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Abstract

The current study examines the effects of varying the amount of coal ash
(CA) used as a filler in woven aramid epoxy (AE) reinforced composites from
0% to 12% by weight. This includes testing the composites’ mechanical, water
absorption, and thermal characteristics. Samples were made using a hand lay-up
approach, and then their qualities are evaluated using conventional American
Society for Testing and Materials (ASTM) procedures. Industrial fly ash is
produced when pulverized coal is burned in a thermal power station. It is
a metal oxide combination that is a contaminant that must be disposed of or
used. Therefore, turning an industrial byproduct like CA into a bio-reinforced
composite material would be a win-win situation. The tensile strength, flexural
strength, inter-laminar shear strength (ILSS), and microhardness of the AE
composites are all found to increase when 6 wt.% filler is added. The flexural
strength decreases by around 20% and the tensile strength by about 7.5% when
compared to non-filler loaded composites when filler is added at a weight of 12
wt.%. Microhardness is decreased by 17.4%, and ILSS is decreased to 19.5%. CA
filler has a negative effect on impact strength. CA filler added to aramid fiber
decreases the composites” heat conductivity and water absorption.
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Introduction

Natural fibers’ eco-friendliness and mechanical strength have made them a
popular choice for many different uses [1]. Their availability is very context- and
competition-dependent. For a composite material system to be economically
viable, the raw materials used, and manufacturing method must be carefully
considered [2]. Natural fiber reinforced composites have been the subject of
much research by scientists’ keen to find cost-effective solutions [3]. Even with
optimal matrix interaction, natural composites are weaker than those reinforced
with synthetic fibers [4]. However, their lighter weight and cheaper price make
them a practical alternative to glass fiber reinforced composite [5].

To improve mechanical and other qualities, hybridization in the composite
material system is a new approach. Matrix, reinforcement, and a supplemental
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strengthening like whisker make up a hybrid composite. The
composites’ characteristics can be further enhanced during
this period with additional reinforcing. Using micro- or na-
no-sized hard spherical fillers improves the composite’s sur-
face superiority and toughness. These expensive, stift sphere
fillers are often made of clay or metal [6]. However, CA found
in fly ash may be useful for the reasons. It is a cost-effective
solution due to its fundamental alumina-silicate hollow mi-
cro-spherical form and status as industrial waste [7]. Owing
to its fine diffusion, homogeneous, inert, and chemical stabili-
zation, CA is now commonly employed as a filler in polymer
matrix composite. The rationale behind incorporating CA into
a polymer matrix is [8]: (a) Lessening the need for matrix ma-
terial, (b) Composites with enhanced characteristics, and (c)
Reducing the composites’ price.

Aerogel and cenospher are used to create a lightweight ce-
mentitious composite [9]. The material provides high levels of
thermal insulation and specific strength. Composites of low or
intermediate density have been discovered using CA as filler
up to 60% volume by authors [10, 11]. Researchers [12] ex-
amined the tribological properties of fly ash after it was incor-
porated into AF strengthened phenolic composites. Authors
[13] observed that adding CA to ceramic/phenolic composites
changed their thermal behavior. CA is added to the ceram-
ic/phenolic composite to make it more resistant to ablation
[14-16]. When high density polyethylene was mixed with CA
and multi-walled carbon nanotubes, the material’s mechanical
properties improved [17]. While CA has been studied in rela-
tion to its application in polymer matrix composites, nothing
is known about its effect on natural fiber reinforced compos-
ites [18,19].

As such, the objective of this analysis is to learn what hap-
pens when CA is mixed with aramid fibers at varied percent-
ages [20]. CA was chosen not only because of its potential to
be blended with fiber reinforced composite, but also because of
the disposal challenge it poses. Aramid is easily accessible and
inexpensive [21, 22]. This natural fiber is unique even among
lignocellulosic fibers since its strength and modulus surpass
those of plastic [23]. Polymer matrix composites with aramid
have been investigated by scientists [24]. When compared to
other composites on the market, it holds its own. Tribological
experiments conducted by authors [25] show that AE com-
posites have superior erosion wear behavior than glass-epoxy
composites. Epoxy and polyester have been compared by re-
searchers [26] as matrix materials for making aramid-rein-
forced polymer composites. Epoxy-resin-prepared aramid
composites reportedly outperformed polyester-based ones.
In addition to describing the existing composite system, this
research examines it considering alternative systems utilizing
various natural fibers and glass fibers.

Experimentation

'The following is a breakdown of the individual compo-
nents of the AE composites utilized in this investigation, both
with and without the use of CA as a filler.

Materials
Aramid material

Aramid is a long, durable fiber that is gathered in the area
as a bidirectional roving mat (plain weave) with a yarn count
of 95 tex [27]. Dust particles that might prevent proper fi-
ber-matrix adhesion during manufacturing are cleaned from
the collected aramid fibers. The next step is to let it out in the
sun for three to four days. This study employs an aramid fiber
with a low density (1.5 gm/cc) that allows for a lot of freedom
in experimentation.

Matrix

The matrix system includes a triethylene tetra-Amine
hardener that cures at room temperature and a diglycidyl ether
of bisphenol A epoxy resin of the L12 grade.

CA

When combined with epoxy resin, CA causes a highly
uniform dispersion and incorporation. CA particles with a
high ceramic content have been shown to be chemically per-
manent, inert, stable, and homogeneous [28]. The density of
CA is between 0.5 and 0.8 gm/cc, and its particle size ranges
from 60 to 90 microns. It has a slick, greyish white appear-
ance. It has a melting point between 1300 and 1500 °C and
is insoluble in water. SiO,, ALLO,, and Fe O, are its primary
ingredients [29].

Fabrication process

The composite consists of an epoxy matrix with aramid
fibers and CA filler. The epoxy resin (L12) and hardener (K6)
for curing at low temperatures are combined at a ratio of 10:1.
'The composite is made using a standard hand lay-up method
with a 250 mm x 10 mm x 6 mm hardwood mold at room
temperature. Two-, three-, four-, and five-layer mats of aramid
fiber are used to strengthen epoxy resin in a series of composite
specimens. Based on their lamina count, these composites are
categorized as 2AE, 3AE, 4AE, or 5AE. The best mechanical-
ly performing AE composite was modified by adding CA filler
at weight percentages of 0%, 6%, and 12%. The percentages of
CA-AE in these filler-loaded composites are 0, 6 and 12%.
After curing in the mold for 24 h at room temperature, the
composites are ready to be removed. To facilitate the removal
of composites from molds, Teflon sheet and silicon spray are
utilized. Finally, after 24 h in air, the samples are released from
the mold. The composite samples are then sized appropriately
for the tests to be performed. Table 1 shows the different desig-
nations given to the specimens based on the number of aramid
layers and the weight percent of CA used in their preparation.
Composite densities are shown alongside the percentages of
AE and CA filler used to create them. Density is a useful met-
ric for judging the quality of composites, the characteristics of
which vary depending on the mix of matrix and reinforcement
components. Using the following equations [30], one may de-
termine the densities of a fiber-strengthened composites. For
single reinforcement composite:

B 1
P =
—L 4+

pf pm

e))
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Table 1: Experimental arrangement of various specimens.
Percentage volume | Percentage volume | Percentage volume . . . . Percentage vol-
Symbol of Eber o fmgatrix of f%ller Theoretical density | Experimental density ume ofgvoi d
(%) (%) (%) (gm/cc) (gm/cc) (%)
Adding of aramid fiber
2AE 20 80 0 1.317 1.236 1.14
3AE 30 70 0 1.275 1.252 1.13
4 AE 40 60 0 1.296 1.284 1.11
5AE 50 50 0 1.342 1.332 1.15
Adding of CA filler
0% CA-4 AE 35 65 0 1.289 1.269 1.08
6% CA-4 AE 35 59 6 1.225 1.212 1.07
12% CA-4 AE 35 53 12 1.165 1.152 1.11
For multiple reinforcement and/or filler composite: 250
1 172 ]
1 | 1
p ct = W W W W (2 ) ‘ 6
2y 4y m |
P Pr P Pnm
Where, ‘w; is fiber weight fraction, ‘w_’is matrix weight frac- 254 All dimensions in mm
» Wi g > Wi g
tion, ‘p is composite density, ‘p/ is fiber density, and ‘p_ "isma- | pigure 1: Tensile test sample.

trix density.

The formula for determining the void fraction of a com-
posite is [31]:

Void fraction = Po = Pex x 100
Pt

Where, ‘p is theoretical density and ‘p_is experimental den-
sity.
Mechanical testing

3)

Tensile testing
The INSTRON -3369 UTM from the 2580 series is used

to conduct the tensile test; it is equipped with static load cells
that can withstand up to 50 kN. The ASTM 3039 standard
calls for testing a 250 mm long by 25.4 mm wide rectangular
cross-section sample. For tensile testing, a tab length of 25.4
mm and a speed of 3 mm/min are maintained. Prior to test-
ing, the specimens undergo a thorough visual inspection to
detect any flaws in their outer layers. In this test, a single axial
force is given to the specimen from both ends. The specimens
are held in a device that is screw mounted by moveable and
fixed fixtures. Tensile test means are presented for a total of
five specimens for each composite type (1 AE,2 AE, 3 AE, 4
AE, 6% CA-4 AE, and 12% CA-4 AE). Figure 1 depicts the

tensile test specimen.

ILSS and flexural strength testing

'The 3 points bending test is performed in accordance with
ASTM 790, with the flexural and ILSS measurements taken
with the same UTM. Each kind of composites is represented
by five sets of specimens, each measuring 130 mm by 25.4 mm.
A constant 100 mm span and 3 mm/min crosshead speed are
maintained. Figure 2 depicts the ideal specimen setup for the

\/

100
130

All dimensions in mm

Figure 2: Specimen for the flexural test.

flexural test.
Microhardness testing

Microhardness tests are performed using the Zwick/Roell
microhardness tester. The composite sample is indented for 10
sec at a force of 1 kg using a diamond indenter (a right pyra-
mid with a square base and an angle of 136° between opposing
sides). The Vickers hardness scale may be read directly from
the screen. The average evaluation findings for each composite
are shown after testing five individual samples.

Impact strength testing

ASTM D 256 specifies the size and shape of the impact
test specimens at 65 mm by 12.7 mm. The ‘V’ notch is cut at
the prescribed 2.0 mm depth and 45° angle. The specimens
are broken in an impact testing machine. The amount of en-
ergy that was absorbed by the samples during their breakage

is recorded.

Water absorption testing

Composites are tested for their ability to absorb water us-
ing a method specified in ASTM D 570-98. Cut to 70 mm

NanoWorld Journal | Volume 10 Issue 3,2024

52



Study on the Mechanical Behavior of Aramid Epoxy Composites with Coal Ash Filler

Seenivasan et al.

span and 12.7 width, these samples represent a range of filler
and fiber loadings. Before submerging the sample in distilled
water, its original mass is recorded. The samples are submerged
in water, then removed and dried on tissue paper. An analyt-
ical balance capable of extreme precision is used to weigh the
samples. This procedure is continued at 24-h intervals until a
steady state is reached. The percentage of moisture in the sam-
ple may be determined with the help of equation 4.

(Wt _ WO)
M, =~—+x100 (4)
"o
Where, ‘M is percentage of moisture gain, ‘w,’ is pre-aging
mass of the specimen, and ‘w is variations in the mass of the
specimen as it absorbs moisture over time.

Thermal conduction test

The thermal conduction of a non-conductive substance
may be measured with Lee’s disc equipment. The composite
sample is held between two copper discs, each with a diameter
of 50 mm and a thickness of 10 mm, which are put above the
induction heater. A consistent temperature is achieved by use
of a heat source. Two copper discs’ temperatures are monitored
using thermocouples. Equation 5 can be used to determine
the composite sample’s thermal conductivity, denoted by the
letter k.

k = )

Where, ‘77 is temperatures of copper disc 1, 7} is tempera-
tures of copper disc 2, and ‘7 - 7} is temperature variation

across the composite specimen.

Composite specimens’ area (A) and thickness (d) are used
here. At a constant temperature, the rate at which a metallic
disc radiates heat into its environment is:

Q=mC [d—T] (6)
5

dt
A copper disc at temperature 7)) has a mass of m, a heat
capacity of C, and a rate of cooling of 4774t The theoretical
model is also employed to evaluate the thermal conductivity
of these composite. The contrary rules of mixing (ROM), as
assumed by equation 7, can be used to forecast the effective
thermal conductivity of filler particles in matrix.

L — V_p + M (7)
k, k, k,

The thermal conduction () and the percentage volume of
fiber (v), are represented in equation 8. The particles of filler
and the matrix are denoted by p and 7, respectively, in equation
8.The equaiton 8 may be used to roughly estimate the thermal
conductivity (%) of fiber-reinforced composites including filler
particles scattered throughout the matrix.

lzv_f+—(l_v'f) (8)
k k k,

P m

Results and Discussion

Tensile strength

Figure 3, shows the tensile strength of an AE compos-
ite improves as the number of fiber layers grows from 2 to 3
and finally to 4. The aramid fiber in an AE composite is the
material’s primary structural component. The tensile strength
of a composite material benefits from an enhancement in the
weight fraction of fibers. However, the tensile load is reduced
when the material is fabricated using a five-layer aramid with
fiber epoxy. The tensile strength may have dropped because
the aramid fiber wasn't properly and thoroughly impregnated.
It’s possible that poor adhesion between the aramid and epoxy
matrix was brought on by a paucity of matrix material.

When compared to the other composites, the one made
by weaving four layers of aramid fiber into an epoxy matrix
had the highest tensile strength [10]. Therefore, this 4-layer
composite (4 AE) is tested for its tensile properties by using
filler material comprised of 5 wt.% and 10 wt.% CA. As can
be observed in figure 4, the tensile strength of AE composites
was increased by around 43% when CA particles were used as
filler. The inclusion of 5 wt.% CA explains the improvement
because of the enhanced stress transfer from the matrix phase
to the aramid material. The tensile strength of an aramid fi-
ber reinforced polymer composite is increased by 45% when 3
wt.% of montmorillonite nanofiller is added [32]. Compared
to a pure high density polyethylene matrix, the Young’s mod-
ulus of oil palm fiber reinforced composites increased by 49%
at a nanofiller loading of 12.5 wt.%. CA’s use in composites
boosts their tensile strength, suggesting increased fiber-matrix
adhesion.

Increased strength is the result of better adhesion between
the matrix and the fibers. When CA is added to AZ91D mag-
nesium alloy, similar results are found: the composites with 6
wt.% CA have the best compressive strength, while the com-
posites with 12 wt.% CA have the highest compressive yield
strength. Consequently, the tensile strength of the composite
is found to be almost 7.5% lower when 10% CA is added com-
pared to when no filler is used. CA in this proportion may have
impeded appropriate filler dispersion in the composite, leading
to the occurrence of local phase inversion. Fiber pull-out and
fiber breakage are both evident in the illustration. This demon-
strates the mechanical connection and interaction among the
fiber and epoxy composites.

Flexural strength and ILSS

As shown in figure 5, epoxy composites reinforced with
four layers of aramid fiber perform exceptionally well under
severe flexure. The composites’ weight proportion of aramid
fiber improves their capacity to absorb flexural peak load.
Flexural strength drops drastically when epoxy isn't properly

impregnated into a 5-layer composite.

Figure 6 indicates how the flexural strength of AE com-
posites changes when CA is added. Increasing the percentage
of CA filler from 0 to 6 wt.% results in a significant improve-
ment of about 22%. Possible explanations for this rise include
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Figure 3: Composites’ tensile strength changes with fiber loading.
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Figure 4: Composites’ tensile strength as a function of filler loading.
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Figure 5: Composite flexural strength as a function of fiber loading.
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Figure 6: The effect of filler loading on the flexural strength of composites.

developments in adhesion property between epoxy and aramid
fiber and enhanced stress transmission from matrix phase to
fiber reinforcement. The flexural strength of a composite with
no filler decreases by around 20% below 10 wt.% CA due to
agglomeration and poor dispersion. Calcium carbonate nano-
filler concentrations beyond 4 wt.% in epoxy show a similar
trend. The best flexural strength and the largest increase in
percentage are both seen when adding nanofiller at 4 wt.%.

Figure 7 and figure 8 show the ILSS with different fi-
ber and filler loadings. Shear strength has similarities to both
tensile and flexural strength. The ILSS grows larger when the
aramid weight fraction grows larger. The same pattern is seen
when CA is used as a filler, with the ILSS performing better at
6 wt.%. The ILSS of a composite loaded with 6 wt.% of filler
is 22% higher than that of a composite loaded with 0 wt.% of
filler in a four-layer AE structure.

Microhardness

Figure 9 shows that the toughness of the AE composite
rises with the fiber weight percentage (and hence the number
of aramid layers). The above graph demonstrates how an in-
crease in the fiber weight percentage of an AE composite leads
to improvements in both the surface hardness and the internal
structural mechanical characteristics.

Vicker’s hardness number of a 4-layer AE composite is
shown to be affected by the addition of 6 wt.% and 12 wt.%
of CA filler material in figure 10. From 0 to 6 wt.% CA load-
ing, the Vicker’s hardness number of a 4-layer AE composite
increases by a considerable yet small 4%. CA’s presence in the
matrix, its comparatively high particle strength, and its greater
inhibition of localized matrix deformation during indentation
are all possible explanations for this phenomenon. But when
filler at 12 wt.% is added, the no filler loading composite sud-
denly weakens by 17%. It is possible that the inefficient distri-
bution of CA in the 12 wt.% filler filled composite contributed
to the precipitous drop in hardness. CA agglomeration in the
composite material may have caused a local phase inversion,
leading to the incorrect dispersion.
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Impact strength

Impact resistance of AE composites with varying wt.% of
aramid and CA filler loading is shown in figure 11 and figure
12.The maximum value of impact strength is 10.53 KJ/m? for
a four-layer aramid composite (35 wt.% of fiber). CA filler
reduces the kinetic energy of an impact on AE composites.
Composites with a filler loading of 12 wt.% have the worst
impact strength, while those with no filler loading have the
strongest. Impact strength drops by 22% between 0% and 6%
moisture content, and by 42% between 0% and 12% moisture
content. According to the authors [33], when more CA filler
is included into the polymer, the crystallinity of the material
suffers. The improved amorphous content has a negative effect
on impact toughness.

Water absorption behavior

'The proportion of moisture absorbed by different com-
posite samples as a function of immersion time is depicted
in figure 13 and figure 14. The moisture absorption curvature
shows that the sample absorbs more water as its immersion
period rises, up to a saturation point. The rate of absorption
has slowed down here. As the percentage of fiber in the com-
posite grows, so does its ability to absorb water. Aramid may
have a higher water absorption rate because material contains
cellulose, which is a very good moisture absorber. Studies on
the water-absorbing capacity of composites made from nat-
ural fibers have yielded similar results [34]. Composites lose
18% and 38% of their water-absorbing capacity when filler of
6 wt.% and 12 wt.% is added.

Thermal conductivity
As can be seen in figure 15, the heat conductivity of AE

composites decreases as the weight percent of fiber increas-
es. As can be seen in the image, the aramid percentage plays
a significant role in determining the heat conductivity of the
AE composites. This proves that compared to an epoxy ma-
trix, aramid has better heat conductivity. Figure 16 displays the
composites’ thermal conductivities as measured experimental-
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Figure 11: The effect of fiber loading on the impact strength of composites.
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ly and as predicted by the inverse ROM model. Inaccuracies in
ROM values range from -1.1% to 0.2% when compared to the
experimental value. Because cellulose fiber does not transfer
heat, the thermal conductivity of composites reinforced with
aramid fiber dropped as the fiber weight percentage increased.
'This quality has also been found in composites made from ba-
nana and sansevieria fiber. CA filler incorporated into an AE
matrix increases the heat conductivity of composites, as seen
in figure 15. When the filler percentage is increased from 0%
to 5%, the thermal conductivity of the matrix drops by around
7.2%.The increase in heat conductivity from 0% to 10% filler
is around 9%. Inaccuracies in ROM values range from -1.9%
to 1.5% when compared to the experimental value.

Conclusion

Up to around 35 wt.% of fiber may be included into
the matrix without compromising the composites’ hardness,
load-carrying capability (tensile strength), bending resistance
(flexural strength), ILSS, or impact strength. The mechanical
characteristics of the composites are improved by using up to 6
wt.% of CA in their composition. Filler in composites increases
their resistance to water absorption. It grows in proportion to
the amount of fiber. As the aramid fiber weight percentage
in these composites rises, their thermal conductivity falls. The
thermal conductivity of composites made with CA filler is
reduced. From no filler to 12% filler, the thermal conductivity
changes by around 9%. Values for thermal conductivity
calculated using the inverse ROM model compare favorably
with those measured experimentally.

This research demonstrates that AE composites may have
mechanical qualities that are on par with, or perhaps superior
to, glass fiber reinforced composites for certain applications.
Aramid fiber composites are weaker than glass fiber reinforced
composites, although they are otherwise competitive with the
latter in terms of specific and economic qualities due to their
low density, biodegradability, and affordability. Due to its im-
proved environmental performance across its whole life cycle
and its ability to improve people’s economic opportunities, ar-
amid has become more attractive for use in a wide range of
contexts.
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