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Effect of moisture content of jute fabric and
hybridization structure on the impact properties
of jute and jute/glass hybrid composites

Abstract: A preliminary investigation on the impact prop-
erties and morphologies of unsaturated polyester rein-
forced with jute woven fabric recycled from used coffee
bags with different moisture contents was conducted. The
laminated structural effect of hybridization with glass
woven fabric was also investigated. Jute/jute-laminated
composites, and jute/glass/jute- and jute/jute/glass-lam-
inated hybrid composites were fabricated by the hand
lay-up method. Their impact properties were compared
by drop-weight and the Izod impact tests. The acous-
tic emission (AE) technique was applied under a tensile
load to detect micro-failure processes in the jute and jute/
glass hybrid composites. The number of AE signals and
the AE energy were monitored using two transducers with
resonant frequencies of 140 kHz and 1 MHz. The results
showed that the moisture content affected the mechani-
cal properties of the composites. The strength and elonga-
tion at break of the jute yarn decreased with a decrease
in moisture content. The AE characteristics and observa-
tions of the fracture surfaces revealed that the composites
fabricated from jute fabric with low moisture content had
a relatively higher initial fracture stress and higher resist-
ance to micro-fractures. Moreover, the mechanical proper-
ties of the hybrid composites were significantly affected
by the laminating structure.
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1 Introduction

Owing to the increasing global awareness on environ-
mental and social issues and with the establishment
of new environmental regulations, the use of natural
fiber-reinforced composites for various applications has
been attracting significant attention in recent years [1, 2].
Because of its low specific mass, low cost and environ-
mental friendliness, the use of natural fiber in place of
glass fiber in composites confers numerous benefits in
non-structural applications [3]. In particularly, natural
fiber composites are promising materials for use in parts
of automotives. Given that natural fiber composites have
lower weight, their application may result not only in
improving vehicle fuel efficiency, but also in assisting in
maintaining the sustainability of manufactured materials
[4, 5]. However, the strengths of natural fiber composites
are comparably lower than that of their synthetic fiber
counterparts. This is often a result of the incompatibility
between natural fiber and the resin matrix. In addition,
natural fiber is hydrophilic and possesses high moisture
absorption potential. Absorption of moisture deforms the
surface of the composites by swelling and creating voids.
These factors currently limit the large-scale production of
natural fiber composites [6-14].

To expand the application of natural fiber composites,
several approaches have been taken. Among these, fiber
hybridization appears to have significant potential. The
production of synthetic/plant fiber hybrid laminates has
been explored in recent years with the objective of obtain-
ing materials with sufficient impact properties and other
improved mechanical properties while also minimizing
costs and ensuring environmental sustainability [15-20].
The most widely used synthetic reinforcement in hybridi-
zation is glass fiber because of its high strength, stiffness
and corrosion resistance. However, compared with carbon
or Kevlar fibers, the use of glass fiber in the military and
aerospace industries is disadvantageous because of its
susceptibility to impact damage [21, 22]. Nevertheless, by
incorporating the glass fibers into natural fiber composites,
the penetration resistance and damage tolerance of natural
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fiber composites is greatly improved. Santulli [23] inves-
tigated the impact properties of glass/plant fiber hybrid
laminates. The successful development of glass/plant fiber
hybrid laminates was found to be dependent on the fulfill-
ment of the following conditions: a) introduction of a larger
(global) volume of fibers in the composite, b) improved
effectiveness of interfaces in dissipating impact damage
or improved intermingling of fibers and c) modification
of the geometry or study of optimal fiber configurations to
maximize impact properties. Morye and Wool [16] explored
the mechanical properties of glass/flax hybrid composites
based on a novel modified soybean oil matrix material. The
mechanical properties of the composites were determined
to be dependent on the glass/flax ratio and the arrange-
ment of fibers in the composite. Upon optimal arrangement
of fibers in the composite, the glass and flax fibers were
found to act synergistically, resulting in an improved flex-
ural and impact performance. Nayak et al. [24] determined
the influence of interfacial adhesion on the structural and
mechanical behavior of PP-banana/glass hybrid compos-
ites. The rate of water absorption in hybrid composites was
observed to decrease because of the presence of glass fiber
and the coupling agent. Tests revealed that the mechani-
cal properties of the hybrid composites could be improved
at certain banana-to-glass ratios and with the coupling
agent. Thermal analysis also confirmed an enhancement
in the melting point, crystallization temperature and onset
thermal degradation temperature.

In a previous work [25], jute fabrics recycled from
coffee bags with three different moisture contents were
used to fabricate environment-friendly composites by the
hand lay-up method. The 3-point bending test, the Izod
impact test and the acoustic emission (AE) technique
(which was applied under a 3-point bending load) were
performed to determine the effect of moisture content
of jute fabrics on the mechanical properties of the com-
posites. The results showed that the strength of the jute
yarn decreased with a decrease in moisture content. Such
findings could explain the lower mechanical properties of
composites fabricated from jute fabric with low moisture
content. However, the AE characteristics and observation
of the fracture surfaces showed that composites fabricated
from jute fabric with low moisture content had a relatively
higher initial fracture stress and higher resistance to
micro-fractures. Moreover, the optical and SEM images of
the composites revealed that the interfaces were better in
composites with low moisture content.

The performance of natural fiber can be improved
by utilizing the hybridization concept. The advantages of
one type of fiber can compensate for the disadvantages
of the other component fiber. To extend their commercial
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applicability, it is necessary to clarify the effect of mois-
ture content on hybrid composites and to improve the
penetration resistance and damage tolerance of natural
fiber composites. In this regard, an expanded preliminary
investigation on the impact properties and morphologies
of unsaturated polyester reinforced by the recycled jute
woven fabric with different moisture contents was con-
ducted. In addition, the effects of hybrid composites with
glass woven fabric on laminated structures were investi-
gated by the drop-weight and the Izod impact tests.

2 Materials and methods

2.1 Materials

Unsaturated polyester (Showa High Polymer Co., Ltd.,
Tokyo, Japan), jute fabric (recycled from waste coffee bags
collected from Coffee Making Company, Japan) and glass
fabric (Nitto Glasstex Co., Ltd., Gunma, Japan) were utilized
to fabricate composites. The polymer was mixed with the
hardener MEKPO (PERMEK N; NOF Corp., Tokyo, Japan) in
a ratio of 100:0.7.

Figure 1 shows a photograph and schematic drawing
of the jute woven fabric cut from the recycled coffee bags.
The type of the jute fabric is plain cloth with an areal
density of 0.35 kg/m?.

2.2 Fabrication of composites

The composites were fabricated by the hand lay-up
molding method. All jute fabrics were first washed in
water and dried naturally at room temperature (50% RH,
20°C) to remove contaminants. Prior to the hand lay-up
process, some of the jute fabrics were dried further using
an oven at 100°C for 4 h. Thus, two jute fabrics with two
contrasting moisture contents were obtained.

Figure1 Photograph and schematic drawing of the jute woven fabric.
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Subsequently, the jute fabrics were impregnated with
resin and two layers laminated by the hand lay-up method
within 2-3 min to maintain a constant water absorption
ratio. The thickness of the composites was controlled
within 2.6 mm-2.9 mm to obtain a volume fraction of jute
fiber of approximately 20%. The jute fabrics were then
kept at room temperature for 24 h to cure the resin before
being dried at 100°C for 2 h for post-curing.

Jute/glass (JG) hybrid composites were also made.
Compared with the jute fiber, glass fiber does not absorb
moisture significantly, so only the moisture content of the
jute fabric is discussed in this study. Two kinds of hybrid
composite structures were fabricated. Hybrid composites
with a laminated structure of jute/glass/jute (JGJ) and
jute/jute/glass (JJG) were developed. The volume frac-
tions of jute fiber and glass fiber for both hybrid compos-
ite structures were 16.5% and 1.6%, respectively. Only one
glass layer was added while maintaining a standard jute
weight content to obtain a better balance between high
synthetic and high natural fiber contents.

2.3 Drop-weight impact test of composites

The drop-weight impact test was conducted using an
Instron dynatup machine (Type 9250 HV) (Instron,
Norwood, MA, USA) under an impact energy of 30 J. The
tup size was 12.7 mm. A pneumatic clamping fixture was
secured to the tower table, and the fixture was then used
to secure a specimen in place prior to an impact test. The
fixture size diameter was 76 mm. Each test involved a
minimum of three specimen replicates.

2.4 lzod impact test of composites

The Izod impact test was performed on an impact tester
pendulum 5.5 ] (Toyo Seiki Seisaku-sho, Ltd., Tokyo,
Japan) in accordance with ASTM D 256-05. The specimens
has a dimension of were 10x60 mm with a V-notch (depth
of the notch was 2 mm with an angle of 45°). Each test
involved eight specimen replicates.

2.5 Tensile test and acoustic emission
measurement of composites

Tensile test was conducted using an Instron universal
testing machine (Autograph AG-50KNI, Shimadzu Corp.,
Kyoto, Japan) under a nominal test speed of 1.0 mm/min
at room temperature and with a gauge length of 100 mm.
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During the tensile test, AE characteristics were monitored
simultaneously using 7600 series AE instrumentation (NF
Corp., Kanagawa, Japan). Two types of AE transducers with
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Figure 2 Relationship between the weight of jute fabric and drying
time.
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Figure 3 Drop-weight and Izod impact properties of the jute and
jute/glass hybrid composites reinforced with jute fabrics with dif-
ferent moisture contents.
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different resonant frequencies of 140 kHz and 1 MHz were
attached to the specimens at the center of the width and
at two points at a distance of 10 mm from the central line.
The 140 kHz transducer was used to detect matrix cracking
or bonding between fiber and matrix, whereas the 1 MHz
transducer was employed to detect fiber fracture [26, 27].
The fixed gain was 40 dB, and the threshold was set at
100 mV to reveal the acoustic signal because it is charac-
terized by a higher working frequency compared with the
noise frequency. Each test involved five specimen replicates.

2.6 Optical microscopy and scanning
electron microscopy (SEM)

Post-failure cross-sectional observation was conducted on
selected test specimens using an optical microscope and
a field-emission scanning electron microscope (Hitachi,
S-4200, Hitachi High-Tech Fielding Corp., Tokyo, Japan).
Gold was sputtered onto the specimens for electron con-
ductivity before SEM observation.

3 Results and discussion

3.1 Dry processing of the jute fabric and
experimental samples

The relationship between the weight of jute fabric and
drying time is shown in Figure 2. A drastic decrease in
weight was observed within the first 15 min, but the
decrease in weight was very slow thereafter. The final
weight of the jute fabric was approximately 92.5 wt%,
which means that the moisture content of the jute fabric
was about 7.5 wt%. In this study, two drying conditions
were applied to the jute fabrics before the hand lay-up
molding process to develop two kinds of composites
with contrasting moisture contents. As mentioned in
section 2.2, some jute fabrics, classified as “deeply dried
fabric”, were further dried at 100°C for 4 h. After 240 min
of drying, the free moisture in the jute fabric had been
almost entirely removed. In comparison, the other jute
fabrics were not subjected to additional drying and were
classified as “naturally dried fabric”. The moisture con-
tents were determined to be approximately 0 wt% for the
deeply dried fabric and 7.5 wt% for the naturally dried
fabric. Although the glass fabric was not dried in an oven,
the JG hybrid composites were also classified as naturally
or deeply dried according to the moisture content of the
jute fabric. This classification reflects the relatively low
water absorption properties of the glass fabric.
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In this study, two different kinds of hybrid compos-
ites were fabricated. Both kinds were laminated by two
layers of jute fabric and one layer of glass fabric. One kind
of hybrid composite structure, classified as the JGJ hybrid
composite, involved a glass layer laminated between two
jute layers. In the other structures, the glass layer was
laminated on one side, and was classified as either the GJJ
or the JJG hybrid composite. For the drop-weight impact
test, the GJJ composite had the glass layer exposed to the
impact tup, whereas the JJG composite had the jute layer
as the impact surface.

3.2 Effect of moisture content on the
mechanical properties of composites

Figure 3 illustrates the drop-weight and the Izod impact
properties of the jute and jute/glass hybrid composites
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Figure 4 Tensile stress and AE count-time curves of the compos-
ites. The deeply dried hybrid composites (jute/glass/jute) had a
higher initiation stress and a lower AE count. (A) Tensile stress and
AE count-time curves. (B) The beginning stage of tensile stress and
AE count-time curve indicated the cumulative AE count has a signifi-
cant increase when it reached 5 and after that it increased regularly.



DE GRUYTER

Y. Yu et al.: Impact properties of jute and jute/glass hybrid composites

(Jute/Jute/Glass)

Deeply dried composite

— 371

Natural dried composite

Figure 5 Schematic representation of the reflection-type optical microscope views of the fracture surfaces after the drop-weight impact
test. The red circle indicates the fracture area. All of the naturally dried composites, most especially the jute/jute/glass hybrid composites,
experienced larger deformation. For the jute/jute composites, the damage area was localized and concentrated. For the hybrid composites,
the composites with a jute layer at the impact surface, that is, jute/jute/glass, experienced larger deformation compared with the jute/
glass/jute composite where the glass layer was laminated between two jute layers and the glass/jute/jute composite in which the glass

layer was exposed to the impact tup.

reinforced with jute fabrics with different moisture
contents. In both tests, almost all of the naturally
dried composites showed comparably higher impact
properties than the deeply dried composites. Such a
finding can be attributed not only to the higher break-
ing strength per linear density, but also to the higher
elongation at the break of naturally dried yarns com-
pared with those of the deeply dried fabrics [25]. Figure
4 shows the tensile stress and the AE count-time curves
of both the deeply and naturally dried JGJ hybrid com-
posites. For both specimens, the tensile stress-time
relationship increased approximately linearly before
AE initiated. No AE counts were detected, indicating
that damage had not yet occurred in the specimen.
Afterward, the relationship became non-linear, indi-
cating that micro-cracks were starting to form in the
composites. After the AE signals were initiated, the
increase in the AE counts was almost kept constant
until the final fracture. In this study, the AE initiation
stress was considered as the point when the 140 kHz
cumulative AE count reached five. As shown in Figure
4B, the cumulative AE count monitored at 140 kHz sig-
nificantly increased when it reached five, after which it
increased regularly. Based on the AE initiation stress,
the deeply dried hybrid composite had a higher value
than the naturally dried one. The cumulative AE count
for the 140 kHz transducer reflects the accumulation
of cracks in the matrix. The cumulative AE count for

the naturally dried hybrid composite reached approxi-
mately 10,000, whereas it was lower, with only about
1000, for the deeply dried composite. The 1 MHz trans-
ducer, which was used to detect the accumulation of
fractures in the fibers, also showed higher counts for
the naturally dried composite than for the deeply dried
composite. Noticeably, multiple matrix cracking and
fiber fracturing occurred after AE initiated, and that
more micro-cracks formed in the matrix than in the
fiber fractures. In particular, the 1 MHz signals were
initiated later than the 140 kHz signals, indicating that
the fracture of the composites started from the matrix
and progressively transferred to the reinforced fibers,
eventually resulting in fiber breakage. Consequently,
the deeply dried composite is considered to have a rel-
atively higher resistance to micro-fractures. Thus, the
composite fabricated from jute fabric with lower mois-
ture content could have a better interfacial adhesion
between fiber and matrix.

Based on the observation of the cross-section of
the composites shown in Figure 5, the jute fibers were
pulled out along the loading direction, whereas the
glass layers were delaminated with the matrix in the
naturally dried composites. In contrast, the glass layers
were still tightly bent to the matrix in the deeply dried
composites. In particular, the naturally dried compos-
ites, especially the JJG hybrid composites, experienced
larger deformation compared with the deeply dried



372 — Y.Yuetal.: Impact properties of jute and jute/glass hybrid composites

Jute/Jute

DE GRUYTER

Sesm @18016

Magnification: 500
Deeply dried

Jute/Glass/Jute

Magnification: 750
Natural dried

188nn

188en  Seseer

sesenz

Deeply dried

fication: 35

(AWML

Natural dried

Figure 6 SEM micrographs after the Izod impact test. The bonding between the jute fiber/jute bundle and the matrix was better in the
composites with lower moisture content, that is, in deeply dried composites.

ones. The higher elongation at break of the naturally
dried jute yarn compared with that of the deeply dried
jute fabric accounts for better impact resistance in the
former.

The fractures observed on the surface of jute/jute com-
posite after the Izod impact test are shown in Figure 6. In
the deeply dried composite, the ruptured fibers were still

tightly bent to the matrix, and a thin layer of the matrix
was found on the loose fiber surfaces. In the naturally
dried composite, fiber bundles were pulled out from the
fractured surface, leaving behind large holes. Therefore,
the bonding between the jute fiber/jute bundle and the
matrix was better in the composite with lower moisture
content, i.e., in the deeply dried composite.
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Figure 7 Photographs showing the fracture surfaces after the drop-
weight impact test. Compared with the jute/jute composites, hybrid
composites, especially the jute/jute/glass hybrid composites
(hybrid composites with two jute layers directly stuck by the tup),
showed larger deformation. (A) Front surface of a jute/jute compos-
ite; (B) back surface of a jute/jute composite; (C) front surface of a
jute/glass/jute hybrid composite; (D) back surface of a jute/glass/
jute hybrid composite; (E) front surface of a glass/jute/jute hybrid
composite; (F) back surface of a glass/jute/jute hybrid composite;
(G) front surface of a jute/jute/glass hybrid composite; (H) back
surface of a jute/jute/glass hybrid composite.

3.3 Effect of textile stacking structure with a
glass layer on the mechanical properties
of the hybrid composites

As shown in Figure 3, the mechanical properties of the
hybrid composites were mainly affected by the stacking
structure. For the naturally dried hybrid composites, the
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Figure 8 Photographs showing the fracture surfaces of the natu-
rally dried hybrid composites after the Izod impact test. The color
white is relative to the delamination of the glass layer.

Izod impact energy of the JJG composites was approxi-
mately 66.7% higher than that of JGJ hybrid composites.
Moreover, for the drop-weight impact test, the total energy
absorption or thickness value of the jute layer, which was
directly struck by the tup, in the JJG composites was 46%
and 68% higher than that of the GJJ and JG] composites,
respectively, where the glass fabric layer was directly
exposed to the impact. These results suggest that the
stacking sequence of composites significantly affects the
impact behavior of the hybrid composites.

The changes in the fracture surface of the composites
after the drop-weight impact test are shown in Figure 7.
Compared with the JJ] composites, the hybrid composites,
especially the JJG hybrid ones, exhibited larger deforma-
tion. The relatively higher impact toughness of glass fiber
compared with that of jute fiber enhances the perfora-
tion resistance of glass hybrid composites, resulting in
higher impact energy. Figures 5 and 7 illustrate that the
J] composites were fractured completely and contained
a concentrated and localized damage area, which may
account for the low impact energy of the JJ composites.
The JJG composites with a jute layer at the impact surface
clearly experienced larger deformation compared with JGJ
and GJJ composites. This observation can be attributed to
the higher elongation at break of the jute layer compared
with that of the glass layer, resulting in larger deformation
and better impact resistance. Moreover, the glass layer
in the hybrid composites was effective in extending the
break area and may allow for better impact resistance and
damage tolerance compared with the JJ composites.

The SEM micrographs of the hybrid composites are
shown in Figure 6. The differences between GJJ and JGJ
hybrid composites at the fracture surface in the transverse
direction were negligible. Figure 8 shows the fracture
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surface of the naturally dried hybrid composites in the lon-
gitudinal direction after the Izod impact test. An obvious
delamination between the glass layer and matrix in the
GJJ hybrid composite can be observed. This delamination
might account for the higher Izod impact energy of the GJJ
hybrid composites compared with that the JG] composites.

4 Conclusion

In the present study, jute fabric recycled from used coffee
bags was utilized to fabricate environment-friendly com-
posites. The effect of moisture content on the mechanical
properties of the composites was investigated. The lami-
nated structural effects of the hybridization with glass
woven fabric were also investigated.

The moisture content affected the mechanical prop-
erties of the composites. The strength and elongation at
break of jute yarns decreased with a decrease in moisture
content. Moreover, the optical images of the fractures after
the drop-weight impact test revealed that the deeply dried
composites had better interfacial properties. The natu-
rally dried composites experienced larger deformation,
which may be attributed to the higher elongation of the
naturally dried jute layer. With regard to the hybrid com-
posites, the glass layer was effective in blunting the propa-
gation of cracks and in increasing impact resistance. The
AE characteristics showed that the composites fabricated
from jute fabric with lower moisture content had a rela-
tively higher AE initiation stress and a higher resistance to
micro-fractures.

The addition of a glass layer to the jute layer increased
the impact resistance of the composites not only because
of the higher strength of glass fiber, but also because the
glass layer can increase the damage area of the compos-
ite during impact. The position of the glass layer results
in variation in the impact behavior of the hybrid compos-
ites. When the glass layer was placed at the bottom of the
impacted surface, the composites exhibited higher impact
energy than those composites with glass fabrics posi-
tioned at the top or in the middle layers. Therefore, natural
fiber/glass fiber hybridization is an efficient method for
expanding the application of natural fiber composites.
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