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Abstract

The authors have characterized castor oil cake (COS) and ‘crude’ glycerin (CG) and carried out preliminary studies
to assess their composites containing plant fibers prepared under manual conditions. Based on the results obtained
in the study, efforts were made to prepare similar ‘green’ composites under controlled conditions. This paper presents
preparation and characterization of composites using COS and CG as matrix with banana and sugarcane bagasse
fibers under controlled temperature and pressure. While stress-strain curves of the matrix material were found to be
typical of thermoplastics, those of composites showed a smaller plastic region. Young's modulus, yield strength, ultimate
tensile strength and strain at break obtained were found to be different from those reported earlier that were obtained by
manual method. The values of these properties for matrix were found to be lower than those reported earlier for similar
matrix. However, the values for the above properties in the composites (prepared with this matrix) were found to be
higher than those obtained under manual conditions. These results are explained by the fractographic studies, which

revealed good fiber/ matrix adhesion.

Keywords: Polymer-matrix composites (PMCs); Castor oil
cake; Starch; Plant fibers; Mechanical properties; Microstructures;
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Introduction

The polymer composite industry desires to obtain novel agro-
based materials at affordable costs to replace expensive and non-
degradable synthetic polymers and fibers. Besides, ever expanding
search for new high performance materials from natural sources has
compelled studies to assess and characterize green product based
composites. This is essential, particularly in the case of renewable
agro industrial resources, because their chemical composition, which
in turn dictates their properties, depends on many factors such as
geographical conditions, soil conditions, age of the plants, etc. [1,2].
The utilization of agro-based materials for development of composites
could contribute as non-food sources for economic growth of the rural
areas in developing countries. There are several reports, including in-
depth and state of the art reviews, on characterization of plant-based
materials such as starches and lignocellulosic fibers. These highlight
systematic studies carried out both in Brazil and other places on the
utilization of these materials for the preparation of composites [3-
49]. Of these, particular interest is of starch based ‘green’ composites,
which have been extensively investigated [22,29-32,35,38-43]. These
studies have focused predominantly on utilizing locally available
renewable materials as the resource to develop commercially viable
and environmentally acceptable composite materials. These efforts are
expected to contribute with the sustainable development of the modern
society while opening up a new area for value-added products that still
present new challenges for materials scientists, design engineers and
technologists. These studies address the global concern for recycling
of agro-industrial byproducts. In this endeavor, agro industrial
byproducts such as castor oil cake (obtained from oil industry) and
‘crude’ glycerin (obtained by the trans-esterification reaction during
the biodiesel production), plant fibers such as fibers of banana and
sugarcane bagasse have a huge potential that needs to be exploited for
further applications.

Overall objective of the authors has been to formulate new and
attractive propositions to explore the use of the above mentioned
materials (castor oil cake and ‘crude’ glycerin) through composite
technology. Preliminary studies have been carried out by the authors
on the preparation of composites using these materials manually
(with no control on pressure and temperature) and their characterization
[30]. Based on the results obtained, it was found necessary to prepare
the composites under controlled conditions and characterize them to
achieve the best mechanical properties. Accordingly, this paper presents
the processing of castor oil cake, ‘crude’ glycerin and fibers from banana
plant and sugarcane bagasse using thermo-molding method under
controlled conditions of pressure and temperature. Obtained composites
were evaluated for tensile properties through their stress-strain curves. The
measured properties are discussed on the basis of fractographic studies
that were carried out using Scanning Electron Microscope (SEM). The
prepared composites can substitute the Medium Density Fiberboards
(MDF) in some sectors such as furniture, automotive (parcel shelves, door
panels, instrument panels, armrests, headrests) and building/construction.
It is also hoped that the obtained results may provide designers with new
alternate materials for wood based products to meet the challenging
requirements of new potential applications.
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Experimental
Materials

The castor bean oil cake (CBC) used in the present study was
supplied by the Azevedo Oils Industrial and Commerce Ltd. (Brazil).
This material had a pH of 6.5 when (it was) mixed with water in the
ratio of 1:10 proportion. The details of the constituents of CBC have
been reported earlier [30]. This material was used as the starch matrix
with glycerol as plasticizer in view of its high content of protein and
organic matter.

Recovered glycerin, the byproduct of biodiesel industry, referred to
here after as ‘Crude Glycerin’ (CG) or ‘Recovered Glycerin’ (RG) was
supplied by Technological Institute of Parand (TECPAR). Such fraction
was derived from soybean oil ethanolysis using sodium hydroxide
as the reaction catalyst precursor as mentioned elsewhere [25]. The
composition of this RG fraction has been reported earlier [25,30].

Banana fibers and sugarcane bagasse (here after also called “bagasse
fibers”), used as reinforcements in this study, were obtained and
conditioned as explained earlier [30]. Briefly, a banana plant was cut
into small logs from which sheaths were taken out. The fibers, obtained
manually from these sheaths by scraping with knife, were dried in the
sun for about five days. The bagasse fibers were obtained from a local
ethanol manufacturing industry.

Methods
Preparation of composites

As the moisture content influences the mechanical properties
of composites, moisture content of all the raw materials (both the
matrices and the composites) were determined before preparing the
laminates. Details of the preparation of castor oil cake and both banana
and bagasse fibers as well as the composites using these and the crude
glycerin are reported earlier [30]. Briefly, the as-received CBC was first
dried for 72 hours at 65°C-70°C in a hot air oven, followed by milling
into powder. The milling was done sequentially, first in a vibratory mill
followed by a ball mill. This material was then dried in an oven at 85°C
for 24 h and sieved to separate it into three portions, namely above 80
mesh size, 40-80 mesh and below or equal to 40 mesh size. Size analysis
of sieved powder revealed that 6.8% of the powder was above 80 mesh
size, 11.2% was within 40-80 mesh size and about 82% was below or
equal to of 40 mesh size. In view of larger portion of the powder (below
40 mesh size) was used as the matrix in the preparation of composites.

Both banana and bagasse fibers were first oven dried at 65°C
70°C for 72 h, followed by milling for 1-3 h in a vibratory ball mill
to obtain fibers of uniform length (1.5-3 mm). This was done with a
view to compare the properties of the composites with these fibers with
manually produced similar composites reported previously [30]. Based
on the earlier experience of the authors with the use of these materials,
banana fibers with 67-300 um average diameter and 1.5 mm length and
bagasse fiber with 200-320 um average diameter and 1.5-3.0 mm average
length [30] were chosen for the preparation of composites. These fibers
were dried again at 60°C for 24 h prior to composite preparation. These
fibers, when used in the composites, were designated as ‘BF’ (Banana
Fiber) and ‘SBF (Bagasse Fiber) respectively.

Matrix and composite laminates were prepared under temperature
and pressure controls as described below based on the earlier
experience (ease of processing, sample homogeneity obtained using a
mixture of castor oil cake, corn starch and 30% RG) [30]. This amount

of the plasticizer was suggested as ideal for processing and therefore
it was decided to use the same amount of recovered glycerin in the
subsequent composite preparations.

The matrix laminates, using CBC and Recovered Glycerol (RG) in
the ratio of 70:30, were prepared by mixing the cake and RG using two
types of mixers, a ball mill and a mechanical mixer with a steel vat and
blades. After homogenizing, this mixture was poured into a 220 mm
x 220 mm 316L stainless steel mold and subjected to thermo-molding
using a SOLAB hydraulic press that has with both temperature and
pressure controls. The pressure range used was between 4 and 9 tons
(200-350 kgf/cm?) and the temperature range was between 140°C
t0190°C. Thermocouples in each mold plate were used to measure
the temperature, which was maintained within + 3°C of the specified
molding temperature. Initially, the mixture in the mold was slowly
heated to 160°C at a rate of 10°C /min, kept at 160°C for 3 min and
then it was allowed to cool to room temperature. Thus, 120 mm x 120
mm X 25 mm laminates were obtained for further analysis.

In the case of composites, sieved fractions of each fiber (25-35%)
was added to the matrix mixtures containing CBC (35-45%) and
30% of RG and homogenously mixed in a metallic container using
a mechanical mixer. This composite mixture was transferred to the
stainless steel molds and pressed as mentioned above.

All the laminates prepared as mentioned above are listed in Table 1
showing composition and proportions of components. All the samples
were equilibrated after the preparation, by keeping them in desiccators
(RH ~ 40-50 %) before subjecting them for further evaluations.

Tensile Testing of composites

Tensile samples were cut according to the ASTM standard D
638M for both the matrix and composites using a CO, laser cutter
GRAVOGRAPH LS-100 (30 W) with a cutting speed of 0.5 mm.min™'.
Tensile tests on matrix as well as on composite samples were carried
out using a Universal Testing Machine EMIC (DL-2000) and
INSTRON (Model - 5960), using a 5 kN load cell and speed of 1 mm/
min, according to the ASTM D-638 standard. Two different machines
were used for comparison. A minimum of 5 samples were used for each
test, except for tensile strength testing, where 3 samples each were used.
Average values obtained for each test was used for the interpretation of
the obtained experimental results.

Fractographic Studies of composites

Tensile tested samples of thermoplastic matrix of CBC and RG
and their composites with banana and sugar cane bagasse fibers were
sputter coated with gold to enable them to be observed in a JEOL
Scanning Electron Microscope [SEM] using 15keV.

Results and Discussion

Tensile properties

Typical stress-strain curves of thermoplastic matrix of CBC and
RG and two of its composites, one with banana

fiber and the other with sugarcane bagasse fiber (25 wt.% each),
are shown in Figure 1. It can be seen that Figure 1(a) indicates typical
plastic- elastic behavior of a thermoplastic matrix material, while those
of composites with lignocellulosic fibers (Figure 1(b) & (c) showed
a smaller plastic region. The later ones (small plastic regions) were
expected in view of the presence of reinforcing fibers. Further, the
stress-strain curves also showed decreasing strains at higher breaking
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Sample
C70 RG30
C45RG30B25
C40RG30B30
C35RG3035B
C45RG30SB25
C40RG30SB30
C35RG30SB35

Constituents of Matrix (%)

70 Castor oil Cake(MST)-30 Recovered Glycerol

45 Castor oil Cake-30 Recovered Glycerol
40 Castor oil Cake-30 Recovered Glycerol
35 Castor oil Cake-30 Recovered Glycerol
45 Castor oil Cake-30 Recovered Glycerol
40 Castor oil Cake-30 Recovered Glycerol
35 Castor oil Cake-30 Recovered Glycerol

Reinforcing Fiber (%)
-Nil-

25 Banana Treated (BT)

30 Banana Treated (BT)

35 Banana Treated (BT)
25 Bagasse Treated (SBT)
30 Bagasse Treated (SBT)
35 Bagasse Treated (SBT)

C: Castor oil cake; RG: Recovered/Crude glycerol; B: Banana fiber; SB: Sugarcane bagasse

Table 1: Details of Matrix and Composite Samples prepared in this work
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Figure 1: Stress-Strain Curves of (a)-Castor oil cake+ Recovered Glycerol; (b)- Castor oil cake+ Recovered Glycerol +25% Banana Fiber and (c)- Castor oil cake+
Recovered Glycerol +25% Bagasse Fiber.

loads. The breaking load was higher for bagasse fiber composite than
that for banana fiber composite. In fact, one can see the stress-strain
curves of bagasse fiber containing composites tend to flatten a little
until the fracture of the composites. This behavior may be understood
as due to the sliding of the matrix on the fibers, and some matrix may
stay on the fibers (coating of the fiber) resisting the final fracture. This
was supported by the SEM studies as seen in methods section later
(Figure 1).

Values of Young’s Modulus (YM), Ultimate Tensile Strength
(UTS), Yield Strength (YS) and % elongation of all the tested materials
have been derived from the curves above. They are tabulated in Table 2.

It can be seen from the table that the values of tensile properties (YM,
UTS, YS and % strain at break) of both the matrix and its composites
are different from those obtained using manual conditions reported

earlier. This can be attributed to the use of controlled conditions rather
than the manual conditions as reported in the earlier studies [30].
The matrix of castor oil cake with recovered glycerol exhibited higher
Young’s modulus value (389 MPa) than that of matrix prepared by
manual method (27.07 MPa). This value is about 12.5 times higher than
that of 70% corn starch with 30% pure glycerol composite (24.68MPa)
that was prepared by a similar method [30] indicating higher stiffness
of the CBC compared to corn starch. Similarly, value of yield strength
(YS: 0.58 MPa) of the composite prepared under controlled conditions
is almost similar (0.52 MPa) to that obtained under manual conditions.

On the other hand, the values of Ultimate Tensile Strength (UTS:
0.51MPa) and % strain at break of this matrix (0.32) are lower than
those (of matrix) prepared by manual method [UTS: 0.70 MPa and %
Strain at Break: 3.14]. Differences in UTS and % strain at break between
the two methods of preparation indicate that this matrix under
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Sample Young Modulus (MPa) Yield Strength (MPa) Ultimate Tensile Strength (MPa) Strain at Break (%)

C70 RG30 (Manual) 27.07 0.52 0.70 3.14
C70 RG30 389.20 + 31.6 0.58+0.17 0.51+0.13 0.32
C45RG30B25 417.9 £ 31.60 0.74+0.20 0.65 + 0.02 1.51
C40RG30B30 4853 £31.6 1.20 + 0.04 1.11+£0.16 1.47
C35RG30B35 595.8 + 50.4 1.47 £0.43 1.36 £ 0.37 1.78
C45RG30SB25 462.7 £ 12.4 1.43+0.36 1.32+£0.03 1.57
C40RG30SB30 408.3 £53.4 0.94+0.29 0.85+0.22 1.43
C35RG30SB35 303.1+27.6 1.30+0.33 1.08 £+ 0.30 1.50

C: Castor oil cake; RG: Recovered/Crude Glycerol; B: Banana fiber; SB: Sugarcane bagasse Fiber

Table 2: Tensile properties of Castor oil cake-recovered glycerol and banana fiber /sugarcane bagasse green composites

controlled conditions presents better adhesion with the fibrous content
of the CBC itself. In fact, the fibrous content is originated during the
crushing process and separation of the castor oil and is found to be
approximately 13% [23]. The adhesion is probably related to more
effective interactions arising due to hydrogen bonding interactions
in the silicate groups. Thus, the matrix obtained under controlled
conditions is quite rigid, but slightly brittle (Table 2).

In the case of composites prepared under controlled conditions,
the incorporation of banana and bagasse fibers increased all the
tensile properties over those of matrix laminates prepared in identical
conditions. The values obtained are YM: 303-595MPa; YS: 0.74-
1.47MPa, UTS: 0.65-1.36MPa and % strain at break: 1.43-1.78. These
values indicate a good adhesion between the fibers and the matrix,
independent of fiber type used and presence of fibrous material in the
castor oil cake itself as mentioned above.

The latter is originated during the crushing process and separation
of the castor oil. Presence of fibrous material in CBC is evident in the
SEM photographs. Further, it can also be observed in Table 2 that the
values of YM increase with increasing amount of banana fibers [from
about 418 MPa for 25% fiber content to about 596 MPa for 35% fiber
content]; however, the YM values decreased in the case of bagasse fibers
[from about 463 MPa for 25% fiber content to 303 MPa for 35% fiber
content. This may probably be due to the following: (i) better interaction
of banana fibers with the matrix even with higher fiber content due to
the hydrophilic nature of the banana fibers as shown in thermal studies
[30]; (ii) behavior of open nature of banana fibers during compression
leading to non-homogeneous distribution of fibers in the composite
samples compared to compact nature of bagasse fibers, which leads to
homogenous distribution [47]. Nevertheless, it can also be seen that
the values of YM and UTS of composites with 25% wt. content of
both banana fiber and sugar cane fiber are inferior to those observed
for composites of the same fiber contents with corn starch plasticized
with pure glycerol matrix prepared under similar conditions. This is
evident from the following: Values of tensile properties of composites
with 25% wt. content of both banana fiber and sugar cane fiber are YM:
about 418 MPa and UTS: 0.65 MPa and YM: 303 MPa and UTS: 1.32
MPa respectively, while the values of tensile properties of composites of
the same fiber contents with corn starch plasticized with pure glycerol
matrix reported [30] are: YM: about 484.04 MPa, UTS: 4.34 MPa and
YM: 468.28 MPa and UTS: 3.85 MPa respectively, for banana fiber and
bagasse fiber containing composites

The values of breaking strain of all the CBC based composites
remained almost constant [about 1.4-1.8%] with increasing fiber
content in the case of both types of composites. However, except for
25% banana fiber containing CBC composite the values of strain at
break for all the composites were lower than those of matrix of corn
starch with pure glycerol prepared under similar conditions [10-15%].

Fractographic studies of castor bean cake and its composites

Figure 2 shows the presence of small fibers in the raw castor oil
cake (about 13%), which increased the interaction of the castor oil
cake starch matrix with the fibers (banana or sugarcane bagasse fibers)
that were added to it and this improved the tensile properties of the
composites.

Figures 3a-3f show comparison of SEM photographs of
morphologies (Fractographs) of samples of tensile testing of
thermoplastic matrix of 70% CBC and 30% RG matrix samples with
those of 70% corn starch and 30% pure glycerin matrix at three different
magnifications. It may be noted that many of the images shown here
were taken at the proper magnification for each feature and hence they
may not be having the same magnifications. All images were taken after
focusing on a central feature at very high magnification. As can be seen
from the figures 3a-3f, there are some regions which are out of focus,
due to the sample topography. In some samples height fluctuation
exceeds by far the SEM depth of focus.

In general, these photographs show that both the matrices are
typical of a starchy material containing some fibers in it. However,
the surface of thermoplastic matrix of CBC and RG (Figure 3d) differs
from that of thermoplastic matrix of corn starch and G (pure glycerol)
(Figure 3a) or RE (Recovered glycerol) reported earlier [26]. As can
be seen from the figure the fracture surface is more irregular in the
former matrix. This suggests that the recovered glycerol reacts with
the starch present in the castor bean cake. Further, the fracture surface
of thermoplastic matrix of corn starch and pure glycerin (Figures 3a-
3c) shows a good homogeneity. There is absence of starch granules.
Besides, there is no indication of any reaction in the structure, but for
the presence of narrow cracks, characteristic of this type of matrix. It

b
JLG_1&

Figure 2: Transverse Section Facture Surface of Tensile Tested 70% Castor
Oil Cake + 30% Recovered Glycerol.
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Figure 3: Scanning Electron Micrographs of: (a-c)- Corn Starch+ Pure Glycerin and (d-e)- Castor Oil Cake+ Recovered Glycerol showing the Fracture Surfaces at different

magnifications (100X, 500x and 1000x).
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appears that there was less number of cracks along with reduction in
their width in relation to the ones observed in the manual method [30].
This suggests that the glycerol penetrates the starch granules and due
to the additional action of temperature, a stronger hydrogen bonding
network is formed resulting in plasticized starch [48].

The fractured surface of thermoplastic matrix of CBC and RG
(Figures 3d-3f), on the other hand, show some fibers from the castor
oil seeds, which are completely coated by the plasticized starch. This
suggests that the RG reacts with the 25% starch present in the CBC
[26]. Also, there were differences in the fractured surfaces of both these
matrices in relation to the latter (thermoplastic matrix of CBC and RG)
showing a slightly more irregular surface when compared to that of the
former (i.e., thermoplastic matrix of CBC and G). The good interaction
between CBC matrix and the fibers contained in this residue could be
due to the presence of existent silicon groups [as silanes], on the surface
of the fibers.

The fractured surfaces of composites of thermoplastic matrix

of CBC and RG containing 30% wt. sugarcane bagasse and 30% wt.
banana fibers are shown in Figures 4a-4c and Figures 4d-4f respectively.
In general, the fractured surface of both the composites reveals good
adhesion with the matrix. This is evident by the presence of fiber pull
out on the fractured surface of composites (Figures 4a and 4d).

However, the non-existence of a gap between the fiber and the
matrix also suggests good interfacial bonding [49]. When the adhesion
is strong, the fibers break parallel to the surface of the fracture [49,50].
This is further supported by the absence of any residue observed on the
fractured surface of these composites (Figures 4a and 4d) indicative of
poor adhesion in the in the fiber / matrix interface [49,51].

It may be concluded that the thermoplastic matrix of CBC and RG
gives good adhesion with both fibers that were used and therefore it can
be used as a matrix substitute for thermoplastic matrix of corn starch
and pure glycerin.

In the case of composites of thermoplastic matrix of CBC and RG
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JLGa-11 (a)

Glycerol+ 30 Sugarcane Bagasse Fiber at different magnifications.

Figure 4: Scanning Electron Micrographs of (a-c): 40% Castor Oil Cake + 30% Recovered Glycerol + 30 Banana Fiber; (b-d): 40% Castor Oil Cake + 30% Recovered

containing 30% bagasse fiber, a different type of fracture was observed.
In this case, a more wrinkled surface than that of 30% banana fiber
composites was evident compared to that of the composite with 30%
banana fiber. This may be due to the different fiber dimensions used.
Also, a more uniform fiber distribution and better fiber orientation
is observed in the case of bagasse fiber composites compared to
those made with banana fiber. According to Sousa et al. [52], such
orientations are common in composites produced with pressures
above 6 MPa. In addition, the top of the bagasse fibers was covered
by the matrix (Figures 4e and 4f), in contrast to what was observed in
composites of corn starch and RG or pure glycerol containing bagasse
fiber [30].

Another feature of castor oil cake based matrix materials is the
fractured matrix surface as observed in the matrix of CBC and RG
(Figures 4a-4c). This showed dark brown colorations sometimes
tending to black and a smell resembling brown sugar. In addition
to the type of starch present in the castor oil cake (ash color due to

drying, ripening and extraction), this is certainly due to properties
and chemical composition of crude glycerin, which is dark yellow to
brown due to contaminations coming from the biodiesel production.
These observations are in agreement with earlier descriptions [53]. The
fractured surfaces of the composites also revealed a dark brown color
indicating the effect of fibers on the morphology of the matrix. However,
it may be noted that the morphology of the composite is dictated by the
fiber content and its type and not by the matrix. This can be seen in
the above figures and is in agreement with the observations of Choi
et al. [53]. The presence of pores and large number of wider channels
may be due to the evaporation of undesirable matrix components
during thermal processing (Figure 4d). Also, this heterogeneity can be
partially attributed to the presence of a second phase in the somewhat
globular structures found in the fractured surface.

Conclusions

. Tensile properties (Young’s modulus, ultimate tensile
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strength, yield strength and % strain at break) of both the matrix of
castor oil cake with recovered glycerol and its composites with banana/
sugarcane bagasse fibers prepared under controlled conditions are
found to be different from those of composites prepared by manual
conditions that was reported earlier by the authors. This is due to the
change in the methodology adopted in preparing the thermoplastic
matrix and its composites.

. Incorporation of banana and bagasse fibers increased all
the tensile properties (YM: 303-595 MPa; YS: 0.74-1.47 MPa, UTS:
0.65-1.36 MPa and % strain at break: 1.43-1.78) over those of matrix
laminates (YM: 389 MPa, YS: 0.58 MPa, UTS: 0.51 MPa and % strain at
break: 0.32) prepared under identical conditions. This indicates a good
adhesion between the fibers and the matrix independent of fiber type
used and presence of fibrous material in the castor oil cake itself as
revealed by fractographic studies.

. In the case of composites, YM increased with increasing
amount of banana fibers [from about 418 MPa for 25% fiber content
to about 596 MPa for 35 % fiber content], while it decreased in the
case of bagasse fibers [from about 463 MPa for 25% fiber content to
303 MPa for 35% fiber content]. This could be due to good interaction
of banana fibers with the CBC and RG matrix even with higher fiber
content compared to that of bagasse fibers.

. The starch-containing castor oil cake and the crude glycerin
from ethanolysis gave good fiber adhesion properties and could be
used as a matrix substitute for any starch such as corn starch and pure
glycerol.
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