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ABSTRACT:	� The mechanical properties of unidirectional natural fiber-reinforced composites are generally affected by 
several processing parameters during compression molding. This study investigates the effects of processing 
temperature, time, and pressure on the tensile and flexural properties of acrylonitrile butadiene styrene 
reinforced by banana fibers. X-ray CT imaging was employed to find the relationship between the mechanical 
properties and structure of the processed composite. Besides, the water absorption of composites was 
observed and the way in which the mechanical properties evolved after water absorption was analyzed. 
The tensile and flexural properties of the unidirectional banana fiber-reinforced composite were found to be 
inversely proportional to the porosity. In addition, high-pressure compression molding might result in cracks 
and floating fibers that would significantly reduce its mechanical properties. The composite with the highest 
strength, smallest porosity and lowest water absorption was optimally prepared at T = 170 °C, t = 20 min, and 
P = 100 kg cm–2.
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1  INTRODUCTION

The interest in using natural fibers as reinforcement in 
polymer has increased dramatically over the past few 
years. Natural fiber is considered one of the environ-
mentally friendly materials with several advantages 
such as low cost, high modulus, low density, high spe-
cific strength, non-abrasiveness and biodegradability 
[1]. Many studies have been conducted on natural 
fibers such as kenaf, bagasse, jute, ramie, hemp and 
oil palm [2–8]. In Viet Nam, especially in the Mekong 
Delta, banana is popularly cultivated. At present, 
banana pseudostems or banana fibers are waste prod-
ucts in Viet Nam. Published research on banana fibers 
is still limited. Research on banana-reinforced com-
posites not only has scientific meaning but also leads 
to a positive environmental impact by taking advan-
tage of locally sourced waste materials [9] to produce 

potential products, such as ceiling, furniture, etc., from 
the obtained composites. 

In some studies, the effects of banana fiber frac-
tion on mechanical properties were investigated for 
composite production from banana fiber and various 
matrices such as polyester and epoxy [10–12]. Several 
treatment methods were also carried out on banana 
fiber to improve the mechanical properties of banana 
fiber-reinforced composites [13, 14]. However, only 
the structure of the fractured surfaces was observed 
by scanning electron microscope (SEM). The effects of 
processing parameters on the structure of the compos-
ites, especially the porosity in composites, have not yet 
been studied. In 2002, Joseph et al. concluded that the 
interfacial shear strength was higher in banana fiber 
embedded in phenol formaldehyde (PF) than glass 
fiber in PF, which indicated a strong adhesion between 
the lignocellulosic banana fiber and PF resoles [15]. In 
2013, Sakthivel and Ramesh showed that banana fiber-
reinforced composite was the best natural composite 
polymer matrix composite among those fabricated by 
using coir, banana and sisal fibers [16].
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Acrylonitrile butadiene styrene (ABS) is a common 
thermoplastic polymer made by polymerizing styrene 
and acrylonitrile in the presence of polybutadiene. 
Due to its desirable properties, such as good mechani-
cal properties, chemical resistance, toughness, dimen-
sional stability, good surface appearance, and easy 
processing characteristics, ABS has been widely used 
in many fields [17–19]. However, ABS exhibits cer-
tain limitations, especially low mechanical properties, 
which can be overcome by addition of fibers [19, 20].

In this study, banana fibers were used to reinforce 
acrylonitrile butadiene styrene (ABS). As compression 
molding is still a common, fundamental technique for 
the production of thermoplastic-matrix composite in 
Viet Nam, various conditions of processing tempera-
ture, time and pressure on the tensile and flexural prop-
erties of the compression molding composites were 
successively investigated. In addition, X-ray computed 
tomography, which is known to be able to quantita-
tively determine the porosity with a reasonable degree 
[20], was applied for structure observation and porosity 
determination. The analyzed porosity allowed further 
understanding of the effects of processing parameters 
on the mechanical properties of the composite. 

2  EXPERIMENTAL

2.1  Banana Fibers Preparation

Banana fibers were extracted from banana pseudostems 
that were collected in the city of Can Tho, Viet Nam. 
The leaf sheaths from the pseudostems were separated, 
cut and mechanically combed by using a self-devel-
oped fiber extracting machine. Then, the obtained fib-
ers were cleaned and dried before fiber mat production.

2.2 � Banana Fiber-Reinforced Composite 
Preparation

Unidirectional banana fiber mats were prepared 
by using a hydraulic press machine (PAN STONE 
P-100-PCD, Taiwan). The straight banana fibers were
arranged in the frame, then pressed at the temperature
of 120 °C, pressure 75 kg cm-2 for 2 minutes. Under
the mentioned experimental conditions, lignin plays
the role of the adhesive in the fiber mat. Acrylonitrile
butadiene styrene (ABS) was used as the matrix for
composite production. ABS sheets were prepared
from its pellets by using a hydraulic press machine
(PAN STONE P-100-PCD, Taiwan) as well. The opti-
mum conditions were found at the temperature of
170 °C, at the pressure of 100 kg cm-2 for 20 minutes.
To make banana fiber-reinforced ABS plates, the UD
banana fiber mats and ABS films with dimensions of
140 × 90 × 3 mm were stacked in sequence. Once again,

the applied heat, pressure and holding time were con-
trolled by using the hydraulic press machine. In this 
study, the effects of processing temperature, time and 
pressure on the mechanical properties of the obtained 
composites were successively investigated. The list of 
these samples under investigation is shown Table 1. All 
samples were prepared at fiber volume fraction of 30%.

2.3  Mechanical Properties Determination

Tensile tests were performed on composite samples to 
determine Young’s modulus and stress at failure. The 
stress-strain curves were also obtained. The results 
of tensile strength, modulus, and elongation at break 
of the samples will hereinafter be shown for further 
discussion. The ASTM D3039/D3039M standard was 
followed to prepare the specimens and perform the 
tensile tests. A Zwick/Roell DO-FB050TN universal 
testing machine with mechanical clamping and a load 
cell of 50 kN was used with the crosshead speed set at 
5 mm min-1. The specimen dimensions were 250 mm 
by 25 mm with the distance between grips of 150 mm. 

Three-point bending tests were performed following 
ASTM D790-03 to evaluate the flexural strength, modu-
lus, and elongation at break of the materials. The Zwick/
Roell DO-FB050TN testing machine was used, with a 
crosshead speed of 5 mm min-1 and load cell of 50 kN. 
The diameter of the loading and supporting members 
were 10 mm and 5 mm respectively. The 50 mm span was 
used for specimens with dimensions of 60 × 25 × 3 mm.

2.4  Surface Observation

As the tensile tests were performed, the cross section 
of the sample was observed by using a tabletop micro-
scope (TM-1000, Hitachi, Japan).

2.5  Water Absorption Determination

To study the water absorption behavior of banana 
fiber-reinforced composites, samples with the 

Table 1  List of samples processed under various conditions.

Sample ID
Temperature 

(°C)
Time 
(min)

Pressure 
(kg cm-2)

Sample 1 150 10 100

Sample 2 160 10 100

Sample 3 170 10 100

Sample 4 170 15 100

Sample 5 170 20 100

Sample 6 170 20   75

Sample 7 170 20 125
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above-mentioned dimensions for mechanical proper-
ties measurement were prepared and immersed in a 
water bath at room temperature. After a certain time 
period, samples were taken out and the weight meas-
ured. The experiments were repeated until the weight 
of the samples was constant. 

The percentage of absorbed water at time t was 
obtained as follows:

M
m m

mt
t%( ) =
−

×
0

0
100

where m0 and mt are the initial weight and the weight 
at time t of the sample.

In addition, after water absorption of the samples was 
determined, the mechanical properties of the optimum 
samples were analyzed to clarify the effects of water 
absorption on the mechanical properties of samples.

2.6 � X-ray Microtomography and Image 
Processing

As X-ray computed tomography is known to be able 
to quantitatively determine the porosity with a rea-
sonable degree [20], it was applied in this study for 
observing the structure of the processed composite 
and determining the volume fraction of voids inside 
the composite. Microtomography scans were obtained 
by using an X-ray CT scanner (FLEX-M863-CT, 
Beamsense Co. Ltd., Japan) that can resolve very small 
density difference, typically 0.1 g cm–3 [21]. For image 
processing, a “3DV file analyzer” graphical user inter-
face (GUI) was developed in this study. The GUI was 
built in MATLAB with functionalities such as stand-
ard 3D image processing, 3D particle analysis, poros-
ity measurement, 3D visualizer. After scanning the 
sample using the X-ray CT scanner, a 3D volume file 
(.3dv file) is created and can be processed by “3DV file 
analyzer” to determine the sample porosity. At first, a 
region of interest (ROI) of the sample can be selected. 
Then, binarization will be applied to detect the voids 

in the ROI of the analyzed composite after applying a 
median filter for noise removal. Finally, the position 
and shape of the voids will be labeled and the total 
void volume in the ROI will be calculated in number 
of 3D voxels. To provide further analysis of the sample, 
3D visualization of the sample was also supported.

3  RESULTS AND DISCUSSION

3.1 � Structure of Extracted Banana Fibers

By using SEM, Barreto et al. and Mukhopadhyay et al. 
showed that the structure of banana fiber is similar to 
that of regular fiber with discrete net fibrils [22, 23]. 
Banana fibers, as well as other lignocellulosic fibers, 
are constituted of cellulose, hemicellulose, lignin, pec-
tin, wax and water-soluble components. In this study, 
the extracted banana fibers were observed by X-ray CT 
(Figure 1). The net fibrils were clearly observed. The 
diameter of banana fibers used in this study was found 
to be in the range of 0.025–0.19 mm with the mean 
value of 0.075 mm and standard deviation of 0.031 mm.

3.2 � Effects of Processing Temperature 
on the Mechanical Properties of 
Composite

To determine the effects of processing temperature on 
the mechanical properties of composites, the holding 
time and pressure were fixed at 10 min and 100 kg cm–2 
respectively while the samples were processed at 
150, 160, 170 and 180 °C. However, the sample processed 
at 180 °C was burnt. Tensile strength of fiber-reinforced 
composites processed under various temperature con-
ditions is higher than that of ABS matrix (Table 2). The 
tensile and flexural properties of the other samples are 
shown respectively in Figure 2a,b. The highest tensile 
properties were obtained under 170 °C.

For a better understanding of the processing tem-
perature effect, the porosity (volume fraction of voids 

Figure 1  Structure of banana fibers observed by X-ray CT (a) along the length and (b) at cross section of the fibers.

1000 µm

500 µm

(a) (b)
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inside the sample) was calculated (Figure  3). It was 
observed that the tensile and flexural strength of the 
sample increased while the porosity dramatically 
decreased (from 4.237% to 0.05%) at higher process-
ing temperature in the range of 150–170 °C. This 
indicated that lower viscosity at higher temperature 
had allowed ABS to flow easily to fill the voids in the 
sample, resulting in better reinforced composite mate-
rial. In other words, the tensile and flexural proper-
ties of the UD banana fiber-reinforced composite were 
inversely proportional to the porosity.

In addition, the amount of water absorption 
of these samples was calculated and is shown in 
Figure  4. The amount of absorbed water increased 
with time and became unchanged after seven days. 
The lowest amount of water was absorbed by the 
sample that had been processed at 170 °C, which 
should achieve the highest mechanical properties 
and lowest porosity (according to the results pre-
sented in Figure 2).

3.3 � Effects of Processing Time on the 
Mechanical Properties of Composite

Holding time for this study was suggested at 10, 15, 
20 and 25 min while processing temperature and pres-
sure were fixed at 170 °C and 100 kg cm-2 respectively. 

Figure 2  Effects of processing temperature on (a) tensile and 
(b) flexural properties of banana fiber-reinforced composites.
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Table 2  Tensile strength of ABS matrix and banana fiber-
reinforced composites processed under different processing 
temperature conditions.

Sample

Processing temperature

150 °C 170 °C

ABS matrix 37.69 MPa 38.37 MPa

Composite 40.15 MPa 98.73 MPa

Figure 3  Porosity in banana fiber-reinforced composites 
processed at various temperatures.
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Figure 4  Water absorption of banana fiber-reinforced 
composites processed at various temperatures.
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flexural strength (Figure 5). This suggested that 
there should be a significant drop in porosity for a 
banana UD mat-reinforced composite to improve 
its mechanical strengths. Significant difference in 
the mechanical strengths of two pairs of composite 
samples has been observed where the porosity dif-
ference was about 4 times between sample 5 and 
sample 3 (Figure 6) and between sample 3 and sam-
ple 2 (Figure 3).

Analyzing the amount of water absorption of these 
samples under different processing times, similar 
water absorption behavior was also observed as the 
amount of absorbed water increased with time and 
became unchanged after seven days of immersion 
time (Figure 7). It is noted that the amount of absorbed 
water was significantly reduced for the sample that 
had been processed in 20 min (Sample 5). 

Time (min)

Tensile strength (MPa);
T = 170 ºC; P = 100 kg cm–2

Tensile modulus (MPa/100)
120

100

80

60

40

20

0

4

3

2

1

0

Te
ns

ile
 s

tr
en

gt
h,

m
od

ul
us

Tensile strain (%
)

10 15 20

Time (min)

Flexural strength (MPa);
T = 170 ºC; P = 100 kg cm–2

Flexural modulus (MPa/100)
120

(a)

(b)

100

80

60

40

20

0

4

3

2

1

0

Fl
ex

ur
al

 s
tr

en
gt

h,
m

od
ul

us

Flexural strain (%
)

10 15 20

Figure 5  Effects of processing time on (a) tensile and 
(b) flexural properties of banana fiber-reinforced composites.

Figure 5 presents the effects of processing time on 
the tensile and flexural properties of the compos-
ites. It should be noted that the composite sample 
being processed in 25 minutes had been burnt; thus, 
its mechanical properties could not be presented in 
Figure 5.

As a longer processing time was applied to the sam-
ple, both tensile and flexural properties increased in 
the range from 10 to 20 minutes. However, it seemed 
that there should be a longer processing time for the 
sample to improve its mechanical strength, as the 
samples prepared in 10 min and in 15 min only dif-
fered slightly in mechanical strengths. The sample pre-
pared in 20 min had the greatest tensile and flexural 
strengths, which were significantly differently from 
those of samples prepared in 10 or 15 min.

It is interesting to note that although low poros-
ity was obtained when the sample was processed 
in 15 min compared to 10 min (Figure 6), there was 
an insignificant change in the sample’s tensile and 
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Figure 6  Porosity in banana fiber-reinforced composites 
processed in various times.
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Figure 7  Water absorption of banana fiber-reinforced 
composites processed in various times.
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processing pressure (Figure 9b). Under this pressure, 
the floating fibers were observed as well (Figure 9c). 
The induced cracks and floating fibers could have 
led to  the significant decrease in the strength of 
composites.

From the 3D structures of the samples that had been 
processed under various pressures, the samples’ porosi-
ties were calculated. Under the pressure of 75, 100 and 
125 kg cm–2, the porosity was 0.638, 0.013 and 0.059% 
respectively. Based on the mechanical properties mea-
surement (Figure 8) and porosity analysis (Figure 10), the 
sample prepared at T = 170 °C, t = 20 min, and P = 100 kg 
cm-2 performed at the highest mechanical strength and 
modulus, and had the lowest volume faction of poros-
ity. Water absorption analysis showed that the sample 
prepared at the optimal conditions has the lowest water 
absorption amount (Figures 4, 7, and 11). The 3D model 
reconstruction of a banana fiber-reinforced composite at 
the optimal processing molding conditions is shown in 
Figure 12.

Additionally, a tabletop microscope was employed 
to confirm the uniform wetting of ABS matrix of the 
whole mat of fibers and to show the quality of the 
interfacial adhesion between fibers and the matrix. 
After tensile tests were performed, the surface of 
sample prepared at T = 170 °C, P = 100 kg cm-2 in 
20 min was observed. The cross section of the sam-
ple showed good fiber-matrix interfacial adhesion 
(Figure 13). 

It was found that the amount of absorbed water 
was almost unchanged after seven days in a water 
bath. Therefore, the optimum sample processed at 
T = 170 °C, P = 100 kg cm-2 in 20 min before and after 
seven days of immersion in a water bath was used 
to understand the effect of water absorption on the 
mechanical properties of composites. Figure 14 dem-
onstrates the reduction in strength and modulus of 
composites after water absorption.

4  CONCLUSIONS

In the experimental study, fibers were extracted from 
banana pseudostems, and used to reinforce ABS 
for composite production. The common compres-
sion molding for composite was successfully applied 
to make UD banana fiber-reinforced composites. 
Composites prepared by compression molding at 
T = 170 °C, t = 20 min and P = 100 kg cm-2 had the high-
est mechanical properties with the smallest porosity 
and the lowest water absorption. It was found that 
the tensile and flexural properties of the composites 
were inversely proportional to the volume fraction of 
porosity. In addition, processing under high pressure 
might lead to a significant decrease in the mechanical 

3.4 � Effects of Processing Pressure on the 
Mechanical Properties of Composite

After the optimum processing temperature and time 
were determined, the effects of processing pressure 
were examined at 75, 100 and 125 kg cm-2. It was 
apparent that the strength increased as the pressure 
increased from 75 to 100 kg cm-2 (Figure 8). However, 
the strengths and modulus decreased as the pressure 
increased from 100 to 125 kg cm-2.

Therefore, the three-dimensional structure of 
the composite processed under pressure of 125 kg 
cm-2 was built and is shown in Figure 9, where fiber,
polymer matrix, porosity, and crack are well illus-
trated in green, white, blue, and red respectively.
The damage in structure was found in the sample
(Figure 9a), which might be the effect of processing
under high pressure (at 125 kg cm-2). Besides poros-
ity, cracks were also found in the sample under high
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Figure 8  Effects of processing pressure on (a) tensile and (b) 
flexural properties of banana fiber-reinforced composites.
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properties of composites due to the induced cracks 
and floating fibers, as observed in the case of process-
ing banana fiber-reinforced composite at 125 kg cm–2. 
Furthermore, composite structure analysis is currently 
in progress and the results will be reported in the near 
future.
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composites processed under various pressures.
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banana fiber-reinforced composites prepared at T = 170 °C, 
 P = 100 kg cm-2 in 20 min before and after water absorption.

300µm

Figure 12  3D model reconstruction of a banana fiber-
reinforced composite prepared at T = 170 °C, P = 100 kg cm-2 
in 20 min.
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Figure 13  Cross section of banana fiber-reinforced composite 
prepared at T = 170 °C, P = 100 kg cm-2 in 20 min after tensile 
test.
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