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Abstract

Mg/Al bimetal was successfully prepared using a novel lost-foam casting (LFC) liquid-liquid compound process with an Al
interlayer, and the interface characteristics including microstructure, mechanical properties, and fracture behavior of the Mg/Al
bimetal were investigated in this paper. The results show that the mixing of AZ91D and A356 liquid metals was fully avoided by
using the Al interlayer. A metallurgical bonding between the AZ91D alloy matrix and the A356 alloy matrix was achieved,
obtaining a compact interface. The interface was constituted by the Al;,Mg;; + & (Mg) eutectic and the Al;Mg, and Mg,Si
reaction layers, which were respectively next to the AZ91D alloy matrix and the A356 alloy matrix. The reaction layers had much
higher microhardnesses compared with the microhardnesses of the matrixes, and the highest microhardness up to 275-299 HV
was obtained in the reaction layer next to the Al matrix. A brittle fracture morphology was observed in the fractured surface of the
Mg/Al bimetal, and the fracture mainly initiated with the fracture of the reaction layer close to the Al matrix.
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1 Introduction

Mg/Al bimetals have a great potential in automobile and aero-
space industrial applications, because they can simultaneously
offer different expected properties of the magnesium and alu-
minum alloys [1-4]. However, the aluminum alloy is prone to
forming an oxide film on its surface [5, 6], and the oxide film
significantly increases the difficulty of the bonding between
the magnesium and aluminum alloys. How to achieve a supe-
rior bonding of the magnesium alloy and the aluminum alloy
is always an important subject. Currently, a large number of
approaches have been developed to manufacture the Mg/Al
bimetal, including compound casting [7-10], welding
[11-15], extruding [16, 17], and rolling [18, 19], etc.
Therein, the liquid-liquid compound casting method is con-
sidered as a simple and high-efficiency method for producing
the Mg/Al bimetal without a solid insert. It should be noted
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that how to prevent different liquid metals from directly
mixing is a challenging concept during the liquid-liquid com-
pound casting process. Many researchers usually set an inter-
layer to avoid the mixing of different liquid metals [20-22].

Lost-foam casting (LFC) is a precision casting process,
and it is suitable to fabricate complicated castings [23-26].
At present, the LFC process has become an attractive meth-
od to prepare bimetals combining its advantages, including
no cores, complex geometries, smooth surface, and low cost
[27, 28], etc. What is more, another attractive advantage for
the LFC process is that the decomposition product of the
foam pattern contains a plenty of reductive gas during the
LFC process, which can protect the aluminum and magne-
sium alloys from oxidation [3, 9]. Some attempts have been
performed to produce the Mg/Al bimetal using the liquid-
solid compound method of the LFC technology [29, 30].
However, using the liquid-liquid compound method of the
LFC technology to fabricate of the Mg/Al bimetal is always
an unexplored field.

The Mg/Al bimetal was first produced using the liquid-
liquid compound method of the LFC technology with an Al
interlayer in this work, and the interlayer was used to avoid the
mixing of different liquid metals. The objective of this work is
to develop a new method to fabricate the Mg/Al bimetal. The
interface characteristics including microstructure, mechanical
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Table 1  Chemical compositions of the A356 and AZ91D alloys (wt%)
Mass fraction

Element  Si Ti Fe Mn Zn Mg Al

A356 681 0.017 0205 - 0.439  Bal.

AZ91D - - - 023 0.62 Bal 9.08

properties as well as fracture behavior of the Mg/Al bimetal
obtained using this new method were systematically investi-
gated. In addition, the formation of the interface of the bimetal
was also discussed.

2 Experimental procedure

The alloys materials including AZ91D magnesium and A356
aluminum alloys were chosen to prepare the Mg/Al bimetal in
this work, and Table 1 lists the compositions of the alloys. A
pure Al interlayer was used to avoid the mixing of the Mg and
Al melts, which had a 2-mm thickness. The expanded polysty-
rene (EPS) material was used to fabricate foam patterns. The
surface of the pure Al interlayer was first treated using grinding
method with abrasive papers, and the Al interlayer was then
degreased in an ethanol solution by an ultrasonic treatment for
15 min. Subsequently, the Al interlayer was quickly mounted
into the foam pattern, and they were then dipped into a special
refractory slurry to form a coating on the surface of the foam
pattern, followed by drying inside an oven with a temperature
of 50 °C holding for 2 h. Next, the modeling and compacting
were performed, waiting for pouring process.

The Mg alloy and Al alloy ingots were melted by using
resistance furnaces. The CO,—0.5% SF gas and the argon gas
were respectively used as a protective gas atmosphere for the
melt of the Mg and the refinement of the Al melt. When the
temperatures of the Mg and Al melts reached 730 °C, the
skimming of dross was performed. Subsequently, the Mg
and Al melts with a temperature of 730 °C were poured into

Fig. 1 Schematic illustration of
the novel compound casting setup
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the foam patterns. Before pouring, the vacuum pump was
opened to obtain a vacuum pressure of 0.03 MPa, thereby
obtaining the Mg/Al bimetal when the liquid metal solidified.
A schematic illustration of the novel compound casting setup
used in this work is displayed in Fig. 1.

The sampling of the metallographic tests were conducted
with a cutting machine in order to investigate the microstruc-
ture of the Mg/Al bimetal, and the metallographic samples
were then ground using silicon carbide papers up to an aver-
age diameter of the grit of about 16.9 um, and polished using
an Al,O; polishing solution, followed by etching with a 4%
nital solution. The microstructure of the Mg/Al bimetal was
observed using a DMM-490C metallographic microscope. A
scanning electron microscope (SEM) was also employed to
observe the microstructure of the Mg/Al bimetal. An energy-
dispersive X-ray spectroscopy (EDS) attached to the SEM
was used to analyze the phase constitutes of the interface of
the Mg/Al bimetal. What is more, an X-ray diffraction (XRD)
analysis was performed to analyze the phase constitutions of
the interface.

The bonding strength of the Mg/Al bimetal was obtained
via push-out tests [31, 32], and the push-out tests were per-
formed by using a ZwickZ100 universal testing machine. The
sizes of the push-out samples were 65 x 35 x 10 mm. A sche-
matic illustration of the testing of the bonding strength is il-
lustrated in Fig. 2. The Mg/Al push-out samples were pushed
at a cross-head displacement rate of 0.5 mm/min to separate
the Al alloy and the Mg alloy, thereby obtaining a maximum
load. Then, the shear strength of the Mg/Al bimetal was cal-
culated in term of the following equation [10].

r =y 0

where 7, Fhax, and A present the shear strength, maximum
load as well as the contact area of the bonding interface, re-
spectively. The SEM and EDS analyzes were used to investi-
gate the fracture behavior of the Mg/Al bimetal.

Furthermore, an HV-1000 hardness test instrument was
employed to investigate microhardnesses of the interface of the
Mg/Al bimetal with a load of 300 g and a holding time of 10 s.
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Fig. 2 Schematic illustration of F
the testing of the bonding strength
Mg alloy Interface
Al alloy

Steel support

3 Results
3.1 Microstructure and phase composition

Figure 3 shows the optical micrographs of the interface of the
Mg/Al bimetal. It is clear that an interface is observed between
the Mg alloy and the Al alloy, exhibiting a compact morphol-
ogy. The interface has a superior bonding with both the Mg
matrix and the Al matrix. Moreover, it can be found that the
interface of the Mg/Al bimetal is constituted by two reaction
layers. Amidst the reaction, layers near to the Mg matrix and
the Al matrix are named as the reaction layer I and the reaction
layer II, respectively. They exhibit different morphologies and
have a superior bonding (as shown in Fig. 3c¢).

More observations and component analysis of the inter-
face were also performed in this study. The SEM micro-
graphs of the interface are shown in Fig. 4, and the results
of'the EDS analysis at the interface are listed in Table 2. It is
evident that the interface that includes the reaction layer I
and the reaction layer II is very compact without obvious
defects. In light of the EDS analysis results as well as the Al-

magnification

Mg binary phase diagram [9, 33, 34], it can be inferred that
the reaction layer I close to the Mg matrix is mainly consti-
tuted by the Al;,Mg;;+ 6 (Mg) eutectic. Therein, the
Al;,Mg;; phase has a successive distribution, and the &
(Mg) exhibits a dispersed morphology, as shown in
Fig. 4a-a2. The reaction layer II near to the Al matrix pri-
marily consists of the successive AlsMg, phase and dis-
persed Mg,Si phase, and the Al;Mg, phase occupies a main
constituent in the reaction layer II (as shown in Fig. 4b2, c,
cl, ¢2). In a word, the interface of the Mg/Al bimetal is
constituted by the Al;;Mg;;+ & (Mg) eutectic, Al;Mg,
and Mg,Si phases, and the Al;;Mg;; and Al3Mg, phases
are the primary constituents at the interface, which is con-
sistent with other reporters [7, 35].

The EDS mappings of the interface of the Mg/Al bimetal
are shown in Fig. 5. It is evident that the Al and Mg elements
have concentrations in the reaction layer I (as shown in
Fig. 5a, al, a2, b, bl, b2). Meanwhile, the concentrations of
the Al, Mg, and Si elements are also obviously observed in the
reaction layer II (as shown in Fig. 5b, b1, b2, b3, ¢, c1, c2, ¢3.
The contents of the Mg and Al are basically stable at the
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Fig. 4 SEM micrographs of the
interface of the Mg/Al bimetal
obtained by the novel compound
casting. (a, al, a2) Reaction layer
L (b, bl, b2) Intermediate layer.
(c, cl, c2) Reaction layer II
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interface. However, the content of the Si element is relatively
less, and it mainly distributes in the reaction layer II. The
results of the EDS mappings of the interface of the Mg/Al
bimetal imply that a superior metallurgical interface has gen-
erated between two matrixes.

In addition, the further confirmation of the constitutive
phases at the interface was also performed using the XRD
analysis method, as shown in Fig. 6. The result of the XRD
analysis also suggests that the Al;;Mg;; + & (Mg) eutectic,
Al;Mg; as well as Mg;Si are the main constitutive phases of
the interface of the Mg/Al bimetal.

Reaction
Layer I

500pm

Reaction
Layer H

3.2 Mechanical properties

Figure 7 shows the results of the microhardness testing of
the Mg/Al bimetal. The results of the microhardness indi-
cate that the reaction layers of the Mg/Al bimetal have
significantly higher microhardnesses in comparison with
the matrixes. The reaction layer I next to the Mg matrix
obtains the microhardness of about 135-220 HV, which is
attributed to the existence of the Al;,Mg7+0 (Mg) eu-
tectic. The reaction layer II close to the Al matrix has the
microhardness of 275-299 HV, exhibiting that the AlsMg,

Table 2 The results of the EDS

analysis of the interface Area no. Element compositions (at%) Element Element Inferred compound
compositions compositions
Al Mg Si ratio (A/Mg) ratio (Mg/Si)
A 11.25 88.75 - 0.13 - 5-Mg
B 3822 61.78 - 0.62 - Al;pMg7
C 34.26 65.74 - 0.52 - Al;;Mg;7 + 5-Mg
D 3471 65.29 - 0.53 - Al;;Mg;7 + 5-Mg
E - 64.20 35.80 - 1.79 Mg,Si
F - 59.86 40.14 - 1.49 Mg,Si
G 59.13 40.87 - 1.45 - Al;Mg,
H - 59.11 40.89 - 1.45 Mg, Si
I 62.67 37.33 - 1.68 - Al;Mg,
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Fig. 5 SEM micrographs and
EDS mappings of the Mg/Al
bimetal obtained by the novel
compound casting. (a, al, a2)
Reaction layer L. (b, b1, b2, b3)
Intermediate layer. (c, cl, c2, c3)
Reaction layer I

intermetallic phase obtains the highest microhardness at
the interface, while the microhardnesses are 38—50 and
63-81 HV for the Mg matrix and the Al matrix, respec-
tively. The results of the microhardness testing suggest
that a metallurgical interface has formed between two ma-
trixes, and the Al;,Mg;; and Al;Mg, intermetallic com-
pounds belong to hard phases, especially in the Al;Mg,
intermetallic phase [36, 37]. A larger number of the hard
intermetallic phases at the interface will weaken the bond-
ing strength of the bimetal [38].

In addition, the shear strength of the Mg/Al bimetal is
obtained through the push-out testing, and it is about
9.14 MPa. In the future, our investigations will focus on
the further improvement of the shear strength of the Mg/
Al bimetal. Figure 8 exhibits the SEM fractographs and
EDS analysis of the Mg/Al bimetal. It is obvious that a

70000 - s ¢ Al
0 Mg
60000 v Si
A .
) * Mg,Si
— 50000 |- .
& o AlMs;;
40000 [ A Al Mg,
G
S
2 30000 |-
20000 [
v
A o
10000 & oA A0 0
| Al R v 4 vt o
o - A v 0’\ ¢ Vv
1 1 1 1 1 1
30 40 50 60 70 80 90
2Theta(deg)

Fig. 6 XRD patterns of the phases at the interface of the Mg/Al bimetal
obtained by the novel compound casting

brittle fracture nature is found in the fractographs of the
Mg/Al bimetal, and some flat planes are observed in the
fractured surface (as shown in Fig. 8a). The EDS results
indicate that the fracture of the Mg/Al bimetal mainly oc-
curs in the Al;Mg, intermetallic phase (as shown in Fig. 8b,
c¢). It can be explained by the fact that the Al;Mg, phase
occupies a significant proportion at the interface; at the
same time, it has the highest microhardness at the interface
of the Mg/Al bimetal (as shown in Fig. 7). In this case, the
Al3;Mg, hard phase becomes a main stress concentration
source, thereby easily cracking when it is subjected to an
applied load [39, 40]. Moreover, the Mg,Si particle is also
detected at the fractured surface of the Mg/Al bimetal (as
shown in Fig. 8d). Therefore, it reveals that the fracture of
the Mg/Al bimetal mainly occurs in the reaction layer close
to the Al matrix.
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Fig. 7 Microhardness results of the Mg/Al bimetal obtained by the novel
compound casting

@ Springer



1130

Int J Adv Manuf Technol (2019) 101:1125-1132

Fig. 8 SEM fractographs and
EDS analysis of the fractured
surface of the Mg/Al bimetal. (a)
Low magnification SEM
fractograph. (b) High
magnification SEM fractograph.
(c, d) EDS analysis results
corresponding to areas 1 and 2
indicated in (b), respectively
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4 Discussion

Figure 9 shows a schematic illustration of the formation
process of the interface. First, the Mg and Al melts quick-
ly fill with the foam mold under a negative pressure.
When the Mg and Al melts meet with the foam patterns,
the decomposition of the foam patterns rapidly occurs, as
shown in Fig. 9a. With the further filling of the Mg and
Al melts, the Al interlayer is gradually melted when the
Mg and Al melts contact with the Al interlayer, because
the pouring temperatures of the Mg and Al alloys are
higher than the melting temperature of the Al in this
work. The Al element from the Al interlayer then diffuses
into the Mg and Al melts; meanwhile, the Mg, Al, and Si
elements from the matrixes also continuously interdiffuse,
forming a partial mixing molten pool of the Mg alloy
melt, Al alloy melt with the pure Al melt (as shown in
Fig. 9b. The interdiffusion among different elements re-
sults in the concentration gradient of the Al, Mg, and Si
elements, and the metallurgical reaction occurs among the
Al, Mg, and Si elements (as shown in Fig. 9¢). With the
decrease of the melt temperature, the Al;,Mg; + 0 (Mg)
eutectic forms close to the Mg matrix through the follow-
ing reaction: L — Al;,Mg,;+ § eutectic transformation at
437 °C [7, 9]. Near to the Al alloy melt, the Al;Mg, phase
next to the Al matrix forms because of high content of the
Al For the Mg,Si phase, its formation is mainly attributed

@ Springer
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to the reaction of the Mg and Si respectively from the Mg
alloy melt and the Al alloy melt. After solidified, the Mg/
Al bimetal with a metallurgical interface is obtained (as
shown in Fig. 9d). Consequently, a comprehensive mech-
anism of the fusion bonding and diffusion bonding is re-
sponsible for the formation of the interface of the Mg/Al
bimetal during the novel compound casting.

Pure Al

Reaction layer

Fig. 9 Schematic illustration of the formation of the interface of the Mg/
Al bimetal obtained by the novel compound casting. (a) Filling of the
melts. (b) Melting of the interlayer and diffusing of different elements. (c)
Reacting among different elements. (d) Forming of the interface
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5 Conclusion

(D

@

3)

4)

The Mg/Al bimetal was produced by the novel com-
pound casting method together with the Al interlayer.
The mixing of the AZ91D and A356 liquid metals was
fully avoided by using the Al interlayer. A metallurgi-
cal bonding between the AZ91D alloy matrix and the
A356 alloy matrix was achieved, obtaining a compact
interface.

The interface of the Mg/Al bimetal was constituted by
the Al;,Mg;; +& (Mg) eutectic and the AlsMg, and
Mg,Si reaction layers, which were respectively next to
the AZ91D alloy matrix and the A356 alloy matrix. The
comprehensive mechanism of the fusion bonding and
diffusion bonding was responsible for the formation of
the interface of the Mg/Al bimetal.

The reaction layers had much higher microhardnesses
compared with the microhardnesses of the Mg and Al
matrixes. The reaction layer next to the Mg matrix ob-
tained the microhardness of about 135-220 HV, and the
microhardness of the reaction layer next to the Al matrix
was the highest microhardness at the interface, up to
275-299 HV.

The Mg/Al bimetal obtained a shear strength of approx-
imately 9.14 MPa. The fracture of the Mg/Al bimetal
mainly occurred in the reaction layer close to the Al
matrix, exhibiting a typical brittle fracture morphology.
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