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ABSTRACT

In the present work, the microstructural features of spray deposited Al-6Si-10Pb alloys before and after annealing
at different locations of the preform have been compared with each other. XRD confirms the presence of all
elements present in the Al-6Si-10Pb alloy. The optical micrographs were taken at three different regions of the
preform before and after annealing predicts that the grain size is lower at the peripheral region as compared to
central region. Equiaxed grain structure was observed in SEM images, with a uniform distribution of Pb and Si
phase in an Al-matrix. Further, grain refinement and reduction of porosity was observed after annealing.
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Introduction

Manufacturing industry such as construction, aerospace, and automobile demand
metals/alloys which possess high strength, high corrosion resistance, high stiffness, light-
weight, and low thermal expansion coefficients [1-4]. Contrary, these materials should
have excellent wear and abrasive resistance for their use in bearings and gear boxes [5,6].
These properties of the materials have direct impact on the performance and efficiency
of the constructed machines parts. However, attaining high strength along with good
ductility is still a great challenge in the metallurgy. In steel industry, achieving this
objective require a complex and time-consuming process of nitriding and carburizing.
Aluminum (Al) due to its superior properties and ease of casting can be suitable
alternative for iron (Fe). However, casting Al alone offers new challenges of high
shrinkage, low fluidity and hot tearing. Recent studies predict that alloying aluminum (AL)
with various metals such as silicon (Si), manganese (Mn), magnesium (Mg), copper (Cu)
and magnesium-silicide (Mg,Si) can resolve these casting problems. For example, Al-Si
alloys offer good fluidity of molten metal at lower casting temperatures in comparison to
the pure metal [7-9]. However, during conventional casting the ductility of the aluminum
is compromised simultaneously as the coarse silicon particles gets embedded in the Al
metal. To compensate for ductility soft elements such as lead (Pb), indium (In), and tin
(Sn) can be added the mixture [10]. However, due to large density differences these
elements are not miscible with Al and can’t be casted using simple conventional casting
techniques. Alternatively, advanced casting techniques such as spray forming [11,12] can
lead to the homogeneous dispersion of soft elements in AL matrix. This technique utilizes
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high velocity gas jets to disintegrate the molten metal into droplets of submicron size.
These small droplets contain partially solidified particles in molten metal, which acts as
nucleating sites. Consequently, rapid solidification takes place which leads to
homogeneous microstructures with negligible agglomeration. In case of AL-Si alloys,
earlier reports suggests that size and shape of Si particles plays major role in obtaining a
fine grain structure, which can be controlled by adjusting the cooling rate during
solidification. Usually, faster cooling rates lead to fine microstructure. Thus, use of spray
forming technique for the production of good quality Al-Si alloy is a good choice.
However, due to the non-uniform gaussian distribution of the mass in the spray droplets,
the obtained preform contains high level of porosity. Thus, requires further heat
treatments to reduce the porosity [13,14].

The objectives of our work are (1) to obtain fully miscible Al-6Si-10Pb alloy with no
segregation using spray forming technique, and (2) to study the effect of annealing on
the microstructure of Al-6Si-10Pb alloy taken at different locations of the preform.

Materials and Methods

Figure 1 represents the experimental setup and the process mechanism of the spray
forming technique used for the deposition of Al-6Si-10Pb alloy on a substrate. The
material processing involves heating a mixture of 900 g commercially available Al-6Si
alloy (see Table 1 for the detail composition) and 100 g Pb at 1123K in the crucible kept
over the nozzle of the atomizer unit.
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Fig. 1. (a) Photograph of the apparatus used for experimental work and (b) the process mechanism of the
spray forming

Table 1. Chemical composition of Al-Si alloy
Si Fe Mn Zn Ti Pb Sn Mg Ni Al
6.0 0.41 0.21 0.29 0.06 0.04 0.12 0.13 0.12 balance
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A stopper rod at the entrance of delivery tube prevents the melt flow through it prior
to its atomization. Nitrogen was supplied for atomization prior to melt flowing through the
delivery tube. Atomization of melt resulted in a spray of wide range of micron size droplets.
These droplets were then allowed to deposit over a copper substrate. The obtained preform
was taken out of the substrate after deposition. The deposition was carried out for the alloy
of composition AL-6Si-10Pb at 1123 K temperature and 1 MPa pressure of nitrogen gas.
The details of the various process parameters have been listed in the Table 2.

Table 2. Process parameters used during the casting

Process parameter Value
Melt temperature, K 1123
Atomizing gas Nitrogen
Gas pressure, MPa 1.0
Nozzle to substrate distance, cm 35.0
Nozzle type Convergent-divergent
Throat diameter, mm 16 (inner), 18 (outer)
Throat width, mm 1.0
Throat angle, ° 5.0
Melt delivery tube diameter, mm 5.0
Substrate Copper
Substrate diameter, mm 200.0

The spray deposited-Al-6Si-10Pb alloy was further processed through cold rolling
and annealing process. The rolling operation was performed using rolling mill consisting
of rollers having diameter of 110 mm and speed of 8 rpm. Several numbers of passes
were applied on spray deposited Al-6Si-10Pb alloys through the rolls to achieve 40 %
thickness reduction. Afterward, these samples were processed through annealing at
temperature 250 °C for 1 hour. The obtained spray formed preform was characterized
using X-ray diffraction (XRD), optical microscopy (OM) and scanning electron microscopy
(SEM) to understand the structural and morphological properties of the Al-6Si-10Pb alloy
before and after annealing. The XRD measurements Al-6Si-10Pb alloy was performed
using Bruker AXS D8 Advance X-Ray Diffractometer, having Cu as target and Ni filter
material. The diffraction angle (2&) was varied from 20 to 100° with a step-size of 0.05°.
The goniometer speed was kept at 2°/minute. For the observation of the microstructures,
samples from the different parts of the spray formed deposits were cut down and first
polished using emery paper of 1/0, 2/0, 3/0 and 4/0 specifications. Later, the samples
were polished on wheel cloth polishing machine using an emulsion of alumina (AL,Os)
particles suspended in water. Afterward, these samples were polished by kerosene oil.
Lastly, these samples were etched with Keller's reagent (composition: 1 % vol. HF,
1.5 % vol. HCL, 2.5 % vol. HNOs; and remaining water). The microstructures of samples
were examined under optical microscope (Leica) and SEM (Leo-435-VP).
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Results and Discussion
Structural analysis

First, the structural properties of the casted Al-6Si-10Pb alloy using XRD has been
investigated. Sharp and high intensity XRD peaks (see Fig. 2) observed at diffraction
angles of 38.47, 44.74, 65.13, 78.23, 82.48, and 99.08° belong to cubic lattice structure
of aluminum (JCPDS card no. 04-0787) and corresponds to (111), (200), (220), (311), (222),
and (400) lattice planes, respectively.
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Fig. 2. XRD pattern of spray deposited Al-6Si-10Pb alloy

XRD peaks with small intensity observed at 31.31, 36.27, 52.23, and 62.12° belong
to the cubic lattice structure of lead JCPDS card no. 04-0686) and corresponds to the
(111), (200), (220), and (311) lattice planes respectively. The rest of the small intensity
peaks at diffraction angles of 28.44, 47.30, 56.12, and 88.03° belong to cubic silicon
(JCPDS card no. 27-1402) and corresponds to the (111), (220), (311) and (422) lattice
planes, respectively. This confirms the formation of Al-6Si-10Pb alloy.

Morphological analysis
Optical microscopy

Figure 3 shows the typical microstructures of the spray deposited Al-6Si-10Pb alloy,
observed by optical microscopy. It is possible to recognize an equiaxial Al matrix and
near-uniform distributed silicon and lead particles surrounding the Al matrix
(Fig. 3(a,c,e)). The average grain size of Al is 40 uym for center and middle region
(Fig. 3(a,c)) while it is lower (around 30 pm) for peripheral region (Fig. 3(e)). One of the
reasons for lower grain size at peripheral region is high rate of heat transfer due to small
thickness at this region reported by other researchers also [15]. Some noticeable pores
are also observed in these micrographs (Fig. 3(a,c,e)). The pore size is 5-10 ym. Porosity
occurs due to the high velocity gas entrapment during solidification process. However,
after rolling and annealing, the porosity gets almost eliminated as can be depicted from
the microstructures (Fig. 3(b,d,f)).
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Fig. 3. Microstructure of spray deposited Al-6Si-10Pbat center region (a,b), middle region (c,d) and
peripheral region (e,f) before annealing (a,c,e) and after annealing (b,d,f)

Scanning electron microscopy

Figure 4 shows SEM microstructure of the as sprayed deposit. Mostly pores are noticed at
the grain boundaries. The grain boundaries due to presence of porosity have quite
strained structure. The white phase shown in SEM micrograph is of silicon and grey grains
are of Al matrix. The observed grain structure was homogeneous through the deposit,
indicating that a good compromise between heat extraction and deposition rate was
attained during deposit build-up. In addition, no banded microstructure was observed in
these deposits as described by Cantor [16]. Equiaxial morphology of the Al phase was a
remarkable feature of this structure and is ascribed to the extensive fragmentation and
coarsening of solid phases during the build-up of the deposit. It has been assumed that
during this stage of the process the solid, semisolid and fully liquid droplets impacting
the surface of the deposit provide a great quantity of nuclei that coarsen due to the
vigorous agitation and the cooling conditions at this solidifying layer, resulting in an
equiaxial form. Concerning silicon and the intermetallic phases there are still greater
differences to the conventionally cast material. In contrast to a typical eutectic as well as
in spray formed hypoeutectic Al-Si alloys of others works [17,18], the silicon was
identified without the appearance of a eutectic structure in this work, but as isolated
particles similar to primary silicon in hypereutectic alloys. The presence of these
particulate silicon has been documented by other investigators working on spray forming
of eutectic and hypereutectic aluminum-silicon alloys [19,20]. The formation of the
microstructure in the spray forming is frequently correlated to the situation occurring in
rheo-casting because both processes show strong agitation in semi-solid state [21].
However, the rheo-cast hypoeutectic AL-Si alloys always show eutectic silicon, while the
spray formed material of this work did not. The reason for this could be the significant
differences between the two processes, respectively, to the cooling rate and the situation
of the materials before “agitation” in semisolid state. The rheo-casting has no step which
suffers rapid solidification as the atomized droplets do, it says, the solidified droplets
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impact the deposit with a very fine structure and play a very important role in the
subsequent microstructural development. In addition, the reheating of the deposit due to
the release of latent heat is another factor in existent in rheo-casting. Indeed, the
solidification conditions by spray forming of long-range freezing alloys such as A380 are
difficult to be explained by classical theories of solidification, even of rapid solidification.
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Fig. 4. SEM with EDS spectrum (a) analyzed whole region; (b) analyzed bright region, indicating Pb and Si
phases in spray deposited Al-6Si-10Pb alloy

Fig. 5. SEM micrographs showing porosity at (@) 2000x; (b)1000x
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SEM micrographs showing porosity are shown in Fig. 5. The porosity formation can
take place due to gas entrapment, insufficient melt to fill the porosity and solidification
shrinkage. The decrease in porosity from center to periphery could be explained on the
basis of decrease in gas velocity from center to periphery of the deposit. Higher gas
velocity would lead to higher particle velocity at center as compared to periphery. Semi-
solid particle impacting the substrate or preform at higher sped would undergo greater
deformation and thus lead to lesser pores as compared to periphery where the particles
would undergo less deformation leading to existence of more pores.

Conclusions

1. Al-6Si-10Pb alloy with fine equiaxed grain structure of aluminum was casted using
spray forming technique.

2. Uniformly spread needle shaped silicon particles surrounding the aluminum grains
were observed in the microstructure ofAl-6Si-10Pb alloy.

3. The preforms at different location shows different grain size with larger grains at the
center and smaller grains along the periphery. Further, high porosity was observed for
the as casted preforms due to gas entrapment, and insufficient melt.

3. Rolling treatment reduces the porosity, but simultaneously generate cracks due to the
applied stress. The developed stress can be reduced by using an additional annealing
treatment to the AL-6Si-10Pb alloy.
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