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Abstract
In this research, the physico-mechanical properties of epoxy/baobab nano-composite were studied. The fiber was treated with
sodium hydroxide and the effect of fiber loading; 0 wt%, 10 wt%, 20 wt%, 30 wt%, 40 wt% and 50 wt% has been reported.
95.58% of the baobab fiber had particle distribution of falling between 10 and 100 nm. The fabrication of the composite
was by casting on a glass mould and cold curing for 24 h at 25 °C. The result showed optimum mechanical properties with
10 wt% filler loading. Hardness and water absorption increased as the filler loading increases from 10 to 50 wt%. Abrasion
resistance also improved with filler loading up to 30 wt%, and then dwindled significantly with 40 wt% and 50 wt% of the
filler. Consequently, the sample with 10 wt% filler had the highest tensile strength of 48 MPa; while, sample with 50 wt% of
filler had least tensile strength of 20.9 MPa. Again, impact strength result showed that the sample with 10% wt had superior
impact strength of 0.45 J/mm. Scanning electron microscopy image of the fractured tensile specimen further highlighted the
reason for the improved mechanical properties recorded at 10 wt%. The results suggest that the baobab fiber nano-composite
had adequate properties for application in the automotive industry and building construction.
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1 Introduction

In recent times, polymers reinforced with cellulosic
nanofiber/nanoparticles have attracted tremendous interest
because of their eco-friendliness (Jitendra et al. 2012) as well
as enhancedmechanical and biodegradation properties due to
the nanometric size of the cellulose matrix. Their availability
from renewable resources, high mechanical properties, low
density, biodegradability and diversity of the sources of cellu-
lose has presented them as competing materials for polymer
reinforcement (Oboh et al. 2017).

Natural fibers have attracted the interest of researchers,
material scientists, engineers and industries, because of some
beneficial properties such as low density, less expensive, and
reduced solidity when compared to synthetic fibers, thus pro-
viding advantages for utilization in commercial applications
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for polymer composites in automotive industry, buildings,
and constructions (Jawaid and Abdul Khalil 2011). How-
ever, the size and geometry of these fibers plays a significant
role in the properties of the resulting composites (Hine et al.
2002).

Nano-particles are presently considered as high-potential
filler materials for the improvement of mechanical and phys-
ical properties of polymer composites (Njuguna et al. 2008).
The nano-scale fillers are usually free of defects, and hence
their applications in the field of polymer composite. Nano-
particles offer high polymer matrix–filler interfacial area
because of uniform and homogeneous dispersion that is pos-
sible with them (Saba et al. 2014).

Baobab is a popular tree and widely cultivated in the sur-
rounding region of West Africa. Its fibers are obtained either
from the pod, or bark of the tree; these are stripped from the
lower part of the trunk and husks. Strong fibers can also be
obtained from its root bark (Sidibe and Williams 2002).

The application of natural fiber such as rosella, okra,
baobab and Kenaf (Modibbo et al. 2009), banana fiber
(Sumaila et al. 2013), bamboo, (Abdulkhalil et al. 2012) jute
fiber (Gupta 2017), coconut coir (Oboh et al. 2015), kenaf
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fiber (Hafsat et al. 2016), baobab pod (Shehu et al. 2017),
etc., in composites have been well documented.

Epoxy has some unique properties and characteristics
which attract its use in various industrial applications such as:
coatings, laminations, construction materials and adhesives.
However, its high britility, low impact resistance, low fracture
toughness and delamination limits the use in high perfor-
mance application (Saba et al. 2014). Modification of epoxy
and incorporationof reinforcingmaterials before application/
use can be employed to overcome these limitations.

Epoxy matrix reinforced with nanoparticles have been
reported with most of the works focusing on the use of car-
bon nanotubes, carbon nanofiber and nanosilicates/clays as
reinforcing phase (Njuguna et al. 2008).

Although numerous works on the use of natural fibers,
either monolithically or in combination with other fibers,
have been reported in literatures, studies on the use of plant
fibers at nano-scale have not received adequate attention.
Most studies reported in literature on epoxy composites are
mostly on macro fibers and carbon based fillers; with proper-
ties still not suitable formost application. This gap, therefore,
motivated us to carry out this study to provide information
on the physical and mechanical properties of nano-baobab
fiber/epoxy composite. The success of this research will add
value to most underutilized plant and agricultural bye prod-
ucts, and open a new market for a class of epoxy composite
based on nano-plant fibers.

2 Materials andmethods

The baobab fibers used as reinforcement in this study were
extracted from the pod of baobab fruit obtained in Zaria City,
Nigeria. The epoxy resin used in this study is diglycidyl ether
of biphenol A (DGEBA) and the commercial name is LY556,
while the hardener is a tertiary amine based on triethylenete-
traamine (TETA) and commercially called LY591, both were
manufactured by Huntsman Advanced Materials India Pvt.,
Ltd., India, and purchased from local dealer in Lagos,Nigeria
and used as received (Fig. 1).

2.1 Alkaline treatments of baobab fiber

Firstly, Baobab fibers were cleaned to separate excessive
core, followedby treatmentwith 6wt%concentration sodium
hydroxyl solution according to the method reported by Li
et al. (2007), Ubi and Abdurahaman (2015). The fibers were
then soaked for 30 min in distilled water followed by drying
in electric oven at 40 °C for 24 h. This treatment removes cer-
tain hemicelluloses, lignin, wax and oil covering the external
surface of the fiber cell wall, depolymerizes cellulose, and
exposes the short length crystallites Modibo et al. (2009).

2.2 Preparation of nano-filler treated baobab fiber

The dried treated baobab pod fibers were chopped manually
with the aid of a pair of scissor to an average length of less
than 10 mm. The chopped fibers were further milled repeat-
edly in a Thomas-Wiley laboratory mill to obtain fine fiber
patricides, followed by sieving with 0.05-mm mesh sieve.
The fine-grounded particles obtainedwere further ball milled
at an estimated vessel speed of 300 rpm at ball–particle ratio
(BTP) of 1:20 on weight basis with an average porcelain ball
diameter of 2 cm for 72 h. The particleswere subjected to par-
ticle size distribution measurement with the aid of Malvern
mastersizer 3000 (Malvern instrument, UK). This machine
uses the principle of light scattering to measure the diffu-
sion of particles under Brownian motion using water as the
dispersant.

2.3 Preparation of composites

Baobab fiber particles of varying weight percent were mixed
with epoxy resin and hardener (2:1), respectively, and then
poured into metal mould of 100×100×3 mm dimensions
Fig. 2. The mixing was done according to formulation pre-
sented in Table 1. Aluminium foil was used on the surface
of the metal mould to prevent the composite from sticking to
the mould surface, and thus aids easy removal of composites
from the mould after curing. The trapped air was removed
by sliding a roller to press the mould after covering it with a
flat metal plate. Samples were then kept at room temperature
for 24 h to achieve complete curing.

3 Physico-mechanical properties of treated
baobab fiber/epoxy nano-composite

3.1 Physical properties

The density of the composites was obtained from the mass
and volume. The mass was obtained using an electric
weighing balance and the volume was obtained by direct
measurement using a vernier caliper. Samples of dimensions
3 mm×5 mm×5 mm were used for the density measure-
ment.

Density(ρ) � M/V , (1)

where M and V are the mass and volume of the samples,
respectively.

Hardness of each composite samplewasmeasured accord-
ing to ASTM-D2240 using Durometer hardness tester model
no. 5019 on Shore A scale. Water absorption was carried out
in water at 25 °C according to ASTM D570 using samples
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Fig. 1 a Extracted baobab pod
fiber, b Boabab pod nano-fiber
(Source This study)

Fig. 2 Rectangular sheets of Baobab/Epoxy nano-composite

Table 1 Formulation table for the composite preparation

Sample Epoxy and hardener (%) Fiber (wt%)

A 100 0

B 90 10

C 80 20

D 70 30

E 60 40

F 50 50

of dimensions 3×10×5 mm. The water absorption was cal-
culated as follows:

%Water absorption � (Wf − Wo/W ) × 100, (2)

where W f is the final weight after immersion in water and
Wo is the initial weight before immersion in water.

3.2 Mechanical properties

Tensile strength, elongation at break and tensile modu-
lus were measured according to ASTM D3029M using

Hounsfield Monsato Tensometer at a cross speed of
10 mm/min. Dumbbell-shaped samples with the following
dimensions: overall length of 100 mm, thickness of 3 mm,
width of grip section of 15 mm, width of reduced section
of 8 mm, distance between shoulders of 60 mm and gauge
length of 40 mm were used Fig. 3.

Tensile Strength (6s) � Fm
A

, (3)

where Fm is the maximum force before the sample breaks
and A is the cross-sectional area

%Elongation � ε � (�L/L) × 100, (4)

where �L and L are change in length and original length,
respectively

Tensile Modulus (Et) � 6s

ε
. (5)

Impact test was carried out on notched specimens to deter-
mine impact strength using a pendulum hammer impact test
according toASTMD256. Izod impact testingmachine (type

123



154 Multiscale and Multidisciplinary Modeling, Experiments and Design (2020) 3:151–159

Fig. 3 Dimensions of the tensile
specimen

Fig. 4 Particle size distribution
of treated baobab fiber powder
by volume

6957) with a pendulum arm of 4 J was used to obtain the
impact strength of each composite sample. The samples used
for the impact test had the dimensions: thickness of 3 mm,
width of 10 mm, length of 55 mm and v-notched at mid
length.

Abrasion resistance being one important tribological
property was also studied according to ASTM-D4060.

The abrasion of the baobab fiber/epoxy composite was
measured as a function of weight loss, test piece of known
weight and dimensions: 100-mm length, 100-mm width
and 3-mm thickness were subjected to an abrading surface
attached to an electrical motor with 1000 rpm for a period of
time 10 min each. Afterwards, each sample was reweighed
and recorded. Using Eq. (4) below, the weight loss was cal-
culated.

%wt loss � Wi − Wf

Wi
× 100, (6)

where, Wi initial weight of sample before abrasion (g), Wf

final weight of sample after abrasion (g).

3.3 Morphology

The morphology of samples surface was studied using scan-
ning electron microscope; Phenom world model ProX with
acceleration voltage of 15 kV. Abrasion resistance being one
important tribological property was also studied according
to ASTM-D5963-04.

All tribological, physical andmechanical tests in this study
were carried out three times and average reported to ensure
high accuracy.

4 Results and discussion

4.1 Particle size result

The particle size distribution of the treated baobab fiber sam-
ple by volume is shown in Fig. 4 and Table 2; the results
showed that the baobab particles have a single peak with Z-
Average of 4457 d.nm with percentage volume of 95.58%.
The volumetric quantity of baobab particles between 10 and
100 nm is 95.5% indicating that the ball-milled fiber falls
within the acceptable nano-standard of 1–100 nm Giannelis
et al. (1998).
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Table 2 The particle size distribution for the baobab fiber powder

Size (d. n…) % Volume St dev
(d.n…)

Z-Average (d
nm)

Peak 1 95.58 100.0 11.94

Pdl:1.000 Peak 2 0.000 0.0 0.000

Intercept:0.632 Peak 3 0.000 0.0 0.000

4.2 Results of physical properties

Density of the composites decreases with increasing the filler
content from 10 to 50 wt% compared to unfilled epoxy sam-
ple A; this is clearly as a result of the inclusion of less
denser filler material which has a density of 0.98 g/cm3

into the epoxy matrix. Similar trend was reported by Ojha,
et al. (2014) in their study on Effect of Filler Loading on
Mechanical andTribological Properties ofWoodApple Shell
Reinforced Epoxy Composite, though they reported slight
increase in density at filler loading above 15wt%. In addition,
poor compatibility between the hydrophobic epoxy matrix
and hydrophilic baobab fibers which normally limits adhe-
sion and dispersion of the phases consequently, creates voids
within the composite could also be a major reason for the
decrease in the density with increasing filler loading Fig. 5.

Hardness is one of the significant factors that control the
wear property of the composite samples. In this study, shore
A hardness of the composites increases significantly with the
addition of 10 wt% of the nano-fiber into the epoxy matrix
from 94.5 to 95.6. However, as the fiber loading increases
from 10 to 30 wt%, only slight increase in hardness was
observed. Generally, the hardness of the composite samples
was found to increase with increase in filler loading as shown
inFig. 4. SampleF (50wt%)had the highest hardness value of
98.7; while, sampleAwith 0wt%filler had the least hardness
of 94.5. This is expected because of the stiffening effect of
the baobab filler and increase in cross-link density of baobab
particles on the epoxy chains. Similar trend was report by
Mudradi et al. (2014) (Fig. 6).

Water absorption was observed to continual increase with
increase in filler loading from 10 to 50wt%, Fig. 5. This
trend could be attributed to the hydrophilic nature of natural
fibers (James 2006;MuÇoz and Ḡracia-Manrique 2015). Per-
centage water absorption generally increases as filler loading
increases to a maximum value of 4.3% at 50 wt% represent-
ing sample F. Water absorption causes debonding and cracks
between the matrix and the fiber (Taib and Hyie 2012) and
the least percentage water absorption of 1% observed was
recorded for sample B; filled with 10 wt % baobab fiber
(Fig. 7).

4.3 Results of mechanical properties

The results of the mechanical properties of the composites
developed at various filler loadings are shown in Figs. 8, 9,
10 and 11.

The tensile strength and fracture toughness of a nanocom-
posite samples depend upon the filler shape, size and amount
which is mixed with the polymer matrix, the strong bond
between the nanofiller and the polymer matrix, the robust-
ness of the polymer matrix and the filler. Figure 7 shows that
there was an increased tensile strength of the unfilled epoxy
(sample A; 0 wt%) from 33 to 48 MPa with the inclusion of
10 wt% fiber into the epoxy matrix. This could be attributed
to the ability of the matrix to wet the filler at low concen-
tration. However, at higher filler loading above 10 wt%, the
tensile strength decreased significantly and remained steady
up to 40 wt%. With further increase of the filler to 50 wt%
the tensile strength further decreased to 20.9 MPa. Hence,
samples B had improved strength compared to the unfilled
sample A. The results shows clearly that there was good
interaction between the fiber and the matrix resulting in bet-
ter stress transfer at filler loading up to 10 wt%, similar trend
was reported by Abdulkhalil et al. (2013). The decrease in
the tensile strength above 10 wt% filler loading could be a
direct result of inability of the epoxy matrix to wet the fiber
at higher filler loading, thereby creating areas of stress con-
centration leading to the nonuniform stress distribution in the
composite and high stresses near agglomerated fillers. Con-
sequently, during the tensile test, the epoxy matrix around
these fillers breaks quickly due to the high stresses, resulting
in the decrease in tensile strength of the baobab fiber/epoxy
composites. Similar observation have been reported in liter-
ature for most epoxy composites reinforced with whiskers
(Mudradi et al. 2014) and meso size fillers (Ozsoy et al.
2015; Ojha et al. 2014) were tensile strength decreased with
increase in filler loading, beyond an optimum value. In this
study, the advantage that is associated with nano-size filler
played out (George et al. 2012); which led to very signif-
icant increase in tensile strength of the baobab fiber/epoxy
composites for filler loading up to 10 wt%.

The effect of fiber loading on the modulus of elasticity
(MOE) of the composites is presented in Fig. 8; it can be
seen that 10 wt% fiber loading exhibited the highest mod-
ulus of elasticity of 185 MPa. This suggests that sample B
with 10wt% fiber loading exhibits the highest degree of stiff-
ness which could be attributed to the stiffening effect of the
nanofiller on the epoxy chain. The decrease in MOE after 10
wt% loading might be attributed to increase in the viscosity
of the epoxy matrix as more filler is added, which results in
poor dispersion of fiber in the epoxy matrix. Similar obser-
vation was reported by Siddika et al. (2014) and Eze et al.
(2016).
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Fig. 5 Effect of filler loading on
the density of baobab
fiber/epoxy composite

Fig. 6 Effect of filler loading on
the hardness of baobab
fiber/epoxy composite

Fig. 7 Effect of filler loading on
the water absorption of baobab
fiber/epoxy composite

Fig. 8 Effect of filler loading on
the tensile strength of baobab
fiber/epoxy composite

From the Fig. 9, there was no clear trend for the impact
strength. Sample B had the highest impact strength of

0.45 J/mm, as the filler loading increases from 0 to 10%. Fur-
ther increase in the fiber loading tends to reduce the impact
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Fig. 9 Effect of filler loading on
the modulus of elasticity of
baobab fiber/epoxy composite

Fig. 10 Effect of filler loading
on the impact strength of baobab
fiber/epoxy composite

Fig. 11 Effect of filler loading
on the abrasion resistance of
baobab fiber/epoxy composite

strength of the material as observed. Sample B (10 wt%)
recorded the best performance in impact strength; this could
be as result of good interfacial bonding between nanoparti-
cles distribution and the matrix. These properties were found
to be directly related to its overall toughness which is highly
influenced by the nature of the constituent material; filler—
matrix interface and it also depends upon the test conditions
as reported by Joseph et al. (2003). Furthermore, at higher
filler loading, the tendency for nano-filler to agglomerate due
to increase viscosity could also create areas of weakness in
the composite from where cracks can propagate leading to
reduction in impact energy. The irregular pattern observed

with samples C, D, E and F could be due to poor filler–ma-
trix interfacial bonding.

The abrasion resistance of the Baobab/Epoxy nano-
composite is shown in Fig. 10. The percentage weight loss
of each composite sample was measured as a parameter that
determines its abrasion resistance; the higher the percent-
age weight loss, the lower its abrasion resistance and vice
versa. There was a marked increase in abrasion resistance
with inclusion of 10 wt%, 20 wt% and 30 wt% of the filler as
indicated by a decrease in weight loss. Consequently, sam-
ples C (20 wt%) and D (30 wt%) had the best resistance
to abrasion. Sample F with the highest filler loading had the
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Fig. 12 SEM micrograph of
fractured surfaces at ×
350magnification of: a unfilled
epoxy, b 10 wt% baobab
fiber/epoxy, c 20 wt% baobab
fiber/epoxy and d 40 wt%
baobab fiber/epoxy

least abrasion resistancewithweight loss of 0.2%. This could
be as a result of dewetting of the fiber at filler loading above
30 wt%. Similar observation was also reported by Li et al.
(2007).

4.4 SEM analysis of fractured baobab fiber/epoxy
nano-composite

The composite microstructure gives information about the
homogeneity of the composite such as; presence of voids,
micro-scaled dispersion level of the reinforcement phase
within the epoxy matrix, presence and extent of particle
aggregations and possible sedimentation of the reinforce-
ment phase (Visakh et al. 2012; Eldho et al. 2013). A
close look at the fractured surfaces of epoxy composites
reinforced with nano-fiber obtained from baobab bark fiber
Fig. 11a–d, at ×350magnification reveals that sample B
(10 wt%) showed a better nanoparticle–matrix dispersion,
less void, less particle aggregation and better adhesion of
the alkaline-treated nano-fiber in the epoxy matrix which
accounted for its good performance and reinforcing proper-
ties. The magnified surface of sample C showed that there
were no eminent gaps in the structure of composite, indicat-
ing a good mix during processing (Tong et al. 2014) of the
polymer matrix and, hence, this could be the reason for the
reasonable tensile strength, tensile modulus and improved
abrasion properties recorded at this filler loading when com-
pared to samples D (20 wt%), E (40 wt%) and F (50 wt%)
(Fig.12).

5 Conclusion

The present study established the potential of baobab pod
fiber which is usually regarded as waste after the fruits have
been collected as bio-fiber and reinforcement in epoxy to
produce composites. The confirmatory results indicate that
mechanical properties of the produced composites are largely
influenced by the amount of baobab pod fiber nano-particles
in the epoxy matrix. Within the range of the variations in
this study, the optimal properties of the composites were
obtained mostly at 10 wt% loading of the nano-filler, which
had the following properties: tensile strength (48MPa),MOE
(185MPa), impact strength (0.45 J/mm), and low percentage
water absorption (1%), compared with 20.9 MPa, 120 MPa,
0.2 J/mm and 4%, respectively, for sample with 50 wt% filler
loading. Furthermore, the density reduceswith the increase of
reinforcement of baobab particles. Density obtained is very
suitable for light weight applications. This suggests that the
composite canfind application in industrial anddomestic pur-
poses, especially where light weight, good tensile strength,
abrasion resistance and impact strength are desired.
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