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Abstract. The bimetal casting process using the liquid–liquid technique was developed to produce a high-
quality hyper-eutectic Al–21Si / hypo-eutectic Al–7.5Si alloy bimetal material. Microstructure and microhard-
ness were investigated as a function of the time interval between pouring hypo-eutectic and hyper-eutectic alloys.
A bimetal material was successfully fabricated using a liquid–liquid casting technique with a 10 s time interval
in a permanent mould casting. A unique structure comprised of hyper-eutectic Al–21Si, hypo-eutectic Al–7.5Si
and a eutectic interface of 70 µm thickness was obtained. This structure totally differs from that obtained using a
higher time interval above 10 s that showed an imperfect interface bond due to the shrinkage cavity and formation
of oxides. The hardness variation from the upper zone of 117.5 HV to the lower zone of 76 HV corresponded
to the variation in Si and the content of other alloying elements. The proposed total solidification time control
method is a promising approach for the successful fabrication of liquid–liquid bimetal material.

1 Introduction

Functionally graded materials (FGMs) are engineering ma-
terials whose properties change gradually with volume. Al-
though metal and polymer matrix composites (MMCs) have
a broad spectrum of property combinations required in a
wide range of engineering applications, high cost, corrosion
behaviour and product machinability limitation sources of re-
inforcing materials are still a problem associated with the de-
velopment of MMCs (Oghenevweta et al., 2014; Algamdi
et al., 2018; Parida et al., 2014; Sahoo et al., 2013; Ray
et al., 2018; Nayak et al., 2019). Bimetallic materials fab-
ricated though liquid–solid and liquid–liquid casting routes
could be promising alternatives for metal and polymer ma-
trix composites for a wide range of materials to be used for
engineering applications due to their low cost and high gra-
dient physical and mechanical properties (Ramadan et al.,
2020a, b and c). Researchers are applying extensive effort in
order to control the composition and microstructure across
the components to design materials with graded properties

(Parihar et al., 2018, and Wang et al., 2015). For lightweight,
tough, wear-resistant and low-cost FGM, designers are work-
ing on composite structures composed of dissimilar materi-
als (Zhao et al., 2019; Wróbel, 2011). The notable merit of
such dissimilar alloys is that a smooth change in properties
can be achieved by combining different constituent alloys to-
gether, such as 304 stainless steel surface layer and a cast iron
base by Ramadan (2015), Ramadan (2018) and Ramadan et
al. (2017), two different Al–Si alloys by Scanlan et al. (2005),
a Babbitt-steel bimetal composite by Fathy et al. (2018) and
an Al/Mg alloy by Li et al. (2019), Z. Jiang et al. (2018)
and W. Jiang et al. (2016a). Moreover, the design of automo-
tive spare parts comprises the use of dissimilar lightweight
materials such as special steels, aluminium alloys and plas-
tic matrix composites according to Lee et al. (2014). Bimetal
casting is considered to be one of the most important manu-
facture techniques for the fabrication of functionally graded
metallic materials. Techniques of bimetal casting are mainly
classified into liquid–solid and liquid–liquid techniques ac-
cording to Bykov (2011) and Ramadan et al. (2019). The
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liquid–liquid technique is a relatively difficult technique for
the fabrication of bimetals compared with the liquid–solid
technique. In the liquid–liquid technique, two furnaces are
needed for two different melting point alloys.

The interfacial structure of bimetal materials fabricated by
liquid–solid or liquid–liquid techniques is the most important
factor affecting the bond between a pair of metals. Accord-
ing to the aim of achieving a high-quality bond of FGMs us-
ing both bimetal casting techniques, much research has been
done to develop bimetal casting to achieve a higher perfor-
mance and a lower production cost. For example, Al–Mg
bimetallic castings are fabricated through the liquid–solid
technique and lost foam casting by Jiang et al. (2016b). Re-
sults show that the reaction layer between Al and Mg was sig-
nificantly affected with an increasing volume of liquid (Mg)
to volume of solid (Al).

High-chromium white cast iron (HCWCI) and carbon steel
composite liner are produced using a liquid–liquid composi-
tion process by Xiao et al. (2012). A composite bimetal liner
has been developed successfully using the lost foam cast-
ing process. An Mg–Al bimetal is successfully fabricated
through a liquid–liquid compound casting process using a
solid Zn interlayer by Jiang et al. (2018). The addition of the
thin solid Zn interlayer prevented both liquid metals from
directly mixing and also restrained the Mg–Al intermetal-
lic formation. An Al–Al bimetallic composite is fabricated
through lost foam casting using a solid Zn interlayer by Jiang
et al. (2018). A uniform metallurgical bond interface is ob-
tained between the Al and the A356 Al alloy.

Centrifugal casting and the Cast–Decant–Cast (CDC) pro-
cess have been used for the fabrication of Al–Si alloy FGM
pistons by Scanlan et al. (2005) and Chirita et al. (2008). The
CDC process was developed to produce functionally gradient
light alloys. In the CDC process, the first alloy is poured into
a mould and allowed to partially solidify against the mould
walls to form a solid layer of a required thickness. The re-
maining unsolidified liquid of the first metal is decanted, and
the second alloy is then poured into the mould. Although
centrifugal casting and the CDC process have an ability to
fabricate FGMs, the achievement of perfect interface FGM
pistons by controlling the process parameters is still difficult
and ambiguous. The controlling of the solidified layer thick-
ness of the first metal and the time interval between pouring
the first liquid and the second liquid have not been reported
in detail. Moreover, Kreider (1974) reported that the quality
of bimetallic materials is mainly dependent on the structure
and properties of the interface layer between the dissimilar
alloys.

Therefore, the aim of the current work is to fabricate
FGMs with a varying gradient of high wear and temperature
resistance and high machinability as well as toughness in the
skirt region to be suitable for the application of automotive
pistons. The effect of the time interval between pouring the
first liquid and second liquid on achieving a perfect interface

Figure 1. Schematic illustrating the layout of the mould, molten
bimetal casting and sectioning of bimetal casting for different time
intervals.

of hyper-eutectic Al–21 % Si and hypo-eutectic Al–7.5 % Si
using gravity metallic mould casting is investigated.

2 Material and methods

The raw materials used to fabricate both metals in the current
study were Al–25 % Si master alloy, pure Cu, pure Al, reused
automotive pistons and 6061 Al alloy. The chemical compo-
sition of both fabricated metals used in this study is shown
in Table 1. Both metals were melted in two different conical
graphite crucibles using an electrical furnace at a tempera-
ture of 750 ◦C and are held in the furnace for 30 min. One
furnace was used for both metals due to their similar melting
points.

The ratio of liquid 1 to liquid 2 in current bimetal casting
was 1 : 1. Firstly, 140 g molten metal of hypo-eutectic Al–
7.5Si was poured at a temperature of 720 ◦C into a flame-
dried metallic mould (∼ 30 ◦C). Secondly, after certain time
intervals (0–40 s), 140 g molten metal of hyper-eutectic Al–
21Si was poured at a temperature of 720 ◦C into the mould
containing the first metal. After solidification, the bimetal
specimen was longitudinally sectioned and prepared for in-
terfacial characterization. Figure 1 shows a schematic illus-
tration of the metallic mould, pouring of the bimetal casting
and longitudinal sectioning of bimetal castings for different
time intervals.

For investigating the interface microstructure, specimens
were cut, ground, polished and etched with a solution con-
taining 0.5 % HF (hydrofluoric acid)+ 99.5 % H2O. For mi-
crostructure observations, an optical microscope connected
with an advanced digital camera was used. Interface mi-
crostructures were observed with a scanning electron micro-
scope (SEM), and the chemical compositions of the inter-
face were also characterized through energy-dispersive X-ray
spectroscopy (EDS) analysis. Microhardness tests were per-
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Table 1. Chemical compositions of the materials (wt %).

Materials Chemical compositions (wt %)

Si Cu Mg Ni Fe Zn Ti Mn Al

Hyper-eutectic Al–21Si 21.1 0.60 0.87 1.99 0.61 0.07 0.07 0.09 Bal.
Hypo-eutectic Al–7.5Si 7.48 0.94 0.22 0.09 0.71 0.09 0.06 0.01 Bal.

Figure 2. Macro- and microstructure of bimetal casting for a 0 s
time interval. (a) Macrophotograph cross section. (b, c, d) Repre-
sentation of the microstructures of points 1, 2 and 3, respectively.

formed using 0.25 kgf (kilogram force; 2.452 newton) loads,
and the hardness value was taken from the average of five
points measured in each specimen.

3 Results and discussion

Aluminium–silicon alloys are mostly multilateral materials;
they make up a high percentage of the total aluminium alloy
cast parts produced for the automotive industry. The presence
of silicon in Al alloys reduces the thermal expansion coeffi-
cient, increases corrosion and wear resistance and improves
casting and machining processing of the Al alloys. Depend-
ing on the percentage of Si in the Al–Si alloys, the solidifi-
cation of hypo-eutectic or hyper-eutectic compositions starts
with the primary α aluminium forms and grows in dendrites
or silicon phase forms and grows in angular primary parti-
cles. By reaching the eutectic point, the fine eutectic (α+Si)
phases nucleate and grow until the end of solidification, as
obtained by Bykov (2011).

The macro- and microstructure of Al–Si bimetal material
for a 0 s time interval are shown in Fig. 2. The hypoeutectic
structure (as shown in Fig. 2d, point 3) consists of primary
aluminium α phase and fine eutectic silicon phase. Hyper-
eutectic alloys with a near-eutectic structure containing a
lower percentage of coarse, angular primary silicon particles
and fine eutectic silicon phase are observed on the interface

Figure 3. Macro- and microstructure of bimetal casting for a 10 s
time interval. (a) Macrophotograph cross section. (b, c, d) Repre-
sentation of the microstructures of points 1, 2 and 3, respectively.

(point 2) and on the zone above the interface (point 1) (see
Fig. 2b, c).

Pouring liquid metal of Al–20Si directly after pouring liq-
uid metal of Al–7.5Si without a time interval (0 s) promotes
the formation of a new Al–Si alloy due to the complete solu-
bility of Si in Al in a liquid state. A hyper-eutectic alloy with
a near-eutectic structure is obtained for most of the bimetal
structure area. A few areas of hypo-eutectic structure are ob-
served due to the higher solidification rate of higher temper-
ature liquid metal poured in the metallic mould of a lower
temperature.

By applying a 10 s time interval between pouring the
first liquid Al–7.5Si and second liquid Al–21Si, two clearly
different microstructures of hyper-eutectic Al–Si alloy and
hypo-eutectic alloy separated by eutectic structure alloy are
obtained, as shown in Fig. 3. It is obvious that applying a
10 s time interval between the first liquid metal and second
liquid metal facilitates the formation of a considerable solid-
ified zone of the first poured liquid metal. A smooth change
in the microstructure from hyper-eutectic to eutectic and then
to a hypo-eutectic structure is observed. Therefore, a eutec-
tic structure interface layer with a thickness of approximately
70 µm can be achieved by applying a time interval of 10 s.

The macro- and microstructure of bimetal casting for a
20 s time interval are shown in Fig. 4. It is observed that
an interfacial bonded area of bimetal is performed only on
the outer surface of specimens. In the centre of the bimetal
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Figure 4. Macro- and microstructure of bimetal casting for a 20 s
time interval. (a) Macrophotograph cross section. (b, c) Represen-
tation of the microstructures of points 1 and 2, respectively.

specimens, unbonded interface areas are observed. Transfor-
mation from a liquid to a solid state is often accompanied
by a decrease in volume. For particular aluminium alloys, it
was found that the tendency for shrinkage porosity formation
is mainly related to the liquid–solid volume fraction and the
solidification temperature range of this Al alloy (ASM Inter-
national, 2008).

Shrinkage cavity often results from the loss of volume dur-
ing solidification. This type of volume contraction is highly
affected by different processing parameters, such as volume
total cooling surface area, pouring temperature and mould-
ing materials. To eliminate shrinkage cavity that formed in
liquid–liquid bimetal gravity casting, the riser for the second
metal is usually designed and placed at the top of the sec-
ond metal to supply liquid to the system through the force of
gravity. The riser should be designed to ensure that molten
metal inside the riser solidifies at the end of the solidification
process. For the first poured liquid metal, shrinkage can be
eliminated or compensated for by the second poured metal
after a certain time interval. Future research of our research
team will focus on this parameter to optimize risering for
bimetal casting (Tijani et al., 2013; Chen et al., 2019). An
unfused defect is in most cases oxide skins that are gener-
ated during casting of Al alloys. This Al2O3 oxide thin layer
of the first liquid is believed to break because of surface tur-
bulence of the second poured liquid metal in liquid–liquid
bimetal casting.

By increasing the time interval to 30 and 40 s as shown in
Fig. 5, the unbonded area of the bimetal interface for both
the outer surface and centre of specimens increases. As for
20, 30 and 40 s time intervals, a perfect interface and metal-
lic bond have not been achieved. A previous study by Rah-
vard et al. (2014), in which A390/A356 bimetallic Al alloys
were fabricated through the CDC process, reported that a
short time between decanting and pouring the second alloy
must be applied to achieve a good metallic bond bimetal in-

Figure 5. Macro- and microstructure of bimetal casting for 30 and
40 s time intervals. (a) Macrophotograph cross section for a 30 s
time interval. (c, e) Representation of the microstructures of points 1
and 2, respectively.(b) Macrophotograph cross section for a 40 s
time interval. (d, f) /microstructures of points 3 and 4, respectively.

terface without the formation of oxide film and/or shrinkage
cavity. The formation of oxide surfaces can be increased by
increasing the time interval. Dispinar et al. (2010) reported
that oxide surfaces almost have an unbonded area and air
gap in-between that may disband and open up, causing poros-
ity during solidification. For the second metal (hyper-eutectic
structure) that exists on the top of the bimetal cast, the riser
could be applied to compensate for the volume contraction
and prevent shrinkage cavity formation.

The oxidation of hyper-eutectic Al–21 % Si and hypo-
eutectic Al–7.5 % Si alloys is a very important phenomenon
that affects the quality of the interface bond in compound
casting. For the solid–liquid casting route, Al solid substrate
should be carefully prepared by using grinding papers and a
stronger flux to remove Al oxide from the surface as well
as using an intermediate layer before pouring the second
molten metal. In liquid–liquid casting, as in the current study,
a lower superheating temperature, alloy chemistry (addition
of Cu, Ni, Fe, etc.) and controlled furnace atmosphere (Ar-
gon gas) affected dross formation and minimized the oxida-
tion of Al alloys used (Tijani et al., 2013; Chen et al., 2019).
Also, reducing unnecessary holding time in the furnace, re-
ducing door openings and decreasing the pouring rate can
avoid excess oxidation. Beside the processing melting and
casting control, the oxide formation on the outer surface of
the first poured metal is highly affected by the time interval.
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Figure 6. Microstructural analysis and EDS microanalysis data of bimetal casting with a 10 s time interval. (a, b) SEM micrographs. (c,
e) EDS microanalysis data of points 1 and 3 in the hyper-eutectic region and (d) EDS microanalysis data of point 2 in the hypo-eutectic
region.

When using a lower time interval up to 10 s, the interface
oxide formation is not observed.

More investigations have been conducted on the bimetal
casting alloy that was fabricated using a 10 s time interval
between pouring the hypo-eutectic and hyper-eutectic struc-
ture Al alloys. Figure 6 shows the microstructural analysis
and EDS microanalysis data of bimetal casting with a 10 s
time interval. Microstructural analysis and EDS microanaly-
sis confirm the presence of different phases in typical hyper-
eutectic, eutectic and hypo-eutectic structures of bimetal.
Hypereutectic Al–Si alloys that usually contain coarse pri-
mary silicon particles (PSPs) are detected as shown in Fig. 6a
and c (point 1). Intermetallic precipitates due to alloying with
Fe, Cu and Ni are observed, as shown in Fig. 6a, b, d and e
(points 2 and 3).

The microstructural characteristics and elements’ line scan
analysis through the interface of bimetal casting for a 10 s
time interval are shown in Figs. 7 and 8. The prevailing el-
ement diffused gradually in the transition area from the up-
per hyper-eutectic structure Al alloy zone that is rich in Si

(21 %) to the lower hypo-eutectic structure that is poor in
Si (7.5 %). The interface transition area shows a new mi-
crostructure characteristic containing finer eutectic and pri-
mary Si due to the higher solidification rate adjacent to the
solidified layer as shown in Figs. 7 and 8. Eutectic transition
width can be easily detected by microstructure and elements’
line scan analysis. The bimetal specimen fabricated with a
10 s interval shows a perfect interfacial area that formed due
to the formation of eutectic structures that are due to a mix-
ture of hyper- and hypo-eutectic structures’ formation. Al–Si
alloys with 12 to 13 pct Si are almost completely Al–Si eutec-
tic at the end of solidification. Here in liquid–liquid bimetal
casting, the solidification structure of the interface is highly
affected by the chemical composition of both metals used as
well as the interfacial cooling rate. An interfacial microstruc-
ture that is purely eutectic, α-Al+ eutectic or primarily Si+
eutectic could be achieved, depending on chemical composi-
tion and both of the metals’ casting total solidification time.
In general, the fine grain structure is preferred in Al–Si alloy
castings with eutectic or near-eutectic structure to improve
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Figure 7. Interface elements’ line scan analysis of bimetal casting
for a 10 s time interval.

their resistance to hot tearing, mechanical properties and sur-
face finishing characteristics (Tiedje et al., 2012).

During the solidification of liquid hypo-eutectic Al–7.5Si,
the α-Al present in the Al–7.5Si alloy starts solidifying by re-
jecting the Si into the liquid melt from the solidification front.
The entire melt of the Al–7.5Si Al alloy will solidify within
its total solidification time after pouring. The hyper-eutectic
Al–21Si alloy is poured over the hypo-eutectic Al–7.5Si al-
loy at 720 ◦C 10 s after the pouring of the hypo-eutectic Al–
7.5Si alloy. As soon as the Al–21Si liquid melt comes in con-
tact over the partially solidified Al–7.5Si alloy, it intermixes
with the remaining Al–7.5Si liquid.

Here the total solidification time of the first poured liquid
metal in liquid–liquid bimetal casting is a very important fac-
tor to achieve a good interfacial bonding area. By calculating
the total solidification time of the first liquid metal, the time
interval between pouring the first liquid metal and the sec-
ond one could be controlled. The amount of solidified metal
of first poured liquid metal could be controlled by selecting a
suitable time interval that should be slightly less than its total
solidification time. In the current work the total solidification
time of 14–17 s for the first poured liquid hypo-eutectic Al–
7.5Si alloy is calculated using Chvorinov’s rule (see Eqs. 1
and 2) and its modification, considering shape, size and the
superheat effect according to Tiryakioglu et al. (1997) and
Groover (2010). In the current research work the constant
n (power of modulus (V/A)) is estimated to be 1 depend-
ing on using a small permanent mould casting according to
Tiryakioglu et al. (1997) and Campbell (1991).

t = B

(
V

A

)n
(1)

B =

[
ρmL

(Tm− To)

]2[
π

4kρc

][
1+

(
cm1Ts

L

)2
]
, (2)

where V is the volume of cast, A is the total surface area of
cast, B is the mould and metal constant (s m−2), Tm is the
melting temperature of the liquid (K), To is the temperature
of the mould (in K), 1Ts is superheat (K), L is latent heat
of fusion (J kg−1), k is the thermal conductivity of the mould
(W m−1 K−1), ρ is the density of the mould (kg m−3), c is

Figure 8. Concentration mappings of Al, Si, Cu and Fe in Fig. 7a
of the bimetal casting interface using a 10 s time interval.

Figure 9. Variations in Vickers microhardness values from hyper-
eutectic Al–21Si to hypo-eutectic Al–7Si for two different time in-
tervals.

the specific heat of the mould (J kg−1 K−1), ρm is the density
of the metal (kg m−3) and cm is the specific heat of the metal
(J kg−1 K−1).

By using 10 s time intervals, some of the remaining liquid
of the first metal and the new hyper-eutectic alloy are mixed
in the area of interface causing intermingling of the two al-
loys that forms a eutectic or near-eutectic interface structure.
A perfect interfacial structure could be achieved in liquid
bimetal material casting using a time interval that is lower by
a few seconds (4–7) than the solidification time of the first
poured liquid metal.

Variations in Vickers microhardness values from hyper-
eutectic Al–21Si to hypo-eutectic Al–7Si for 10 and 20 s
time intervals are shown in Fig. 9. The figure shows that the
hardness variation from the upper zone of 117.5 HV (aver-
age value) to the lower zone of 76 HV (average value) cor-
responds to the variation in Si and other alloying elements’
content. For the interface transition layer of a 10 s time inter-
val, the hardness shows a near to average value that is related
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to the fine microstructure of Si and eutectic formation. On
the other hand, the hardness shows a relatively lower value
of 45.5 HV for the interface transition layer of a 20 s time in-
terval that is due to the effect of shrinkage cavity formation.

Based on the current work experiments and results, it
is concluded that the current liquid–liquid casting process
has the ability to fabricate a hyper-eutectic Al–21Si / hypo-
eutectic Al–7.5Si alloy bimetal material with a perfect in-
terfacial area using a 10 s time interval. The liquid–liquid
bimetal casting process in a closed mould is a technology
that mainly depends on a gating system design in which two
independent gating systems are used for the filling of the
mould cavity (Ramadan et al., 2019). Other important factors
besides the time interval that affect the liquid–liquid cast-
ing process are metals’ volume, cooling surface area, met-
als’ composition and moulding materials. The novel solidi-
fication time approach that is proposed by the current study
can collate all previous factors into one factor to successfully
achieve a high-quality liquid–liquid bimetal casting product.
Using a total solidification time control method is a promis-
ing approach for the successful fabrication of liquid–liquid
bimetal materials, whereby the solidification layer of the first
poured liquid metal could be controlled by estimating the
time interval to be slightly less than the total solidification
time of the first poured liquid metal.

4 Conclusions

1. A hyper-eutectic Al–21Si / hypo-eutectic Al–7.5Si al-
loy bimetal material was successfully fabricated using
a liquid–liquid configuration gravity permanent mould
casting process with a 10 s time interval.

2. The Al–7.5Si liquid, which was poured into the mould
first, served as the substrate for the Al–21Si liquid. A
eutectic structure interface layer with a thickness of ap-
proximately 70 µm was achieved by applying a time in-
terval of 10 s.

3. The liquid–liquid configuration gravity permanent
mould casting process with 0 s and 20 s time intervals
and higher showed an imperfect interface bond due to
either liquid–liquid alloying, as for a 0 s time interval,
or shrinkage cavity and the formation of oxides, as for a
20 s time interval or higher.

4. The most suitable time interval for liquid–liquid bimetal
material casting is mainly dependent on the solidifica-
tion time of the first poured metal.

5. The variation in the hardness values from the upper zone
of 117.5 HV to the lower zone of 76 HV is proposed to
be linked to the variation in Si and the other alloying
elements’ content.
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