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a b s t r a c t

Aluminum metal matrix composites (MMC) are one of the attractive light weight substance which find
their application in automotive and aerospace industries. In the present work spray forming technique
has been used to prepare zircon sand reinforced LM13 alloy. The spray formed composite and base alloy
were characterized using optical and scanning electron microscopes. The thermal analysis of the base
eywords:
luminium metal matrix composite
apid solidification
canning electron microscope (SEM)

alloy, zircon sand particles and reinforced composite has been done with differential thermal analyzer
and dilatometer to see its applicability at high temperature. The microstructural features and hardness of
spray formed LM13/zircon sand composite revealed equiaxed morphology with nearly uniform distribu-
tion of zircon sand particles in the middle of preform as well as good particle/matrix interfacial bonding.
The linear expansion coefficient of base alloy is found to be 8.67 × 10−6 K−1 and for spray formed com-
posite is 8.38 × 10−6 K−1 (5% Vf of zircon sand) and 9.11 × 10−6 K−1 (15% Vf of zircon sand) in 25–465 ◦C

is qu
temperature limit, which

. Introduction

The requirement of fuel efficiency and pollution control in trans-
ort system has led to development of high performance light
eight alloys. Al–Si alloys are one of the deserving candidates for

his class due to their low coefficient of thermal expansion, good
achinability and greater strength to weight ratio. Enhancement in

erformance can be attained with microstructural homogeneity of
econd phase. Conventionally die-casting and powder metallurgi-
al process are used for manufacturing of Al/Al-alloy composites
t large scale. A novel technique of extending solid solubility
as developed in 1960 by Duwez et al. [1] with Ag–Cu alloys

chieving high rates of cooling. Also, metastable solid solution
as been generated by cooling rapidly enough to forestall the
ormal nucleation and growth processes in ternary system [2].
urther Singer [3] gave near net-shape spray processing tech-
ique under rapid solidification processes. Now a day the spray

orming process has been adopted as a new route to solve the prob-
ems of macrosegregation, agglomeration of reinforced particles,
ncreasing the solid solubility range with achieving cost effec-

ive near net-shape systems with superior mechanical properties
4,5].

In the rapid solidification process of spray forming high veloc-
ty inert gas jets disintegrate the stream of molten metal/alloy into
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ite comparable indicating good interfacial bonding.
© 2010 Elsevier B.V. All rights reserved.

micron-sized droplets, called atomization. Further under the effect
of gravity and gas jets, the atomized droplets are propelled down
and collected on the conductive substrate giving rise to the forma-
tion of highly dense preform called deposit. Over past three decades
efforts are being made to utilize this technique for the prepara-
tion of particle reinforced metal matrix composites (MMCs). The
advantages of spray forming have stimulated interest in industries
towards its technological potential to use it commercially. Many
researchers worked on different combination of Al-based alloys
and intermetallic compounds [5]. Moreover, the reinforcing par-
ticles which are commonly used are Al2O3 [6], SiC [7–9], graphite
[9], TiB2 [10], TiC [11] and transition elements like Ni and Ce [12].
Limited work has been done on zircon sand reinforced Al-alloy
composite. A comparative wear study of stir cast zircon sand and
alumina reinforced Al–4.5% Cu alloy has been investigated by Das et
al. [13] and found that zircon sand particulates offer greater resis-
tance to abrasive wear as compared to the alumina reinforcement.
The age hardening study of same composite shows that the micro-
hardness of age hardenable Al–Cu based alloy composites depend
on the quenching medium [14].

Till now spray forming process has not been utilized to form
zircon sand reinforcement in the Al–Si matrix. In the present work
commercially used piston alloy (LM13 alloy) containing approx-

imately 1% Mg has been chosen for the work. The wettability of
the particles in the Al-base matrix can be enhanced by Mg since it
scarves the gases and oxygen from the particulate surface making
it more reactive [15,16]. Further, the thermal stability and linear
coefficient of thermal expansion of the both alloy and reinforced

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Composition of the alloy in wt.%.

LM13 alloy Si Fe Cu Mn Mg Zn Ti Ni Pb Sn Al

XRF 11.166 0.332 1.247 0.598 0.849 0.250 0.026 0.868 0.001 0.002 Balance
Wet chemical analysis 11.800 0.365 1.230 0.411 0.940 0.210 0.0254 0.940 0.0289 0.005 Balance
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Fig. 1. Schematic diagram of spray forming process.

omposite has been analyzed to see the feasibility of its application
n the automotive industry.

. Experimental procedures

LM13 alloy was obtained in the form of ingots. The compositional analysis of the
lloy was done by wet chemical analysis. This composition was further confirmed by
-ray florescence technique which is shown in Table 1. The aluminum matrix com-
osite (AMC) material has been prepared by spray forming process. The schematic
iagram of the spray forming process is shown in Fig. 1.

The indigenously designed and fabricated convergent–divergent atomizer
Fig. 2) is used for gas atomization and spray deposition. For spray deposition, 1.5 kg
harge of LM13 alloy was melted at 800 ◦C in a graphite crucible under nitrogen
tmosphere in a resistance furnace. On reaching the desirable temperature, the alloy
as poured into a preheated crucible attached above the atomizer assembly. Before

ouring the molten alloy high pressure (0.7 MPa) nitrogen gas was passed through
he atomizer. The melt flows through the melt delivery tube of inner diameter of
mm concentrically fixed in the convergent–divergent atomizer. Simultaneously,
reheated zircon sand particles (sieved in the particle range size 106–125 �m) are
ed into the spray cone with the help of two external powder injectors having orifice
f 1 mm placed around the melt atomizing section. The nozzle to substrate distance

Fig. 3. Optical micrographs of as cast LM13 alloy at (a) low and
Fig. 2. Schematic diagram of convergent–divergent nozzle with preform deposition.

was kept at 300 mm. The atomized droplets get collected on the stationary copper
substrate to make a solid preform of diameter 150 mm and thickness of 30 mm as
shown in Fig. 2. From the preform, samples of dimensions 25 mm × 15 mm × 15 mm
were cut from different areas of the preform for further characterization. The LM13
alloy and spray formed composites were mechanically polished and etched with
Keller’s reagent before microstructural analysis.

The microstructural analysis has been done with the help of both optical (Eclipse
MA-100, Nikon) and scanning electron microscope (JEOL, Japan) at various magni-
fications. The bulk hardness of the LM13/Zircon sand composite and LM13 alloy has
been measured by Brinell hardness tester using 5 mm diameter steel ball indenter
under 250 kgf load. The average value of five indentations per sample has been taken.

Microhardness of the different phases was measured using microhardness tester
(Micromet II B-M83174, Buehler USA). Microhardness measurement was done on
each set of sample by taking minimum of five indentations per sample at 0.05 kgf
load.

(b) high magnification showing dendritic morphology.
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Table 2
Variation in microhardness of LM13/zircon sand composite at different areas.
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On the particle (HV) At the interface (HV) On the matrix (HV)

904 113 80

The thermal kinetics of the composite was studied using differential thermal
nalysis (Perkin Elmer Diamond TG/DTA) to check the phase transition with vari-
tion in temperature. The samples were heated in nitrogen atmosphere placed
n platinum crucible taking alumina as reference material with a heating rate of
◦C/min in the range of 50–570 ◦C. The thermal expansion coefficient (TEC) of

he base alloy and prepared composite was measured using Netzch DIL 402 PC
ilatometer in the temperature range 29–470 ◦C of 25 mm long samples. All thermal
easurements were done to check its suitability for high temperature applications.

. Results and discussion

Bulk hardness and microhardness measurement of both rein-
orced and unreinforced specimens was done to know the effect
f reinforced particulates on the base LM13 alloy hardness. The
esults show that zircon sand particulates increase the bulk hard-
ess of the base LM13 alloy from 76.3 BHN to 83.7 BHN. Moreover,

n spray processing route microstructural refinement of the com-
osite by rapid solidification lead to increase in the hardness value.
icrohardness indentations have been carried out on the embed-

ed zircon sand particles as well as in the vicinity of particles. The
verage microhardness values are given in Table 2. A trend of micro-
ardness is observed to decrease as we move far from the particle.
owever, the overall hardness of the material has increased as indi-
ated by bulk hardness measurement. This also confirmed the good
nterfacial bonding between the particles and the matrix.
The optical micrograph of the as cast LM13 alloy (Fig. 3a)
hows the dendritic growth of �-Al grains and eutectic phase in
etween the interdendritic arms (Fig. 3b). Fig. 4(a and b) shows
he microstructure of spray formed alloy with the reinforcement
f zircon sand particulates in the LM13 matrix. The zircon sand

Fig. 4. Optical micrographs of spray formed LM13/zircon sand composite showing dis
Fig. 5. Distribution of pores in the spray formed composite.

particles can be seen as well embedded in the matrix as shown in
Fig. 4(c and d) with no closed porosity at the interfacial zone of
particle and matrix. The equiaxed �-Al grains of 25–50 �m size
are observed in the LM13/zircon sand composite. The equiaxed
microstructural features have been reported widely in spray form-
ing by other researchers [17]. This equiaxed morphology can be
explained on the basis of shearing effect produced in spray atom-
ization. The high velocity oncoming gas first interacts with molten
metal stream. The molten metal stream gets sheared due to its
interaction and comes out in the form of ligaments. This ligament
is further broken into number of droplets due to its further inter-
action with gas in the atomizing zone causing shearing. Due to fast

extraction of heat through the gas-droplet interface a high amount
of kinetic undercooling is observed in the droplet. During the flight
as solidification proceeds, nucleation occurs along the preferred
sites forming the dendritic arms on the surface of spray droplets as
shown in Fig. 2.

tribution of zircon sand particles (a and b) and interface morphology (c and d).
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However, the intensity of Al peak is less in this case as Al is absent
in the zircon sand particle.

DTA plot as shown in Fig. 9 depicts that phase transforma-
tion is occurring in the LM13 alloy as well as composite. Fig. 9(i)
and (ii) shows the transformation within the complete range of
Fig. 6. SEM micrographs of spray formed LM13/zircon sand

The high velocity nitrogen gas jets produce perturbation on
urface of these semi-solid droplets which in turn lead to further
ragmentation of droplets and breakage of the dendritic arms on
triking surface. On the mushy preform these broken dendritic
rms float on the surface resulting in equiaxed grain morphology of
pray formed composite [17]. The subsequent impingement of the
roplets causes turbulent fluid flow and remelting of the deposited
roplets [18]. The turbulent flow on the preform surface during
eposition of droplets entraps air causing porosity in the resulted
omposite. The size of pores and their fraction in the deposit varies
rom top to bottom. It has been observed that in middle layer of
he deposit the amount of porosity is less as compared to top and
ottom layer. The variation of porosity from the top, middle and
ottom part is 5.17%, 2.45% and 4.01% respectively. Moreover, both
losed and interconnected pores are present in the preform. The
losed pore-size varies between 15.16 �m and 128.64 �m. The dis-
ribution of pore-size has been shown in Fig. 5.

The structural features indicate a good interfacial bonding of
ircon sand with matrix. Zircon sand particles provide nucleation
ite for solidification of Si also. As is evident from Fig. 4(c and d)
hat nearly 3–10 �m sized globular Si particles are present all along
he vicinity of the embedded zircon sand particle. As we proceed
way from the interface of zircon sand particles the Si needles were
bserved to be elongated. The size variation of nearly 15–25 �m in
he form of long thin Si needles in the matrix was observed. The
ocalized cooling effect produced by zircon sand particle around its
icinity led to such type of morphological changes. A large amount
f thermal gradient exists between zircon sand particle (preheated
p to 60 ◦C) and atomized droplets when zircon sand collides with
he melt (heated up to 800 ◦C) in the atomization zone near the melt
elivery tube. The particles get embedded in the molten alloy and
xtract heat at higher rates from the surrounding melt which give
ise to localized rapid cooling effect during solidification. Because
f this phenomenon the formation of small globular Si morphology
n vicinity of zircon sand particle is observed. The cooling rate away
rom the interface slows down and because of this effect the silicon

orphology changes from globular to needle shape. There are two
ypes of heat transfer phenomenon which occurs during atomiza-
ion. First due to the convection cooling by the atomizing gas and
econd by conduction cooling by ceramic particles. Apart from this
he conductive surface of substrate and preform also participate in
eat extraction leading to non-equilibrium solidification.
Das et al. [13] have developed zircon particles reinforced Al–4.5%
u composite by stir casting technique. There is a difference in
icrostructural features obtained in both spray and stir process-

ng techniques. The microstructural features of stir cast zircon
einforced composite indicate the smooth particle-matrix inter-
osite showing embedded particles of zircon sand (a and b).

face showing reaction phase around the particle. However, in spray
formed composite such interfacial layering is not observed. In rapid
solidification the Si particles do not get much time to diffuse and
grow around the interfacial zone. Instead a morphological change
in Si particle of globular shape has been observed near the particles.
This variation in microstructure leads to variation in microhardness
as shown in Table 2. The presence of good interfacial bonding and
micron-sized globular Si around the zircon sand particle gives rise
to higher microhardness at the interface as compared to the matrix
(where the size of Si needles are bigger).

SEM micrographs taken at different magnifications (Fig. 6)
showed the 15% Vf of distributed reinforced particles in the spray
formed alloy in the middle of preform. However, at the periphery
of the preform the particle Vf decreases to 5%. Hence, it is evident in
both optical and SEM studies that the particles are well embedded
in the matrix with good interfacial bonding showing no porosity at
the interface of zircon sand particle and the matrix. This is further
confirmed by energy dispersive spectroscopy (EDS) analysis along
the interface and on the particle as shown in Fig. 7 and Fig. 8 respec-
tively. The presence of all the four major elements (Al, Si, Zr, O) at
the interface confirmed good bonding between particle and matrix
phase. However, EDS on the zircon sand particle (Fig. 8) also con-
firmed the presence of Zr, O and Si elements as major constituents.
Fig. 7. EDS analysis of the sample at the interface of particle and matrix.
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Fig. 8. EDS analysis of the sample on the zircon sand particle.

0–570 ◦C and enlarged view within 500–570 ◦C range respectively.
◦
irst transformation is observed at 533 C in case of both LM13

lloy and composite. This is because of softening effect when melt-
ng starts near liquidus line. The next alteration corresponds to
he plateau in LM13 alloy at 542 ◦C, representing eutectic Al–Si
ransformation. However, in Al–Si system binary eutectic occur for

ig. 9. DTA plot of (a) cast LM13 alloy (b) spray deposited LM13/zircon sand and (c)
ircon sand (i) from 50 to 570 ◦C and (ii) from 500 to 570 ◦C.
Fig. 10. Dilatometer plot of LM13 alloy (A), spray formed LM13/zircon sand com-
posite (C); where C1 and C2 are for 15% Vf and C3 for 5% Vf of zircon sand.

12.6 wt% Si at 577 ◦C. It has been found that the eutectic tempera-
ture get affected by the addition of Mg. Even a small amount of 0.1%
Mg depresses the eutectic temperature by 10 ◦C [19]. In LM13 base
alloy, the concentration of Mg is found to be approximately 0.9%.
This leads to decrease Al–Si eutectic temperature by 35 ◦C. How-
ever, presence of other alloying elements in the alloy also affects
the eutectic temperature. At this temperature, LM13/zircon sand
reinforced composite exhibits a steep change instead of plateau.
This might be due to the stress relaxation at the interfacial zone of
zircon sand and matrix. There is no such exothermic peak observed
in zircon sand which shows absence of phase transition in zircon
sand for the reason that the melting temperature of the zircon sand
is quite high. The change in slope at 552 ◦C temperature and the
plateau corresponds to the next eutectic transformation of ternary
system (Al–Si–Mg). However, this transformation is due to inter-
metallic compound magnesium silicide (Mg2Si) which shows non
variant phase reaction at 555 ◦C [20] as given in Eq. (1) below:

L → Al + Si + Mg2Si (1)

Similarly, linear thermal expansion of LM13 alloy (A) and the

sprayed formed composite (C) is calculated by dilatometery test
which is given in Fig. 10. The thermal expansion coefficient (TEC)
of alloy and sprayed composite are measured as a function of
temperature which is shown in Fig. 11. TEC measurements were
performed to see the feasibility of replacement of LM13 alloy with

Fig. 11. Measured value of TEC in different temperature ranges for LM13 alloy (A)
and spray formed LM13/zircon sand composite (C); C1, C2 (Vf = 15%) and C3 (Vf = 5%).
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M13/zircon sand composite. The percentage variation in change
n length showed a linear trend with respect to the temperature
Fig. 10). Fig. 11 showed that the values of TEC are similar for A
nd C3 (Vf = 5%). However, following the similar trend C1 and C2
Vf = 15%) showed a little increase in the TEC. The TEC variation
orresponds to the distribution of zircon sand particles in the com-
osite. The particulate volume fraction is found to be greater in
he middle of the preform as compare to the periphery region. In
5–75 ◦C temperature range TEC of LM13 alloy is found to be 6.5%

ower than 15% Vf zircon sand reinforced specimen. Moreover, this
alue corresponds to an increase of 1% from the specimen taken
rom 5% Vf zircon sand reinforced specimen. Within higher temper-
ture range 25–465 ◦C an increase of 5% have been noticed for C1
nd C2 as compared to A. However, a 3.3% decrease of TEC value for
3 to that of unreinforced sample has been observed. The variation
or C3 might be due to the presence of porosity in spray deposited
reform.

The interfacial bonding of zircon sand with aluminium matrix
s strong. Presence of pores in the spray formed sample may lead
o deviation from its linear to zigzag character at high tempera-
ure. In our DTA measurement the linear character of zircon sand
s observed which indicate that no phase transformation is taking
lace. It is also expected that zircon sand may not lead to devi-
tion in dilatometer test which has been already demonstrated
Fig. 10). At higher temperature slight deviation may occur because
f porosity due to entrapped gases during atomization. The above
est confirms that the composite processed by spray forming tech-
ique can provide a better substitute having superior strength to
he conventionally used LM13 alloy.

. Conclusions

The zircon sand reinforced Al–Si alloy composite has been suc-
essfully prepared using spray deposition technique. Zircon sand
articles show good bonding in the matrix as revealed from the
ptical and SEM study which is further confirmed by microhard-
ess measurement. Also the bulk hardness is found to increase
ith addition of zircon sand particles in LM13 alloy. Wide differ-
nce in the morphology is observed for as cast alloy and spray
rocessed composite. Despite of dendritic growth of �-Al grains

n ingot casted alloy, equiaxed grains of �-Al are obtained in spray
ormed composite. Moreover, 3–10 �m sized globular Si particles
long the interface and 15–25 �m sized Si particles in the matrix are

[

[

d Compounds 503 (2010) 410–415 415

observed in spray processed LM13/zircon sand composite indicat-
ing an induced rapid solidification effect. The DTA plots illustrate
the pseudo-binary eutectic reaction as well as the depression in
the Al–Si eutectic reactions in the base alloy and composite. There
is a small variation in the TEC values for spray formed compos-
ite sample for 5% and 15% Vf of zircon sand. However, the spray
formed composite is thermally stable as confirmed by TEC which is
comparable to the base alloy.
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