Polymer Bulletin (2023) 80:541-553
https://doi.org/10.1007/500289-021-04059-0

ORIGINAL PAPER

®

Check for
updates

Effect of alkali treatment on tensile strength of epoxy
composite reinforced with coir fiber

Rahul Shrivastava’ - Vishal Parashar’

Received: 11 August 2021/ Revised: 19 November 2021 / Accepted: 21 December 2021 /
Published online: 28 January 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

This work is mainly focused on the comparative study of the effect of alkali treat-
ment on the tensile strength of four variants of coir fiber-reinforced epoxy com-
posites. The four variants, namely treated unidirectional fiber composite (TUC, 2%
NaOH, 40 wt.% coir), untreated unidirectional fiber composite (UUC, 2% NaOH,
40 wt.% coir), treated woven fiber composite (TWC, 2% NaOH, 40 wt.% coir), and
untreated woven fiber composite (UWC, 0% NaOH, 40 wt.% coir), were prepared
using hand layup compression molding technique. Ten samples for each variant were
selected for conducting ten replicated experiments for the tensile test. The combina-
tion with unidirectional geometry, 40 wt.% coir, and 2%NaOH (TUC) observed bet-
ter tensile strength of 21.08 MPa when the average values were compared statisti-
cally with the other three variants. Also, between TWC and UWC, the difference
between the average tensile strength is not significant. The untreated woven compos-
ite showed the least tensile property with 15.26 MPa. Comparison between all four
variants of composites is shown using box-and-whiskers plot, and normal distribu-
tion curve. The tested specimen is then observed under scanning electron micro-
scope (SEM) to understand the influence of the alkali treatment on the fiber, and
the impact of the orientation of the fibers in the matrix. The SEM images reveal that
roughened fiber with alkali treatment shows better bonding with the matrix hence
improving the tensile strength of the composite.
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Introduction

Fiber-reinforced composite (FRC) materials developed from either synthetic fiber
or natural fiber have their specific advantages. Researchers have shown that the
natural fiber-reinforced composite (NFRC) materials can replace the synthetic
fiber-reinforced composite (SFRC) at some specific places where very high
strength is not in demand. NFRC can reduce the use of SFRC up to some extent
and may reduce the burden on the environment because the fabrication of syn-
thetic fiber leads to pollution to the environment. Natural fibers are lignocellu-
loses fibers available abundantly, but their applications are limited. By improving
fabrication methods and enhancing the strength of NFRCs wide range of applica-
tions can be created [1]. Natural fibers have various advantages such as low cost,
low density, easy and abundant availability, non-abrasive, low energy consump-
tion, high specific properties, and biodegradability as compared to synthetic fiber.
On the other hand, natural fibers have some negative characteristics also such as
lower processing temperature, moisture absorption, low strength, and inconsist-
ency in properties [2]. Fibers can be reinforced in thermoset or thermoplastic
matrix for the development of composite material. Natural fiber possesses a sig-
nificant amount of specific strength to act as reinforcement in a polymer matrix.
These fibers, however, fail at high-temperature application but provide consider-
able strength at and slightly above room temperature [3]. To increase the bonding
strength between the fiber and matrix, the fibers are often processed for enhance-
ment in the surface properties. For the improvement of interface bonding between
fiber and matrix material, various researches have been conducted. A most used
and effective way to improve the bonding is the chemical treatment of fibers. The
chemical treatment removes some constituents of fiber and creates vacant places
by improving the surface roughness of fiber. However, the fibers being hydro-
philic are prone to absorb moisture [4]. The various chemical treatments like
alkali, acetyl, titanate, permanganate, peroxide, silane, benzyl, acryl, isocyanate,
zirconate, and acrylonitrile, triazine, peroxide, permanganate, sodium chloride,
etc., are available [1, 5]. Chemical treatment of natural fibers improves the prop-
erty of water absorption resistance. From all the available chemical treatment pro-
cesses, alkali treatment is simple and easily processed. The overall strength of the
composite developed by reinforcing the matrix with alkali-treated fiber shows bet-
ter performance than the one developed by applying untreated fiber as reinforce-
ment in thermoset polymers [6]. Researchers observed that physical treatment of
fibers such as heat treatment also improves the mechanical properties of NFRC
material. The heating of natural fibers changes their chemical and physical prop-
erties. This process reduces the presence of hydroxyl group and enhances car-
bon-carbon double bonds [7]. Researchers observed that alkali treatment of fibers
in addition to heat treatment further improves the mechanical properties of the
composite. The gaps introduced within the fiber surface as an outcome of alkali
treatment cause a reduction in the diameter of the fiber. Also, the overall tensile
strength falls significantly once the fiber undergoes alkali treatment. However,
the reduction in the strength of fiber does not cause a reduction in the strength
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of the composite. Researchers have reasoned this by accounting for the imported
interface strength within the fiber and matrix as responsible. Researchers have
enhanced the properties of coir fiber-reinforced composites by addition camphor
soot and evaluated the increment in the mechanical as well thermal properties of
the composite. Nylon 6 was used as a matrix material for the evaluation of the
properties. Also, it was observed that the camphor soot being a burnt substance
increases the thermal stability of the coir fiber [8, 10]. Blending banana, coir,
and pineapple fly ash fillers with sisal/pineapple hybrid fiber composites using
epoxy matrix improve the adhesion between fiber and matrix. Tensile strength
up to 33.79 MPa is observed when these fly ash fillers are added in comparison
to hybrid natural fiber composites with 20.45 MPa tensile properties [9]. Natural
fibers like ramie (10 wt.%) and kenaf (10 wt.%) in epoxy composites when treated
with benzoyl chloride can improve the mechanical properties like ultimate tensile
strength up to 37.39 MPa [11]. The maximum tensile property of 37.89 MPa is
reported in epoxy-based composites made by reinforcing pineapple and flax fib-
ers using peanut oil cake as fillers [12]. Further enhancement in the property of
the matrix was observed when the fiber geometry was taken into consideration.
It was evident that unidirectional orientation performance was superior to others
under tensile loading. However, when subjected to shear loading the bidirectional
nature of woven fiber had shown superior performance over unidirectional [13].
The design of experiments-based optimization techniques can help investigate the
factors contributing mechanical stability of epoxy-based composites [14]. The
compression-molded pineapple and sisal fiber-reinforced hybrid composites with
titanium oxide (TiO,) nanofiller show a good improvement in mechanical proper-
ties like flexural, impact, and tensile [15].

In the present work, the effect of alkali-heat treatment on the fibers and the prop-
erties of the composites are compared, for unidirectional and woven coir fiber-rein-
forced epoxy composites. There are still various aspects concerning to composites
fabricated from coir fibers that needs investigation. There is not any documented
report available on the comparison of tensile mechanical property with different
variations on the ground of being treated and untreated, as well as variations in the
geometry of the fiber. The tensile properties of epoxy reinforced composite fabri-
cated from treated and untreated coir fiber with different fiber geometry are reported
herein.

Material and method

The abundance of coir fiber in the Indian sub-continent makes it a cheaper and read-
ily available constituent for making polymer composites. Its compatibility with
epoxy resin has been examined and was found strong enough to be used in applica-
tions where the extent of mechanical properties can be a trade-off when compared
with the cost and suitability for the intended applications. The mechanical properties
and interfacial strength between the fiber and matrix can be improved by applying
different treatment combinations reported in the literature. In the present work, the
coir fiber was taken and heat-treated to remove any entrapped moisture content as
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Fig. 1 Heat treatment of fibers in a hot air oven

shown in Fig. 1. Following this, dry fiber weighed in the digital balance. Approxi-
mately, 50 g of dried fiber was taken for the study. Cellulose content within coir
fiber is low as compared to other natural fibers. As a result of which the coir fiber
does not require high alkali concentrated solution for treatment. 2-10% concentra-
tion with 96-h exposure time is sufficient for coir fiber. Figure 2 shows the sodium
hydroxide-soaked coir fibers. A composite specified of alkali heat-treated woven
fiber and unidirectional fibers was prepared using the hand layup method by soak-
ing them in the epoxy matrix for a curing time of 96 h. In the present work 2%,
sodium hydroxide/alkali (NaOH) solution is used for the coir fiber. The optimum

Fig.2 Sodium hydroxide treated coir fibers
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concentration for alkali treatment of coir fiber is 2%. A higher magnitude of con-
centration causes a fall in the tensile properties of fiber [16]. Following this, the
alkali-treated fiber is washed with a distilled solution. Slow and thorough washing is
needed to remove the traces of alkali. Figure 2 shows a demonstrational photograph
of unwashed alkali-treated coir fiber. Again, the coir fiber is dried and reheated in
the oven for the removal of moisture entrapped within the fiber. Heat treatment of
fiber also enhances the crystal structure of the natural fiber. Although natural fibers
are not very stable at high temperatures, it is, therefore, not recommended to heat
beyond 150 degrees on a Celsius scale. We also observe a certain amount of weight
reduction in the coir fiber before and after the alkali treatment, which was around
4 g in 50 g of coir fiber. The cellulose content of the coir fiber is low as compared
to other natural fibers. It accounts for the reduction in the proportional weight loss
as an influence of alkali treatment in the coir fiber compared to other natural fibers.
The tests were conducted on INSTRON make universal testing machine as shown in
Fig. 3. All the variants have experimented with mechanical testing using ASTM D
638 standards.
The four variants of coir fiber-based polymer composite fabricated are-

Treated woven fiber composites (TWC)
Untreated woven fiber composites (UWC)
Treated unidirectional fiber composites (TUC)
Untreated unidirectional fiber composites (UUC)

Sl e

Fig.3 Specimen and tensile test
machine setup
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Results and discussion

Whenever some material is chosen for any engineering application, one criti-
cal mechanical property, i.e., ultimate tensile strength (UTS) must be known. The
typical magnitude of tensile strength for coir fiber-reinforced composites lies in the
range of 13-20 MPa as reported in many studies. Most of the specimens have a uni-
directional orientation of coir fibers with wt.% varying from 4 to 30%. An increase
in the weight percentage will result in superior tensile properties. For the weight
of 30%, untreated coir fiber with epoxy matrix, the tensile strength reported was
13 MPa [17]. Tensile strength of 17.86 MPa was obtained with untreated coir fiber
employing epoxy C205 and hardener HY951 [18]. A similar magnitude of tensile
strength, i.e., 17.86 MPa for unidirectional coir fiber-reinforced epoxy-based com-
posite is also reported [19]. Tensile strength of unidirectional coir fiber-reinforced
hybrid epoxy composite with 10% coir fiber and having 7-8% SiC particle as filler
material shown a tensile strength of 21 MPa followed by 16 MPa for woven fiber
composites [13]. The extent of the mechanical properties is expected to improve
after alkali treatment of the fibers. During the alkali treatment of fiber, the impu-
rities like lignin, wax, oil, etc., are washed away [19]. Also, the weight percent-
age of alkali in the solution and the exposure time of fibers are crucial parameters.
The influence of NaOH weight concentration from 2 to 10% on the tensile strength
of composites indicated that the high concentration results in the loss of tensile
strength [16]. An optimum value of 2% NaOH for the exposure time of 24-96 h
results in a considerable increase in the tensile strength as high as 22 MPa for coir
fiber-based polyester composites [16, 20]. A higher concentration of alkali in the
case of coir fiber-reinforced composites is not advisable because of the contents in
the coir fibers [13]. Table 1 shows the details of ultimate tensile strength for all four
variants with the applied corresponding load. For the present work, the total number

Table 1 The magnitude of tensile strength obtained from experimentation

Test Run  Treated unidirec- Untreated unidirec-  Treated woven fiber ~ Untreated woven fiber

no tional composites tional composites composites (TWC) composites (UWC)
(TUC) (Uue)
Load (N) UTS Load (N) UTS Load (N) UTS Load (N) UTS (MPa)

(MPa) (MPa) (MPa)

1 576.9 19.23 632.4 21.08 465.4 15.5 436.8 14.56

2 609.6 20.32 628.5 20.95 507.2 16.9 477 15.9

3 649.5 21.65 499.5 18.65 519.6 17.3 486.9 16.23

4 670.8 22.36 598.5 19.95 507.6 16.92 429 14.30

5 691.2 23.04 536.7 17.89 534 17.8 459 153

6 709.5 23.65 516.9 17.23 453.9 15.13 439.5 14.65

7 702.6 2342 506.4 16.88 527.4 17.58 507 16.9

8 646.8 21.56 525.9 17.53 459 15.3 394.5 13.15

9 629.4 20.98 508.8 16.96 495 16.5 495 16.5

10 633.3 21.12 563.4 18.78 503.7 16.79 477 159
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of samples prepared for each variant is 10 and tested as per ASTM standard. Tests
were replicated ten times to reduce the variability in the experimental results. This
variability reduction increases the significance of results and confidence level. Fig-
ure 4 shows the box-and-whiskers plot for the comparison of all four variants of
the composite material. This graph shows the shape of the distribution, its median,
and its spread for each of the variants. This plot reveals that the ultimate tensile
strength for the treated unidirectional composite (TUC, 2% NaOH, 40 wt.% coir)
with an average value of 21.08 MPa is far better than the other three variants. The
third quartile of the untreated unidirectional composite (UUC, 2% NaOH, 40 wt.%
coir) with an average value of tensile 18.5 MPa is lesser than the first quartile of the
treated unidirectional composite. It means that there is a significant improvement in
the ultimate tensile strength when the reinforced coir fibers are treated with NaOH
solution in unidirectional fiber geometry. Similarly, when compared with the other
two variants, it is obvious that treated unidirectional composite shows better tensile
properties than the treated (TWC, 2% NaOH, 40 wt.% coir), and untreated woven
fiber composite (UWC, 0% NaOH, 40 wt.% coir) with average tensile strengths of
16.57 MPa and 15.26 MPa, respectively. Figure 5 shows the normal distribution
curves for all four variants.

Table 2 shows the average ultimate tensile strength and standard deviation for
each variant. Figures 6, 7, 8, 9 are displaying the stress vs. strain behavior of the
prepared variants of composite materials. The results show the expected outcome.
However, it is difficult to predict the behavior of curves obtained, since the coir
fibers are twisted in nature, and it is overwhelming to straighten every fiber to
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Fig.4 Box-and-whiskers plot for polymer composites ultimate tensile strength experiment
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Fig.5 Normal distribution curve for four variants

Table 2 The average magnitude of tensile strength for all four variants obtained from experimentation

Type of the specimen variant for ultimate tensile Average magnitude of the ultimate Standard
strength testing tensile strength (MPa) deviation
Treated unidirectional composites (TUC) 21.08 1.408
Untreated unidirectional composites (UUC) 18.5 1.588
Treated woven fiber composites (TWC) 16.57 0.953
Untreated woven fiber composites (UWC) 15.26 1.62

TUC

Stress(MPa)
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Strain
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Fig. 6 Stress—strain curve for treated unidirectional composite (TUC)

produce a precise straight orientation. The other influential parameters are the
textile parameters present in the woven matt. The coir fiber itself has a coarse
diameter as it is difficult to produce a fine woven mat from such coarse diam-
eter fiber. Also, combining the aspect of its natural twist and coarse diameter, the
homogeneity of the fiber distribution is good on a macroscopic level. Although
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Fig.7 Stress—strain curve for untreated unidirectional composite (UUC)
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Fig. 8 Stress—strain curve for treated woven fiber composite (TWC)
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Fig.9 Stress—strain curve for untreated woven fiber composite (UWC)

when these factors are examined, at a microscopic level, the gap between the two
individual fibers acts as a source for stress concentration and fracture develop-
ment. When the coir fibers were treated with a 2—4% solution of NaOH, the cel-
luloses and hemicellulose contents washed away, creating a rougher surface of
the coir fiber. This roughness introduced by the alkali treatment produced better
interlocking with the matrix phase. Therefore, we observed an increment in the

strength of the fabricated composite.
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Fig. 11 Fiber matrix debonding in untreated coir fiber composite

The SEM image reveals the decline in the pores and improvement in the inter-
facial strength of composites. Most of the SEM analysis is carried out at 5-20 kV
voltage, typically 100x-200 X magnification and WD range upto 5-25 mm [19].
The specimens were examined under a scanning electron microscope to observe
the influence of alkali treatment and fracture of the sample. SEM analysis is
performed using 5.0 kV accelerating voltage and 9-12.8 working distance. The
result shows the pattern as expected while planning of experimentation. The
SEM images reveal the difference in the surface roughness of the fiber before and
after the alkali treatment. It is evident from Figs. 10 and 11, if the coir fiber is
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Fig. 13 The roughened surface of coir fiber and fine bonded matrix

untreated, the debonding and slippage problems may exist in the final composite
material. Such problems may weaken the composite material, while it is function-
ing for the preferred engineering application. These problems can be overcome
by providing proper alkali treatment to the coir fiber before preparing the final
composite material. Figure 12 and 13 show the improved coir fiber reinforcement
in the composite. Also, the presence of voids is observed due to air bubbles get-
ting trapped in the matrix phase at the time of fabrication. These air bubbles are
one of the primary reasons for the reduction in tensile strength of the composite.
The results obtained are in accordance with the literature review.
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Conclusions

Comparison of the tensile strength properties was carried out for four variants of
coir fiber-based epoxy composites and given below are the conclusions made from
the results.

e Reinforcement of alkali (NaOH) heat-treated coir fibers shows improvement in
the tensile strength of the composites (TUC) to 21.08 MPa when compared with
untreated unidirectional composite (UUC) with 18.5 MPa tensile strength.

e Slight improvement is observed in the NaOH treated woven fiber compos-
ite (TWC) with 16.57 MPa in comparison to untreated woven fiber composite
(UWC) with 15.26 MPa tensile strength.

e This reveals that the NaOH treatment provides a better bonding between fiber
and matrix material as compared to untreated fiber composite.

e Tensile strength for TUC with 21.08 MPa shows a significant improvement when
compared with TWC with 16.57 MPa tensile property.

e It is evident that the fiber placement with unidirectional geometry exhibits supe-
rior tensile properties in comparison to woven one.

e Untreated fibers composites like UUC and UWC with 18.5 MPa and 15.26 MPa
tensile properties, respectively, showed lesser tensile strength when compared
to treated fibers because alkali treatment of fibers removes some cellulose and
lignin constituents from fiber and these vacant places are filled by matrix mate-
rial enhances the strength of the composite.

e Heat treatment of fiber further improves the strength by increasing the crystal-
line property of fibers. Improvement in the tensile strength of the composite is
observed in both woven and unidirectional configurations of fibers.

¢ Box-and-whiskers plot and normal distribution curves aid in better visualization
of tensile strength variation, spread, and comparison of all four variants of fabri-
cated composites.

e SEM images reveal the influence of the alkali treatment on the fiber, and the
impact of the orientation of fibers in the matrix. These images reveal that rough-
ened fiber with alkali treatment shows better bonding with the matrix hence
improving the tensile strength of the composite.

e Coir fiber-reinforced composites are getting a lot of applications in furniture like
doors, boards, panels, etc. It is also aimed to employ these natural fiber-rein-
forced composites in the automobile and sporting goods sector.
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