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Abstract Functionally graded materials are a new class of
inhomogeneous materials, where the composition or the
microstructure is locally varied within a component in
order to achieve the desired location-specific material
properties. In the present study, the tribological character-
istics of hyper-eutectic A390 functionally graded alu-
minium alloy modified by the addition of 2% and 4% of
magnesium are examined. Functionally graded aluminium
metal matrix composites (FGAMMC’s) rings are produced
by vertical centrifugal casting technique. Centrifugal cast-
ing is proved to be a versatile casting method for producing
different types of FGM components based on property
requirements. The centrifugal force moves the primary
silicon and Mg,Si towards the inner radius due to their
lesser density than that of aluminium showing a gradation,
inner to the outer periphery. This gradation increases the
hardness and wear resistance towards the inner. During the
process, the microstructure got refined with respect to that
of gravity casting. The detailed microstructures, composi-
tion analysis and wear study reveal the morphology of the
FGM. The dry reciprocating wear analysis on various loads
reveals that the behaviour of 2% Mg modification com-
pletely shows a eutectic nature and the wear rate is similar
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to the base A390 alloy. Also, it is found that the wear
linearly increases with the applied load and the wear
resistance offered by the zone with more Mg,Si precipi-
tates is high.
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1 Introduction

The first focused efforts to develop metal matrix compos-
ites (MMCs) originated in 1950s and early 1960s. The
principal motivation was to dramatically extend the struc-
tural efficiency of metallic materials while retaining their
advantages, including high chemical inertness, high shear
strength and good property retention at high temperatures
[1]. Aluminium matrix composites (AMCs) offer a superior
combination of property profiles than monolithic materials
The performance, economic and environmental benefits of
AMC have added advantages in the transportation sector of
lower fuel consumption, less noise and lower airborne
emissions. Additionally, they have an excellent combina-
tion of properties such as high hardness, strength, stiffness,
higher wear resistance and lower friction coefficient with
increasing volume fraction of reinforcement particles as
compared to the base alloy [2]. Functionally graded
materials (FGMs) are advanced materials that possess
continuously graded properties and are characterized by
spatially varying microstructures created both by non-uni-
form distributions of the reinforcement phase and by
interchanging the role of reinforcement and matrix mate-
rials in a continuous manner. The smooth variation of
properties may offer advantages such as reduction in stress
concentration and increased bonding strength. A major
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advantage of FGM is the possibility of tailoring its gra-
dation to maximize its performance [3]. The specific
properties obtained by the use of functionally graded metal
matrix composites (FGMMC) include high-temperature
surface wear resistance, surface friction and thermal
properties, adjustable thermal mismatching, reduced
interfacial stresses, increased adhesion at the metal—ce-
ramic interface, minimized thermal stresses, increased
fracture toughness and crack retardation [4].

In the constructive approach, graded layers are pro-
cessed through solid-state powder metallurgy, sintering
methods or by infiltration techniques. While in the trans-
port-aided approach, a second phase is transported and
diffused by one of the following driving forces like
chemical gradient, gravitational, thermal or mechanical
forces [5].Thus, FGM can meet functional performance
requirements that vary with location within a component
such as turbine blades, rocket nozzle, computer circuit
board, medical implant, armour and optical device [6]. In
the simplest centrifugal casting methods, the centrifugal
radial force generated during the rotation of the mould
containing the melt, will transport and distribute the sec-
ondary particles or phases from outer to inner side in the
radial direction or vice versa with respect to the axis of
rotation in accordance with density. The particles will
transport from higher density to lower density relative to
the density of the matrix with respect to that of the rein-
forcements. The extent of distribution of reinforcements
and segregation which leads to the formation of particle-
enriched, transition and the matrix-rich (particle-depleted)
zones formed in the components mainly depend on speed
of rotation of the mould, melt viscosity, pouring tempera-
ture of the melt, cooling rate, particles size formed during
solidification and the density of the particles [7].

2 Materials and Methods

The hyper-eutectic aluminium silicon alloy, A390, is cho-
sen as the matrix alloy. The composition of the base alloy
and modified alloys is given in Table 1. The A390

aluminium alloy is age-hardenable cast alloy with excellent
castability, good corrosion resistance, good wear resistance
and pressure tightness and better machining and welding
characteristics. The composite synthesis, by liquid stir
casting route, is carried out in a 10-kg capacity clay gra-
phite crucible using electrical resistance heating furnace.
The calculated quantity of cleaned and preheated alloy
ingots and master alloy (80% Al 20% Mg) is cut into
suitable sizes for charging into the crucible. Degassing is
done at 720 °C using hexachloroethane, and the slag on the
top of the melt is removed by skimming. After manual
stirring, for getting homogeneous gravity castings, a por-
tion of the melt is poured into the preheated permanent cast
iron moulds. Mild steel utensils and tools which come into
contact with melt are suitably coated with graphite and
dried properly by heating. The vertical centrifugal casting
is used for the fabrication of FGM components. The melt is
poured steadily and uniformly at a temperature of 760 °C to
the rotating mould by using a pouring cup. The speed of
rotation is maintained at 1300 rpm. The standard metallo-
graphic techniques are used for samples preparation and
characterizations. 6-mm-diameter and 30-mm-long pins are
used in the wear study. Pins have been machined from
three basic zones of FGM.

3 Results and Discussion
3.1 Microstructure Analysis

Microstructure analyses are done on the components fab-
ricated by using gravity as well as centrifugal castings. The
gradations of the particles from outer to the inner periphery
in the centrifugal castings have been analysed using a Leica
optical microscope. From Table 1, it is evident that the
addition of Mg to the A390 results in the change in the
composition of Mg, Si and Cu elements. Silicon varies
from 18.9% from its base composition to 16.3% in 2% Mg
modification and to 14.8% in the 4% Mg modification by
master alloy addition. Magnesium maintains its required
level, whereas Cu is diluted to 3.0% and to 2.8% in

Table 1 Composition of base and prepared alloys at different percentage Mg master alloy additions

Details of alloys = Major alloying elements in percentage

Minor alloying elements in percentage

Aluminium in %

Si Cu Mg Fe Mn Zn Cr Ni Ti
A390 standard 16-18 4-5 0.4-0.7 1 0.3 0.2 0.1 0.1 0.2 74-78
A390 ingot 18.7 4 0.3 0.4 0.06 0.06 0.01 0.01 0.01 76.2
A390 + 2% Mg 16.3 2.8 23 0.3 0.04 0.04 0.02 0.01 0.01 78.0
A390 + 4% Mg 14.8 3.1 4.4 0.3 0.05 0.07 0.01 0.02 0.02 76.7
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respective modifications. Among this, the variation of sil-
icon plays a vital role in the properties and microstructure.
Silicon variation points to the availability of primary sili-
con in the prepared alloy. Figure la—c shows the
microstructure of the pure A390 and its Mg modifications.
The light grey phase in the microstructure is silicon, the
dark phase is Mg2Si, and the white phase is Al [8]. The
base alloy shows the presence of a higher percentage of
primary silicon in the matrix. However, the 2 and 4% Mg-
added alloys show very less percentage of primary silicon

(a) Base A390 outer

10-15mm

while Mg2Si phases are observed. In the homogeneous
castings, it is observed that cuboidal primary silicon of
average 50 pum sizes is uniformly distributed in the chilled
zone. Needle/platelet-type eutectic silicon is also visible
along the grain boundaries of aluminium matrix. In the 2%
Mg modification, the distribution of Mg2Si phase and the
primary silicon as compared to the base casting is not
observed (Fig. 1b). Master alloys are used for the modifi-
cation of the base alloy resulting in its dilution, i.e. the
increase in aluminium in the matrix, since the enthalpy of

transition region

inner region

(b) +2%Mg outer 10-15mm

(c) t4%Mg outer

10-15mm

transition region inner region

inner region

transition region

Fig. 1 Microstructure of A390 alloy and its modifications at different regions
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formation is less for the Al2Si phase formation compared
to that of Mg2Si. On addition of the master alloy, increased
free aluminium will react with the excess silicon present in
the hyper-eutectic A390 alloy forming a more eutectic
phase of Al2Si resulting in the 2% Mg modification and
lacking higher energy Mg2Si precipitate phases visible in
the microstructure. Due to the same reason, the gradation is
not that prominent in this FGM ring. As the end result, 2%
Mg master addition results in the formation of a eutectic
structure rather than an FGM. But in case of the 4% Mg
modification, the excess Mg present in the system will
absorb more energy forming Mg2Si phase together with
Al2Si phase and the residual primary silicon also gets
modified (Fig. 1c). Figure 2 shows the XRD results of
A390, A390 + 2 Mg master and A390 4 4 Mg master-
added specimens. The graph (a) shows the peaks obtained
for A390 base (reference casting). A390 is a Al-Si alloy,
the XRD intensity peaks obtained match with standard
reference peaks and also indicate the presence of Al,Si in
the system [9-11]. The graph (b) is for 2% and (c) is for
4% Mg master-added alloys, respectively. From the refer-
ence, it is clear that the presence of additional intensity
peaks at angles of 24.24, 40.12, 63.83, 72.90 and 86.63
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Fig. 2 The XRD results of A390, A390 + 2 Mg master and
A390 + 4 Mg master-added specimens
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(degree) other than Al-Si peaks indicate the presence and
formation of Mg,Si in the systems. The increase in the
intensity values (refer graph b and c) predicts the formation
of higher percentages of Mg,Si at 4% Mg master addition
compared to that of 2% Mg master addition. The rein-
forcements formed are in situ Mg,Si phases and the pri-
mary silicon. The primary silicon has a density of 2.33 g/
cm’ and that of Mg,Si is 1.88 g/cm?, both are less than the
density of aluminium alloy (2.6 g/cm®). So both primary
silicon and Mg,Si get migrated towards the inner periphery
during the centrifugal casting.

FGM generally consists of mainly four zones. The outer
chilled zone possesses the same properties as the base
metal, particle-depleted region, transition region and finally
a particle-rich inner zone followed by innermost regions
with gas inclusions and porosities. As the molten metal
comes in contact with the mould wall, it gets solidified at a
faster rate than that of other regions. Due to this rapid
solidification, there is no sufficient time for the diffusion or
the transportation of the denser phases due to centrifugal
forces, thereby resulting in the same microstructure and
composition of the gravity cast/homogeneous casting of the
alloy. The average thickness of the chill zone is 2-5 mm.
The second region is the particle-free region which is
formed by the movement of primary silicon and Mg,Si
towards the inner periphery. Here mostly primary alu-
minium and eutectic silicon phases are observed. The third
region is the interface region/the transition region where
the transition takes place from particle-free to particle-rich
region. The fourth region is the particle-rich region where
the Si and Mg,Si phase gets distributed and which
enhances the overall hardness of the alloy. As the mag-
nesium content increases, more primary silicon gets con-
verted to Mg,Si and is evenly distributed in the matrix.
Moreover, it is observed that the size of the primary silicon
reduces with an increase in the percentage of Mg addition.
The primary silicon formation is at a higher temperature
than that of Mg,Si during the solidification process. So the
Mg,Si phases are observed on the periphery of the primary
silicon phases.

3.2 Hardness and Chemical Composition Analysis

The chemical composition of centrifugally cast A390, 2
and 4% Mg-added A390 FGM rings are analysed using a
SPECTRO MAX optical emission spectrometer. As
observed in microstructures, the chemical composition
analysis also shows gradation. There is a significant vari-
ation in chemical composition at different locations
depending on the nature of segregation of phases and
precipitates. The outer-most region of the centrifugal
casting shows a chemical composition similar to that of the
respective homogenous alloy systems (Fig. 3). In the 2%
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Fig. 3 Percentage of major alloying elements in 2 and 4% Mg
modification along the radial direction from outer to the inner
diameter of the ring

Mg modification, the composition is almost invariant along
the radius without producing a graded pattern. By master
alloy addition, the hyper-eutectic alloy has a shift in its
silicon content from 18 to 16.3%, as the magnesium per-
centage is increased from 0.37 to 2.3%, without an incre-
ment in Mg,Si phase, and this is observed in the
microstructure of the corresponding alloy. The composition
of 4% Mg modification gives a gradation of primary silicon
and Mg,Si towards the inner region immediately after chill
zone, which is at 5-10 mm from the outer periphery; there
is an increase in silicon percentage up to 20 mm, and
thereafter, it shows a decrease in the percentage of silicon.
Later there is an increase near to the inner periphery.

The increase in Si content near the inner periphery is
due to segregation of primary silicon particles and Mg,Si
phases. It is observed that at places where phase
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Fig. 4 Hardness variation of A390 base alloy, 2% and 4% Mg-
modified FGM rings from outer to inner periphery

concentration is more, hardness also increases (Fig. 4). The
hardness value at the chilled zone is comparable with the
alloy. For all chilled zone specimens, the hardness value
lies between 100 and 110 BHN, indicating that the com-
position and the hardness values are that of homogeneous
gravity cast ones. Even though the composition of the 2%
Mg modification does not give a variation, the hardness
shows a linear variation in a small range of 100-115 BHN.
For A390 ring and 4% Mg-modified rings, the inner region
has more phase concentration which results in an increase
in the hardness value from 97 to 120 BHN to base A390
ring and 93-127 BHN for 4% Mg-modified rings. T6 heat
treatment is carried out for the wear specimens for the grain
refinement, and the alloy becomes age-hardened [12]. After
the heat treatment, the hardness increases from as-cast
condition from 100-135 BHN for the base gravity cast,
from 115 to 135 BHN for 2% Mg modification and from
110 to 145 BHN in 4% Mg modification, respectively.

3.3 Reciprocating Wear Analysis

In homogenous MMCs, the dry sliding wear studies are
done for various sample geometries for a variety of metal
matrices and reinforcement combinations with different
volume fractions of reinforcements. The microstructure—
property correlations and wear behaviour studies are also
being conducted for different configurations of pin and disc
materials, for different relative velocities and sliding dis-
tances, for a wide range of loads [13-15]. Bidirectional
(reciprocating) wear test is carried out on a reciprocating
wear test rig. The test is conducted for a total sliding dis-
tance of 500 m with a sliding velocity of 0.6 m/s for a
stroke length of 100 mm under loads of 1, 2, 3 and 4 kg in
the dry testing condition. On a hardened and buffed EN 31
steel counter surface, an experiment can be conducted in
13 min (approximately). Pins of diameter 6 mm and length
30 mm are machined from mainly three regions (outer,
transition and inner) of the FGM.

For A390 FGM pins, wear rate is the minimum for inner
pins at all loads due to the presence of more primary silicon
in the region (Fig. 5). At the high load condition of 4 kg,
the wear decreases from 6.25 x 10~ ¢ (for outer pin) to
4.1 x 10~ ® g/m (for inner pin). In the transition region,
the wear rate of 2.72 x 10~ ® increases to 5.78 x 10~ ¢ g/
m and a slope change is observed from 3 kg load. The wear
loss is high for the outer region pins at all loads, and it
increases from 3.13 x 10~ © to 6.83 x 10~ © g/m. The
wear behaviour of hyper-eutectic alloy depends on the
excess primary silicon phases present in it. The excess
silicon segregated in the inner region carries away the load
without transferring it to the aluminium matrix and thereby
reduces the wear compared to the outer and transition
regions. Figure 6 shows a linear variation in the wear rate
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Fig. 5 Reciprocating wear rate of A390 FGM pins from different
zones at various loads
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Fig. 6 Reciprocating wear rate of A390 + 2 Mg FGM pins from
different zones at various loads

of A390 + 2% Mg at all loads for pins from different
regions. In the eutectic condition, as the Si particles are
strongly bonded with aluminium matrix, they protect the
surface against wear loading resulting in less wear. The
transition zone offers better wear resistance compared to
the inner and outer regions. At higher loads, sliding contact
temperature increases and induces stain hardening to the
pin surfaces resulting in a reduction in wear rate. The wear
rate of the 4% Mg modification shows another trend which
is noticeable in Fig. 7. The wear rate reduces from
2.5 x 107 ®to 1.25 x 10~ ¢ g/m at 1 kg load and from
6.25 x 107 ® to 3.75 x 10~ ¢ g/m at 4 kg. Compared to
the base A390, the wear rate is much reduced in all zones
in case of 4% Mg modification (Fig. 8). This clearly states
that the addition of Mg in the base alloy helps in the
reduction in wear. These in situ composites offer better
wear resistance. When we compare the inner zones, it is
evident that the Mg,Si formation and the primary silicon
present in the inner regions carry away the applied load and
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Fig. 8 Comparison of reciprocating wear of A390 and its
modifications

reduce the wear rate. Thus, the 4% Mg modification offers
high wear resistance compared to the base and 2% Mg
modification.

4 Conclusions

A390 FGM and the in situ modifications have been suc-
cessfully made using the vertical centrifugal casting. The
gradation of the primary silicon and Mg,Si phase has been
observed from the outer periphery towards the inner due to
the lower density of it than the matrix. The base and 4%
Mg modification clearly shows the gradation and is
observed that increasing Mg results in an increase in the
Mg,Si phase except in 2% Mg. In 2% Mg modification, a
more eutectic face is observed. The hardness value also
shows a gradation towards the particle-rich region. Primary
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silicon particle and Mg,Si-rich inner region exhibit
reduced wear loss than the other two zones. The interface
bond between the silicon particle and aluminium matrix is
the main reason for the change in composite wear property
under different applied loads. Even though the 2% Mg
addition results in an eutectic formation than an FGM
structure, the wear behaviour shows a variation compared
to the A390 base and 4% Mg modifications. The inner
zones show enhanced reciprocating wear resistance in the
A390 base and 4% Mg additions.
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