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Abstract The overall performance and service life of
natural fiber-based composites are affected by different
factors depending on their application areas, such as
building products, automotive and as packaging materials.
As building product, natural fiber polymer composites are
used for outdoor applications in decking, fencing, sliding
window frames and roofing tiles. When these products are
used for outdoor applications, they are going to be exposed
to a climate with moisture as well as temperature fluctua-
tion which may influence their durability and mechanical
properties. In the present work, an attempt has been made
to develop Eulaliopsis Binata (a natural fiber) epoxy
composite and to study the weathering effect on its per-
formance. The composites were exposed to three different
moisture environments such as distilled water, saline water
and subzero temperature. The composites were prepared
with 10, 20, 30, and 40 weight fractions of short EB fiber.
The thickness swelling rate parameter, diffusivity constant
and equilibrium moisture content were determined con-
sidering the application areas for the developed compos-
ites. The results indicate that as the fiber content increases,
the moisture uptake also increases. The degradation of
tensile, flexural and impact strength of the composites in
different environments was determined and analyzed. The
obtained results indicate that moisture absorption pattern
for the composites follows the Fickian diffusion behavior.
Maximum degradation of mechanical properties has been
found in distilled water environment followed by saline
water and subzero environments. The analysis of failure
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mechanisms of tested samples in different environmental
conditions was also carried out by using FESEM.

Keywords Eulaliopsis Binata - Natural fiber -
Weathering - Environmental effect -
Mechanical properties - Polymer composites

1 Introduction

The recent times have witnessed an upsurge in the research
community to design and develop lightweight materials as
an alternative to traditional materials [1]. The new envi-
ronmental policies have encouraged the industries, partic-
ularly in household, packaging and automobile sectors to
consider for new materials which are environmental
friendly and fulfils the guidelines set by the governments
[2]. Therefore, researchers are now focusing on wider
adoption of natural fibers as a reinforcing materials instead
of synthetic fibers like glass, aramid carbon, etc., as an
alternative polymer composite [3]. The abundant avail-
ability, low cost, biodegradability, lower density, high
specific strength along with nontoxicity are the reasons for
their attraction [4]. These composites (natural fiber poly-
mer composites, NFPC) are now marketed for various
applications such as building product, automotive and
packaging materials. As building product, NFPC are used
for outdoor applications as decking, fencing, sliding win-
dow frames and roofing tiles [5]. The use of NFPC as
outdoor applications has raised concern about durability of
these products when exposed to outdoor environments.
Durability is measured through performance of the NFPC
that depends on the moisture absorption capacity of the
natural fiber. These composites are prone to get affected by
the presence of moisture mainly because of hydrophilic
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nature of natural fiber. The hydroxyl groups of holocellu-
lose are primarily responsible for water absorption of
composites [6, 7]. The degradation of hydrophobic com-
ponents at the surface of the composite during weathering
leads to an increase in the amounts of hydrophilic cellulose
at the surface, which makes these composites more sus-
ceptible to moisture absorption [8]. Water absorption can
lead to build up of moisture in the fiber cell wall and it
would result in fiber swelling leading to microcracks in the
matrix material. This, when used in long term, results in a
drop in flexural modulus and strength by degrading the
composite interface [9, 10]. It is reported by same resear-
ches that rate of moisture absorption is very low for wood
plastic composite [11, 12]. Some studies have clearly
mentioned that moisture absorption in these composites is
not uniformly distributed throughout the cross section,
rather they are found mostly on the edges of the composite
[13, 14]. This needs to be studied and controlled properly.
If not controlled, there is maximum possibilities of dete-
rioration of physical and mechanical properties of the
composite and restrict the use of end products for outdoor
applications [15].

Eulaliopsis Binata (EB) fiber, also locally known as
“sabai fiber” belongs to “poaceae” kingdom of plant
family. This plant is highly beneficial to the ecology as it
can be grown in barren lands, sloppy lands and hilly lands
thus reducing soil erosion in these areas. This fiber plant is
known for its good fiber quality, and it is extensively being
used in textiles, paper pulp production and hand knitted
utility products. Thermal stability, chemical constitution
and morphology of EB fiber have been studied by Khan-
dual et al. and Sahu et al. in detail [16, 17]. They have the
opinion that the advantage of this fiber is the fiber structure
which has a good water drainage characteristic. Chand
et al. have studied the mechanical and thermal behavior of
the EB fiber [18]. The authors successfully utilized EB
fiber as a reinforcing material in epoxy-based polymer
composites. Recently, Acharya et al. have reported about
the enhancement of mechanical properties such as tensile
strength, flexural strength and impact strength with incor-
poration of short EB fiber with epoxy resin [19]. The
authors have concluded that thirty weight fractions of short
EB fiber with epoxy as the matrix material provide opti-
mum mechanical strength.

As mentioned earlier for potential application of this
fiber in some structural applications like doors and window
panel, false roofing, partition boards, the durability per-
formance of fiber epoxy composite, a comprehensive study
on moisture absorption behavior is essential. Therefore, in
some structural applications like doors and window panels,
false roofing, partition boards, the durability performance
of EB fiber epoxy composite has to be carried out.
Therefore, a comprehensive study on the moisture
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absorption behavior is essential. Keeping this in mind, in
the present study, an attempt has been made to study the
moisture absorption behavior of the short Eulaliopsis
Binata (EB) fiber epoxy composites. The composite sample
containing 10, 20, 30 and 40 weight fractions of EB fiber
with epoxy has been fabricated. The prepared composite
sample was exposed to three different environments such
as distilled water, saline water (5% NaCl) and subzero
temperature. The weight gain and thickness gain behavior
of EB fiber-based epoxy composites along with deteriora-
tion of mechanical properties in all environments has been
studied and reported in this work. The failure mechanism
of the composite sample in different scenarios is also
analyzed.

2 Experimental Details
2.1 Materials

In this study, fresh EB fiber stems were procured from the
self-help groups (SHGs) operating in Mayurbhanj district
of Odisha. The collected fiber stems were washed with
pressurized water to remove unwanted particles adherence
to the fiber surface and then were sun dried for further
processing (Fig. la, b). Short fiber of length 11 mm was
prepared from these long fibers. Fiber pull out test was
carried out to optimize this length of 11 mm, and the
details of fiber preparation are given by Pradhan et al. [20].
The short fibers were kept in an oven at a controlled
temperature of 40 °C for 72 h to remove the excess
moisture as well as the undesired organic elements present
on the fiber surface. The fibers were then stored in an
airtight container for further use (Fig. 1c). The epoxy resin
of type “Lapox B11” with chemical name “Bisphenol-A-
Epichlorohydrin,” density 1.19 g/cm® and viscosity of
11,000-15,000 mPa s at 25 °C was procured from ATUL
industries, India. It was taken as the matrix material due to
its widespread application in polymer-based composites.
The “K-6" hardener was added to the epoxy resin in a
weight ratio of 10:1.

2.2 Fabrication of Composite

General hand layup technique was used to fabricate the
composite using a wooden mold of dimension
150 x 75 x 5 mm®. Composites were casted from short
EB fiber (randomly oriented) in different weight fraction of
fiber (10, 20, 30 and 40 wt%). For each weight percentage
of fibers, a calculated amount of epoxy resin and hardener
(in ratio of 10:1) was mixed properly with gentle stirring to
avoid entrapment of air bubbles in the mixture. Before
pouring the mixture into the mold, a silicon spray
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Fig. 1 a Eulaliopsis Binata
plant, b long fiber stems, ¢ short
EB fiber, d wooden mold and
e fabricated EB fiber epoxy
composite slab

(releasing agent) was used and sprayed on the mold surface
for easy withdrawal of specimen after curing. After pouring
the mixture in the mold, a load of 10 kg was applied from
the top and kept for 48 h for curing in the room tempera-
ture. After curing, the slabs were taken out of the mold and
specimen of required dimensions were cut by using a
diamond cutter for different tests. The schematic views of
composites fabricated with wooden mold are shown in
Fig. 1d, e. In the present investigation, the epoxy-based
composites with 10 wt% Eulaliopsis Binata fiber are rep-
resented as “EB10” and so on.

2.3 Moisture Absorption Tests and Thickness Gain
Behavior

The moisture absorption and thickness gain behavior of the
EB fiber epoxy composites have been carried out as per
ASTM D570-98. The fabricated composite slabs were cut
into a size of 140 x 16 x 5 mm? , and five samples of each
fiber weight percent (10, 20, 30 and 40 wt% of EB fiber)
were kept in an oven at 60 °C for 48 h to ensure that the
composite samples are free of moisture before the testing.
The initial weight and thickness of each specimen were
noted on an electronic balance to an accuracy of £ 0.001

before they were subjected to different environments.
Different environment to which the samples were subjected
to were salt water (5% NaCl concentration), distilled water
and subzero temperature (— 25 °C) [21]. The detailed
procedure followed for measurement of percentage mois-
ture uptake, condition for equilibrium moisture content
(EMC) and thickness gain percentages is same as explained
by Bera et al. [21]. The percentage of change in weight and

thickness were calculated using Egs. (1) and (2),
respectively.
W, — W,
M, (%) = [’7"] x 100 (1)
Wo
H, — H
TG (%) = [ d "] x 100 (2)
0

where M, is Moisture absorbed, W; is weight of the spec-
imen at time ¢, W, is initial weight of the specimen, TG is
rate of thickness gain, H, is thickness of a sample at time ¢,
H, is the initial thickness of the specimen.

2.4 Tensile, Flexural and Impact Strength Test

After subjecting the samples to different environments,
tensile and flexural strength tests were carried out by using
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an UTM (UTM H 10 KS). Tests carried out in dry, i.e.,
without subjecting them to any environments were reported
by Acharya et al. [22]. Results of this analysis were taken
here for comparison with environmentally treated com-
posites. The tensile and flexural tests were carried out as
per ASTM D 3039-76 and ASTM D 790-03 standard with a
strain rate of 1 mm per minute. The dog bone-shaped
specimen with a gauge length of 60 mm and a radius of
curvature of 76 mm were used for the tensile strength test.
The impact test of the composites was performed on an
“Izod impact tester” in accordance with ASTM D 256
standard where the free falling hammer was allowed to
strike the composite specimen with an initial energy of
5.234 Joules. The tensile, flexural and impact strength test
specimens of EB fiber-based epoxy composites are pre-
sented in Fig. 2a—c.

3 Results and Analysis
3.1 Moisture Absorption Testing

The exposure of EB fiber epoxy composites to different
environments (distilled water, saline water and subzero
temperature) resulted in an increase in weight and thick-
ness of the samples followed by a steady state where no
further moisture absorption has occurred. The moisture
intake behavior of the composite sample is found to be
different for different environments and is presented in
Fig. 3a—c. From the figures, it can be observed that the
moisture intake increases with increase in fiber content in
all environmental conditions. This is due to the free OH
groups present in the cellulose in the fiber. As the cellulose
content increases, the moisture intake increases as the free
OH groups create hydrogen bonding with the water
molecules. The moisture intake increases as the time pro-
gresses until a saturation level is attained. The moisture
absorption samples lead to increase in weight and thickness
of the composite specimens. The saturation time varies for
samples in different environments such as approximately
312, 264, 240 h for distilled water, saline water and

Fig. 2 a Tensile, b flexural and ¢ impact strength test samples of EB fiber epoxy-based composites
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Fig. 3 Weight gain behavior of EB fiber epoxy composites in a distilled water, b saline water, and ¢ subzero temperature environment

subzero temperature, respectively. The maximum moisture
intake is obtained for 40 wt% EB fiber for all considered
environments, and it is found to be 12.2%, 10.6%, 4.25%
for distilled water, saline water and subzero temperature
environments, respectively. It is certain that with the
increase in fiber content, the moisture absorption will also
increase. In addition to this, void content and bonding
between the interfaces of fiber and matrix sometimes help
in enhancing the moisture uptake for the composite.
Environment plays a major role in water uptake capacity of
the fiber. It is natural that the moisture uptake capacity of
natural fiber increases when exposed to different environ-
mental condition. But the interesting part is to know the
time taken for stabilization of water uptake. This depends
on the cellulose content of fiber. As reported by various
authors, time for stabilization for bagasse, luffa cylindrica,
lantana camara fibers are 70, 108 and 60 h, respectively
[21, 23, 24]. For the present case, it is 312 h.

The equilibrium moisture content (EMC) of the com-
posites varies with fiber content as well as different envi-
ronments. The EMC of the samples exposed in different
environments with different EB fiber weight percent is
presented in Fig. 4. The figure clearly indicates that the

-
S

[
N
:

=
o
:

Equilibrium Moisture Content (%)

EB fiber weight percentage (%)

m Distilled water B Saline water E3Sub zero temperature environment
Fig. 4 Equilibrium moisture content

environments

of composites in all

equilibrium moisture content has increased with increase in
the fiber content. The figure also indicates that EMC is very
sensitive to subzero environment for EB fiber in compar-
ison to distilled and saline water exposure. Among all the
environments, the composites show maximum EMC for
distilled water followed by saline water and subzero tem-
perature environment. The EMC of the composite samples
ranges from 5.94 to 12.2%, 4.87-10.62%, 2.33-4.25% for
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distilled water, saline water and subzero temperature,
respectively. The lesser value of EMC in saline as com-
pared to the distilled water happens due to the lesser dif-
fusion of water due to the deposition of NaCl on the surface
of the composites. The subzero temperature environment
contains lowest moisture among three considered envi-
ronments. This results in lowest EMC values among all the
environments. Deo et al. and Acharya et al. have reported
similar observation for lantana camara and bagasse fiber
with epoxy resin in different environments [23, 24].

3.2 Moisture Absorption Mechanism

Moisture absorption mechanism for polymeric composites
can be categorized into three types. All the three mecha-
nism modifies into a single diffusional mechanism. They
are known as Fickian, Relaxation controlled and non-
Fickian diffusion [25]. Fick developed a theoretical equa-
tion to find out the type of diffusion mechanism. Also, in
the Fick’s model, a parameter known as diffusion coeffi-
cient (D) has been utilized to show the ability of water
molecules to diffuse into the composite structure. In this
present investigation, we have followed the procedure as
proposed by Merdas et al. [8]. The details of finding out
diffusion coefficient (D), thickness gain rate, etc., are
provided by several authors [26-30]. The values for coef-
ficient (n) for Fickian diffusion (n = 0.5). Relaxation (n
> 1) and non-Fickian anomalous diffusion (0.5 <n < 1)
and the values of diffusion (D) are also calculated for
different weight fraction of fiber and the environments. The
value of D is determined by considering the initial slope of
the graph between moisture uptake and square root of time.
The diffusion curve fitting for EB fiber-reinforced com-
posite so obtained is given in Fig. 5, and the value for n,
k and D is presented in Table 1. From the table, it can be
observed that the D value increases with increase in fiber
weight percent in composites under all environments under
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-0.35

O EBI1O © EB20 A EB30 X EB40

--------- Linear (EB 10) ++++++ Linear (EB 20) «++++++++ Linear (EB 30) «+++++++ Linear (EB 40)

Fig. 5 Curve fitting of moisture absorption behavior according to
Fick’s law
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consideration. The composites containing 40 wt% EB fiber
exhibits highest diffusivity among all the composite spec-
imens under all tested conditions. The diffusivity of water
molecules is found to be maximum for distilled environ-
ment followed by saline water and subzero temperature.
This increase in D value is for the cellulose content of the
EB fiber. Therefore, it is maximum for composites con-
taining 40% of EB fiber.

3.3 Thickness Gain Behavior

The presence of OH groups in cellulosic content of the
natural fiber cause absorption of moisture [21]. Natural
fibers with a hydrophilic nature due to hydroxyl (-OH) and
other polar groups in their different constituents such as
cellulose and hemicellulose are interested in absorbing
water. This phenomenon leads to swelling of the fiber,
degradation of a fiber-matrix interface, plasticizing effect,
expansion of the gap between fiber bundles that reduces the
load-transfer efficiency, and results in depletion of bio-
composite performance as well as reduction of mechanical
properties [22, 23]. When the EB fiber epoxy composites
are subjected to distilled water, saline water and subzero
temperature environments, the absorption of moisture
through the micropores and the hydrophilicity of the fiber
material cause swelling of the composites [21, 31]. The
thickness gain (TG) behavior of the composite specimens
is presented in Fig. 6a—c. The TG rate is found to be in an
increasing order with increase in the fiber content in the
polymer composites with all environmental conditions
(Fig. 7).

The swelling rate parameter (Kgr) is considered to
quantify the rate of TG approaching toward the equilib-
rium. The higher value of this parameter indicates a higher
rate of wetting. This also indicates that lesser time is
required to reach the equilibrium thickness [28]. The value
of Kgg is calculated through a nonlinear regression curve
fitting method to fit the experimental data using Eq. (3).

TG (1) = [Hoo/(Ho + (Ho — Ho)e Kig) — 1] x 100 (3)

where TG (¢) is the thickness gain rate at a specific time
t. Hy and H,, are the initial and equilibrium thickness,
respectively.

The values of Kggr of all types of specimens (EB10,
EB20, EB30 and EB40) undergone in different environ-
mental conditions are presented in Table 2. From the table,
it is evident that the swelling rate parameter increases with
increase in the fiber content for all the environments under
consideration. This might have happened due to the pres-
ence of more number of microvoids in the interface of fiber
and epoxy at higher weight percentage of EB fiber.
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Table 1 Values of n, k, and diffusivity (D) of EB fiber epoxy composites exposed to different environments
Environment Fiber weight percent n k R? D x 1002
Distilled water EB10 0.2546 0.6291 0.9861 7.048823
EB20 0.2538 0.6261 0.9849 19.98411
EB30 0.2265 0.5545 0.9716 61.99353
EB40 0.2638 0.649 0.9823 128.2496
Saline water EB10 0.2884 0.7069 0.9752 3.346999
EB20 0.2464 0.6024 0.9738 9.909182
EB30 0.2538 0.6261 0.9849 19.98411
EB40 0.2347 0.5777 0.9805 72.1179
Subzero temperature EB10 0.2793 0.6858 0.9779 0.171695
EB20 0.3176 0.7807 0.9798 0.414701
EB30 0.2731 0.6704 0.9738 0.803971
EB40 0.2981 0.727 0.9681 1.984934
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Fig. 6 Thickness gain behavior of EB fiber epoxy composites in a distilled water, b saline water, and ¢ subzero temperature environment
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Fig. 7 Equilibrium thickness gain of composites in all environments
3.4 Effect of Weathering on Mechanical Properties
3.4.1 Tensile Strength

The tensile strength moves in an increasing order with
increased fiber content up to 30 wt%. It is observed that the
maximum deterioration of tensile strength occurs for the
composites containing 40 wt% fiber content. Figure 8
shows the tensile strength for samples with and without
subjected to different weathering conditions. From the
figure, it is observed that maximum tensile strength is
found with 30 wt% fiber content. This trend is observed for
all environmental conditions. The decrease in strength for
higher fiber content (40 wt%) might have happened due to
decrease in matrix material which in turn leads to poor
wettability of fibers with matrix material. Poor wettability
decreases the load transfer from matrix to fiber and con-
sequently decreases the tensile strength. The deterioration
of tensile strength for the composite containing 30 wt% of
EB fiber is found to be maximum in distilled water envi-
ronment (42.9%) followed by saline (29.7%) and subzero
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Fig. 8 Tensile strength of the exposed and unexposed composites

temperature (19.9%) environments. The swelling of fiber is
maximum for distilled water. This is followed by saline
water and subzero temperature environment. The swelling
for saline water is affected because of interaction of elec-
trons rich species with sodium ions which forms a mono-
layer on the surface of the specimens. For subzero
temperature, the intermolecular hydrogen bonding is less;
hence, time taken to reach saturation temperature is more,
and therefore, the strength is higher. When time taken to
reach the saturation point is higher, it affects the rigidity of
the matrix. This rigidity prevents the debonding of the fiber
which in turn increases the strength for the particular
composite. This saturation time varies for different envi-
ronments; hence, the strength also differs. This variation in
tensile strength is due to moisture absorption capacity of
the composite subjected to different environments. This
phenomenon of moisture absorption is already discussed in
previous section. Similar type of results have also been
reported for different natural fiber and environmental
treatments which clearly indicates that tensile strength

Table 2 Swelling rate parameter values of composites in all environments

Environment Fiber weight percent T; T; Time (t) TG (%) Ksr X 109
Distilled water EB10 5.12 5.182 312 1.21 408.2
EB20 5.142 5.229 312 1.691 397
EB30 5.096 5.216 312 2.354 393.1
EB40 5.145 5.296 312 2.934 381.8
Saline water EB10 5.084 5.14 264 1.101 510.7
EB20 5.156 5.227 264 1.377 600.1
EB30 5.21 5.299 264 1.708 517.8
EB40 5.131 5.235 264 2.026 464.8
Subzero temperature EB10 5.062 5.109 240 0.928 117
EB20 5.118 5.175 240 1.113 132
EB30 5.072 5.152 240 1.577 214
EB40 5.15 5.249 240 1.922 258
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depends on the type of moisture absorption capacity of the
fiber with different environments [32-34].

3.4.2 Flexural Strength

Figure 9 shows the flexural strength of both dry and
moisture absorbed composite samples that were exposed to
different environments. Maximum flexural strength is
observed for 30 wt. percent of fiber content. Further
addition of fiber (40 wt%) decreases the flexural strength.
This behavior of flexural strength is found to be same for
all exposed environments. The decrease in strength for
higher weight fraction of fiber (40 wt%) might be due to
low bonding strength of the fiber and matrix which arises
due to higher weight fraction of fiber. The other reason
might be due to agglomeration of fibers (short) during
manufacturing process which leads to deterioration in
flexural strength. The reduction in value of flexural strength
is found to be 24.96% in distilled water, 19.71% in saline
water and 11.25% in subzero temperature environment.
The least degradation is observed for subzero environment,
which bring to the conclusion that lesser amount of mois-
ture uptake has taken place by the fiber at this treatment.
This is confirmed from the SEM observation shown at
section below where swelling of fiber is much less in
comparison to other environmental treatments, which
reduces the moisture uptake. Similar observations have
been reported by Chaudhary et al. while studying hemp
fiber-reinforced epoxy composites [22].

3.4.3 Impact Strength

The impact strength test results of the composites for all the
tested conditions are plotted in Fig. 10. The capacity of the
composites to bear shock loads improves as the EB fiber
content increases in epoxy-based composite materials till
thirty weight fraction of the fiber. The agglomeration of
fiber is the main reason which is due to lesser amount of

100
90
80
70
60
50
40
30
20
10

X
{

ISSSSSRSRIRAR:
“:

S

YONIIINININNY,

...
220

3
A
5%

=

|
b

"7
5

SSSSSSSNSY

<

R

at

RBE
i
3
.::{?
e

>
2:

£
D
=
588

RA

Flexural Strength (MPa)
R
SHSSH:
RRBRRRE
ST

b

88
AT
AP

(232,
B

SSSSSSSSSSS

SRR

L

e
AN
7

O
7

SRS Y

"

=

10 20 30 40
EB fiber weight percentage (%)

Unexposed [ Distilled water environment

@ Saline water environment B Sub zero temperature environment
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matrix material (60 wt%) in case of 40 wt% of

fiber con-

tent that causes lower bonding strength between fiber and
matrix. This eventually decreases the ability of the com-
posite to absorb shock loads. The exposure of the com-
posite with different environmental condition for impact
strength also follows the same trend as it is for tensile and

flexural strength. The impact strength reduces

by about

29.22% in distilled water, 19.6% in saline water and 8.6%
in subzero temperature environment as compared to the
unexposed samples. Athijayamani et al. also reported

degradation of impact strength while studying

sisal and

rosselle fiber-reinforced composites exposed to different

moisture environments [35].

4 Microstructure Analysis

The microscopic analysis of the fractured surfaces of the
composite samples under different environments is carried
out using a field emission scanning electron microscope
(FESEM). Fig. 11a-d, e-h and i-l represents the failure
mechanism of the specimens containing 30 wt% of EB
fiber with epoxy under tensile, flexural and impact loads,
respectively. Figure 11a depicts the tensile failure mecha-
nism of the unexposed sample. The pull out of the intact
fiber structure reveals that a major share of the applied load
is carried by the fibers. The fractured surface of the spec-
imen exposed to distilled water environment is presented in

Fig. 11b. The portion of the fiber pulled out
matrix can be seen with localized deformation.

from the
The mois-

ture absorption by the fibers is less in the saline environ-

ment than that in distilled water because of the

deposition

of sodium chloride on the surface of the fiber as shown in
Fig. 11c. The swelling of the fiber also causes weakening
and debonding of fiber-matrix interface thus lowering the
resistance of the composite to tensile loads. Although lesser
moisture is absorbed by the composite samples in subzero

temperature environment as compared to dis
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Fig. 10 Impact strength of the exposed and unexposed composites
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Fig. 11 SEM images of
fractured surfaces of thirty
weight fraction epoxy
composite under tensile loading
(a—d), flexural loading (e-h),
Impact loading (i-1) of
unexposed specimen along with
exposed specimens in distilled
water, saline water and subzero
temperature environment,
respectively

Fiber phase

Fiber phase

9 mag g WD
A | 250 5

saline water environment, still the fiber-matrix interface of
the exposed composite deteriorates (Fig. 11d). The swel-
ling of the fiber lowers the load bearing capacity of the
fiber as well as the composite specimen. The bending of the
fiber strands is observed at the fracture surface of the
unexposed sample under flexural load which signifies that
the fiber offer maximum resistance to the externally
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applied flexural load (Fig. 11e). The detachment of the
fiber from the matrix is found to be the main reason for the
flexural failure of the sample. The improvement of the
fiber-matrix interface bonding may contribute to better
flexural strength of the composite. Figure 11f presents the
failure mechanism of the composite exposed to distilled
water environment. The riverine structure on the matrix
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Fig. 11 continued
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represents the lack of resistance to stress propagation due
to the applied load. The deposition of sodium chloride on
the sample surface exposed in saline water environment
can be observed as shown in Fig. 11g. The fiber pullout
along with microcracks in the matrix cause failure of the
specimen under flexural load. Figure 11h shows the failure
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mechanism of EB fiber epoxy composite exposed in sub-
zero temperature environment under flexural load. The
propagation of stress waves due to impact load causes
formation of riverine structure and microcracks in the
matrix as observed in case of exposed specimen (Fig. 11i).
The fiber absorbs the stress generated due to the impact and
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resists the deformation. The intake of moisture by the fiber
cause swelling and fracture in the fiber structure in the
distilled water environment (Fig. 11j). The propagation of
stress waves causes severe damage to the fiber and at the
interface with epoxy which lowers the resistance offered by
the composite to shock loads. In saline environment, the
erosion of strength due to the corrosion caused by depos-
ited sodium chloride on the fiber surface along with
swelling of fiber affect the resistance of the composite to
impact loads in such environments (Fig. 11k). The break-
age of fiber structure due to impact stress is observed. In
subzero temperature, it is observed that the fiber swelling is
least among the considered environments. Still, the swollen
fiber structure lacks the strength to bear the impact stress
which causes separation of fiber fibrils as shown in
Fig. 111. The impact failure mechanisms in such environ-
ments includes pull out of the fiber and fiber breakage
along with propagation of microcracks in the base material.
Similar type of failure mechanisms were also observed by
Acharya et al. while studying the weathering behavior of
bagasse fiber-reinforced epoxy-based composites [26].

5 Conclusions

In the present work, the effect of different aging conditions
on Eulaliopsis Binata fiber-reinforced epoxy composites
and its mechanical properties were investigated. From the
present experimental investigation, the following conclu-
sions were drawn.

1. As the fiber weight fraction increased, the moisture
uptake for the composite increased and it was found to
be valid for all environments. This happened because
of increase in cellulose content with the weight
fraction of fiber. Minimum moisture absorption was
found in subzero environment in comparison to
distilled water and salt water environment.

2. The obtained results indicated conformance to Fickian
diffusion behavior of the composite subjected to
different environment under study. The diffusion
behavior found to be in the order of distilled water >

saline water > subzero temperature.

3. For swelling rate parameter (Ksgr) of the composite, the
diffusion behavior changed and it was found to be in
the order saline water > distilled water > subzero
temperature environment.

4. It was noticed that the fibers contributed to the
enhancement of both tensile and flexural strengths of
the composites along with the modulus of elasticity
and flexural modulus. The composites containing 30%
fiber fraction by weight were the optimum ones.

@ Springer

5. It was found that deterioration of tensile, flexural and
impact strength occurred when the composites were
subjected to different environments. The mechanical
property degradation was found to be maximum for
distilled water in comparison to saline water and
subzero temperature environment.

6. The analysis of failure mechanism of composite
samples through FESEM for different environmental
conditions indicated that the swelling of fiber, poor
bonding at fiber-matrix interface and damage of fiber
structure under loading were some of the prominent
mechanisms of material failure.

7. Surface modification of Eulaliopsis Binata fiber with
different chemical agents have an influence on the
weathering behavior of the fibers as well as its
composites. The authors are of the view that the
chemical modification of fibers also may help in
enhancing the mechanical properties of Eulaliopsis
Binata fiber composites exposed to different moisture
environments.
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