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The tensile strength and Young’s modulus of sisal fibre bundles were determined following
alkalisation. The results were then analysed with respect to the diameter and internal structure
such as cellulose content, crystallinity index and micro-fibril
angle. The tensile strength and stiffness were found to vary with varying concentration of
caustic soda, which also had a varying effect on the cell wall morphological structure such as
the primary wall and secondary wall. The optimum tensile strength and Young’s modulus were
obtained at 0.16% NaOH by weight. The stiffness of the sisal fibre bundles obtained using the
cellulose content also referred to as the micro-fibril content was compared with the stiffness
determined using the crystallinity index. The stiffness obtained using the crystallinity index was
found to be higher than that obtained using the cellulose content however, the difference was
insignificant. Alkalisation was found to change the internal structure of sisal fibres that
exhibited specific stiffness that was approximately the same as that of steel. These results
indicates that the structure of sisal fibre can be chemically modified to attain properties that will
make the fibre useful as a replacement for synthetic fibres where high stiffness requirement is
not a pre-requisite and that it can be used as a reinforcement for the manufacture of composite
materials. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
There is an increasing interest in research for in-depth
understanding of the structure-property characteristics of
plant fibres. This entails how this relationship can be tai-
lored to meet requirements that would suit certain func-
tionalities. Reinforcement for polymers is an area where
research has concentrated in recent years. The bench mark
for the required properties has been areas where synthetic
fibres are dominating particularly in composite materials.
However, optimum properties in synthetic fibre reinforced
composites tested in tension can only be acquired for uni-
directional lying of the fibres.

The unidirectional arrangement of plant fibres in com-
posites is complicated by the existence of the inherent
composite nature they possess [1] thus necessitating the
need for research to study this unique structure. It has
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been demonstrated in literature that there exist a strong
correlation between the structure and properties of plant
fibres. For instance, the strength is said to be attributed
to the rigidity and high molecular weight of cellulose
chains, intermolecular and intramolecular hydrogen
bonding and fibrillar and the crystalline structure of the
fibres [2]. The strength and stiffness of fibres have also
been shown to be dependent on the crystallinity index
and micro-fibril angle.

McLaughlin and Tait [3] have showed that strain is more
dependent on the micro-fibril angle and that it increases
with increase in the micro-fibril angle. Fibres with higher
cellulose content have also been found to be stronger than
those with low cellulose content as long as their micro-
fibril angle is small. Sisal fibre with a micro-fibril angle
between 10–22 and cellulose content of over 70% [4, 5]
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exhibit inferior mechanical properties to hemp and flax
fibres, which have micro-fibril angles of less than 7◦ and
cellulose content of over 90% [6].

The above-mentioned characteristics make the fibres
attractive materials for end uses such as reinforcements
for polymeric materials. The mechanical properties reflect
the orientation of the micro-fibrils, which are inclined at
an angle to the cell axis.

1.1. Modelling the stiffness of the cellulose
cell wall

There is a strong correlation between the micro-fibril
angle (θ) and the Young’s modulus of the fibres.
Models indicate that fibre stiffness is influenced by the
spiral angle of the crystalline fibrils as well as the concen-
tration of non-crystalline materials [7, 8]. These structural
parameters vary between the different types of natural fi-
bre accounting for some of the variations in reported fibre
properties. The effect on the mechanical properties of in-
creased micro-fibril angle plays an important role when
determining the mechanical properties of fibre-reinforced
composites. It is necessary to measure the alignment of
micro-fibrils applied to plant fibres to the direction of the
force especially in determining tensile properties, bearing
in mind that plant fibres exhibit significant mechanical
anisotropy. A theoretical analysis of the way a fibre be-
haves when stretched may in practice represent the be-
haviour of fibre-reinforced composites when determining
their mechanical properties. In this case a uniform strain
theory has been used to obtain an estimate of the stiffness
of the entire arrangement in both the fibre and the cell
wall composite material. The theory uses an assembly of
springs tied together so that they all receive the same dis-
placement µ under a tensile load F as shown in Fig. 1. The
theory is based on the work of Bodig and Jayne [9]. µ̄ and
F̄ is the mean displacement and load on the micro-fibrils
respectively. K1 and K2 are the micro-fibril constants.

The overall stiffness of the system of the fibre in the
fibre axis is given by Equation 1.

k̄ =
∑

Ki cos2 θi (1)

Figure 1 Arrangements of a uniform elastic deformation model in the plant
fibre cell wall.

If k̄ = overall stiffness of the fibre (Ef ) and Ki is the stiff-
ness of the micro-fibrils (Es) then Equations 1 becomes
2.

E f = ES cos2 θ (2)

Equation 2 gives the longitudinal Young’s modulus of
plant fibres measured in tension. Efforts are being made
to determine the transverse Young’s modulus of plant fi-
bres but this is not covered here. However, Cichocki and
Thomason [10] used an environmental scanning electron
microscopy (ESEM) equipped with a load frame to mea-
sure the Young’s modulus of a carefully sectioned array of
wood cells in the transverse direction. Their measurement
indicated that the transverse Young’s modulus varied with
the type of wood used and was less than the longitudinal
Young’s modulus [9].

1.2. Modelling of the cell wall as a composite
material

Since both the crystalline and non-crystalline region will
deform, the applied load is shared between these two
components just as is the case with the composites. The
determination of stiffness properties of plant fibres can be
predicted by using the rule of mixtures (ROM). For in-
stance, Equation 3 is used to estimate the stiffness or mod-
ulus of elasticity of the plant fibre cell wall [11, 12] along
the fibre axis. The effective modulus of the fibre (Ef ) is
given in terms of the amounts of participating components
present in the fibre. The ROM takes into consideration the
masses of the crystalline and non-crystalline cellulose to
determine the stiffness of the composites (Equation 3).

E f = Vc Ec cos2 θ + Vnc Enc (3)

where, Ec and Enc are the moduli of crystalline and
non-crystalline regions and Vc and Vnc are the vol-
ume fractions of crystalline and non-crystalline regions.
Kulkarni et al. [11 ] reported elastic moduli of the
crystalline and non-crystalline regions for vegetable fi-
bres as 45 GPa and 3 GPa respectively. When ba-
nana fibre was tested at a micro-fibril angle of 12◦
and 11◦, with a fibre diameter of 100 µm with vol-
ume fractions of 0.65 and 0.35 for crystalline and
non-crystalline components respectively, the modulus
values obtained using Equation 3 compared well with the
practical modulus values obtained by Kulkarni et al. [11]
when determining the mechanical properties of banana
fibres Musa sepientum. Mukherjee et al. [12] performed
similar work on sisal fibre tested at different test gauge
lengths and speeds and the results obtained were compa-
rable to the theoretical predictions.
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1.3. Fibre modifications
The main requirement for reinforcement is to use stiff
fibres and a well-bonded fibre-matrix interface with the
ultimate aim of reaching the stiffness of conventional syn-
thetic reinforcement such as carbon and glass fibres. In
plant fibres these requirements are partially attained by
alkali treatment.

Sisal fibres possess surface impurities such as wax
and natural oils and sometimes processing oils can also
be deposited at the surface. Bleaching and/or scour-
ing using solvents can remove these surface impuri-
ties. Several fibre modification processes in textile man-
ufacturing require the removal of these surface impu-
rities to improve lustre and dye uptake. In compos-
ite manufacture removal of surface waxy materials im-
proves mechanical interlocking and reactivity with the
resins thus developing strong interfacial adhesion. Cel-
lulose forms the main structural constituent of plant
fibres and contributes immensely to the mechanical
properties of plant fibres. Other components such as
lignin and hemicelluloses play an important part in the
characteristic properties of the fibres. Toughness, that
is the tendency of plant fibres to absorb energy in im-
pact, is decreased with a decreasing amount of lignin
and/or hemicelluloses while at the same time the strength
and stiffness of the fibre is increased up to a limit.
The development of fibre-reinforced composites favours
the use of stiff fibres for reinforcement of polymeric
materials.

Removing lignin and hemicelluloses thus leaving stiffer
cellulose can produce stiff plant fibres. The removal of
hemicelluloses leaves a less dense and less rigid interfib-
rillar region allowing the fibrils to re-arrange along the
fibre major axis [12]. Stretching the fibre results in better
load sharing by the fibrils hence higher stress develop-
ment in the fibre. On the other hand, softening of the
interfibrillar matrix adversely affects the stress transfer
between the fibril and thereby the overall stress devel-
opment in the fibre under tensile deformation. Remov-
ing the lignin makes the middle lamella joining the ul-
timate cells become more plastic and homogeneous due
to the gradual elimination of micro-voids whereas the
ultimate cells themselves are only slightly affected. The
rearrangement of the fibrils along the fibre axis and the
resulting homogeneity of the ultimates lead to a pack-
ing order with increased crystallinity index for the plant
fibres. Physical methods such as heating/drying can be
applied to plant fibres to remove hemicelluloses, which
are sensitive to high temperatures. The steam explo-
sion technique is another method commonly used to
produce clean fibres. Several chemical methods have
been applied to modify plant fibres and these are dis-
cussed in the following sections together with physical
methods.

In this work sisal fibre bundles that have been alka-
lised have been tested in tension and the results compared
with conventional synthetic fibre reinforcements to assess
the potential of sisal fibre as an alternative to synthetic

fibres. Also, the theoretical stiffness of plant fibres has
been predicted and results compared with experimental
values.

2. Experimental methods
Sisal fibre used in this work was kindly supplied by the
TBC (1998) Limited Tanzania. No specifications were
available regarding the physical characteristics of the sup-
plied fibres such as staple length, density, diameter and
processing conditions. Sodium hydroxide pellets of 98%
strength and glacial acetic acid were supplied as gen-
eral laboratory reagents. Fibre were weighed and soaked
in concentrations of 0.03, 0.08, 0.16, 0.24 and 0.32%
sodium hydroxide for 48 h. They were washed in distilled
water to which drops of glacial acetic acid were added
to neutralise excess sodium hydroxide. They were then
dried and placed in conditioning chambers for at least
48 h.

The diameter was determination using the scanning
electron microscopy (SEM) and image analysis tech-
niques the surface morphology analysis of un-fractured
and tensile fractured fibres was performed using the SEM
[6]. The cellulose content of plant fibres was calculated
using a combination of the bulk, absolute and cellulose
densities using Equation 4. A full description of the way
densities were determined is provided in our earlier pub-
lications [13] and will not be repeated in this paper.

Z =
[

2

(
ρb

ρa
+ ρa

ρcell

)
− ρb

ρcell
− 2

]
100 (4)

where ρa, ρb, ρcell and Z are the absolute, bulk (apparent),
cellulose densities, and cellulose content respectively.

The Instron tensile tester was used to determine the
tensile properties. Thirty two specimens were tested in
each case and results analysed.

3. Results and discussion
3.1. Surface topography and transverse

sections
Figs 2a and b shows longitudinal and cross sectional views
respectively of untreated sisal fibre bundles. Node-like
cell materials indicated by arrows are seen holding to-
gether adjacent ultimate fibres. The cross sectional view
(Fig. 2b) shows small and large lumens each represent-
ing a single ultimate fibre of hexagonal shape examples
of which are shown by arrows. Following 0.24% NaOH
treatment (Fig. 3a) the loose materials at the node-like
cell wall features connecting the fibres is reduced in size
implying that it has been dissolved by caustic soda. It
is believed that these loose materials are part of the pri-
mary cell wall, which is highly soluble in caustic soda.
The cross sectional view of the 0.24% NaOH treated sisal
fibre bundles (Fig. 3b) shows ultimate fibres that are be-
ginning to separate from one another (see arrows) It is
the ultimates with wider lumen where the separation is
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Figure 2 (a) Longitudinal and (b) cross sectional view of untreated sisal
fibre.

visible than ultimates with narrow or closed lumen. It
is possible that outward swelling is due to the depoly-
merisation of the densely packed crystalline region in
the S2 layer, which constitutes the main part of the cell
wall.

Figs 4a and b show longitudinal and cross sectional
views of 16% NaOH sisal fibres bundles. The longitudinal
view shows open spiral vessels winding along the fibre
length and is considered to be pathways for fluids in the
sisal leaf. Clean individual ultimate fibres are visible. The
absence of node-like cell wall materials indicates that
the primary wall has been completely removed by caustic
soda treatment. Binding materials such as lignin have been
removed and hemicelluloses have been dissolved. The
cross sectional view of the 16% NaOH treated sisal fibre
(Fig. 4b) shows ultimate fibres with clear boundaries of
adjacent cells some of which are beginning to separate
(see arrows). The cells this time exhibit inward swelling
and that in some of them the hexagonal shape has started
to disappear. This implies that caustic soda has attacked
and started to depolymerise the crystalline region in the
S3 layer. The differences in swelling within the cell wall

Figure 3 (a) Longitudinal and (b) cross sectional view of 0.24% NaOH
treated sisal fibre.

will have significant impact on the mechanical properties
of sisal fibres.

3.2. Effect of the fibre diameter
Following alkalisation the dependence of mechanical
properties on the diameter of sisal fibre bundles is il-
lustrated in Fig. 5. The diameters and tensile properties
of untreated and alkali treated sisal fibre bundles were
determined as described in Section 2.

The high strength and modulus (Figs 5 and 6 respec-
tively) of small diameter fibre bundles is understandable
since, in the limit, a single unbroken chain of cellulose
molecules must be approaching the theoretical tensile
strength of bonds between atoms. It is observed that the
separation of ultimate fibres is optimised at around 0.16%
NaOH (Figs 5 and 6). The increase in diameter and the
drop in tensile strength (Fig. 5) and Young’s modulus
(Fig. 6) between 0% NaOH and 0.03% NaOH are due to
the degradation of the primary wall. This level of caustic
soda concentration (0.03% NaOH) will have a bleaching
effect and will remove all the impurities on the surface
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Figure 4 (a) Longitudinal and (b) cross sectional view of 16% NaOH
treated sisal fibre.

of the fibre. Beyond 0.03% NaOH pectin is degraded and
removed together from the cell wall causing separation
of the ultimate fibres thus decreasing the diameter of the
bundle. The closely packed crystalline region in the sec-
ondary wall (mainly S1 and S2) starts to open and exhibit
improvement in the packing order of the crystalline re-
gion. Most of the lignin is removed between 0.03% NaOH
and 0.16% NaOH without causing significant swelling of
individual ultimate fibres.

The increase in the tensile strength and Young’s mod-
ulus between 0.03% NaOH and 0.16% NaOH is firstly
due to the removal of lignin, secondly and most impor-
tant it is due to the decreased in diameter of the bundle.
The increase in diameter of sisal fibre bundles between
0.16% NaOH and 0.24% NaOH is due to the swelling of
the cell wall that occur mainly in the S2 layer accompa-
nied by degradation of the crystallites and increase in the
amorphous regions. These changes in the S2 layer cause
decrease in the tensile strength and Young’s modulus of
the sisal fibre bundles (Figs 5 and 6). Increase in the tensile
strength between 0.24% NaOH and 0.32% NaOH is due to

Figure 5 The strength of sisal fibre bundles with respect to fibre bundle
diameter.

Figure 6 The modulus of sisal fibre bundles with respect to fibre bundle
diameter.

improved packing of the crystalline region in the S3 layer
of the cell wall together with densification in the S2 layer.

The degradation of the cell wall, appear progresses in-
wardly, from the primary wall towards the secondary wall,
as shown in Scheme 1 below.

Primary wall → S1 → S2 → S3

Scheme 1 Hypothetical pathway model of progressive
swelling of the cell wall following alkalisation.

The rate of absorption of NaOH solution and the com-
pactness of the crystalline cellulose in the four layers is
shown in Scheme 1. The equilibrium at which the ab-
sorption will occur will be different from one layer to
another until an overall equilibrium is attained. The me-
chanical properties of alkalised fibres will depend on the
concentration of NaOH and on the sorption time.

3.3. The effect of cellulose content
Figs 7 and 8 shows the effect of cellulose content on the
tensile strength and Young’s modulus of alkalised sisal
fibre bundles. Following 0.08% NaOH treatment sisal fi-

2501



Figure 7 The effect of cellulose content on the tensile strength of sisal fibre
bundles.

Figure 8 The effect of cellulose content on the Young’s modulus of sisal
fibre bundles.

bre bundles exhibits a decrease in cellulose content of
about 13% that in turn causes increase in tensile strength
of about 11%. The decrease in cellulose content and in-
crease in tensile strength between untreated and 0.08%
NaOH treatment is believed to be due to the degrada-
tion of the primary wall and improved packing order of
crystallites mainly in the S1 layer. However, increase in
the cellulose content between 0.08% NaOH and 0.16%
NaOH is due to the decrease in the non-cellulose ma-
terials present in the primary wall and the S1 layer. At
this stage the packing order of crystalline region in the
S2 layer is increased resulting in approximately 64% in-
crease in the tensile strength (Fig. 7) and 53% increase in
the Young’s modulus (Fig. 8). Mukherjee et al. [12] and
Murkhejee [14] reported the correlation of the increase in
the amorphous cellulose following caustic soda treatment
at the expense of a decrease in the crystalline cellulose.
Also following alkalisation, release in the strain occurs in
the crystallites, which results in improved packing order
along the longitudinal direction of the fibre [8] with the
subsequent increase in mechanical properties.

3.4. The effect of crystallinity index
Following alkalisation of the sisal fibre bundles both the
tensile strength (Fig. 9) and Young’s modulus (Fig. 10)
show the same pattern of changes in the crystallinity in-
dex with respect to changes in the concentration of caus-
tic soda, and the effect these changes has on the tensile
strength and Youmg’s modulus of the fibres. The crys-
tallinity index is calculated using Equation 5 [15].

IC =
(
I(002) − I(am)

)

I(002)
× 100 (5)

where IC, I(002) and I(am) are the crystallinity index, reflec-
tion at 002 due to crystalline cellulose and the reflection
due to amorphous regions respectively. The increase in the
crystallinity index between untreated and 0.03% NaOH
treated sisal fibre is caused by a decrease in pseudo amor-
phous material. The 0.03% NaOH concentration is not
strong enough to cause significant swelling of the cell
wall but sufficient to remove non-cellulose (impurities)
on the surface of the fibre including the primary wall. The

Figure 9 The dependence of tensile strength of sisal fibre bundles on the
crystallinity index.

Figure 10 The dependence of Young’s modulus of sisal fibre bundles on
the crystallinity index.
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X-ray will record the pseudo and genuine amorphous ma-
terials as amorphous regions. However, because part of the
primary wall is degraded, it will result in a decrease in the
tensile strength (Fig. 9) and Young’s modulus (Fig. 10),
partly because the crystalline cellulose in the primary wall
will have not formed ordered crystalline regions.

Increasing the concentration of caustic soda beyond
0.03% and up to 0.16% degrades crystalline regions de-
creasing the intensity of the 002 reflection whilst increas-
ing amorphous regions [15]. These changes in the crys-
talline regions with respect to changes in caustic soda
concentration cause improvement in the crystalline pack-
ing order. It is worth pointing out that it is the S1 and S2

cell wall layers that are mostly affected between 0.03%
NaOH and 0.16% NaOH concentrations. The packing or-
der of the crystalline regions in S2 layer is optimised at
0.16% NaOH beyond which the crystalline cellulose de-
grades without significant improvement in the packing or-
der causing a decrease in the tensile strength and Young’s
modulus up to 0.24% NaOH. Increasing the concentration
of caustic soda to 0.32% results in slight increase of the
amorphous regions in the S2 layer and improvement in the
packing order in the S3 followed by consolidation of the
crystalline regions which in turn causes increase in the
tensile strength (Fig. 9) and Young’s modulus (Fig. 10).
It has been reported that following alkalisation sisal fibre
exhibit different degradation profile across the cell wall
[16] and that the primary wall including part of the S1

layer are plasticised. The inner layer which constitutes
the S2 and S3 layer and is not plasticized. This different
reaction of the sisal fibre cell wall to caustic soda treat-
ment have been exploited to develop self-reinforced sisal
fibre composites where the outer plasticized layer func-
tions as the binding materials to the not plasticised inner
layer which acts as the reinforcement [16].

3.5. The effect of the micro-fibril angle
The initial postulated stiffness model of the micro-
fibril inclined at an angle θ to the fibre major axis
has been presented in Equation 2. The general equa-
tion for the stiffness of plant fibres is has been fully ex-
plained in a previous publication [6]. For the purpose of
determining the micro-fibril angle of sisal fibre bundles
Equation 3 is modified to obtain Equation 6. The micro
fibrils are arranged in fabric-like layers known as lamellae,
which exhibit alternately either a Z or S winding direction
[7]. Using Equation 6 an estimate of the micro-fibril angle
θ was determined:

θ = Cos−1

√(
E f − (1 − VS)EL

VS ES

)
(6)

where, VS, ES and EL are volume fraction, elastic modulus
of micro-fibrils and elastic modulus of non-crystalline
regions (mainly lignin).

Only the micro-fibril angle of untreated fibres was de-
termined (19.7◦) and this is shown in Table I.

In order to evaluate the elastic moduli of the micro-
fibrils it was assumed that following alkalisation (a) the
micro-fibril angle and (b) the stiffness of the non-cellulose
material remain the same. It is worth noting that caustic
soda does not degrade lignin hence validating the second
assumption. While the first assumption may not strictly be
valid, combined with the second assumption acceptable
results for the stiffness of the fibre and cellulose content in
untreated and alkali treated sisal fibre bundles are obtained
and are shown in Table I.

Table I indicates that the stiffness of the fibre (Ef ) is
approximately 31% lower than the stiffness of the micro-
fibrils (cellulose). The decrease in the stiffness of the fibre
from that of the micro-fibrils is the result of resolving
the forces with respect to the angle of inclination to the
longitudinal axis of the fibre and the presence of the non-
cellulose materials mainly lignin. Table I also shows the
micro-fibril angle (19.7◦) that is within and close to the
higher values reported in literature [9, 12]. The variation in
the micro-fibril angle between experimental and literature
value is also attributed to differences in the environmental
testing conditions.

Using the stiffness model of plant fibres (Equation 3)
and the physical and structural properties of sisal fibre
bundles [12] including the literature values of the stiffness
of lignin, 3.0 and 3.4 GPa, reported by Kulkarni et al.
[11] and McLaughlin and Tait [3] respectively. Estimates
of the elastic moduli (ES) of the micro-fibrils (ES is also
referred to a EZ) were determined as a function of firstly
cellulose content (Z) and secondly crystallinity index (Z)
and are shown in Table II. The stiffness of the micro-fibrils
(ES) obtained using the cellulose content and the stiffness
of the micro-fibrils obtained using the crystallinity index
were obtained using Equations 7 and 8 respectively.

ES = EZ

[
E f − (1 − VZ )EL

VZ Cos2θ

]
(7)

EI =
[

E f − (1 − VI )EL

VI Cos2θ

]
(8)

where, VZ , VI are volume fraction of cellulose content and
crystallinity index respectively.

Equations 7 and 8 were developed and used to deter-
mine the stiffness of the micro-fibrils with respect to the

T AB L E I . Estimate of the micro-fibril angles of untreated sisal fibre
bundles as a function of cellulose content (Z)/micro-fibril content

Fibre type Sisal

VZ 0.7774
EZ (GPa) 24.06
Ef (GPa) 18.37
θ (◦) 19.7
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Figure 11 The stiffness of micro-fibrils of sisal fibre bundles with respect to crystallinity index and cellulose content.

cellulose content and crystallinity index of the sisal fibre.
Fig. 11 was used to illustrate the difference in the stiffness
with respect to the cellulose content (micro-fibril content)
and crystallinity index. It was observed that untreated sisal
fibre exhibits higher stiffness using the crystallinity index
than using the cellulose content. However, following alka-
lisation, the stiffness obtained using the cellulose content
(micro-fibrils) become higher than the stiffness calculated
using the crystallinity index, implying that as the concen-
tration of the caustic soda is increased the crystallites
becomes more ordered with a decrease in the micro-fibril
angle. Several researchers have reported that fibres with
lower micro-fibril angle exhibits higher stiffness than fi-
bres with higher micro-fibril angle [7, 11–13].

The moduli EI and ES reaches a maximum at 0.16%
NaOH with insignificant variation when the stiffness val-
ues are approximated to whole number integer. At higher
concentration of caustic soda the stiffness obtained using
the crystallinity index is higher than that obtained using
the cellulose content due to the consolidation of the crys-
tallites as the non-cellulose materials are removed.

The micro-fibril angle used in this work was that calcu-
lated using untreated fibres. However, it will change with
changes in the concentration of caustic soda used to treat
the sisal fibres.

Table II shows that the elastic modulus (EI) values of
the crystalline material determined using the crystallinity
index (Equation 8) are higher than values of elastic mod-
ulus (ES) determined using the micro-fibril or cellulose
content (volume fraction of cellulose) (Equation 7). This

T AB L E I I . The stiffness of the micro-fibrils of sisal fibre bundles
calculated as a function of crystallinity index (I) and cellulose content (Z)

Treatment (%
NaOH) 0 0.03 0.08 0.16 0.24 0.32

EI (GPa) 26.38 18.26 24.60 41.36 23.36 29.35
EZ (GPa) 24.06 20.34 27.62 40.53 24.81 25.77

indicates that crystallinity index is a better measure of the
plant fibre’s stiffness than cellulose content.

The results also show that the lower stiffness val-
ues obtained using the cellulose content is a result of
the presence of tiny air pockets [17] and the lignin
content and hemicelluloses which reduce stiffness. The
stiffness values obtained in Table II are close to stiffness
values obtained by McLaughlin and Tait [3] and Kulkarni
et al. [11] using bowstring hemp (Sansevieria metallica
Géróme and Labroy) and banana (Musa sepintum) fibres
respectively.

3.6. The effect of caustic soda on tensile
properties

The effect of alkali treatment on the mechanical prop-
erties of sisal fibre bundles was studied. The nature and
texture of the fibre bundles are not the same in their natu-
ral or alkalised states. For instance, the average diameter
and density of the untreated and alkali treated sisal fibre
bundles have previously been found not to be the same
[18]. These factors will affect the mechanical properties
of the fibres, which exhibit large variations in mechanical
properties.

Figs 12 and 13 shows the tensile strength and Young’s
modulus of untreated and alkalised sisal fibre bundles. A
decrease in tensile strength and Young’s modulus with
increase in the concentration of caustic soda up to 0.03%
NaOH is observed. Beyond this concentration the strength
and stiffness increases sharply and reaches a maximum at
0.16% NaOH and then falls. The fall in tensile strength
and Young’s modulus between 0.16% NaOH and 0.24%
NaOH is due to the degradation of the crystalline cellulose
in the S2 layer. The tensile strength and Young’s modulus
increase slightly between 0.24% and 0.32% NaOH due to
densification of the crystalline cellulose.

The tensile strength versus Young’s modulus of sisal
fibre bundles has been plotted and is shown in Fig. 14. A
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Figure 12 Tensile strength of untreated and alkalised sisal fibre bundles
with respect to caustic soda concentration.

Figure 13 Young’s modulus of untreated and alkalised sisal fibre bundles
with respect to caustic soda concentration.

regression line through the data points is shown and an
equation (Fig. 14 inset) has been provided where E and S
are the Young’s modulus and tensile strength respectively.
The linear relationship of the plots illustrates the theoreti-
cal model available in literature [18, 19]. The variation of
the scatter of the points (Fig. 14) is not significant indi-
cating good test control and that the fibre’s weak places,
which would result in stress concentrations, are evenly
distributed and minimal.

3.7. Comparison between sisal, steel and
synthetic fibres

The specific modulus is plotted for untreated and alkali
treated sisal fibre bundles and high-performance fibres
(Fig. 15) namely Kevlar 29, Carbon Type II, E-Glass and
steel fibres. The specific modulus of untreated sisal fibre
bundles is approximately 86% and 93% less stiffer than
that of steel and E-glass respectively. Sisal fibre bundles
treated at 0.16% caustic soda concentrations exhibit about
8% and 13% less specific modulus than steel and E-glass
respectively

Following alkalisation the specific modulus of sisal fi-
bre bundles increases significantly. This implies that for

Figure 14 Young’s modulus vs Tensile strength of untreated and alkalised
sisal fibre bundles.

Figure 15 Specific Young’s modulus versus untreated and 0.16% NaOH
treated sisal fibre bundles and some man-made fibres.

sisal fibre to compete with steel and E-glass fibres its
internal structure need to be modified using caustic soda

However, the good performance of the synthetic fibres
is mainly due to their well engineered structure such as
linearity and very small diameter compared to plant fibre
bundles, which possess a hollow non-linear molecular
structure coupled with the presence of natural and pro-
cessing defects along the fibre length. These results show
that plant fibres can provide useful replacements for steel
and synthetic fibres where specific stiffness is not a critical
requirement.

3.8. Fracture surface topography of the fibre
bundles

Sisal fibres have been found to consist of bundles of single
ultimate cells as indicated in the SEM micrographs Figs 2–
4 and also examined in this section. The fibres contain cell
wall layers with the lumen space (indicated by arrows) at
the centre. The fracture mechanism of plant fibres bun-
dles has been well documented by McLaughlin and Tait
[3], Kulkarni et al. [11] and Morton and Hearle [7]. Some
authors have reported the fracture mechanism of plant
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Figure 16 SEM micrograph of untreated sisal fibre bundle fractured in
tension.

fibres when used as reinforcement for polymeric resins
[20, 21]. In all these studies plant fibres show a fibrillar
splitting and buckling fracture characteristics. Dinwoodie
[22] and Davies and Bruce [23] carried out a study on
micro-compressions in wood and flax fibres respectively
and found that damaged fibres had lower tensile strengths
and moduli. In this research the inherent (nodes) and pro-
cessing defects in sisal fibre bundles are seen as the major
sites for failure initiation in tensile loading. Figs 16–18
shows SEM micrographs of sisal fibre bundles fractured
in tension.

Fig. 16 shows a brittle fracture of untreated sisal fibre
bundle and cell wall delamination. Fibre pull-out is ob-
served in the outer part of the bundle, which indicates
lack of sufficient binding material (mostly lignin). The
fracture failure at the centre of the bundle exhibit less fi-
bre pull-out indicating the presence of sufficient binding

Figure 17 SEM micrograph of o.03% NaOH treated sisal fibre bundle
fractured in tension.

Figure 18 SEM micrograph of 0.08% NaOH treated sisal fibre bundle
fractured in tension.

material. Fractured fibre bundles also exhibit insignificant
fibril splitting and more ultimate fibre buckling.

Furthermore, the failure of the sisal fibre bundle is not
at the same stress level indicating the presence of cell
wall defects along the fibre, which then develops stress
intensities leading to failure.

Fig. 17 shows brittle fracture of 0.03% NaOH treated
sisal fibre bundle. The fracture mechanism is similar to
that exhibited by the untreated sisal fibre bundle (Fig. 16),
however, in this case separation of the ultimate fibres
occurs in the outer part of the bundle. This indicates the
removal of surface impurities and degradation of binding
material in the outer part of the bundle. Fibre splitting
is in the form of layers, which implies that the binding
material between the layers has been degraded following
alkalisation. The amount of fibres buckling (Fig. 17 B-
arrow) due to the fracture is approximately the same as
the amount of fibril buckling (Fig. 17 F-arrow).

Fig. 18 shows brittle fracture of 0.08% NaOH treated
sisal fibre bundle. The fibre bundles consists outer layer
covering the ultimate fibres. The outer layer exhibits clean
surface with shallow ridges and troughs which are signs of
ultimate cell morphological configuration. The outer layer
is believed to be the result of a plasticized primary wall
(Fig. 18 P-arrow), which can be used as binder material
for the inner (core) layer to produce a self-reinforced sisal
fibre composite [16].

Pull-out of the ultimate fibres occurs around the outer
part of the bundles indicating that the binder material
has been degraded following alkalisation. Ultimate fibres
around the outer part of the bundle also exhibit buckling
following fracture and insignificant splitting of the fibrils
is observed. The minimal splitting of the fibres into fibrils
is an indication of bulking of the cell wall and that the
strain in the micro-fibrils has been relaxed.

Fig. 19 shows a fracture surface of 0.16% NaOH treated
sisal fibre bundle. Fibre pull-out and buckling are ob-
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Figure 19 SEM micrograph of 0.16% NaOH treated sisal fibre bundle
fractured in tension.

served but to a lesser extent compared to fibres that have
been treated using 0.08% NaOH. There a is noticeable
absence of splitting of the single cells into fibrils and in-
dividual ultimate fibres at the centre of the bundle have
fractured almost at the some level. This indicated that
0.16% NaOH has degraded the binding material, pene-
trated the cell wall and improved the packing order of the
crystalline region. This re-organisation of the crystalline
region will have significant increase in the tensile strength
and Young’s modulus of the sisal fibres.

Fig. 20 shows a 0.24% NaOH treated sisal fibre bundle
fractured in tension. The ultimate fibres show significant
swelling of the cell wall and have fractured at the same
level. Minimal fibril splitting and buckling is observed
indicating the relaxation of the strain in the micro-fibrils.
Also the uncoiling of the spiral structure, indicated by
an arrow (Fig. 20), is exhibited. The significant swelling
of the cell wall and the uncoiling of the spiral structures

Figure 20 SEM micrograph of 0.24% NaOH treated sisal fibre bundle
fractured in tension.

Figure 21 SEM micrograph of 0.32% NaOH treated sisal fibre bundle
treated in tension.

will impart a decrease in the tensile strength and Young’s
modulus of the sisal fibre bundle.

Fig. 21 shows a 0.32% NaOH treated sisal fibre bun-
dle fractured in tension. The layer that was exhibited in
Fig. 18 which was due to the plasticisation of the primary
wall following 0.08% NaOH treatment is not observed.
The absence of the plasticised material in Fig. 21 is an
indication that caustic soda concentrations higher than
0.08% are not suitable for producing a plasticised outer
layer binding material on sisal fibres.

Alkalised sisal fibre bundles at different caustic soda
concentrations show different failure profiles and the frac-
ture in these cases occurs at the same stress level, which is
an indication together with reasons provided in previous
sections that most of the weak points have been eliminated
and/or uniform distribution of crystallites is attained. This
is expected because alkalisation in plant fibres swells the
fibre cell wall allowing the rearrangement of the crystal-
lites into a well-ordered state thus reducing the number
of weak places. By reducing the weak places the stress is
then evenly distributed along the fibre length. The buck-
ling and unravelling of ultimate fibres seen in sisal fibre
bundles treated using low caustic soda concentration, seen
in Figs 17 and 18 are an indication of the uncoiling of the
micro-fibrils and the presence of the strain in the fibrils
[6, 11].

4. Conclusions
The internal structure of sisal fibre can be modified using
caustic soda up to a limit in order to improve its perfor-
mance. The SEM micrographs of untreated and alkalised
sisal fibres show rough and void regions between indi-
vidual fibre cells. The study has shown that the tensile
strength and Young’s modulus of sisal fibre bundles de-
pends on the physical characteristics of its internal struc-
ture such as the cellulose content, crystallinity index and
micro-fibril angle. The introduction of a rough surface will
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facilitate mechanical interlocking with the resin-matrices
resulting in enhanced interface while improved packing
order of the crystalline regions following alkalisation in-
creases the tensile strength and stiffness of the sisal fibre
making it suitable as reinforcement for the manufacture
of composites.
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