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ABSTRACT: Epoxy systems with and without different volume fractions of fly ash particulate
fillers are made and their absorption due to immersion in saline water maintained at room
temperature are established through weight measurements recorded up to 100 h. The 100-h exposed
samples are additionally subjected to compression tests to evaluate the strength. The results show
that both neat epoxy and fly ash-bearing composites exhibit differing levels of aqueous medium
absorption – it being less in ash-free samples. When the ash content in the system is large, the
absorption levels are high. The data further revealed that the unexposed samples generally record an
increasing strength value with ash content. However, for the exposed cases, a reversal in trend with
the ash content is noticed. Attempts to explain these differing trends are made in this work by
analyzing the features observed on the surface of compression-failed samples using fractography
employing scanning electron microscopy (SEM).
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INTRODUCTION

P
OLYMER MATERIALS BY themselves have found extensive use in noncritical products
[1]. Such products are used in advanced engineering applications when reinforced with

stronger materials. Among the reinforcements, the fibrous variety, whether continuous or
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discontinuous, occupies a key position. Hence, many inorganic and organic fiber-
reinforced polymer systems have made their entry at various application levels. Because
of their large aspect ratio, they yield components, which have anisotropy when the
reinforcements are aligned.

In order to secure isotropic properties in composites, reinforcements with near-spherical
shapes have been tried [2] e.g., glass microspheres known as microballoons [3,4]. Such
man-made reinforcements, though yield attractive mechanical properties, are expensive.
Hence, a search for cheaper reinforcements is a key subject that needs the attention of
material scientists. One such inexpensive filler to fit the slot is fly ash [5]. Being a
byproduct of thermal power plants, its disposal causes considerable environmental
problems [6,7]. Hence, there is a need to tap this inexpensive material for possible use
with other systems including the polymer-based ones. The present study looks at how
this pozzolanic fly ash, when introduced into a thermoset, responds the exposure to an
aqueous medium like laboratory-prepared saline water [8,9].

A perusal of literature shows that little attention has been focused on the compressive
property of epoxy system in general and filled ones in particular. Fly ash, as it is
pozzolanic in nature, forms a cementitious system on absorbing water. Consequently,
the mechanical properties change. Hence, in the present study, an attempt to monitor
one such mechanical property, namely, the compression strength of epoxy resin con-
taining different amounts of fly ash filler materials has been made. The work also
looks at the saline water absorption property of ash-bearing systems by noting the
weight measurements at different intervals of time up to 100 h. For a structure–
property correlation, the failure characteristics of such materials on fractured samples
were observed under scanning electron microscopy (SEM) following the compression
tests.

EXPERIMENTAL PROCEDURE

Materials

The matrix system used for the fabrication of composite slabs consisted of a medium
viscosity epoxy resin diglycidyl ether of bisphenol-A (DGEBA) (Trade name: LAPOX
L-12) and a room temperature curing hardener triethylene tetra-amine (TETA) (Trade
name K-6) supplied by Atul India Ltd (Valsad, Gujarat, India). The density of cured neat
resin was found to be 1120 kg/m3. The filler used in composites was obtained from Neyveli
Lignite Corporation Ltd, Neyveli, India. This ASTM class ‘C’ fly ash was found to
consist of a mixture of solid and hollow spheres of different sizes with a bulk density of
�900 kg/m3. The energy dispersive spectroscopy of the fly ash sample revealed the main
constituents to be silica and alumina of �63 and 26% by weight, respectively. Other main
oxides present were Fe2O3 – 6.7% and TiO2 – 2.5%.

Equipment

An aluminum mold of dimensions 320� 170� 3mm3 was prepared for casting the
composite slabs. The inner surfaces of the mold were thoroughly covered with a tape on
which silicone grease was applied as the releasing agent.
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Fabrication Procedure

A calculated amount of fly ash was mixed with a measured quantity of epoxy resin plus
hardener by gentle stirring for minimizing the formation of air bubbles, whose presence
may yield place to the occurrence of defects following curing of cast slabs. The mixture
was then slowly decanted into the mold. It was left to cure at room temperature for
�24–26 h followed by a subsequent post curing at 75�C for 1½–2 h. The cured rigid slab
was released from the mold and the edges were trimmed. Using this procedure, epoxy slabs
containing 10, 20, and 30% by volume of fly ash, given as FA10, FA20, and FA30,
respectively where the alphabetical abbreviation FA stands for fly ash-bearing composite
and the numeral that follows it constitutes the respective volume percent of fillers present
in the composite, in this work, were cast. In addition to this, slabs were also cast with neat
epoxy resin system (NE) (i.e., without any reinforcing ash particles) containing the
required amount of hardener. From the cast slabs, test samples of size 12.5� 3� 3mm3

were sectioned for following first the water ingression and then for evaluating the
compression strength of the resulting material.

Saline Water Exposure

To study the absorption of aqueous medium due to immersion, laboratory-prepared
saline water was employed. For this, 4wt% of NaCl solution was prepared in a beaker.
While one batch of samples of each composition was kept as such (i.e., without exposure),
the other was immersed in this medium in the beaker maintained at an ambient
temperature. The former category formed the unexposed set while the latter the exposed
ones, both the sets being subjected to compression tests later on. For monitoring the
weight change at periodic intervals of time, the appropriately coded samples, whose dry
weights were noted prior to immersing in water, were withdrawn and wiped dry using
an absorbent material. They were weighed accurately, at ambient conditions, using an
electronic balance in order to note the difference consequent to saline water exposure.
Weight readings were taken at regular intervals of time (Figure 1). Every time, five samples
were used for weight data gathering and the average value thus determined was used for
data analysis. This procedure of aqueous medium data acquisition was repeated for each
of the compositions (i.e., NE, FA10, FA20 and FA30) cast in this work.

Compression Testing

Compression testing was performed on the test coupons with the help of DARTEC-
9500, a servohydraulic microprocessor-based computer-controlled testing machine. The
loading direction coincided with the length of the specimen and was perpendicular
to the 3� 3mm2 cross section. The machine crosshead was programmed to apply the
compression load at a constant strain rate of 0.01 s�1 throughout the test by using
the built-in software. The test was terminated automatically in case the sample fractured
or loaded to 50% strain, whichever occurred earlier. Often it was observed that the
samples fractured much before reaching 50% strain. From the load–stroke graphs,
the compressive strength was determined. A minimum of five samples, as stated earlier,
were used for compression tests on any similarly processed samples of different
compositions.
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Fractography

Fractographic analysis was performed on the fractured samples using a JEOL make
JSM 840A model scanning electron microscope (SEM). Prior to the test, the fractured
surfaces of the samples were gold coated in an ion sputtering unit (JEOL make-JFC 1100E
model) for over 6min. The fractured surfaces were observed at suitable magnifications.
The fractographs revealing the respective characteristic details of each sample were taken
after suitable adjustments in probe current, voltage, image contrast and brightness,
working distance, and tilting at various angles. In this manner, photographs were taken
on compression-failed, unexposed and exposed samples.

RESULTS AND DISCUSSION

Figure 2 displays the variation in strength data with respect to the ash content tested
in unexposed condition. From the plot, it is apparent that a general upward trend for
strength is recorded as ash content in the matrix increases.

To understand how the ash contributes to strength through a resistance offered to
deformation, the structural features, as stated earlier, are studied using SEM on these
compression-failed samples. Whereas the unexposed (i.e., dry) and unreinforced (NE)
sample shows a typical river pattern (Figure 3), the fly ash-bearing ones reveal the
influence the ash particles bring onto the failure features. Thus the 10% case, showing a
higher strength than the unreinforced case (Figure 2), displays the resistance offered by
the ash in the form of deformation bands which are present as curvilinear features
marked 1-2-3-4 toward the center top of the micrograph (Figure 4). It is of interest to
note that the band marked 2 has at least three different sizes of ash particles that are
in its path resisting the flow of matrix. A careful perusal of this micrograph illustrates
the existence of faint smaller bands between the bands numbered 2 and 3. These represent
the resistance to deformation offered by the ash particles (having a modulus 73GPa,
which is about 49 times that of the matrix epoxy material) [10] and consequent
enhancement of the strength values. The voids marked ‘V’ present around an ash
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Figure 1. Weight changes in ash-free and ash-bearing epoxy composites subjected to saline water exposure.
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particle ‘P’ helps in triggering failure (Figure 4). The quasi-cleavage pattern in this
sample is very well depicted in Figure 5, under low magnification. For the 20% ash-
bearing samples, which show a high strength (Figure 2), the features recorded are
different. Thus Figure 6 shows a stepped appearance in the center of the micrograph
and a bow-like feature (marked by an arrow) toward the left top corner. A careful
analysis of this bow-like feature at a higher magnification shows (Figure 7) quite a few
ash particles marked 1, 2, and 3 or a, b, and c or A lying in their paths and responsible
for the resistance offered by the system. Of interest to note in this figure is the way the
particles get distributed as a network. It is this network [11,12] and the resultant extent
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Figure 2. Strength of unexposed and exposed samples containing varying amounts of fly ash.

Figure 4. Curvilinear deformation bands in FA10 sample.

Figure 3. Typical river pattern in unexposed neat epoxy (NE) sample.
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of strain energy overlap [13] that aid this sample in recording higher strength than the
ash-free one. As regards the 30% case, the closeness of the particles and consequently
the ease with which the interface separation leading to failure occur are responsible
for a small drop in strength. These features are illustrated in Figures 8 and 9, where
consequent to the two ash particles being posited closely, the crack starts to emerge out

Figure 8. Interfacial debonding and crack opening near two closely posited ash particles in FA30 sample.

Figure 5. Quasi-cleavage pattern in FA10 sample.

Figure 6. Stepped appearance and bow-like features of FA20 sample.

Figure 7. Typical particle network in FA20 sample.
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of such a region. This causes an earlier onset of failure. The cleavage facet seen around
the ash particle (Figure 10) is a consequence of the brittle fracture process.

Coming to the features seen in the medium-immersed and compression-tested case,
Figure 2 records the strength data for this condition. Here, a general drop in strength
can be seen. The decrement is large for the highest ash-bearing samples i.e., 30% FA.
To explain why such trends occur, the scanning electron micrographs observed on both
ash-free and ash-bearing samples are presented. Figure 11 illustrates the details in NE (i.e.,
without ash fillers) system following water ingression and compression tests. Compared to
the dry case, these unreinforced systems in the wet case show a higher strength (Figure 2).
As regards the microscopic feature, the distinct change (vis-à-vis Figure 3 discussed earlier
for the dry case) brought about by the aqueous medium ingression is highlighted in
Figure 11. The river pattern, clearly seen in the dry samples, vide Figure 3, yields place to
shear mode of deformation in medium-exposed condition, Figure 11. Consequently, the
strength recorded here is higher compared to that of the dry case (Figure 2). Water
is known to plasticize the epoxy system and expand the matrix following ingression.
This plasticized material acts as a crack arrester and consequently the failure is dominated

Figure 11. Shear deformation marks in medium-exposed NE sample.

Figure 9. Interfacial debonding and the paths of the crack around two ash particles in FA30 sample.

Figure 10. Cleavage facet on compression-failed FA30 sample.
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by shear process unlike the cleavage or river pattern feature exhibited (Figure 3) by
unreinforced, unexposed (i.e., dry) samples.

As regards the difference in performance following ingression in ash-bearing samples,
it can be traced to the interface separation occurring around ash particles in these samples
(Figure 12). Here, the crack involving the interface separation of three closely posited
fly ash particles in FA10 can be seen. The expansive nature of first the fly ash particles,
(as fly ash is known to be pozzolanic in nature) [14] and then the matrix material, due to
aqueous medium ingression, is offset by the interfacial separation factor. Consequently,
the strength difference between dry and wet becomes insignificant. For the 20% case,
which showed the highest value for the dry case, it shows a value, which is lower in
medium-ingressed condition (Figure 2). This change in response can be traced to the
interface separation factor, mentioned earlier and depicted in Figure 13. The difference
in response between Figure 6 (dry) and Figure 14 (wet) for the same FA20 case is very
obvious. In the former, the interface separations around ash particle are less markedly
seen while in the latter, it is distinctly brought out. To highlight that the interfacial
debonding between filler and matrix following water ingression is responsible for the

Figure 13. The debonds around ash particles marked 1–4 in FA20 medium-exposed sample.

Figure 12. Interface separation of FA20 sample subjected to medium ingression.

Figure 14. Interfacial separation in FA20 medium-exposed sample.
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observed difference, in Figure 13, four ash particles (marked 1–4) having clear interface
debonding around them are shown. Compared to Figure 7, the debonds here are very
distinct. Thus the role of water ingression and its influence in the region between the filler
and the matrix in the form of appearance of debonds is very distinctly brought out in this
study. Coming to the 30% case, the wet samples show a much steeper drop (Figure 2).
To explain this, scanning electron microscopic examination of the water-ingressed sample
of FA30 was carried out, which revealed that the ash particles besides showing interface
debonds, discussed earlier and shown in the top left corner of Figure 15 for this 30% case,
have the features of shear deformation. But the noticeable difference is that the ash
particle appears affected by the deformation process. Thus while the top left shows debris
distributed on it, the bottom right shows punctured holes within the particles. It is this
difference, which causes the resistance to deformation to matrix flow to be quite different
compared to that of the cases having lower ash contents.

CONCLUSIONS

(i) The larger the fly ash content in the polymer, the higher the extent of moisture
ingression.

(ii) Whereas strength in dry condition increases with initial addition of ash particles, those
for the medium ingressed show a decrement. This decrease is quite large for the higher
fly ash-bearing samples. Interface debonding occurring around ash particles, seen in
SEM, has been traced to be the cause for such changes in response in the wet samples
vis-à-vis the dry ones.
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Figure 15. The fracture features in FA30 medium-exposed sample.
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