Investigation on the Interface Characteristics of Al/
Mg Bimetallic Castings Processed by Lost Foam
Casting
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The lost foam casting (LFC) process was used to prepare the A356 aluminum and AZ91D
magnesium bimetallic castings, and the interface characteristics of the reaction layer between
aluminum and magnesium obtained by the LFC process were investigated in the present work.
The results indicate that a uniform and compact interface between the aluminum and
magnesium was formed. The reaction layer of the interface with an average thickness of
approximately 1000 um was mainly composed of AlsMg, and Al;,Mg;; intermetallic
compounds, including the Al;Mg, layer adjacent to the aluminum insert, the Al;;Mg;; middle
layer, and the Al;;Mg;; + J eutectic layer adjacent to the magnesium base. Meanwhile, the
Mg,Si intermetallic compound was also detected in the reaction layer. An oxide film mainly
containing C, O, and Mg elements generated at the interface between the aluminum and
magnesium, due to the decomposed residue of the foam pattern, the oxidations of magnesium
and aluminum alloys as well as the reaction between the magnesium melt and the aluminum
insert. The microhardness tests show that the microhardnesses at the interface were obviously
higher than those of the magnesium and aluminum base metals, and the Al;Mg, layer at the
interface had a high microhardness compared with the Al;,Mg;; and Al;,Mg;; + J eutectic

layers, especially the eutectic layer.
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I. INTRODUCTION

ALUMINUM and magnesium alloys are regarded as
the most important engineering materials in automotive
and aerospace industries because of their many advan-
tages including low density, high strength-to-weight
ratio, and excellent castability.!"* However, one of
these materials alone does not satisfy the requirements
of lightweight constructions in many cases, for instance,
magnesium alloy suffers from low ductility, creep
resistance, and high-temperature strength, while alu-
minum alloy can satisfy these, particularly in the
automotive industry.° 7 Using combined structures
consisting of aluminum and magnesium alloys as the
bimetallic materials may be the most effective way to
meet the demands for engineering applications because
they combine several promising properties that cannot
be provided by monolithic materials.™
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The LFC process is a cost-effective and environ-
ment-friendly  near-net-shape casting technology
without the need for cores,” ' and suitable for man-
ufacturing complicated aluminum and magnesium
alloys’ precision castings.'*!'?! First, the foam pattern
based on the part shape is prepared. Subsequently, the
prepared foam pattern is coated with the refractory
slurry and then placed inside a sand flask. After
modeling and vibration compacting, the molten metal
is poured directly into the foam pattern, thereby
decomposing the foam pattern as gas and liquid
products. As a consequence, the molten metal replaces
the foam pattern and duplicates all features of the foam
pattern."” Currently, an interesting advantage of the
LFC process is the possibility of mounting the desired
solid part inside the foam pattern and then performing
the pouring process, which will be an attractive method
to prepare the bimetallic castings because it has numer-
ous advantages, such as low cost, no cores, tight
tolerance, complex geometries, and smooth as-cast
surface. A number of researchers have carried out such
tries. Hejazi et al' investigated the effect of copper
insert on the microstructure of gray iron produced via
LFC process. Divandari et al.l'! reported the study of
Al/Cu rich phases formed in A356 alloy by inserting Cu
wire in pattern in LFC process. Choe et al!'” studied
the interface between steel insert and aluminum casting
in LFC process.

There are many methods to fabricate Al/Mg bimetal-
lic materials, for example, compound casting based on
sand casting,!"® friction stir welding,!'”! electro polishing
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+ anodizing surface treatment method,”” vacuum
diffusion bonding,”"! and laser welding.”® However,
only few literatures reported that the Al/Mg bimetallic
castin;s are obtained by the LFC process. Emami
et al? prepared the pure aluminum and magnesium
light metals using the LFC process. Guler er al*¥
fabricated the A319 aluminum and AMS50 magnesium
bimetal using the LFC process. Therefore, the knowl-
edge with respect to the interface investigation of
reaction layer between the aluminum and magnesium
alloys is still incomplete in the fabrication of the Al/Mg
bimetallic materials processed by the LFC process.

In the present work, the LFC process was employed
to produce the A356 aluminum and AZ91D magnesium
bimetallic castings, and the interface characteristics of
the reaction layer between the solid aluminum insert and
the molten magnesium melt obtained by the LFC
process were investigated. The objective of the present
work is to prepare the Al/Mg bimetallic castings using
the LFC process and to reveal the interface character-
ization and formation mechanism of the reaction layer
between the aluminum and magnesium alloys.

II. EXPERIMENTAL PROCEDURES

A. Materials

The expandable polystyrene (EPS) foam materials
were used to fabricate the foam pattern with a density of
0.025 g/cm?® using a foaming molding process. The foam
pattern was then dipped in a water-based refractory
slurry and allowed to dry.

A356 aluminum and AZ91D magnesium alloys were
used to prepare the Al/Mg bimetallic castings, which
were used as a substrate material and a molten magne-
sium bath, respectively. Chemical compositions of the
A356 aluminum and AZ91D magnesium alloys used are
listed in Table 1.

A cylindrical A356 aluminum alloy insert with a 14
mm diameter and a 130 mm height was machined from
an A356 aluminum alloy ingot using an electrical
discharge machine. Next, the cylindrical A356 alu-
minum insert was ground with silicon carbide papers
up to 1200 grit, and then rinsed using 10 pct sodium
hydroxide solution, 0.5 mol/l hydrochloric acid and
ethanol, respectively. The prepared cylindrical A356
aluminum insert was subsequently mounted inside the
foam pattern.

B. Casting Process

Figure 1 presents a schematic illustration of experi-
mental equipment of the LFC process. The prepared

foam pattern together with the A356 aluminum insert
was first placed in a sand flask. The sand flask was then
filled with unbonded loose-sand and compacted using a
vibration table. Prior to pouring process, the sand flask
was covered with a plastic film.

A stainless steel crucible was first preheated at 573 K
(300 °C) in an electrical resistance furnace. The pre-
heated AZ91D magnesium alloy ingots were then placed
inside the stainless steel crucible to melt under the
C0O5,-0.5 pct SF¢ protective gas mixture. When the
temperature of the molten metal reached 1003 K (730
°C), the slag of the molten metal was skimmed.
Afterwards, the vacuum pump was started to exhaust
air from the sand flask and obtain a vacuum pressure of
0.03 MPa in the sand flask, and the molten metal was
then poured into the foam pattern with a temperature of
1023 K (750 °C). During the pouring process, the
vacuum pressure of the sand flask was always main-
tained at 0.03 MPa. Finally, the Al/Mg bimetallic
castings were obtained after pouring and solidification.

C. Interface Microstructural Characterizations

In order to investigate interfacial microstructures of
the Al/Mg bimetallic castings obtained by the LFC
process, metallographic samples were cut from
the bimetallic castings using the electrical discharge
machine. Subsequently, the metallographic cross-sec-
tions were prepared by grinding and polishing, and then
etched using a 0.5 pct hydrofluoric acid solution. The
interfacial microstructures of the metallographic sam-
ples were observed using an Me F-3 metallographic
microscope or a Quanta 400 scanning electron micro-
scope (SEM; FEI Corporation, Hillsboro, OR). The
compositional variations of reaction layers at the
interface were identified using an energy-dispersive

Plastic film
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Fig. 1—Schematic illustration of the experimental equipment.

Table I. Nominal Chemical Compositions of the A356 Aluminum and AZ91D Magnesium Alloys (Weight Percent)
Composition
Alloy Al Zn Mn Si Fe Cu Ni Ti Mg
A356 balance — — 6.75 0.084 — — 0.14 0.63
AZ91D 8.96 0.8 0.28 0.07 0.039 0.024 8.96 — Balance
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X-ray spectroscopy (EDS) analysis attached to the
SEM. The EDS line scan analysis of the interfacial
microstructure was used to detect the diffusions of
different elements at the interface. The magnification of
the SEM micrograph used by the EDS line scan analysis
was 100 times. The EDS line scan analysis was recorded
by approximately 1720 um for about 6 minutes. All the
intermetallic compounds at the interface were carefully
analyzed by the results of several EDS point analyses,
which were then estimated by the chemical compositions
in such analysis. The magnifications of the SEM
micrographs used by the EDS point analyses were
1000 times. The resolutions for all the SEM micrographs
were 1024 x 884. An accelerating voltage of 20 kV and a
spot size of approximately 3.5 as well as a working
distance of about 12.4 mm were utilized for the EDS
analysis. Phase analyses at the interface of the Al/Mg
bimetal castings were performed to confirm the presence
of intermetallic compounds using an X-ray diffractom-
etry (XRD) analysis with Cu K, radiation.

In addition, an HV-1000 hardness tester was
employed to examine the microhardness distributions
at the interface zone of the Al/Mg bimetallic castings.
The load and holding time of the microhardness tests
were 300 g and 10 seconds, respectively.

III. RESULTS AND DISCUSSION

A. Interfacial Microstructures and Composition Analysis

The optical micrographs in Figure 2 show interfacial
microstructures of the Al/Mg bimetallic castings
obtained by the LFC process. It is evident that a
uniform interface consisting of different reaction layers
between the aluminum and magnesium is observed, and
the average thickness of the reaction layer reaches
approximately 1000 wpum, as shown in Figure 2(a).
Figure 2(b) shows a high-magnitude optical micrograph
of interfacial microstructure of the Al/Mg bimetallic
castings. As can be seen, the interface between the
aluminum and magnesium is free from porosities,
and the interfacial microstructure exhibits different
microstructure morphologies for the different reaction
layers.

Figure 3 shows the SEM micrograph and EDS
analysis of interfacial microstructures of the Al/Mg
bimetallic castings obtained using LFC process. The
SEM micrograph also indicates that a relative uniform
and compact interface with different reaction layers is
formed between the aluminum and magnesium, as
shown in Figure 3(a). According to the EDS line scan
analysis of the interfacial microstructure in Figure 3(b),
it can be found that the diffusions of Al and Mg
elements obviously fluctuate at the interface, where the
content of the Mg element gradually decreases across
the interface from the magnesium base side toward the
aluminum insert, while the diffusion of the Al element
presents a contrary law. The diffusions of the Zn and Si
elements at the interface are also observed. Moreover,
the concentration of the O element is detected adjacent
to the middle zone of the interface.
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Fig. 2—Optical micrographs of the interfacial microstructures of the
Al/Mg bimetallic castings obtained using LFC process: (a) low-mag-
nitude optical micrograph and (b) high-magnitude optical micro-
graph.

The quantitative analysis results of distributions of
the Al and Mg elements using the EDS analysis method
at seven different points indicated in Figure 3 are listed
in Table II. In terms of the results of the EDS analysis as
well as the Al-Mg phase diagram (as shown in Figure 4),
it suggests that the reaction layer is mainly composed of
AlsMg, and Al;;Mg; intermetallic compounds, includ-
ing three different layers as follows. The layer I consists
of the AlzMg, intermetallic compound adjacent to the
aluminum insert, the layer II consists of the Al;;Mg;;
intermetallic compound in the middle of interface, and
the layer III is the eutectic structure (Alj;Mg;; + 9)
adjacent to the magnesium base, which are in agreement
with the results of other reports.?®>” In order to further
demonstrate the interfacial microstructures of the Al/
Mg bimetallic castings, more detailed observations and
compositional analysis were performed on the areas B
and C in Figure 3(a), as shown in Figure 5. Figures 5(a)
through (c) show the morphologies and compositions of
the AlsMg, and Mg,Si intermetallic compounds at the
interface, respectively; meanwhile, the detailed observa-
tions and compositional analysis of the eutectic struc-
ture consisting of Al;;Mg;7 and J phases at the interface
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are exhibited in Figures 5(d) through (f). Figure 5(d)
clearly shows the morphologies of the 6 (Mg) phase and
the Al;;,Mg;; phase in the eutectic structure, and their
EDS composition analyses are shown in Figures 5(e)
and (f), respectively. These results also mean that the
reaction layer is mainly composed of the Al;3Mg, and

Fig. 3—SEM micrograph and EDS analysis of the interfacial
microstructures of the Al/Mg bimetallic castings obtained using LFC
process: (¢) SEM micrograph and (b) EDS line scan.

Al;,Mg;; intermetallic compounds, which are consistent
with the results of Table II.

In addition, the X-ray diffraction of the constitutive
phases on the interface of the Al/Mg bimetallic castings
was also carried out to confirm the presence of the
AlkMg, and Al,Mg;; intermetallic compounds, as
shown in Figure 6, whereas the Mg,Si intermetallic
compound has not been detected in the X-ray diffraction
pattern because of its few quantities.

The formation of reaction layers between the alu-
minum insert and the magnesium melt is mainly
attributed to the interdiffusion of aluminum and mag-
nesium.® In the present investigation, two metallic
materials that is aluminum and magnesium—one in
solid state (A356 aluminum alloy) and the other liquid
state (AZ91D magnesium alloy)—are brought into
contact with each other in such a manner that a
diffusion reaction zone forms between the two materials
and thus a continuous metallic transition occurs from
one metal to the other. During the casting process, the
heat capacity of the magnesium melt first makes the
surface of the aluminum insert melt, and the concentra-
tion gradient then results in the aluminum and magne-
sium melts to diffuse into each other. Based on the
Al-Mg phase diagram (Figure 4), the Al;Mg, and
Al,Mg;; intermetallic compounds finally form at the
reaction interface between the aluminum and the mag-
nesium. The eutectic structure (Al;,Mg;; + J) generates
through the L — Al;,Mg;;+9 eutectic transformation
at 710 K (437 °C). The formation of the Mg,Si
intermetallic compound is mainly due to the contact
and reaction between the magnesium melt and the
silicon phase existing on the surface layer of the
aluminum insert, and the formed Mg,Si intermetallic
compound gradually disperses throughout the interface
between the aluminum and magnesium.!

B. Oxide Film

In general, the presence of oxide films on the surface
between the aluminum and magnesium alloys is always
one of the major problems for different preparation
methods of the Al/Mg bimetal. In the present investi-
gation, an oxide film is also found at the interface
between the aluminum and magnesium. Figure 7 shows

Table II. Results of EDS Analysis Corresponding to the Points Indicated in Figure 3

Element Composi-
tions (at. pct)

Number Layer Code Al Mg Element Composition Ratio (Al/Mg) Inference Component
Al — 100 0 — Al

A2 I 56.59 40.88 1.38 Al;Mg,

A3 1I 50.36 47.54 1.06 Al ,Mg;;

A4 11 37.17 55.9 0.66 Al;,Mg; 4

A5 11T 31.03 68.21 0.45 Al ,Mg; + 0
A6 111 30.21 69.35 0.44 AlpMg; + 6
A7 — 12.58 85.76 0.15 Mg
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Fig. 4—Al-Mg phase diagram.®23

the EDS analysis of interfacial microstructures of the
Al/Mg bimetallic castings corresponding to the point 1
shown in Figure 3(b), suggesting that the oxide film
mainly containing C, O, and Mg elements, especially the
C element, generates at the interface between the
aluminum and magnesium. Furthermore, the EDS
analysis of the interfacial microstructure in Figure 3(b)
also indicates the concentration of the O element at the
interface.

The formation mechanism of the oxide film can be
explained by the following fact. On the one hand, the
EDS analysis presents that the content of the C element
is the most in the oxide film, which can be inferred that
the C element most probably comes from the foam
materials during the preparation of the Al/Mg bimetallic
castings obtained using the LFC process. That is
because the foam pattern employed by the LFC process
will decompose plenty of gas and liquid products during
the pouring process. Unfortunately, the decomposed
residue of the foam pattern cannot escape through the
coating layer, which will lead to the generation of the
inclusion oxide film defect,”® as shown in Figure 8.
Consequently, the decomposed residue of the foam
pattern materials have a significant effect on the
formation of the oxide film.

On the other hand, it is well known that both
magnesium and aluminum alloys are easy to oxidize
during the casting process due to their high affinities to

2466—VOLUME 47A, MAY 2016
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react with oxygen, resulting in the formation of MgO
and Al,O; oxide films.”**!Y Moreover, it is also pointed
out that the reaction between the magnesium melt and
the aluminum insert can form the oxide film.'"®! Hence,
the formation mechanism of the oxide film is complex in
the case of the present study, and a larger number of
factors may be responsible for the formation of the
oxide film. Besides, it should be indicated that the oxide
film at the interface may prevent the diffusion and
chemical reaction processes between the aluminum and
magnesium, thereby decreasing the thickness of the
reaction layer.

C. Microhardness

Figure 9 represents the microhardness distributions
at the interface zone of the Al/Mg bimetallic castings
obtained using the LFC process. Figure 10 shows the
optical micrographs of interfacial microstructures of
the Al/Mg bimetallic castings after microhardness
testing. As can be seen in Figure 9, the microhard-
nesses at the interface are obviously higher than those
of the magnesium and aluminum base metals. The
microhardnesses at the interface range from 120 to
163 HV, depending on the positions of the indenter
relative to the interface location. In comparison, the
average microhardnesses of the magnesium base
metal and the aluminum base metal are 54 and 45

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 5—SEM micrograph and EDS analysis of the interfacial microstructures of the Al/Mg bimetallic castings obtained using LFC process taken
from different areas shown in Figure 3(a): () area marked B; EDS of (b) area 1 and (c) area 2 marked in (a); (d) area marked C; EDS of (e)

area 3 and (f) area 4 marked in (d).

HV, respectively. A higher microhardness at the
interface, compared with the magnesium base metal
and the aluminum base metal, also implies that the
Al-Mg intermetallic compounds have been formed
at the interface between the aluminum and the
magnesium.?%3?

METALLURGICAL AND MATERIALS TRANSACTIONS A

Additionally, it can also be observed that the micro-
hardness at the layer I (Al;Mg, intermetallic compound)
adjacent to the aluminum insert is the highest than those
of the layer IT (Al;»Mg;; intermetallic compound) in the
middle of interface and the layer IIT (Al;,Mg; + ¢
eutectic structure) adjacent to the magnesium base,
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while the Al;,Mg;; + ¢ eutectic has a relatively lower
o Mg microhardness because of the presence of the Mg solid
* Al Mg, solutiqn compared to the A13Mg? aqd Al ,Mg; @nter-
» Al.Mg metallic compounds. These investigations are consistent
e with the results of other researchers.®*** Further-
more, Figure 10 clearly shows the indentation sizes at
different reaction layers to better demonstrate the
microhardness variations of different intermetallic com-
pounds, suggesting that the indentation sizes of the
magnesium and aluminum base metals are larger than
those of the AlsMg, and Al;,Mg,; intermetallic com-
pounds. In addition, it is worth noting that a reaction
layer with an excessive thickness between the aluminum
P S S S S S S and the magnesium will greatly increase the brittleness
20 25 30 35 40 45 50 55 60 65 70 75 80 of the Al/Mg bimetallic castings and weaken the

26 (Degree) bonding strength of the bimetallic castings.?>*® Never-

theless, an appropriate brittle interface between the

Fig. 6—X-ray diffraction pattern of the constitutive phases on the aluminum and the magnesium may be useful to the
interface of the Al/Mg bimetallic castings. recycling of the Al/Mg bimetallic castings at the end of
the component’s life because most of the Al alloy can
easily separate from the Mg alloy by a mechanical
crushing method. Therefore, our future work will focus
on the control of the reaction layers according to the
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Fig. 8—Schematic diagram of defect generation during the LFC process.
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Fig. 10—Optical micrographs of the interfacial microstructures of the Al/Mg bimetallic castings obtained using LFC process after microhardness
testing: (a) low-magnitude optical micrograph and (b) through (e) high-magnitude optical micrographs corresponding to areas 1, 2, 3, and 4,

respectively.

investigations of process parameters and alloy interlay-
ers,’”?* aiming at the preparation of the reaction layer
with an appropriate thickness.

IV. CONCLUSIONS

In the present work, the LFC process was used to
prepare the Al/Mg bimetallic castings, and the interface
characteristics of the reaction layer between the alu-
minum and magnesium produced by the LFC process
were investigated. The obtained results can be summa-
rized as follows.

1. The Al/Mg bimetallic castings were successfully
fabricated using the LFC process. A uniform and
compact interface between the aluminum and mag-
nesium was formed, and the average thickness of

METALLURGICAL AND MATERIALS TRANSACTIONS A

the reaction layer reached approximately 1000 yum.
The reaction layer was mainly composed of the
AlsMg, and Al,Mg;; intermetallic compounds,
including three different layers such as the Al;Mg,
layer adjacent to the aluminum insert, the Al;,Mg;;
middle layer, and the Al;;Mg;; + 0 eutectic layer
adjacent to the magnesium base. Moreover, the
Mg,Si intermetallic compound was also found in
the reaction layer.

The oxide film mainly containing C, O, and Mg
elements, especially the C element, generated at the
interface between the aluminum and magnesium.
The decomposed residue of the foam pattern and
the oxidations of magnesium and aluminum alloys
as well as the reaction of the magnesium melt and
the aluminum insert were responsible for the
formation of the oxide film.
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The microhardnesses at the interface were obviously
higher than those of the magnesium and aluminum
base metals. The Al;Mg, layer had the highest
microhardness in the reaction layer, while the
Al,Mg; + 0 eutectic showed a relatively lower
microhardness compared to the Al;Mg, and
Al;,Mg;; intermetallic compounds.
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