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Abstract

In this work, microstructure, mechanical properties and fracture behavior of the magnesium/steel bimetal using compound
casting assisted with hot-dip aluminizing were investigated, and the interface bonding mechanism of the magnesium/steel
bimetal were also analyzed. The results indicate that the magnesium/steel bimetal obtained without hot-dip aluminizing had
larger gaps through the whole interface without reaction layers between magnesium and steel, leading to a poor mechani-
cal bonding. After the steel substrate was hot-dip aluminized, an intermetallic layer along with an Al topcoat layer were
formed on the surface of the steel substrate, and the intermetallic layer was constituted by Fe,Als, t,,-AlgFe,Si;, FeAl; and
T4-Al, sFeSi phases. In the case of the magnesium/steel bimetal obtained with hot-dip aluminizing, a compact and uniform
interface layer with an average thickness of about 17 pm that consisted of Fe,Als, ©,,-AlgFe,Si;, FeAl; and Al,,Mg,; interme-
tallic compounds was formed between the magnesium and the steel, obtaining a superior metallurgical bonding. The interface
layer had much higher nano-hardnesses compared to the magnesium and steel matrixes, and its average nano-hardness was
up to 11.1 GPa, while there were respectively 1.1 and 4.2 GPa for the magnesium and steel matrixes. The shear strength of
the magnesium/steel bimetal with hot-dip aluminizing reached to 23.3 MPa, which increased by 8.59 times than that of the
composites without hot-dip aluminizing. The fracture of the magnesium/steel bimetal with hot-dip aluminizing represented
a brittle fracture nature, initiating from the interface layer.
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1 Introduction

Magnesium alloys have been widely used in automotive,
aerospace, military and electronic industries due to their
many advantages, such as low density, high strength-to-
weight ratio, superior electromagnetic shielding and damp-
ing capacity as well as good castability and workability
[1-3]. However, a number of disadvantages of the mag-
nesium alloys including low strength and hardness, poor
wear, ductility and corrosion resistance greatly limit their
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further applications in some cases [4]. Steel is commonly
employed in the industrial applications, and it possesses
superior strength, hardness, wear, ductility as well as cor-
rosion resistance compared to the magnesium alloys [5-7].
Combining the magnesium alloys and the steel to prepare the
magnesium/steel bimetal may be the most potential approach
for enlarging industrial applications of the magnesium alloys
and steel [8].

It is well known that the joining of the magnesium alloys
and the steel is always a large challenge. On the one hand,
the thermal-physical properties of the magnesium alloys
and the steel have larger differences, such as melting points,
thermal conductivities and thermal expansion coefficients
[9, 10]. Moreover, the solubility of Fe in Mg is 0.00043
at%, while the solid solubility of Mg in Fe is close to zero,
in light of the Mg—Fe equilibrium phase diagram. They are
immiscible even if at a liquid state; meanwhile, they do not
react with each other [11, 12]. As a result, the magnesium
and steel have poor wettability, and it is difficult to obtain a
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metallurgical bonding between the magnesium and the steel.
Currently, a larger number of welding methods are used to
join the magnesium and the steel, such as friction stir weld-
ing [13, 14], laser welding [15, 16], diffusion bonding [17,
18], electric resistance welding [19, 20], and ultrasonic spot
welding [21, 22]. Still, it is difficult to directly achieve a
metallurgical bonding between the magnesium alloy and the
steel by use of the welding methods. In general, the metal-
lurgical bonding of the magnesium and the steel is mainly
obtained during the welding technologies through the addi-
tion of interlayers, coatings as well as filling wires, espe-
cially in the interlayers, such as Al [23], Cu [24], Zn [25]
and Ni [26]. It is noted that the element that can interact
with both of the magnesium and steel should be selected
as an intermediate element. For instance, the Cu is used
properly as a transition element between the magnesium
and steel because the Cu can react with the Mg and Fe,
thereby creates an interface layer [27]. The Zn can improve
the weldability of the Mg to the steel due to the formation
of the Mg—Zn product [28]. The welding methods usually
prepare the magnesium/steel bimetal with a simple shape,
and it is costly. And, the welding methods may leading to
large welding residual stress and cracking problems. A good
metallurgical bonding of the magnesium and the steel is of
great importance to ensure a superior mechanical properties
for the magnesium/steel bimetal. However, how to obtain an
excellent metallurgical bonding between the magnesium and
the steel is always a challenge.

In this work, the steel substrate was first hot-dip alumin-
ized to prevent the surface of the steel substrate from the
oxidation and to form an intermetallic layer on the surface
of the steel substrate, and the magnesium/steel bimetal was
then fabricated using a compound casting process. The
objective of the present work is to develop a simple and eco-
nomic method to prepare the magnesium/steel bimetal with
a complex structure and to investigate the microstructure,
mechanical properties and fracture behavior of the magne-
sium/steel bimetal. In addition, the interface bonding mecha-
nism of the magnesium/steel bimetal were also discussed.

2 Experimental
2.1 Materials

The low carbon steel and AZ91D magnesium alloy were
respectively chosen as a solid substrate material and a
molten bath to produce the magnesium/steel bimetal, and
the A356 aluminum alloy was adopted as a hot-dip alumin-
izing material for the low carbon steel substrate. Table 1 lists
the chemical compositions of the experimental materials.

The steel substrates that had a diameter of 32 mm, a wall
thickness of 3 mm and a height of 70 mm were obtained
from a low carbon steel tube using a cutting machine. The
steel substrates were first ground up to 2000 grit using
silicon carbide papers, and they were then immersed into
a 15 wt% sodium hydroxide solution at 50 °C for 20 min
to remove the oil contamination on the surface of the steel
substrates. Next, the steel substrates were rinsed using a
0.5 mol/l hydrochloric acid to remove the iron rust on the
surface of the steel substrates, and were finally washed using
the ethanol prior to drying.

2.2 Preparation Process of the Magnesium/Steel
Bimetal

The AZ91D magnesium alloy ingots were melted using
an electric furnace under a protective gas atmosphere of
CO,-0.5% SF,. As the temperature of the AZ91D magne-
sium alloy melt reached to 730 °C, the slag of the molten
metal was skimmed, and the temperature of the melt was
further elevated up to 780 °C, waiting for pouring process.
The A356 aluminum alloy ingots were placed inside stain-
less steel crucible to melt using the electric furnace, and
the A356 aluminum alloy melt was refined using the argon
gas at 730 °C for 15 min before slag skimming, followed
by elevating the melt temperature to 770 °C. The steel sub-
strates were first immersed into the A356 aluminum alloy
melt at 770 °C for 10 min to perform the hot-dip aluminizing
process. Subsequently, the steel substrates that had been hot-
dip aluminized were rapidly placed inside a metal mold with
a preheating temperature of 300 °C, and the AZ91D magne-
sium alloy molten metal with a temperature of 780 °C was
then poured into the metal mold. Finally, the magnesium/
steel bimetal was obtained when the liquid metal finished

Table 1 Chemical compositions

- > Alloys Compositions
of the experimental materials
(Wt%) Al Zn Mn Si C Cu Cr Fe Mg
Steel - - 0.54 0.23 0.20 - 0.02 Bal. -
AZ91D 9.08 0.62 0.23 0.06 - 0.028 - - Bal.
A356 Bal. - - 6.81 - - - 0.21 0.44

@ Springer



Metals and Materials International (2021) 27:2977-2988

2979

solidification. For comparison, the steel substrates without
hot-dip aluminizing were also used to prepare the magne-
sium/steel bimetal. Figure 1 presents a schematic illustration
of the present experimental device for the preparation of the
magnesium/steel bimetal.

2.3 Microstructural Characterizations

The hot-dip aluminized sample was first ground and pol-
ished, and then was etched using a 0.5% hydrofluoric acid
solution to observe the microstructure and analyze the chem-
ical compositions of the hot-dip aluminized sample using a
Quanta 400 scanning electron microscope (SEM) equipped
with an energy-dispersive X-ray spectroscopy (EDS). An
XRD-7000 X-ray diffractometer (XRD) was also used to
identify the phase compositions of the hot-dip aluminized
sample. In order to display the gaps between the magne-
sium and the steel, the cross-sections of the magnesium/steel
bimetal were first permeated using a penetrating agent, and
they were then stained to red using an imaging agent, and
the macro-characterizations of the magnesium/steel bimetal
were finally observed using a super depth microscope. If
the cross-sections of the magnesium/steel bimetal show
red, it indicates that there are gaps and pores defects in the
samples. The metallographic samples of the magnesium/
steel bimetal were etched using a 4% nital solution after
grinding and polishing, and the interfacial microstructures
were then observed by an OLYMPUS-MG3 metallographic
microscope and the SEM, and the EDS analysis method was
used to analyze the phase compositions at the interface of
the bimetal.

2.4 Mechanical Properties
The nano-hardnesses across the interfaces of the magne-
sium/steel bimetallic samples were measured with a TT 750

nano-mechanical test instrument, and the test force and hold-
ing time were 6000 pN and 15 s, respectively.
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Fig. 1 Schematic illustration of the experimental device for the prep-
aration of the magnesium/steel bimetal

The push-out test was used to measure the bonding
strength of the magnesium/steel bimetal using a ZwickZ1000
universal testing machine [29, 30], and the indenter moving
rate was 0.5 mm/min in this work. At least three samples
were measured to ensure the repeatability. Afterwards, the
XRD, SEM, EDS as well as the metallographic microscope
were applied to analyze the fracture behavior of the magne-
sium/steel bimetal.

3 Results

3.1 Microstructure and Composition of the Steel
Substrate with Hot-Dip Aluminizing

Figure 2 exhibits SEM micrographs and EDS analysis of the
steel substrate with hot-dip aluminizing. It is obvious that a
compact and uniform Al coating as an intermetallic layer is
observed on the surface of the steel substrate, and the resid-
ual Al as a topcoat is covered on the surface of the Al coat-
ing, as shown in Fig. 2a, b. As can be seen from Fig. 2c, it
indicates that the Al, Si and Fe elements evidently diffuse in
the Al coating layer, particularly in the Al and Fe elements.
Table 2 presents EDS analysis results of the points indicated
in Fig. 2b. In light of the EDS results, Al-Fe binary system
[31, 32] as well as the Al-Fe-Si ternary system [33, 34], it
can be revealed that the topcoat layer is mainly composed of
Al, deriving from the A356 aluminum alloy melt during the
hot-dip aluminizing process, and the Al coating consists of
T5-Aly sFeSi, FeAls, T,4-AlgFe,Si; and Fe,Al; phases succes-
sively from the topcoat layer side to the steel substrate side.
In addition to the EDS analysis, the phase identification of
the Al coating was also performed using the XRD analysis,
as shown in Fig. 3, and the XRD analysis results further con-
firm the existences of the t¢-Al, sFeSi, FeAls, t,(-AlgFe,Siy
and Fe,Al; phases in the Al coating.

3.2 Interfacial Characterizations of the Magnesium/
Steel Bimetal

Figure 4 shows photos of the magnesium/steel bimetals
obtained with and without hot-dip aluminizing. As can be
seen from Fig. 4a, a large number of gaps exhibiting red
with a continuous distribution are present at the interface of
the magnesium/steel bimetallic composite without hot-dip
aluminizing, suggesting that a poor bonding of the mag-
nesium and steel is obtained. In comparison, the interface
of the magnesium/steel bimetallic composite with hot-dip
aluminizing is compact, which is almost absent from the
gaps, showing a superior bonding between the magnesium
and the steel, as shown in Fig. 4b.

The optical micrographs of the interfaces of the mag-
nesium/steel bimetals obtained with and without hot-dip
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Fig.2 SEM micrographs and
EDS analysis of the steel sub-
strate with hot-dip aluminizing:
a, b SEM micrographs, ¢ EDS
line scan

Table 2 EDS analysis results of the points indicated in Fig. 2b

Number  Element compositions (at%) Inference component
Al Fe Si Mg

1 9720 - 2.46 0.34 Al

2 69.55 19.03 1142 - T6-Aly sFeSi

3 69.82 2548 04.70 - FeAl,

4 53.04 3553 1143 - T,0-AlgFe,Si;

5 68.70  28.82 2.48 - Fe,Als

6 - 100.00 - - Fe

aluminizing are displayed in Fig. 5. It is found that the gap
with an average width of about 29 pm is observed through
the whole interface of the magnesium/steel bimetallic com-
posite without hot-dip aluminizing, and no any metallurgical
layer at the interface is generated, showing a poor bonding
between the magnesium and the steel, as shown in Fig. 5a.
In contrast, a uniform and compact interface with an average
thickness of approximately 17 pm is formed between the
magnesium and the steel in the case of the hot-dip aluminiz-
ing, as shown in Fig. 5b. Therefore, the hot-dip aluminizing
significantly improves the interface bonding of the magne-
sium/steel bimetal.

In order to further investigate interfacial characterizations
of the magnesium/steel bimetals obtained with and without
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Fig. 3 XRD patterns of the steel substrate with hot-dip aluminizing

hot-dip aluminizing, the high magnification SEM micro-
graphs and EDS analyses of the interfaces were carried out
in the present work, as shown in Fig. 6. Without the appli-
cation of the hot-dip aluminizing, the interface of the mag-
nesium/steel bimetallic composite has an evident large gap,
as shown in Fig. 6a, which is in good agreement with the
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Fig.4 Photos of the magne-
sium/steel bimetals obtained
with and without hot-dip
aluminizing: a without hot-dip
aluminizing, b with hot-dip
aluminizing

Fig.5 Optical micrographs of
the interfaces of the magne-
sium/steel bimetals obtained
with and without hot-dip
aluminizing: a without hot-dip
aluminizing, b with hot-dip
aluminizing

results of the macro-characteristic and optical micrograph of
the magnesium/steel bimetallic composite, exhibiting a poor
interface bonding. Figure 6b shows the EDS line scan of the
interface corresponding to Fig. 6a. According to Fig. 6b,
it is clear that there are no any diffusions at the interface
of the magnesium and steel, indicating that the magnesium
and steel have no metallurgical bonding. By comparison, a
uniform and compact interface layer is formed between the
magnesium and the steel with the application of the hot-
dip aluminizing, as shown in Fig. 6¢c. More higher magni-
fication SEM micrograph of the interface corresponding to
Fig. 6¢ shows that the interface layer is free from pore and
gap, and it is well combined with the magnesium and steel
matrixes, as shown in Fig. 6d. Moreover, the interface layer
close to the magnesium matrix exhibits a sawtooth morphol-
ogy, while it displays a flat morphology adjacent to the steel
matrix. The EDS line scan and map scan analyses of the
interface obtained with hot-dip aluminizing demonstrate that
the Al, Fe, Mg and Si elements have obvious diffusions at
the interface between the magnesium and the steel, as shown
in Fig. 6e, f, implying that the metallurgical bonding has
occurred when the hot-dip aluminizing process was adopted.
The EDS analysis method was used to further investigate the
chemical compositions of the interface layer, and Table 3
represents the EDS analysis results of the interface layer
corresponding to the points indicated in Fig. 6d. As can be
seen, the interfacial microstructure is mainly composed of
elongated crystals close to the magnesium matrix. Depend-
ing on the results of the EDS analysis and the AlI-Mg binary

phase diagram [35-37], as shown in Fig. 7, the elongated
crystals are confirmed to be the Al;,Mg,, phase, exhibit-
ing an irregular distribution at the interface. In addition to
the Al;,Mg,; phase, the interface layer is constituted by the
FeAl,, 7,,-AlgFe,Si; and Fe,Als phases, which successively
distribute from the Al;,Mg,, phase side to the steel matrix
side. Therein, the white phase with a thin thickness in the
interface layer is the 7,,-AlgFe,Si; intermetallic compound,
which primarily shows a banded distribution parallel to the
interface layer. While, the grey phases with a plate shape
are the FeAl; and Fe,Als intermetallic compounds, and they
have evidently wider thicknesses in comparison with the
T,0-AlyFe,Si; phase. Furthermore, compared the interfacial
microstructure of the Al coating on the surface of the steel
substrate during the hot-dip aluminizing process, it is found
that the t4-Al, sFeSi phase has disappeared at the interface
layer of the magnesium/steel bimetal.

Through the above investigations, it can be noted that the
hot-dip aluminizing obviously improves the interface bond-
ing of the magnesium/steel bimetal, resulting in a uniform
and compact metallurgical interface between the magne-
sium and the steel, which is constituted by the Fe,Als, 7,,-
AlgFe,Si;, FeAl; and Al;,Mg,, intermetallic phases.

3.3 Mechanical Properties of the Magnesium/Steel
Bimetal

Figure 8 shows the nano-hardness profile across the inter-
face of the magnesium/steel bimetal obtained with hot-dip
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Fig.6 SEM micrographs and
EDS analyses of the interfaces
of the magnesium/steel bimet-
als obtained with and without
hot-dip aluminizing: a, b SEM
micrograph and EDS line scan
of the interface without hot-dip
aluminizing, respectively, ¢, d
SEM micrographs of the inter-
face with hot-dip aluminizing,
e EDS line scan of the interface
with hot-dip aluminizing cor-
responding to d, f EDS maps of
the interface with hot-dip alumi- HV | Mag [Spot| WD | Det|
nizing corresponding to d Foa Wlkgad 5~
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Table 3 EDS analysis results of the interface corresponding to the
points indicated in Fig. 6d

Number  Element compositions (at%) Inference component
Al Fe Si Mg

1 45.69 1259 01.62 40.10 Al,Mg;,

2 45.69 1446 01.01 38.84 Al,Mg;,

3 3935 12.12 0145 47.07 Al,Mg,

4 6749 26.08 0644 - FeAl,

5 6598 2621 0781 - FeAl,

6 50.58 3327 1615 - T,9-AlgFe,Si;

7 70.37 2799 01.64 - Fe,Als

aluminizing. It can be seen that the interface layer has much
higher nano-hardnesses compared to the magnesium and
steel matrixes, especially for the magnesium matrix, and the
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average nano-hardnesses of the interface layer, magnesium
and steel matrixes are respectively 11.1, 1.1 and 4.2 GPa.
The above results also suggest that the metallurgical inter-
face between the magnesium and the steel has generated.
In addition, the nano-hardnesses of the interface exhibit a
slight decrease from the magnesium matrix side toward the
steel matrix side.

Figure 9 demonstrates the shear strengths of the mag-
nesium/steel bimetals obtained with and without hot-dip
aluminizing. The push-out response curves indicate that a
nearly linear loading first takes place prior to the drop of
an abrupt load, obtaining a maximum load, and a frictional
sliding finally occurs, in accordance with the findings of
other reports [38, 39]. It is obvious that the magnesium/
steel bimetallic composite obtained with hot-dip aluminizing
has a remarkably higher shear strength than the composite
obtained without hot-dip aluminizing, mainly as a result of
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Fig.7 Al-Mg binary phase
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Fig. 8 Nano-hardness profile across the interface of the magnesium/
steel bimetal obtained with hot-dip aluminizing

its superior metallurgical bonding. The shear strength of the
magnesium/steel bimetallic composite obtained with hot-dip
aluminizing reaches to 23.3 MPa, which increases by 8.59
times compared to that of the composite obtained without
hot-dip aluminizing. Thus, the hot-dip aluminizing signifi-
cantly enhances the interface bonding of the magnesium/
steel bimetal.

Figure 10 shows the shear fracture morphologies of the
magnesium/steel bimetals obtained with and without hot-dip
aluminizing, and the EDS analysis results of the shear-frac-
tured samples corresponding to Fig. 10 are listed in Table 4.
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Fig. 9 Shear strengths of the magnesium/steel bimetals obtained with
and without hot-dip aluminizing

It can be observed that the fracture surface of the shear
sample without hot-dip aluminizing displays a completely
flat morphology without any transformations, as shown in
Fig. 10a. The EDS results reveal that no any intermetallic
phases are detected in the fractured surface without hot-dip
aluminizing, and only the composition of the steel substrate
is found, as shown in Fig. 10b, and it means that only a slid-
ing debonding between the magnesium and the steel occurs
during the push-out test process. In the fractured surface
of the magnesium/steel bimetallic composite with hot-dip
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Fig. 10 SEM micrographs of
the shear-fractured magnesium/
steel bimetals obtained with and
without hot-dip aluminizing: a,
b without hot-dip aluminizing,
¢, d with hot-dip aluminizing

Table 4 EDS analysis results

Number Element compositions (at%) Inference component
of the shear-fractured samples
obtained with and without hot- Al Fe Si Mg O
dip aluminizing

1 - 90.59 - 05.72 03.69 Fe

2 46.44 - - 53.56 - Al,Mg,,

3 69.39 20.45 04.01 06.15 FeAl,

4 07.08 - - 92.92 Mg

aluminizing, a brittle fracture morphology with some flat
planes and transformations is observed, while the fractured
surface is rough compared to that of the sample without hot-
dip aluminizing, as shown in Fig. 10c. According to the EDS
results of the fractured surface, it notes that the fracture of
the magnesium/steel bimetallic composite with hot-dip alu-
minizing mainly initiates with the intermetallic phases in the
interface layer between the magnesium and the steel, such
as the Al;,Mg,,, FeAl; phases, and many crushed particles
are found in the fracture surface, as shown in Fig. 10d. As
the Al;,Mg,; and FeAl; intermetallic compounds belong
to the hard and brittle phases, they are easy to crack in the
interface layer when they are loaded [40]. Consequently, the
crack propagation path of the shear fracture preferentially
passes through these intermetallic phases in the interface
layer. Furthermore, the Mg is also detected resulting from
the peeling during the frictional sliding process.

@ Springer

Additionally, the fractured surface of the magnesium/steel
bimetallic composite with hot-dip aluminizing was further
analyzed using the XRD analysis method, and Fig. 11 illus-
trates the XRD patterns of the fractured surface. As can be
seen, the XRD analysis result also proves that the Al;,Mg,;,
FeAl;, Fe,Als phases are present in the fractured surface,
indicating that the fracture of the magnesium/steel bimetallic
composite with hot-dip aluminizing primarily takes place in
the interface layer.

Figure 12 exhibits metallographs of the side views of
the fractured magnesium/steel bimetals obtained with and
without hot-dip aluminizing in order to reveal the frac-
ture locations for different samples. As demonstrated in
Fig. 12a, b, it is evident that the side view of the frac-
tured surface of the sample without hot-dip aluminizing is
very straight, and only the steel substrate can be observed,
without any interface layers on the fractured surface, and
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Fig.11 XRD patterns of the fractured magnesium/steel bimetal
obtained with hot-dip aluminizing

it means that the fracture of the sample without hot-dip
aluminizing primarily initiates from the gap between
the magnesium and the steel, leading to a poor bonding
strength. While the side view of the fractured surface of
the sample with hot-dip aluminizing is very curve, and an
interface layer is obviously observed on the fractured sur-
face, as shown in Fig. 12c, d, indicating that the fracture
of the magnesium/steel bimetallic composite with hot-dip
aluminizing mainly occurs in the interface layer, which is
consistent with the results of the shear fracture morpholo-
gies and XRD patterns, resulting in the enhancement of
the bonding strength.

Fig. 12 Optical micrographs of
the side views of the fractured
magnesium/steel bimetals
obtained with and without hot-
dip aluminizing: a, b without
hot-dip aluminizing, ¢, d with
hot-dip aluminizing

4 Discussion

In this study, the interface bonding mechanism of the mag-
nesium/steel bimetal are proposed as follows. In the case
of the magnesium/steel bimetal obtained without hot-dip
aluminizing, the wettability of the magnesium and steel is
very poor due to their larger differences in the thermal phys-
ics properties. And, the solubility between magnesium and
iron is extremely small, and no any intermetallic compounds
are formed between the magnesium and the iron, according
to the Mg—Fe binary phase diagram (Fig. 13) [41]. What
is more, the steel is tend to oxidize, thereby generates the
oxide film on the surface of the steel substrate, preventing a
direct contact of the magnesium melt and the steel substrate.
The magnesium melt is difficult to spread on the surface
of the steel substrate. As a consequence, the larger gaps in
the interface of the magnesium/steel bimetal without hot-
dip aluminizing are formed, and the reaction layer between
the magnesium and steel is not generated, leading to a poor
mechanical bonding.

During the hot-dip aluminizing process, when the steel
substrate is immersed into the molten aluminum bath, the
Al, Si and Fe elements from the molten aluminum bath
and the steel substrate begin to inter-diffuse under a high
heat capacity of the molten aluminum. The complex dif-
fusion reactions occur among the Al, Fe and Si elements,
generating a continuous metallic transition on the surface
of the steel substrate. Because the Fe,Als intermetallic
phase has a low activation energy and 30% vacancy rate in
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Fig. 13 Mg-Fe binary phase
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the c-axis of the crystal structure, it makes the Al atoms to
diffuse much more rapidly inward, resulting in the prefer-
ential growth of the Fe, Al phase along the diffusion direc-
tion adjacent to the steel substrate [42]. Meanwhile, the
Fe,Al; intermetallic phase also obtains a larger fraction
in the reaction layer. With the further process of the diffu-
sion reaction, other intermetallic compounds may generate
according to the following reactions [43—46].

Fe, Al + Al — FeAl, )
L+ FeAl; = 75 + (Al 2
T+ T 2 T (3)
L+15— (AD) + 74 (@)
L — (Al + (Si) + 7, o)

where 1, T3, T5, T, T;o and 7;; represent respectively
Al,Fe,Si;, Al,FeSi, AlgFe,Si, Al, sFeSi, AlgFe,Si; and
AlsFe,Si phases [47, 48]. As a result, an intermetallic layer
is formed on the surface of the steel substrate, which is con-
stituted by the Fe,Als, t,(-AlgFe,Si;, FeAl; and t4-Al, sFeSi
phases successively from the steel substrate side to the top-
coat layer side. The topcoat layer that is located in the out-
ermost layer consists of the Al, as shown in Fig. 2. Here, it
should be pointed out that the formation of the intermetal-
lic phases during the hot-dip aluminizing process may be
determined by many factors, such as hot-dip aluminizing

@ Springer

temperature and time, chemical potentials, nucleation condi-
tions, surface roughness of the substrates, and compositions
of the alloys [47, 49].

For the case of the magnesium/steel bimetal prepared
with hot-dip aluminizing, the steel substrate has obtained
an intermetallic layer along with an Al topcoat layer prior
to the pouring process. Thus, the wettability between the
magnesium and the steel is significantly improved, and the
oxidation of the steel substrate can be also avoided, and the
liquid magnesium spreads more easily on the surface of the
steel substrate. Figure 14 draws a schematic illustration of
the metallurgical interface formation of the magnesium/steel
bimetal obtained with hot-dip aluminizing. Once the steel
substrate with an intermetallic layer and an Al topcoat layer
contacts with the molten magnesium melt, the Al topcoat
layer first is fused under the high heat capacity of the mag-
nesium melt. Simultaneously, the t4-Al, sFeSi intermetal-
lic phase close to the Al topcoat layer may be also melted
under a relatively long time high heat capacity, resulting in
the dissolution of the Al, Fe and Si elements in the magne-
sium melt, especially more Al atoms, as shown in Fig. 14b,
c. Because the affinity of the Al with the magnesium is
much larger than that of the Al with the Fe, and the Al and
magnesium have more similar melting points, the Al and
magnesium will preferentially react to form the Al,,Mg
intermetallic compound attached to the FeAl; phase in the
intermetallic layer, displaying an elongated crystal morphol-
ogy, as shown in Fig. 14d. Finally, an interface layer that
consists of the Fe,Als, 7,,-AlgFe,Si;, FeAl; and Al,Mg,
intermetallic compounds is formed between the magnesium
and the steel, obtaining a superior metallurgical bonding,
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Fig. 14 Schematic illustration (a) Al coating Residual Al (b) Al coating
of the metallurgical interface
bonding of the magnesium/steel .,
bimetal obtained with hot-dip o®
aluminizing: a Before pour- o®
ing, b Residual Al and t6 layer g
melting, ¢ Atoms diffusing, d Fe(s) Mg (D) Fe(s) ° Mg ()
Al,Mg,, layer forming e0®
kS
o
"
@
Fe)Als T FeAl; Ts FeAls TioFeAl; 15
Al coating Al Mgy,
© @ e
-0
-0
Fe (s) <o Mg() Fe () Mg (1)
-0
-0
FeyAls Tio FeAl; Fe;Al; Tio FeAly
O Mg ® Al @ Fe ® Si

thereby significantly improves the bonding strength of the
magnesium/steel bimetal. Therefore, the hot-dip alumi-
nizing plays an important role in enhancing the interface
bonding of the magnesium/steel bimetal. Here, it should be
pointed out that although the metallurgical interface remark-
ably increases the bonding strength of the magnesium/steel
bimetal in comparison with the mechanical bonding with
the gap, the high hardness Al;,Mg,, and FeAl; intermetal-
lic compounds are generally not desirable in the interface.
Consequently, our future work will focus on how to avoid
the brittleness and high hardness intermetallic phases in the
interface, aiming at further improvement of the bonding
strength of the magnesium/steel bimetal.

5 Conclusions

(1) Without hot-dip aluminizing, the larger gaps were pre-
sented through the whole interface of the magnesium/
steel bimetal, and no reaction layer between the mag-
nesium and the steel was generated, leading to a poor
mechanical bonding.

After the steel substrate was hot-dip aluminized, a com-
pact and uniform intermetallic layer was formed on the
surface of the steel substrate, which was constituted
by the Fe,Als, 7,,-AlgFe,Si;, FeAl; and t4-Al, sFeSi
phases successively from the steel substrate side to the
Al topcoat layer side.

2

(3) In the case of the magnesium/steel bimetal obtained
with hot-dip aluminizing, a compact and uniform inter-
face layer with an average thickness of approximately
17 pm that consisted of the Fe,Als, 7,,-AlgFe,Sis,
FeAl; and Al,Mg; intermetallic compounds was
formed between the magnesium and the steel, obtain-
ing a superior metallurgical bonding.

The interface layer had much higher nano-hardnesses
compared to the magnesium and steel matrixes, and the
average nano-hardnesses of the interface layer, magne-
sium and steel matrixes were respectively 11.1, 1.1 and
4.2 GPa.

The shear strength of the magnesium/steel bimetal
obtained with hot-dip aluminizing reached to 23.3 MPa,
which increased by 8.59 times in comparison with that
of the composites without hot-dip aluminizing. The
fracture of the magnesium/steel bimetal with hot-dip
aluminizing represented a brittle fracture nature, taking
place in the interface layer.
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