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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. In view of the
generation of large quantities of solid waste by products like fly ash and slags, the present expensive manner in which it is discarded, new methods for treating and using these solid wastes are
required. Hence, composites with fly ash and granulated blast furnace (GBF) slag as reinforcements are likely to overcome the cost barrier for wide spread applications in automotive and
small engine applications. In the present investigation, AA 2024 alloy-5 wt% fly ash and GBF slag
composites separately were made by stir casting route. Phase identification and structural characterization were carried out on fly ash and GBF slag by X-ray diffraction studies. Scanning electron microscopy with energy dispersive X-ray spectroscopy EDS was used for microstructure
analysis. The hardness and compression tests were carried out on all these alloy and composites.
The SEM studies reveal that there was a uniform distribution of fly ash and GBF slag particles in
the matrix phase and also very good bonding existed between the matrix and reinforcement. Improved hardness and mechanical properties were observed for both the composites compared to
alloy; this increase is higher for Al-fly ash composite than Al-GBF slag composite.
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1. Introduction

Metal matrix composites (MMCs) are advanced materials resulting from a combination of two or more materials
in which tailored properties are realized. MMCs possess significantly improved properties including high specific strength, damping capacity and good wear resistance compared to unreinforced alloys [1]. Aluminum and
its alloys are potentially important materials for automotive and aerospace applications because of its low density and high specific strength. Therefore, the studies on aluminum and its alloys are becoming increasingly important. However, conventional monolithic Aluminum alloys have limitations in achieving good combination of
strength, stiffness, toughness and density. To overcome these shortcomings and to meet the ever increasing demand of modern day technology, Aluminum metal matrix composites (AMMCs) are most promising materials
of recent interest; these possess much higher specific strength and stiffness, higher wear resistance and lower
thermal expansion coefficient in comparison to their base alloy matrices due to the incorporation of suitable particles or fibers into the matrix metal [2] [3].
It is well known that the particle-reinforced metal matrix composites have excellent mechanical properties
due to the addition of high strength and high modulus particles like TiC, Al2O3, SiC, TiB2 etc. In the last few
years considerable development has occurred in the potential use of this particle—reinforced metal matrix composites for automotive and aerospace applications. However, cost still remains a major barrier in designing these
particles reinforced aluminum composite components for wider applications [4] [5]. A possible way to avoid
this handicap of high cost would be the employment of particles obtained from the recycling of some industrial
solid wastes. The idea is becoming popular and several studies have been done with various by-products [6] [7].
Among the various low cost reinforcements used, fly ash and slags are the most inexpensive reinforcements
with low density available in large quantities as solid waste byproduct from coal combustion in thermal power
plants and Iron and steel making industries respectively. More strict environmental regulations have prompted
industry to search for new methods of treating their waste byproducts. The thermal power production generates
million tons of fly ash as part of the coal combustion byproduct waste stream. This material is composed of
non-crystalline oxides of silicon (SiO2), aluminum (Al2O3), iron (Fe2O3), calcium (CaO) and minor quantities of
other metal oxides (magnesium, sodium, titanium, potassium). The precise composition of fly ash varies depending on the source of the coal being burned. The physical properties of the ash vary with the type and uniformity of the coal, the operating parameters of the power plant and the collection methods employed to separate the ash from the combustion stream [8] [9].
Blast furnace slag is the one major byproduct of pig iron production, regularly generated each year in significant volumes as thousands of tons. Granulated blast furnace slag (GBF slag) is obtained by quenching molten
iron slag (a byproduct of iron making) from a blast furnace in water or steam, to produce a glassy, granular
product. National Slag Association (NSA)-USA was established in the year 1918 [10]. It is in the process of instituting a University Educational Program as a means to introduce blast furnace slag as a beneficial material to
the engineering and environmental departments of major universities in USA. 10 million tons of blast furnace
slag is produced in India annually as a byproduct of iron and steel industry. Chemical analyses of blast-furnace
slag usually show that four major oxides (lime, magnesia, silica and alumina) make up about 95% of the total.
Minor elements include sulfur, iron, manganese, alkalis, and trace amounts of several others [11]. This byproduct has the potential for increased value if a diversity of suitable end products could be produced from these
materials. It has been observed that the GBF slag that is produced in the steel plants in huge quantities is
dumped in the dump yard and then later used for road construction mostly in the plant itself; however this usage
in practical purpose is only limited in overall consumption of slag.
In view of the generation of large quantities of solid waste byproducts like fly ash and slags, the present expensive manner in which it is discarded, new methods for treating and using these solid wastes are required.
Hence, in the present research work an attempt was made to see the possibility of adding these solid wastes as
reinforcing particles in Aluminum matrix to produce the low cost, light weight and high specific strength Aluminum metal matrix composites (AMMCs). Composites with either fly ash, GBF slag or both as the reinforcements are likely to overcome the cost barrier for wide spread applications in automotive and small engine applications. It is therefore expected that the incorporation of these solid wastes in aluminum alloy will promote yet
another use of this low-cost waste byproduct and, at the same time, has the potential for conserving energy intensive aluminum and thereby, reducing the cost of aluminum products.
In the present investigation AA 2024 alloy was chosen as matrix material because of its wider applications in
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the family of aluminum-copper alloys. This alloy has a higher tensile and yield strength with lower elongation.
Typical uses of this alloy are aircraft structures, rivets, hardware, truck wheels and screw machine products. At
present very limited information is available on the GBF slag reinforced AA 2024 alloy composites. Therefore
the present investigation makes an attempt to synthesize the fly ash and GBF slag reinforced AA 2024 alloy
composites by stir casting route; later these composites were characterized in terms of their SEM-EDS, XRD
studies, density, hardness and mechanical properties under compression.

2. Materials and Methods
2.1. Synthesis of Fly Ash and Granulated Blast Furnace Slag Reinforced Composites
In the present investigation, industrial wastes like fly ash and granulated blast furnace (GBF) slag particulates
reinforced aluminum based metal matrix composites of 5 wt% were successfully synthesized by vortex method.
The matrix materials used in this study was Al-Cu-Mg alloy (AA 2024) whose chemical composition is shown
in Table 1. The reinforcement materials were fly ash and granulated blast furnace slag particulates, which were
procured from Thermal power plant and Iron making plant (Blast Furnace area) respectively of Rashtriya Ispat
Nigam Limited (RINL), Visakhapatnam Steel Plant, Visakhapatnam, India. The chemical composition of the as
received fly ash and granulated blast furnace slag was given in Table 2 and Table 3 respectively. Preheating of
the fly ash and granulated blast furnace slag particulates were carried out in a muffle furnace at 300˚C for 3
hours to get rid of the any moisture presence in them. Figure 1 shows the fly ash powder before and after preheating conditions. As received blast furnace slag was observed coarse in nature; hence it underwent crushing
and grinding operation. As received and processed blast furnace slag powders were shown in Figure 2. Dried fly
ash and dried & processed blast furnace slag has been sieved for 15 minutes using BSS meshes ranging in size
from 100 to 350 by Rotap Sieve shaker. The results show that the average particle size of the fly ash and blast
furnace slag powders is 35 µm; hence this size was chosen as reinforcement for synthesis of Al based metal matrix composites.

(a)

(b)

Figure 1. The fly ash powder used for synthesis of Al-fly ash (ALFA) composites (a) As received condition; (b) After preheating condition.

(a)

(b)

Figure 2. The granulated blast furnace (GBF) slag powder used for synthesis
of Aluminium-granulated blast furnace slag (GBF) slag composites (a) As
received condition; (b) After crushing and grinding condition.
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Table 1. Chemical composition of Al-4.5% Cu-2 Mg alloy, wt%.
Cu

Mg

Si

Fe

Mn

Ni

Pb

Sn

Ti

Zn

Al

4.52

1.938

0.066

0.663

0.131

0.075

0.029

0.021

0.013

0.118

Balance

Table 2. Chemical composition of as received fly ash, wt%.
SiO2

Al2O3

Fe2O3

TiO2

CaO

MgO

Na2O

K2O

Loss on ignition

58.41

30.40

8.44

2.75

1.3

1.53

1.0

1.98

2.4

Table 3. Chemical composition of as received granulated blast furnace slag, wt%.
SiO2

CaO

FeO

Al2O3

MgO

MnO

TiO2

CaS

34.2

34.34

0.37

18.9

9.67

0.34

0.72

1.46

The synthesis of Al-fly ash and Al-GBF slag composites were carried out by stir casting technique. Cylindrical fingers (18 mm diameter and 170 mm length) of AA 2024 alloy were taken into a graphite crucible and
melted in an electric furnace. 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 and blast furnace slag particulates
at 500˚C for 2 hrs were introduced individually to make the fly ash and blast furnace slag reinforced composites
respectively. 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 reinforcements to get the uniform distribution in the melt. During stirring small pieces of magnesium
(0.5 wt%) were added to the molten metal to enhance the wet ability of reinforcement particles with melt. While
the melt was 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, as shown in Figure 3. Homogenization treatment was carried out at 200˚C for 24 hrs to relieve the internal stresses and minimize the chemical in homogeneity which may be present in the cast ingots.

2.2. Metallography and Hardness Studies
Specimens for metallographic observations were prepared by standard polishing techniques. Scanning electron
microscopy (Model: JEOL-JSM 6610LV) with EDAX energy dispersive X-ray spectroscopy (EDS) was used in
order to evaluate the morphological changes observed in the fly ash and GBF slag particles and composites. The
hardness of the alloy and composites was evaluated using Leco Vickers hardness tester (Model: LV 700-USA).
The applied load and dwell times are 2 Kg & 15 sec respectively. An average of ten readings was taken for each
hardness value.

2.3. Density and Porosity Calculations
The density of fly ash and GBF slag particles which were used in fabricating the composites was determined.
First, a measuring flask was filled with distilled water to the 100 ml line. It was placed in a bell jar and evacuated to a pressure of between −86 kPa to −96 kPa until the water stopped bubbling. This removes any entrapped voids. The flask was then removed and filled to the 100 ml mark with distilled water. The weight of the
water filled flask was then recorded as WT2.
15 gm of fly ash (WT1) was weighed into a flask. The sample was washed down in the flask with distilled water ensuring that the entire sample is under the water. The flask was filled to the 100 ml line. The setup was then
placed under a bell jar and evacuated to a pressure of −86 kPa to −96 kPa until the sample stopped bubbling. It
was removed and filled to the 100 ml mark with distilled water. The weight of the flask with sample and distilled water was then recorded as (WT3). The density of the fly ash particles was then calculated from equation below.

Density of fly ash
= WT1 (WT2 − (WT3 − WT1 ) )
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(a)

(b)

(c)

Figure 3. As cast cylindrical fingers of Al based metal matrix campsites. (a) AA 2024 alloy; (b) Al-5 wt%. Granulated
blast furnace (GBF) slag reinforced composite (c) Al-5 wt% fly ash reinforced (ALFA) composite.

The same above procedure was adopted for measuring the density of GBF slag. The density of the alloy and
composites was measured by the Archimedes drainage method by using the following equation [12]:

ρ MMC
=

( m ) ( ( m − m1 ) × ρH O )
2

where ρMMC is the density of the Al-based composite, m is the mass of the composite sample in air, m1 is the
mass of the same composite sample in distilled water and the density of the distilled water ( ρ H2 O ) at 20˚C is
0.998 g/cm3.
Theoretical density calculations, according to the rule of mixture were also used to determine the densities of
the composites. This was obtained from the below equation [13].

ρ=
Vr ρ r + (1 − Vr ) ρ m
c
where ρc the density of the composite, Vr is the weight ratio of reinforcement, ρr is the density of reinforcement
and ρm is the density of the unreinforced AA 2024 alloy. The porosity of the test materials were also calculated
from the following equation [14].

Porosity ( % ) =
(1 − ( measured density calculated density ) ) ×100

2.4. Compression Tests
Compression tests were carried out on cylindrical specimens of AA 2024 alloy and fly ash & GBF slag reinforced composites of 12 mm diameter with Height/diameter (H0/D0) 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 0.5 mm 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 100 T 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.

3. Results & Discussion
Fly ashes consist largely of the inorganic residue of coal after the combustion process. They have a complex microstructure, with a mixture of amorphous (usually predominant) and crystalline phases. The primary phase in
fly ash is a glassy component, which is mostly derived from dehydroxylation of clay minerals in the parent coal.
Dehydroxylation is the chemical process that decomposes one or more hydroxyl (OH−) groups in the clay minerals thereby reducing them. Other phases present in fly ashes are magnetite, hematite, quartz, mullite and minor
quantities of anhydrite. Figure 4 shows the SEM of the fresh fly ash after pre heating condition. From these figures it is evident that the majority of the fly ash particles are spherical in nature and precipitator type fly ash.
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(a)

(b)

Figure 4. (a) SEM micrographs of fly ash particles used in fabrication of Al-fly ash (ALFA) composites; (b)
Fly ash particles at higher magnification.

The morphology of fly ash particle is controlled by combustion temperature and cooling rate at the thermal
power plant. The phase and chemical analysis of the fly ash was shown in Figure 5 and Figure 6. Figure 5
represents the X-ray diffraction (XRD) pattern of fly ash after pre heating condition; which shows the phases
present in the fly ash are largely Silica (SiO2), Alumina (Al2O3), Mullite (3Al2O3∙2SiO2) and small quantity of
Hematite (Fe2O3). EDS spectrum of the fly ash particles as shown in Figure 6. It shows the presence of Al, Si
and Oxygen peaks correspond to the Silica (SiO2), Alumina (Al2O3) and Mullite (3Al2O3∙2SiO2) which are
present in the fly ash.
The granulated blast furnace (GBF) slag which was used for this study was made by slag granulation (SG)
method. This SG method is similar to the atomization of the liquid to produce fine powder. Due to instant cooling of the slag from liquid phase to solid phase, the grain shape of the atomized slag powders are having mostly
in irregular to the angular shape depends on type of media using for atomization. In particular water atomization
generates the angular shape particles. The subsequent SEM Figure 7 and Figure 9 support the same. Figure 7
shows the SEM of as received and preheated GBF slag. The slag particles represented an irregular morphology
with a mean size of 35 μm. X-ray diffraction patterns indicated that the majority components in the GBF slag
were CaO, SiO2 with minor amounts of Al2O3 and Fe2O3 (Figure 8). The EDS spectrum of the GBF slag was
shown in Figure 9. It shows the presence of Ca, Si, Fe, Al and Oxygen; which are representing to their respective oxides presence in the GBF slag.
The density of the reinforcement particles is an important concern; their incorporation into aluminum alloys
leads to either significant increase or reduction in the density of the composite. Low density reinforced aluminum Metal Matrix Composites (MMCs) could be an attractive for rotary parts in automobile and other transportation applications. The density of fly ash and GBF slag particles which were used in fabricating the composites
was determined and was found to be 2.09 and 1.5 g/cc respectively, as shown in Figure 10. The higher density
of fly ash supports the presence of iron oxide.

3.1. Microstructure of Composites
Figure 11 shows the SEM micrograph of the AA 2024 alloy. This alloy is a hypoeutectic alloy and consisting of
soft aluminum solid solution matrix (α) and hard CuMgAl2 phase. Hence the microstructure is composed of (α)
primary grains and a eutectic mixture of (α + CuMgAl2). SEM micrographs of AA 2024 alloy-5 wt% fly ash
composite was shown in Figure 12. Figure 12(a) revealed that presence of fly ash particles in AA 2024 alloy
matrix and further confirms that there was a uniform distribution of fly ash particles in the base matrix of AA
2024 alloy; Figure 12(b) clearly shows that there were no voids and discontinuities in the composite and also
there was a good interfacial bonding between the fly ash particles and matrix materials. The SEM micrograph of
AA 2024-5 wt% GBF slag composite is shown in Figure 13. It also clearly reveals uniform distribution of GBF
slag particles in the alloy matrix. The magnified view of the composite microstructure in as-cast 5 wt% GBF
slag composite in shown in Figure 13(b), which clearly indicates sound interfacial bonding between the matrix
and GBF slag particles.
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Figure 5. X-ray diffractogram of fly ash particles used in fabrication of Al-fly ash (ALFA) composites.

Figure 6. EDS spectrum of fly ash particles.
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(a)

(b)

Figure 7. SEM micrographs of the as GBF slag particles. (a) As received GBF slag with scaling of the particle size; (b) Closer view of the received GBF slag.

Figure 8. X-ray diffractogram of as received granulated blast furnace (GBF)
slag particles used in fabrication of Al-granulated blast furnace (GBF) slag
composites.
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Figure 9. EDS spectrum of granulated blast furnace (GBF) slag particles.
2.5
2.09

Density (gm/cc)

2

1.5

1.5

1

0.5

0
Fly Ash

Materials

B.F. Slag

Figure 10. Comparative graph for density measurements of
fly ash and GBF slag powders.

Figure 11. SEM micrograph of as cast AA 2024 alloy.
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(a)

(b)

Figure 12. (a) SEM micrographs of AA 2024 alloy-5 wt% fly ash composite; (b) Closer view of interface
between fly ash particles and the matrix.

(a)

(b)

Figure 13. (a) SEM micrographs of AA 2024 alloy-5 wt% granulated blast furnace slag composite; (b)
Magnified view of the AA 2024 alloy-5 wt% GBF slag composite.

3.2. EDX Analysis
EDS analysis were carried out to confirm the composition of the matrix and the reinforcements in both the AA
2024-5 wt% fly ash & AA 2024-5 wt% GBF slag composites. Figures 14-16 shows the same for AA 2024 matrix, fly ash and GBF Slag respectively. Aluminum, magnesium, copper and small amount of silicon were detected in the EDS analysis of matrix (Figure 14). No oxygen peaks were observed in the matrix area, confirming
that the fabricated composite did not contain any additional contamination from the atmosphere. This might be
due to a shield of argon gas was maintained during the mechanical stirring while reinforcement addition. Whereas the EDS analysis of fly ash shows the peaks of aluminum, silicon, magnesium and oxygen (Figure 15).
These peaks correspond to the alumina (Al2O3), mullite (3Al2O3∙2SiO2) and silica (SiO2); which were present in
the fly ash even after fabrication of AA 2024-fly ash composite. Figure 16 shows the EDS analysis GBF slag
particles, it reveal the presence of calcium, silicon, aluminum, iron, magnesium and oxygen. These peaks correspond to the CaO, SiO2, Al2O3, FeO and also confirming the GBF slag presence in the AA 2024-5 wt% GBF
slag composite. During stirring small pieces of magnesium (0.5 wt%) were added to the molten metal to enhance
the wettability of reinforcement particles with melt; this might be reason for the presence of magnesium peaks in
both the composites.

3.3. Mechanical Properties of Composites
Hardness values of the AA 2024 alloy, AA 2024-5 wt% Fly ash and AA 2024-5 wt% GBF Slag composites in as
cast condition are depicted in Figure 17. It is evident from this figure that the hardness of the composites is significantly higher than that of the alloy. This increase was observed from 75 VHN for AA 2024 alloy to 124 and
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Figure 14. EDS spectrum of base AA 2024 alloy.

Figure 15. EDS spectrum of fly ash presence in AA 2024-5 wt% fly
ash composite made by Stir cast method.

329

I. N. Murthy et al.

Figure 16. EDS spectrum of blast furnace slag particles presence in
AA 2024-5 wt% GBF slag composite made by stir casting method.
140
124

120

120

Hardness, VHN

100

80

75

60

40

20

0
AA 2024 alloy

AA 2024 alloy - 5% Fly Ash
composite

AA 2024 alloy- 5% B.F.
Slag composite

Figure 17. Comparative hardness values for AA 2024 alloy and composites.

120 VHN for AA 2024-5wt% fly ash and AA 2024-5 wt% GBF slag composites respectively. Interestingly fly
ash reinforced composite shows higher hardness in contrast to GBF slag reinforced composite; this might be due
to the presence of fly ash particulates which consists of majority of the alumina and silica which are hard in nature; whereas the GBF slag consists of majority of CaO with minor quantities of silica and alumina, which
makes the GBF slag particles soft in nature.
Table 4 shows the theoretical and measured densities of AA 2024 alloy, AA 2024-5 wt% Fly ash and
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Table 4. Theoretical and measured densities of AA 2024 alloy and AA 2024-5 wt% fly ash and AA 2024-5 wt%
Granulated blast furnace (GBF) slag composites along with % porosity in respective alloy and composites.
Density (g/cm3)
S. No

Specimen

% Porosity
Theoretical

Measured

1.

AA 2024 alloy

2.68

2.68

0

2.

AA 2024 alloy-5 wt% fly ash composite

2.6696

2.57

3.74

3.

AA 2024 alloy-5 wt% GBF slag composite

2.621

2.545

2.89

AA 2024-5 wt% GBF slag composites along with % porosity in respective alloy and composites. The density of
the alloy decreases with the presence of reinforcement; this decrease is varying with respect to the shape, size
and type of reinforcement. With 5 wt% reinforcements of fly ash and GBF slag, the density of composites decreased to 2.57 & 2.545 g/cm3 respectively compared to the density of the alloy 2.680 g/cm3; these values support the lower bulk density of the GBF slag particles (1.5 g/cm3) compared to relatively higher density of fly ash
(2.09 g/cm3). The measured densities, however, were lower than that obtained from theoretical calculations, as
shown in Table 4. The extent of deviation is lower for the presence of GBF slag than fly ash; hence lower porosity values were observed for the GBF slag reinforced composite. This can be attributed to the irregular and
angular shape of the GBF slag which enables to better interfacial bonding between reinforcement and matrix. In
case of fly ash reinforced composite, fly ash particles used for this studies are majority of round and regular
shape, which might be cause for relatively higher porosity values.
Compressive properties of the synthesized alloy and composites can be understood by studying the load-displacement curves. Figure 18 shows the load-displacements curves for AA 2024 alloy and composites during
compression testing; and Figure 19 shows the influence of the reinforcement on the compressive strength of AA
2024 alloy and composites with the true stress-true strain curves. The load requirement increased with increase
in displacement for both the alloy and composites. The composites show higher loads than the unreinforced alloy; and this increase in compression strength is more for presence of fly ash than GBF slag in the alloy matrix,
as shown in Figure 18. The same is confirming from the true stress and true strain results (Figure 19). This indicates that the reinforcement addition leads to improvement in the strength of the composites. The lower
strength values for GBF slag reinforced composite can be attributed with the soft nature of GBF slag particles
compared to fly ash, same was confirmed by the hardness of both the composites. The strength of the metal matrix composites (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 [15]-[17].

4. Conclusion
Industrial wastes like fly ash and GBF slag were utilized successfully for the production of Al based MMCs.
Al-fly ash (ALFA) and Al-GBF slag composites were produced by stir casting route successfully. There was a
uniform distribution of reinforcement particles in the matrix phase and also existing a good bonding between
matrix and reinforcements. The hardness of the composites increased whereas the density of the composites decreased with presence of reinforcement than the base alloy. Higher hardness values were reported for Al-fly ash
composite than Al-GBF slag composite. Enhanced mechanical properties were observed for both the composites
than alloy under compression.
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