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Abstract
Mechanically retted short kenaf bast fiber bundle (KBFB)–reinforced unsaturated polyester (UPE) composites were

fabricated. The effects of fiber loadings and aspect ratios on composite tensile properties were evaluated experimentally and
theoretically. Tensile properties of KBFBs and the neat cured UPE were determined, and kenaf-UPE shear bonding strengths
were measured. These measured properties were used to predict the tensile properties of the short KBFB-reinforced UPE
composites using classical models in micromechanics. Theoretical tensile moduli predicted by Halpin–Tsai, Mori–Tanaka,
and Self-Consistent models were in good agreement with experimental results. Theoretical tensile strengths predicted by the
Kelly–Tyson model correlated well with experimental results at high fiber aspect ratios. Both composite tensile moduli and
strengths increased consistently with increasing fiber loadings up to 75 percent (vol/vol).

Kenaf bast fiber bundles (KBFBs) have the potential to

replace petroleum-based or glass fibers for fiber-reinforced

composite applications due to their low density, high

specific strength and stiffness, low cost, reduced wear on

the processing equipment, renewability, and biodegradabil-

ity. Recently, natural fiber–reinforced thermoplastics have

been widely used for automobile interior parts (Holbery and

Houston 2006). If natural fiber–reinforced thermoset

polymer composites are desired for semi-structural or

exterior automotive component applications, their mechan-

ical properties need to be predictable and designable.

Fiber-reinforced polymer composite tensile stiffness and

strength depend on the mechanical properties of the

reinforcing fibers and the matrix, fiber volume fraction,

fiber orientation and dispersion form in the matrix, fiber

aspect ratio, and fiber–matrix interfacial shear bonding

strength. The effect of fiber aspect ratios on composite

tensile moduli is also related to the tensile moduli ratio of

fiber to matrix (Agarwal et al. 2006). Table 1 chronolog-
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ically summarizes widely used empirical and numerical
models, which have been frequently used over several
decades to predict man-made fiber–reinforced composite
tensile properties.

These models have been used to describe natural fiber–
reinforced thermoplastic or thermoset polymer composite
tensile properties. Joseph et al. (2003) studied tensile moduli
and tensile strengths of poly[methylene poly(phenyl isocy-
anate)]–treated sisal fiber–reinforced polypropylene com-
posites with fiber loadings from 0 to 40 percent (wt/wt).
Both composite tensile moduli and tensile strengths
increased with increasing fiber loadings. Experimentally
obtained Young’s moduli and tensile strengths were
compared with the values predicted by the rule of mixtures
(ROM; cf. Agarwal et al. 2006), the modified rule of
mixtures (m-ROM; Cox 1952), the Bowyer–Bader (Bowyer
and Bader 1972), and the Hirsch (1962) models. The m-
ROM was the best model for predicting tensile strengths
among these models (Joseph et al. 2003). Composite
Young’s moduli were higher than the values predicted by
the ROM lower bound and the Hirsch and the Bowyer–
Bader models and were lower than theoretical values
predicted by the ROM upper bound, which is used for
predicting unidirectional continuous fiber–reinforced com-
posite tensile moduli.

Baiardo et al. (2004) fabricated flax fiber–reinforced
polyester composites with fiber volume fractions ranging
from 1 to 37.5 percent (vol/vol). Experimental moduli were
predicted well by the m-ROM (Cox 1952) with fiber
loadings between 12.5 and 37.5 percent (vol/vol). The
tensile strengths, however, decreased when the fiber loading
was higher than 12.5 percent (vol/vol) due to poor fiber–
matrix adhesion.

Xue et al. (2007) studied tensile and flexural properties of
aspen fiber–polypropylene composites with 0 to 60 percent
(wt/wt) fiber loadings. Tensile moduli increased as fiber
loadings increased from 0 to 60 percent (wt/wt), while
tensile strengths increased with increasing fiber loadings
from 0 to 50 percent (wt/wt) and then decreased. Composite
tensile moduli calculated by the Halpin–Tsai (Halpin 1969)
and the modified Nielsen–Chen (Nielsen and Chen 1968)
models correlated well with the experimental data for fiber
loadings from 0 to 30 percent (wt/wt), but were 22, 13, and
34 percent lower than the experimental results with 40, 50,
and 60 percent (wt/wt) fiber, respectively.

Haneefa et al. (2008) studied the mechanical properties of
short banana/glass hybrid fiber–reinforced polystyrene
composites with 0 to 30 percent (wt/wt) fiber loadings.

Tensile moduli and strengths improved with increasing fiber
loadings. Experimental tensile properties agreed well with
theoretical values predicted by the lower bound of the ROM,
the Hirsch (1962), the Halpin–Tsai (Halpin 1969), the
modified Halpin–Tsai (Nielsen 1970), and the Bowyer–
Bader (Bowyer and Bader 1972) models. Upper bound
ROM estimates did not correlate well with experimental
data.

Devi et al. (1997) studied pineapple leaf fiber–reinforced
polyester composites reinforced by 10 to 40 percent (wt/wt)
of fibers with fiber lengths between 5 and 40 mm. Both
Young’s moduli and tensile strengths increased with
increasing fiber loadings. The maximum tensile properties
were found with 30-mm-long fiber. When the fiber length
was increased to 40 mm, the reductions of Young’s modulus
and tensile strength were 14 and 27 percent, respectively.

Takagi and Ichihara (2004) reported the effects of fiber
length and loading on bamboo fiber–reinforced starch resin
composite tensile and flexural strengths. Tensile and flexural
strengths consistently increased with larger fiber loadings
between 0 and 50 percent (wt/wt) with one exception of the
flexural strength decreased at 50 percent (wt/wt). The tensile
and flexural strengths also increased as the fiber lengths
were increased from 4 to 25 mm (4 to 125 in aspect ratios),
and asymptotically approached the maximum values.

Shibata et al. (2006) used the m-ROM (Cox 1952) to
predict flexural properties of short kenaf fiber–reinforced
starch polymer composites with 0 to 67.5 percent (vol/vol)
fiber loadings. In addition, the fiber lengths were varied
from 1.8 to 10.7 mm (fiber aspect ratios, 15 to 89). Flexural
moduli increased with increasing fiber loadings up to 60
percent (vol/vol). The maximum flexural strength was
reached when the fiber loading was near to 40 percent
(vol/vol). Flexural moduli and strengths improved as fiber
lengths increased. Flexural moduli closely matched theo-
retical values predicted by Cox’s model (1952).

Liu et al. (2007) reported the storage moduli of kenaf
fiber–reinforced soy-based biocomposites with fiber vol-
umes of 0 to 53 percent (vol/vol) and lengths of 2, 6, 25, and
50 mm. Moduli increased almost linearly with increasing
fiber loadings from 0 to 53 percent (vol/vol). A significant
modulus increase (28%) occurred as the fiber length
increased from 2 to 6 mm. Only a small modulus increase
(5%) was found as the fiber length increased from 6 to 25
mm. The modulus remained almost the same as the fiber
length increased from 25 to 50 mm.

Ochi (2008) studied the tensile and flexural properties of
biodegradable kenaf–poly-lactic acid composites with fiber

Table 1.—Widely cited classical models for predicting tensile moduli and strengths for fiber-reinforced composites.

Model Fiber form Reference

Young’s modulus

Rule of mixtures Unidirectional; continuous cf. Agarwal et al. 2006

Modified rule of mixtures Randomly; long straight thin fibers Cox 1952

Nielsen–Chen Random; fiber length above critical length Nielsen and Chen 1968

Halpin–Tsai Unidirectional; discontinuous Halpin 1969

Modified Halpin–Tsai Unidirectional; discontinuous; Nielsen 1970

Mori–Tanaka Unidirectional or randomly oriented; continuous or discontinuous Mori and Tanaka 1973

Self-Consistent Unidirectional or randomly oriented; continuous or discontinuous Hill 1965

Tensile strength

Rule of mixtures Unidirectional; continuous; cf. Agarwal et al. 2006

Kelly–Tyson Unidirectional; discontinuous Kelly and Tyson 1965

Bowyer–Bader Unidirectional or randomly; discontinuous Bowyer and Bader 1972
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loadings ranged from 30 to 70 percent (vol/vol). Both the
tensile and flexural strengths increased linearly with increas-
ing fiber loadings up to 50 percent (vol/vol). The experimental
strengths were about 70 percent of the theoretical values
calculated by the ROM at lower fiber loadings (30% and 50%,
vol/vol), and this percentage decreased to 54 percent when the
fiber loading increased to 70 percent (vol/vol).

Özturk (2010) studied the effect of fiber loading (19%,
28%, 36%, 43%, 52%, and 62%, vol/vol) on the kenaf fiber–
reinforced phenol–formaldehyde composite tensile, flexural,
and impact strengths. The highest properties were achieved
for the composite with a 43 percent (vol/vol) fiber loading.

Abu Bakar et al. (2010) compared the flexural properties
of untreated and alkali-treated kenaf fiber–reinforced epoxy
composites with fiber loadings ranging from 0 to 25 percent
(wt/wt). The highest flexural strength and modulus for
untreated kenaf fiber–reinforced epoxy composites were
obtained when the fiber loadings were 10 and 15 percent
(wt/wt), respectively. The alkali treatment ensured the
flexural strength and modulus increased with increasing
fiber loadings up to 25 percent (wt/wt).

In the literature of the family of natural fiber–reinforced
polymer composites, the fiber length effect on composite
mechanical properties could be satisfactorily described by
the classical models. However, the effect of fiber loadings
on composite mechanical properties differs because the
assumption of perfect fiber–matrix bonding for those
classical models is not appropriate for natural fiber–
reinforced polymer composites, especially at higher fiber
loading levels. This induces the presence of ‘‘the critical
fiber loading,’’ at which the composite mechanical property
begins to decrease even if the fiber loading increases. This
value differs in literature due to various composite
fabrication methods and the use of interfacial bonding
improvement. The objectives of this study were to (1)
investigate fiber aspect ratio and loading effects on tensile
properties of kenaf–unsaturated polyester (UPE) composites
fabricated by the process developed in previous study (Du et
al. 2010), (2) obtain tensile and shear bonding properties of
KBFB and the UPE matrix and their shear bonding strength
properties, and (3) attempt to use available empirical and
analytic models to predict the tensile properties of short
KBFB–reinforced UPE composites with fiber loadings up to
65 percent (wt/wt).

Materials and Methods

Materials

In this study, mechanically retted KBFBs, provided by
Kengro Corporation, were used as reinforcing fibers. The
average diameter of these KBFBs was 78.6 lm. The UPE
(Aropol Q-6585), provided by Ashland Chemical Company,
was used as the matrix polymer. The diluent, styrene, and
the catalyst, t-butyl perbenzoate, were purchased from
Fisher Scientific Inc. Methyl ethyl ketone peroxide,
purchased from Sigma-Aldrich Corporation, and cobalt
naphthenate, purchased from Fisher Scientific Inc., were
used as a second catalyst system. A polyvinyl acetate
(PVAc) water emulsion (solid content, 46%) provided by
Tailored Chemical was used as the mat preforming binder.

Experimental

KBFB tensile properties.—Short KBFB samples were
randomly cut from long mechanically retted KBFBs.

Twenty replicates were used. Tensile specimens were
prepared using a previously published method (Du et al.
2008). These specimens were dried at 1038C for 3 hours to
assure the moisture content of these KBFB specimens was
negligible. After drying, each specimen was sealed
immediately in individual plastic bags to avoid moisture
uptake. KBFB tensile properties were obtained on a
micromechanical testing machine according to ASTM
Standard C1557-03 (ASTM International 2003).

Cured UPE tensile properties.—The UPE resin was
mixed with a stirrer into the following formulation (by
weight): 100 parts of UPE, 15 parts of styrene, 0.5 part of
cobalt naphthenate, and 1.0 part of methyl ethyl ketone
peroxide. The mixture was poured into a mold and cured
into bars at room temperature for 24 hours followed by
postcuring at 808C for 3 hours. After cooling, the bars were
cut into eight strips with nominal dimensions of 165 by 19
by 6.4 mm using a band saw. They were shaped into dog-
bone tensile specimens using a computer numerical
controlled machine. All tensile specimens were tested on
an Instron 5869 universal testing machine under displace-
ment control conditions in accordance with ASTM Standard
D638-03 (ASTM International 2004). Tensile strains were
recorded by an Instron 2630–100 series extensometer.

KBFB–UPE shear bonding strengths.—Eight specimens
were prepared and tested. Kenaf strips (50 by 3 mm) were
cut from kenaf bast fiber ribbons. One side of these strips at
one end was smoothed by sand paper (120-grit). These strips
were dried in an oven for 5 hours at 1038C to remove
residual moisture. Shear specimens were prepared by
pasting these kenaf strips onto cured 13 by 13 by 6.4-mm
UPE blocks using a UPE resin paste mixed with the same
formulation used in the UPE tensile specimens. These
specimens were cured at a room temperature for 24 hours
followed by postcuring at 808C for 3 hours. A shear
specimen schematic is shown in Figure 1. Testing was
conducted on an Instron 5566 testing machine under
displacement control conditions. Shear failure loads were
recorded and shear bonding strengths were calculated using

sfm = F=ðLWÞ ð1Þ
where sfm is the fiber–matrix shear bonding strength, and F,

Figure 1.—A shear specimen schematic for fiber–matrix shear
bonding strength testing.
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L, and W are the failure load, overlap surface length, and
width, respectively.

Composite tensile properties.—Three fixed fiber lengths
were used: 1.72, 2.75, and 3.30 mm, equivalent to 22, 35,
and 42 aspect ratios, respectively. At least two fiber loading
levels were used at each aspect ratio. At least five replicates
were tested at each fiber length and loading combination.

Short KBFBs were prepared by grinding long KBFBs in a
Thomas Wiley mill (Model 4). The short KBFBs were
divided into three batches by screening the ground short
KBFBs using three different sieves. Fifty short KBFBs were
randomly selected from each KBFB batch, and the average
lengths of three KBFB batches were measured using a
microscope. Figure 2 shows the length distribution of each
KBFB batch.

Composites were fabricated as previously described (Du
et al. 2010). The UPE resin was prepared using 100 parts
of UPE, 15 parts of styrene, and 1.5 parts of t-butyl
perbenzoate catalyst by weight. Short KBFBs were made
into preforms using the PVAc adhesive and were
compounded with prescribed amounts of UPE resin. Five
resin-infused preformed mats were stacked to assemble
one prepreg. The prepregs were then compression molded
to kenaf-PVAc-UPE (KPU) composites at 1758C under a
pressure of 5 MPa. The KPU composite fiber loadings
were calculated after the squeezed-out resin was sanded
off.

Tensile specimens for tensile property testing were cut
from 102 by 178-mm KPU composites and shaped to dog-
bone specimens using a computer numerical controlled
machine. Tensile testing was performed on an Instron 5869
universal testing machine under displacement control
conditions according to ASTM Standard 638-03 (ASTM
International 2004). The tensile strains were recorded by an
Instron 2630-100 series extensometer.

Results and Discussion

Fiber and matrix tensile properties,
and fiber–matrix shear properties

Table 2 summarizes the tensile properties of KBFBs and
the neat cured UPE, and the fiber–matrix shear bonding
strength. The average density of KBFBs was 0.806 g/cm3

(tested at Micromeritics Analytical Services). Typical
KBFB and cured UPE stress–strain curves are plotted in
Figure 3. Figure 4 contains fracture surfaces of KBFB
observed by scanning electron microscopy (SEM) and neat

cured UPE tensile specimen. KBFBs clearly displayed
brittle fiber breakage, and the UPE specimens all failed due
to flat (cleavage) fracture. According to the stress–strain
plots and fracture surfaces, both KBFBs and the UPE are
considered to be brittle materials.

KBFB–UPE composites

Figures 5a and 5b show two SEM images of the
composite tensile specimen fracture surfaces. Both fiber
pullout and fiber breakage can be observed (Fig. 5a). The
composites had a moderate degree of fiber–matrix interfa-
cial bonding. The reinforcing fibers were mostly randomly
aligned in a two-dimensional mat form (Fig. 5b).

The polymer matrix in the composite can be considered a
polymer blend of the UPE and the PVAc. The PVAc (a fiber
mat preforming binder) has a similar density, modulus of
elasticity, and tensile strength as the UPE matrix (Table 2).
The PVAc volume fraction is small in all cases (5.2% to
5.9l%, vol/vol). Therefore, the UPE properties were taken as
the bulk matrix properties in the composite tensile property
calculations. Fiber weight percentages in the composites
were converted to volume percentages using the densities of
KBFBs and UPE (Table 2).

Composite tensile moduli were predicted using the
Halpin–Tsai (Halpin 1969), the m-ROM (Cox 1952), the
Mori–Tanaka (Mori and Tanaka 1973), and the Self-
Consistent (Hill 1965) models. The Halpin–Tsai model
(Halpin 1969) for predicting the longitudinal and transverse
stiffness of aligned short fiber–reinforced composites may
be expressed as

El

Em

=
1þ 2ðl=dÞglVf

1� glV
gl =

ðEf=EmÞ � 1

ðEf=EmÞ þ 2ðl=dÞ ð2Þ

Et

Em

=
1þ 2gtVf

1� gtV
gt =

ðEf=EmÞ � 1

ðEf=EmÞ þ 2
ð3Þ

where El and Et are composite longitudinal and transverse
moduli of a unidirectional short fiber–reinforced composite,
gl and gt are the length efficiency factors, Vf and Ef are the
fiber volume fraction and the fiber tensile modulus, Em is the
matrix tensile modulus, and l/d is the fiber aspect ratio. For
cases in which short fibers are randomly oriented in a two-
dimensional mat, the composite’s modulus, Ec, can be
computed using the following empirical equation (Agarwal
et al. 2006):

Ec =
3

8
El þ

5

8
Et ð4Þ

Composite tensile modulus may also be calculated using the
m-ROM (Cox 1952):

Ec = ghglVfEf þ ð1� Vf ÞEm ð5Þ

gl = 1� tanh½nðl=dÞ�=½nðl=dÞ� ð6Þ

n=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Gm

Ef lnð2R=dÞ

s

ð7Þ

where gl is the length efficiency factor and gh is the fiber
orientation factor, which is assumed to be 0.33 for a two-
dimensional random fiber composite (Cox 1952). KBFBs
are assumed to be arranged in a square array, so 2R/d = [p/

Figure 2.—Length distributions of three batches of reinforcing
kenaf bast fiber bundle.
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(4Vf)]
0.5. The matrix shear modulus Gm was estimated from

Gm =
Em

2ð1þ mÞ ð8Þ

where m is the UPE’s Poisson ratio, taken as 0.37 (Pascault
et al. 2002).

The effective moduli of KBFB–UPE composites were
also calculated using the classical Mori–Tanaka and Self-
Consistent micromechanical models (cf. Mura 1991,
Nemat-Nasser and Hori 1993, Qu and Cherkaoui 2006).
Both of these effective medium approaches are based upon
the Eshelby (1957) solution for the stress and strain fields
inside and surrounding an ellipsoidal inclusion. They can
be used to predict effective elastic properties for compos-
ites containing a variety of aligned or randomly oriented
reinforcements (spheres, platelets, short fibers, continuous
fibers, etc.) using the continuum-averaged stress and strain
fields (cf. Hill 1965, Mori and Tanaka 1973, Benveniste

1987, Mura 1991, Nemat-Nasser and Hori 1993, Qu and
Cherkaoui 2006). In the Mori–Tanaka method (Mori and
Tanaka 1973, Benveniste 1987), it is assumed that a single
ellipsoidal heterogeneity is embedded into an elastic
matrix whose strain field has been perturbed by other
heterogeneities in the system. The fourth-rank elastic
stiffness tensor, �L, for an effective continuum with (N� 1)
distinct aligned ellipsoidal heterogeneities may be ex-
pressed as

�L=
X

N

r=0

VrLrTr

X

N

n=0

VnTn

" #�1

ð9Þ

where Tn = [I þ Sn(M0Ln � I)]�1 is the fourth-rank local
strain concentration tensor for the nth phase, Sn is the
fourth-rank Eshelby tensor for the nth phase, Ln is the
fourth-rank elastic stiffness tensor for the nth phase, Vn is
the volume fraction of the nth phase, and M0 is the fourth-
rank elastic compliance tensor for the matrix (cf. Mura
1991, Nemat-Nasser and Hori 1993, Qu and Cherkaoui
2006). The Eshelby tensor (Sn) accounts for the influence
of the aspect ratio/geometry of the nth heterogeneity on the
local strain field. Eshelby tensors for specific reinforce-
ment shapes (spheres, platelets, fibers, etc.) are readily
available in the literature (cf. Mura 1991, Nemat-Nasser
and Hori 1993, Qu and Cherkaoui 2006). In Equation 9, n
= 0 is used to denote matrix properties. The fourth-rank
effective compliance tensor, �M, may be determined by
inverting the effective stiffness tensor (Eq. 9). After
performing requisite orientation averaging to account for
the effect of two-dimensional randomly oriented fibers on
the calculated effective properties (Fisher 2002), the
compliance tensor may be expressed as a 6 3 6 matrix
using Voigt notation. The in-plane effective modulus for
the composite may be expressed as

Table 2.—Physical and mechanical properties of kenaf and neat cured unsaturated polyester.

Properties Data COV (%)a Source

Kenaf fiber bundle

Density (g/cm3) 0.806 Tested at Micromeritics Analytical Services

Elastic modulus (GPa) 19.2 24.6 Measured

Diameter (lm) 78.6 30.0 Measured

Strength (MPa) 260 19.6 Measured

Elongation (%) 1.22 23.6 Measured

Unsaturated polyester

Density (g/cm3) 1.18 0.75 Measured

Elastic modulus (GPa) 3.46 7.1 Measured

Tensile strength (MPa) 24.4 8.2 Measured

Elongation (%) 0.725 9.9 Measured

Poisson ratio 0.37 Pascault 2002

Shear modulus (GPa) 1.26 Calculated, G = E/2(1 þ l)

Polyvinyl acetate

Density (g/cm3) 1.19 Brandrup and Immergut 1989

Elastic modulus (GPa) 1.28–2.26 Mark 2004

Tensile strength (MPa) 29.4–49.0 Mark 2004

Fiber–matrix

Shear strength (MPa) 6.36 26.3 Measured

Critical length (mm) 1.61 Calculated, Lc = ruf r/sum-f

a COV = coefficient of variation.

Figure 3.—Typical stress–strain plots for kenaf bast fiber
bundle (KBFB) and unsaturated polyester (UPE) tensile
specimens.
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Ec =
1

�M11

ð10Þ

In the Self-Consistent method (Hill 1965), it is assumed
that a single ellipsoidal heterogeneity is embedded into an
elastic matrix whose (yet unknown) properties correspond
to those of the effective continuum. Using the Self-
Consistent approach, the fourth-rank stiffness tensor for
the effective continuum may be expressed as (Qu and
Cherkaoui 2006)

�L= L0 þ
X

N

r=1

VrðLr � L0Þ�Tr ð11Þ

where �Tr = [I þ Sr
�L�1(Lr � �L�1)]�1 is the global strain

concentration tensor. The effective stiffness tensor (Eq. 11)
may be determined in an iterative fashion. The fourth-rank
effective compliance tensor, �M, may be determined by
inverting the effective stiffness tensor (Eq. 11), and the
effective in-plane modulus for the composite may be
determined in a fashion similar to that for the Mori–Tanaka
method. Both the Mori–Tanaka and Self-Consistent
methods account for the effect of weak interactions
between adjacent fibers on the bulk composite properties.
While these approaches are best suited for composites with
Vf , 0.5, Mori–Tanaka and Self-Consistent estimates for
Ec were developed in this study for comparison purposes.
Similarly, Voigt upper bound and Reuss lower bound ROM
estimates for Ec were also calculated in order to bound the
range of elastic properties (cf. Agarwal et al. 2006), i.e.,

EcUPR = VfEf þ ð1� VfÞEm ðVoigt Upper BoundÞ
ð12Þ

EcLWR =
EfEm

VfEm þ ð1� VfÞEf

ðReuss Lower BoundÞ

ð13Þ
The predicted tensile moduli by the Halpin–Tsai, m-

ROM, Mori–Tanaka, and Self-Consistent models are plotted
as a function of fiber loadings in Figure 6. The upper and
lower bound ROM estimates for composite tensile moduli
are also plotted for reference purposes; these models are
best suited for predicting unidirectional continuous fiber–
reinforced composite properties. Included in the figure are
experimentally measured tensile moduli for KBFB com-
posites. The relative errors between the predicted and
experimental tensile moduli are summarized in Table 3. The
tensile moduli predicted using the Halpin–Tsai, Mori–
Tanaka, and Self-Consistent models captured the essential
character of the experimental results, although a significant
scatter in observed results exists.

The m-ROM significantly underestimated the experimen-
tal values. Baiardo et al. (2004) and Shibata et al. (2006)
found good agreement between natural fiber–reinforced
composite experimental tensile moduli and computed values
by the m-ROM. Results from this study suggested Halpin–
Tsai, Mori–Tanaka, and Self-Consistent models better
approximated the measured data over the range of fiber
loadings considered here.

Figure 4.—Typical failure modes of kenaf bast fiber bundles (KBFBs) and the neat cured unsaturated polyester (UPE). (a and b)
SEM fracture surfaces of representative KBFB tensile specimens. (c) Fracture surfaces of UPE tensile specimens.
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All models showed that the composite tensile moduli
increased gradually with increasing fiber loadings, while the
m-ROM suggested the lowest dependency of moduli on
fiber loadings (Fig. 6). In this work, fiber loadings as high as
75 percent (vol/vol) still resulted in an improvement in the
natural fiber–reinforced composite tensile moduli.

The predicted composite tensile moduli obtained using
the Halpin–Tsai, Mori–Tanaka, Self-Consistent, and m-
ROM models were insensitive to changes in fiber aspect
ratio in the range 20 to 40 (Fig. 6). Figure 7 contains a plot
of the calculated tensile moduli based on the Halpin–Tsai
model as a function of fiber aspect ratio for a number of
different fiber loadings. As can be seen from the figure (Fig.
7), the composite moduli asymptotically approach a
constant value for a given fiber loading once the fiber
aspect ratio exceeds 15.

As an aside, the differences in the measured and predicted
elastic properties may be attributable to a number of factors
including fiber waviness, poor fiber–matrix adhesion, fiber
crushing, etc. (Fig. 5). Such influences may lead to a
decrease in the experimentally observed elastic moduli and

may contribute to the intrinsic scatter in the experimental
data. Yu et al. (in press) developed Mori–Tanaka and Self-
Consistent models for predicting effective elastic properties
for composites containing hollow wavy fibers surrounded by
an arbitrary number of interphase layers; crushed fibers can
readily be approximated using noncircular fiber cross-
sections. Such approaches may result in an improvement
in the predicted stiffness properties provided that the degree
of fiber waviness, statistical distribution of fiber cross-
section geometries, and fiber–matrix interphase properties
were well characterized for the KBFB-reinforced UPE
composites considered here. This may be the focus of future
work.

Composite tensile strengths were predicted using the
Kelly–Tyson (Kelly and Tyson 1965) and Bowyer–Bader
(Bowyer and Bader 1972) models that incorporated fiber
aspect ratios and loadings. The Kelly–Tyson Model
composite strength model may be expressed as

rc = rfghglVf þ Emecð1� Vf Þ ð14Þ
where rc is the ultimate composite tensile strength, rf is the
fiber tensile strength, Em is the matrix tensile modulus, ec is
the composite ultimate tensile strain, gh is the fiber
orientation factor whose values may lie between 0.167 and
1, and gl is the fiber length factor,

gl = 1� Lc=ð2LÞ; L . Lc ð15Þ

gl = L=ð2LcÞ; L , Lc ð16Þ
where L is the fiber length and Lc is the critical fiber length
in a matrix. When fibers are randomly aligned in a two-
dimensional mat, then gh = 1/3 (Cox 1952).

The critical fiber length, i.e., the length that is necessary
for the maximum stress in the fiber to reach the fiber fracture

Figure 5.—A fracture surface of one kenaf bast fiber bundle–
reinforced unsaturated polyester composite tensile specimen.
(a) Composite failed with fiber breakage (circle) and fiber
pullout (arrow) (Du et al. 2010). (b) A fracture surface at low
magnification (375).

Figure 6.—Kenaf bast fiber bundle (KBFB)–reinforced unsatu-
rated polyester composite experimental and computed tensile
moduli reinforced by KBFBs with aspect ratios of 22, 35, and
43, respectively, from bottom to top (overlapped) versus fiber
loadings based on the modified rule of mixtures (m-ROM),
Halpin–Tsai (H-T), Mori–Tanaka (M-T), and Self-Consistent (S-
C) models. v% = percent by volume.
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stress, rf, may be determined using (Kelly and Tyson 1965):

Lc = rfr=sm�f ð17Þ
where r is the fiber radius and sm-f is the fiber–matrix shear
bonding strength. In this study, the shear bonding strength
was found to be 6.36 MPa. Therefore, the KBFB critical
length with the UPE matrix is 1.61 mm. The average fiber
lengths from each fiber batch were used in the strength
determination. The Bowyer–Bader composite strength
model takes into account variable fiber lengths:

rc = gh

Z Lc

0

sxVx

2r
dx þ gh

Z þ‘

Lc

Efec 1� Efecr

2xs

� �

Vx dx

þ Emecð1� Vf Þ ð18Þ
where r is the radius of fibers and s is the fiber–matrix shear
strength. The volume fraction, Vx, of fibers of lengths x may
be expressed using a two-parameter Weibull distribution
model:

VxðxÞ=
k

k
x

k

� �k�1

exp½� x

k

� �k
� ð19Þ

where k and k are shape and scale parameters, respectively.
The shape and scale parameters were determined from the
lengths of 50 randomly selected specimens from each KBFB
batch. Table 4 summarizes the estimated parameters used in
the composite strength computations.

The predicted composite tensile strengths obtained using
the Kelly–Tyson model and experimental values are plotted
as a function of fiber loading in Figure 8. Both the measured
and predicted strengths increased somewhat with increasing
fiber loadings. The Kelly–Tyson model significantly under-
estimated the observed strengths for composites with
average aspect ratio of 22 (average error,�19%). At higher
fiber aspect ratios (l/d = 35, 43), the predicted strengths
better approximated the observed values (average errors,
�5% and 2.6%, respectively). The measured composite
strengths as well as predicted values obtained using the
Kelly–Tyson and Bowyer–Bader models are listed in Table
5. The Bower–Bader model tended to underestimate the
measured strengths for each aspect ratio (l/d = 22, 35, 43)
with average errors of �32.5, �20.5, and �10.7 percent,
respectively. Similar to the Kelly–Tyson model, the relative

Table 3.—Relative errors between composite experimental and theoretical Young’s modulus values.

Fiber Composite tensile modulus

Aspect ratio

Loading
Experiment, mean

(SD) (GPa)

Predicted (GPa)a

wt% vol% H-T M-T S-C m-ROM

22 56.7 65.8 8.8 (—) 11.5 (31) 10.6 (21) 11.6 (32) 5.2 (�41)

22 59.1 67.9 11.9 (2.99) 11.8 (0) 10.9 (�8) 12.0 (1) 5.3 (�56)

35 60.8 69.4 13.3 (2.22) 12.2 (�8) 11.2 (�16) 12.3 (�8) 5.4 (�60)

35 62.0 70.6 12.3 (2.00) 12.4 (1) 11.4 (�7) 12.5 (2) 5.4 (�56)

43 62.0 70.6 10.3 (1.28) 12.4 (20) 11.4 (10) 12.5 (21) 5.4 (�47)

43 65.3 73.5 12.1 (2.63) 12.9 (6) 11.9 (�2) 13.1 (8) 5.5 (�55)

43 67.7 75.5 12.0 (2.48) 13.3 (11) 12.3 (3) 13.5 (13) 5.6 (�53)

a H-T = Halpin–Tsai; M-T = Mori–Tanaka; S-C = Self-Consistent; m-ROM = modified rule of mixtures. In the predicted tensile modulus, values in
parentheses are relative errors (expressed as percentages) between predicted and experimental values.

Figure 7.—Kenaf bast fiber bundle–reinforced unsaturated
polyester composite theoretical longitudinal tensile moduli
computed by the Halpin–Tsai model versus fiber aspect ratios
at four fiber loading levels. v% = percent by volume.

Table 4.—Estimated scale and shape parameters of fiber
length distributions from three kenaf bast fiber bundle batches.

Shortest Median Longest

k 2.825 2.235 2.509

k 1.932 3.114 3.803

Figure 8.—Kenaf bast fiber bundle (KBFB)–reinforced unsatu-
rated polyester composite experimental and computed tensile
strengths versus fiber loadings. The three curves are computed
by the Kelly–Tyson model for composites reinforced by KBFBs
with aspect ratios of 20, 30, and 40, respectively, from bottom
to top. v% = percent by volume.

FOREST PRODUCTS JOURNAL Vol. 60, No. 7/8 589

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2024-12-26



errors associated with the Bower–Bader model decreased
with increasing fiber ratios.

The measured composite strengths in this study, in general,
increased with increasing fiber loadings up to 75 percent (vol/
vol; Fig. 8). Takagi and Ichihara (2004) reported composite
tensile strengths increased as the fiber loading increased from 0
to 50 percent (wt/wt). Devi et al. (1997) reported increasing
tensile strengths as the fiber loadings increased from 10 to 40
percent (wt/wt). However, decreasing tensile strengths at
higher fiber loadings were also reported (Baiardo et al. 2004,
Shibata et al. 2006, Xue et al. 2007).

Figure 9 shows a plot of the measured composite tensile
strengths as a function of fiber aspect ratio, as well as
calculated values based upon the Kelly–Tyson model for 65,
70, and 75 percent (vol/vol), respectively. The strengths
generally increased with increasing fiber aspect ratios as
well as fiber loadings. The calculated results suggest that the
composite strength values asymptotically approach a
constant value for a given fiber loading as the aspect ratio
becomes large (corresponding to the continuous fiber
solution). Further investigation on the effect of fiber aspect

ratio on composite tensile strengths is needed due to the lack
of experimental results at fixed fiber loading levels.

Summary and Conclusions

Tensile properties of KBFB-reinforced UPE composites
with high fiber loadings up to 75 percent (vol/vol) were
studied. Both composite tensile moduli and strengths
consistently increased with increasing fiber loading. The
measured composite tensile moduli correlated reasonably
well with predictions obtained using the Halpin–Tsai, the
Mori–Tanaka, and the Self-Consistent models. The mea-
sured and calculated composite tensile moduli were
insensitive to fiber aspect ratios in the range of 22 to 45.
Composite tensile strengths were reasonably computed by
the Kelly–Tyson model at higher fiber aspect ratio levels. In
general, composite strengths increased with both increasing
fiber aspect ratio and loadings. This study confirms that high
fiber loading in natural fiber–reinforced composites can
result in improved composite tensile properties, while
reducing composite material costs due to lower petroleum-
based polymer content. With increased improvement in
mechanical properties, natural fiber composites may be
viable replacement materials for traditional glass fiber
composites in automotive structural applications.
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