.._“. R tion shows the best fit in modeling the fatigue behavior.
2 ey . This also shows that the relationship between the applied
5 04 R i ' & stress and the cycles to failure is nonlinear. Furthermore,
s SkE10 - the goodness of fit of the Boltzmann sigmoidal function
~ iﬁﬁg?maiamne) D is also presented by the high R? values close to 1.0. The
' t:ggg;ggﬁ;;g; A, values are often used as an indicator of the fatigue
. - ~Linear (SKF30) limit of the material. The higher A, values at higher KF
0 1 2 3 4 5 6 loadings indicate a better fatigue life. Based on the R’
log (N) values, it can be concluded that fatigue behavior can be
b best modeled using the Boltzmann sigmoidal function.
e m
08 o« e, CONCLUSIONS
= Tensile modulus is significantly improved by the addi-
s 06 N x . . . . .
£ : tion of KF into the Gaialene matrix. Tensile modulus can
5 04 be modeled using the rule of mixtures (ROM), the Hal-
‘ % Sekens pin—Tsai model, and the Halpin—Tsai model including the
. ' . . . . .
% Seed maximum packing fraction that manifested the better fit-
02 —Si . eqee . .
g:ggg;gg: 5‘33,2?1'%'}“" ting capabilities showed the best fit. Tensile stress at
L Siomaidal (SKF0) break, fracture toughness, and the fatigue limit were
S 1 2 3 4 5 6 improved by the incorporation of KF, and increased with
log (N) the KF loadings. This is attributed to the good filler-

FIG. 9. Normalized S-N curves in semi-log scale with the fitting lines
according to (a) Eq. /9 and (b) Eq. 20. [Color figure can be viewed at
wileyonlinelibrary.com]
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matrix interactions between Gaialene and KF, as con-
firmed from the SEM images. The ROM does not show a
good fit to predict the tensile stress at break. Tensile
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stress at break was better predicted using the Kelly—Tyson
model. Besides that, fiber alignment shows tendency of
shifting from 3-D random to planar random alignment as
the fiber loading is increased, which was revealed by
both the ROM and the Kelly-Tyson mechanical model.
The fatigue behavior had also proven the reinforcing effi-
ciency of KF in the Gaialene matrix. By comparing the
goodness of fit of different models, fatigue behavior can
be best modeled using the Boltzmann sigmoidal function.

This

indicates a nonlinear relationship between the

applied stress and the cycles of failure.
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