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Abstract

Composites are most promising materials of recent interest. Metal matrix composites (MMCs) possess significantly improved
properties compared to unreinforced alloys. There has been an increasing interest in composites containing low density and low
cost reinforcements. Among various dispersoids used, fly ash is one of the most inexpensive and low density reinforcement
available in large quantities as solid waste by-product. In the present investigation, pure aluminium — 5 to 15% (by weight) fly
ash composites were made by stir casting route. Phase identification and structural characterization was carried out on fly ash
by X-ray diffraction studies. Scanning electron microscopy and optical microscopy was used for microstructure analysis. There
was a uniform distribution of fly ash particles in the matrix phase and also existing a good bonding between matrix and fly ash.
The hardness of the composites increased whereas the density of the composites decreased with increasing the amount fly ash
than the pure aluminium. Enhanced mechanical properties were observed with increasing amount of fly ash under compression.
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1. Introduction

In the recent years, usage of ceramic particle - reinforced metal matrix composites (MMCs) is steadily increasing because of
their advantages like isotropic properties and the possibility of secondary processing facilitating fabrication of secondary
components. Aluminium matrix composites (AMMCs) have gained wide acceptance in the past three decades due to their high
specific strength and stiffness and superior wear resistance (Surappa et al., 1981; Vasudevan et al., 1990; Arsenault et al., 1991;
Pramila Bai et al., 1992). There has been an increasing interest in composites containing low density and low cost reinforcements
(Seah et al., 2003; Siddiquea et al., 2008; Belger et al., 2006; Sulaiman et al., 2008). Rohatgi et al. (2010) showed the increase in
density and hardness with increase in amount of silica sand of A206 aluminium alloy containing silica sand particles. Dry sliding
wear behaviour of silicon particles reinforced aluminium matrix composites was reported by Zhigiang et al. (2005); the results
showed that silicon particle- reinforced composites exhibited reduced wear loss than the unreinforced alloy specimens. Quartz
(SiO,p) reinforced chilled metal matrix composite for automotive applications were developed by Hemanth (2009). In his study
concluded that the mechanical properties of the chilled composites were superior to those of the matrix alloy. Strength and
hardness increase with increase in dispersoid content and this may be possibly because of the occurrence of a more uniform
distribution of SiO, particles within the matrix.

Among various dispersoids used, fly ash is one of the most inexpensive and low density reinforcement available in large
quantities as solid waste by-product during combustion of coal in thermal power plants. Fly ash particles are classified into two
types, precipitator and cenosphere. Generally, the solid spherical particles of fly ash are called precipitator fly ash and the hollow
particles of fly ash with density less than 1.0 g/cm’ are called cenosphere fly ash. The precipitator fly ash, which has a density in
the range of 2.0-2.5 g/cm’ can improve various properties of selected matrix materials, including stiffness, strength and wear
resistance and reduce the density. Cenosphere fly ash, which consists of hollow fly ash particles, can be used for the synthesis of
ultra light composite materials due to its significantly low density, which is in the range of 0.4-0.7 g/cm’, compared with the
densities of metal matrices, which is in the range of 1.6-11.0 g/cm’. One common type of fly ash is generally composed of the
crystalline compounds such as quartz, mullite, hematite, glassy compounds such as silica glass, and other oxides. Hence,
composites with fly ash as reinforcement are likely to overcome the cost barrier for wide spread applications in automotive and



51 Rao et al. / International Journal of Engineering, Science and Technology, Vol. 2, No. 11, 2010, pp. 50-59

small engine applications. It is therefore expected that the incorporation of fly ash particles in aluminium alloy will promote yet
another use of this low-cost waste by-product and, at the same time, has the potential for conserving energy intensive aluminium
and thereby, reducing the cost of aluminium products (Rohatgi, 1994; Rajan et al., 2001; Rohatgi et al., 1997).

In view of the above said advantages with fly ash additions as reinforcements in AMMC:s, the present investigation makes an
attempt to synthesize the pure aluminium— fly ash (ALFA) composites (5, 10 and 15% fly ash by weight) with stir casting route
and focused to characterize the enhanced mechanical properties in terms of hardness, density and compression strength for these
newly developed ALFA composites.

2. Experimental work

2.1 Processing of as received fly ash

In the present study, aluminium based metal matrix (ALFA) composites containing 5%, 10% and 15 wt. % fly ash particulates
were successfully synthesized by stir cast (vortex) method. The matrix materials used in this study was commercial pure
aluminium (99.5%). The reinforcement material was fly ash particulates, which were procured from Thermal power plant of
RINL, Visakhapatnam Steel Plant, Visakhapatnam, India. The chemical composition of the as received fly ash sample was given
in Table 1. A 500 grams weight of fly ash sample was taken in a graphite crucible and allowed to preheat in the muffle furnace at
800° C for 3 hours to find out the loss on ignition and it was found to be 2.4%. Preheated fly ash after cooling to room temperature
was washed in distilled water and removed the carbon that creamed up during washing. It was then dried at 110° C for 48 hours to
get rid of water. Dried fly ash has been sieved for 15 minutes using BSS meshes ranging in size from 100 to 350 by Rotap Sieve
shaker. The results show that more than 70% by weight retained in -200 +350 mesh with an average particle size of 60um; hence
this size was chosen as reinforcement for synthesis of Al- fly ash composites.

The colour of fly ash can be tan to dark grey, depending on its chemical and mineral constituents. Tan and light colours are
typically associated with high lime content. A brownish colour is typically associated with the iron content. A dark gray to black
colour is typically attributed to elevated unburned carbon content. Fly ash colour is usually very consistent for each power plant
and coal source. Figure 1 shows the appearance of fly ash before and after heat treatment; from this figure it is evident that after
heat treatment (preheat in the muffle furnace at 800° C for 3 hours) colour was changed from dark grey to brownish due to the
departure of unburnt carbon content associated in the as received condition. The figure 1(b) fly ash was used for making of ALFA
composites.

Table 1: Chemical composition of as received fly ash, wt. %

. . L
Si0, ALO; Fe0; TiO, CaO MgO Na0 K,0 Ig‘;siiig‘;

5841 30.40 8.44 2.75 1.3 1.53 1.0 1.98 24

(@ | (b)

Figure 1: The fly ash powder used for synthesis of ALFA composites (a) as received condition (b) After heat treatment condition

The chemical constituents of fly ash depend mainly on the chemical composition of the coal. However, fly ashes that are
produced from the same source or have very similar chemical composition can have significantly different ash mineralogy’s
depending on the coal combustion technology that was used. Figure 2 shows the scanning electron micrograph of the fresh fly ash
after heat treatment. From this figure it is evident that majority of the fly ash particles are spherical in nature and precipitator type
fly ash. The morphology of fly ash particle is controlled by combustion temperature and cooling rate at the thermal power plant.
The X-ray diffraction (XRD) pattern of fly ash in as received condition is shown in figure 3, which shows the phases present in the
fly ash are largely Silica (SiO,), Alumina (Al,03), Mullite (3A1,05.2Si0,) and small quantity of hematite (Fe,03).
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Figure 2: Scanning electron micrograph of fly ash particles used in fabrication of ALFA Composites
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Figure 3: X-ray diffractogram of fly ash particles used in fabrication of ALFA composites

2.2 Synthesis of Al-Fly Ash composites

The synthesis of Al-fly ash composites (Al- 5%, 10% and 15% fly ash by wt.) were carried out by stir casting technique.
Cylindrical fingers (18 mm ® and 170 mm length) of pure aluminium were taken into a graphite crucible and melted in an electric
furnace. The experimental set up used for making of these ALFA composites was shown in figure 4. After maintaining the
temperature at 770 °C, a vortex was created using mechanical stirrer made of graphite. While stirring was in progress, the
preheated fly ash particulates at 800°C for 2 hrs were introduced, as shown in figure 5(a). Care was taken to ensure continuous and
smooth flow of the particles addition in the vortex. The molten metal was stirred at 400 rpm under argon gas cover; stirring was
continued for about 5 minutes after addition of fly ash particles to get the uniform distribution in the melt, as shown in figure 5 (b).
During stirring small pieces of magnesium (0.5 wt. %) were added to the molten metal to enhance the wettability of fly ash
particles with melt. Still the melt is in stirring condition the melt with the reinforced particulates were bottom poured into
preheated (200 °C) S.G. iron mould of 18 mm diameter and 170 mm height. Figure 6 (a & b) shows the photograph of the SG iron
metallic die for finger casting and cooled finger castings respectively. Homogenization treatment for these fingers was carried out
at 200 °C for 24hrs.
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ELECTRIC RESISTANCE FURNACE
(BOTTOM POLRING)

Figure 4: Experimental set up with bottom casting facility for synthesis of ALFA composites

(a) (®)
Figure 5: (a) Experimental view of the fly ash powder addition along with Ar gas shielding
after creating a vortex in the aluiminum melt by a mechanical stirrer
(b) Ensuring uniform mixing of fly ash particles in aluminium matrix by uniform
stirring along with Ar gas shielding.
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(b)

(c)
Figure 6: Photograph of (a) the metallic die for finger casting (b) Finger castings

2.3 Characterization of Al-Fly Ash composites

2.3.1: Metallography studies

Specimens for metallographic observations were prepared by standard polishing techniques. The microstructures of the specimen
were investigated by means of optical microscopy (Model: Olympus, C — 5060 - G x 4- Japan). Keller’s reagent with composition
of HF = 1.0 cc, HCL = 1.5 cc, HNO;3 = 2.5 cc and H,O = 95 cc was used as etching reagent. Scanning electron microscopy (Model:
SEM — Quanta 400, FEI -Netherlands) was used in order to evaluate the morphological changes observed in the fly ash powder
particles.

2.3.2 Hardness studies

The hardness of the pure aluminium and composites was evaluated using Rockwell hardness testing machine with 100 kg load
and 5 mm diameter steel ball indenter. The detention time for the hardness measurement was 15seconds. An average of ten
readings was taken for each hardness value.
2.3.3 Density measurements

The density of the alloy and composites was measured by the Archimedes drainage method by using the following equation (Wu
etal., 2006):

pwmic =(m) / ((m-m;) X pro)

Where pymc is the density of the Al-Fly ash composite, ‘m’ is the mass of the composite sample in air, ‘m,’ is the mass of the
same composite sample in distilled water and ‘py0” is the density of distilled water (at 293K) is 998 kg/m’.

2.3.4 Compression Tests

Compression tests were carried out on cylindrical specimens of pure aluminium and Al-fly ash composites (5, 10 and 15% fly
ash) of 16 mm @ with Hy/D, ratio of 1.0. These cylindrical specimens of standard dimensions were prepared using conventional
machining operations of turning, facing and drilling. Specimen edges were chamfered to minimize folding. Concentric v- grooves
of 0.5mm deep were made on the flat surfaces to have a low friction between die and work piece during compression. Standard
samples were compressed by placing between the flat platens at a constant cross head speed of 0.5mm/min in dry condition, using
a computer controlled servo hydraulic 100T universal testing machine (Model: FIE-UTE). Cold work die steel dies (flat flattens)
were machined to produce smooth finish to yield low friction. Online plotting of load versus displacement was done continuously
through a data acquisition system.
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3. Results and discussion

3.1 Microstructures of ALFA composites

Figure 7 (a) shows the optical microstructure of commercial pure aluminium. A continuous network in a matrix can be observed
from this figure. Commercial pure aluminium is the metal that comes from the reduction of Al,O; in the electrolytic cell and it is
the bulk of the commercial production. It may contain up to 1% impurities. These small amounts of impurities form as an almost
continuous network in metal of 99% purity. This network is formed mainly by the iron and silicon constituents; the nature, size
and distribution of these constituents is controlled by the Fe/Si ratio and the casting technique. In the aluminium — iron- silicon
alloys two ternary compounds are formed, Fe,SiAlg and FeSiAls. In addition FeAl; and silicon can be present [Mondolfo, 1976].
Figures 7(b-d) shows the optical microstructures of Al -fly ash composites for 5, 10 and 15% respectively. These revealed that
presence of fly ash particles in pure aluminium matrix and further confirm that there was a uniform distribution of fly ash particles
in the base matrix; and it clearly shows that there was no voids and discontinuities observed in the composite and also there was a
good interfacial bonding between the fly ash particles and matrix materials.

(a) Pure aluminium (500X) (b) Al - 5% fly ash (50 X)

(c) Al - 10% fly ash (50 X) (d) Al - 15% fly ash (50 X)

Figure 7: (a) Optical micrograph of pure aluminium, at 500 X, Etchant: Keller’s reagent.
(b, ¢ & d) Optical micrographs of as cast Al- fly ash composites, at 50 X, Etchant: Keller’s reagent.

3.2 Mechanical properties of ALFA composites

Figure 7 shows the hardness of the pure aluminium and Al-fly ash (ALFA) composites in as cast condition. As the amount of fly
ash is increasing the hardness of the composite is increasing. This increase was observed from 10 HRB for pure aluminium to 19,
26 and 45 HRB for 5%, 10% and 15% fly ash composites. This could be due to the presence of fly ash particulates which consists
of majority of the alumina and silica which are hard in nature. The density of the composites decreases with increasing the
percentages of fly ash particulates, as shown in figure 9. The density was come down from 2.72 to 2.454, 2.26 and 1.85 g/cc with 0,
5, 10 and 15% fly ash respectively. Generally the fly ash particles are having low density in nature; the densities of cenosphere and
precipitator fly ash were 1.0 g/em’® and 2.0-2.5 g/cm’ respectively; In the present investigation precipitator fly ash was used for
synthesis of ALFA composites, since the density of the fly ash is less than 2.09 g/cm’, hence the overall density of the fly ash
composite was got reduced.
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Figure 8: Effect of fly ash on hardness of pure aluminium in as cast condition
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Figure 9: Effect of fly ash on density of the pure aluminium

Compressive deformation behaviour of the pure aluminium and ALFA composites can be understood by studying the
engineering stress and strain curves. Figure 10 shows the engineering stress and strain curves for pure aluminium and composites
during compression testing; the load requirement increased with increase in displacement for both the pure aluminium and ALFA
composites. The composites show higher loads than the pure aluminium; and this increase is more for higher the amount of fly ash.
This indicates that the fly ash addition leads to improvement in the strength of the composites. The strength of the MMC is
expected to increase by addition of solid ceramic particles due to the strengthening effects occurred in particulate reinforced
composites. These effects include the transfer of stress from the matrix to the particulate, the interaction between individual
dislocations and particulates, grain size strengthening mechanism due to a reduction in composite matrix grain size, and generation
of a high dislocation density in the matrix of the composite as a result of the difference in thermal expansion between the metal
matrix and particulates (Natarajan et al., 2006; Akhlaghi et al., 2009; Valdez et al., 2008).

Figure 11 illustrate the influence of fly ash content on the compressive strength of pure aluminium and Al- fly ash composites in
terms of hardness. As the deformation increases the hardness is increasing for the all the pure aluminium and ALFA composites;
the rate of increasing is more for higher deformation with larger fly ash content. This might be due to the existence of strain
hardening effects form matrix materials and also from the rule of mixture of composite strengthening (Callister, 2007). Figure 12
represents the undeformed and deformed cylindrical specimens of pure aluminium and ALFA composites at room temperature.
According to an instability theory of fracture, ductile fracture will never occur in homogeneous deformation. On the other hand if
the friction between the specimen and platens is more, the deformation becomes non uniform as a result of which, the barrel
develops (Babu Rao et al., 2009). The present results (Figure 12) shows that with increasing the deformation the friction constraint
was increased hence well developed barrel was generated for all the specimens. The extent of barrel for pure aluminium was less
due to soft and low hardens values compared to rest of the specimens. For given deformation no crack was appeared for pure
aluminium; whereas a well developed shear cracks were initiated for all the composites due to the presence of hard ceramic fly ash
particles in the soft aluminium matrix.
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Figure 10: Engineering stress as a function of engineering strain for pure aluminium and ALFA composites with aspect ratio
(H/D) = 1.0.
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Figure 11: Hardness profiles of pure aluminium and ALFA composites at various Deformation stages under compression testing.
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Figure 12: Pure aluminium and ALFA composites specimens showing bulge profiles at various deformation stages under
compression testing (H/D=1.0).
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Figure 12 (cont’d): Pure aluminium and ALFA composites specimens showing bulge profiles at various deformation stages
under compression testing (H/D=1.0).

Conclusions

1. A series of Al - fly ash (ALFA) composites were produced by stir casting route successfully.

2. Large amount of fly ash up to 15% by weight was incorporated successfully into Al matrix by stir casting route.

3. There was a uniform distribution of fly ash particles in the matrix phase and also existing a good bonding between matrix
and fly ash reinforcements.

4. The hardness of the composites increased whereas the density of the composites decreased with increasing the amount fly
ash than the pure aluminium.

5. Enhanced mechanical properties were observed with increasing amount of fly ash under compression.

6. From this study it was concluded that industrial waste of fly ash was turn into industrial wealth by the production of light
weight composites; these light weight ALFA composites can be used for automobile industry.
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