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a b s t r a c t

A new composite processing technology characterized by hot-dip Zn–Al alloy process was developed to
achieve a sound metallurgical bonding between Al–7 wt% Si alloy (or pure Al) castings and low-carbon
steel inserts, and the variations of microstructure and property of the bonding zone were investigated
under high-pressure torsion (HPT). During hot-dipping in a Zn–2.2 wt% Al alloy bath, a thick Al5Fe2Znx

phase layer was formed on the steel surface and retarded the formation of Fe–Zn compound layers,
resulting in the formation of a dispersed Al3FeZnx phase in zinc coating. During the composite casting
process, complex interface reactions were observed for the Al–Fe–Si–Zn (or Al–Fe–Zn) phases formation
in the interfacial bonding zone of Al–Si alloy (or Al)/galvanized steel reaction couple. In addition, the
results show that the HPT process generates a number of cracks in the Al–Fe phase layers (consisting
of Al5Fe2 and Al3Fe phases) of the Al/aluminized steel interface. Unexpectedly, the Al/galvanized steel
interface zone shows a good plastic property. Beside the Al/galvanized steel interface zone, the
microhardnesses of both the interface zone and substrates increased after the HPT process.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Aluminum alloys and steels are indispensable engineering
materials because they have good mechanical properties and rela-
tively low material costs in many applications [1]. As a result of
more stringent requirements for improved fuel economy and
emissions, there is a growing trend to substitute light alloy for con-
ventional steel or cast iron in the automotive industry [2]. Bimetal-
lic composites consisting of light alloys and steels/cast iron can
meet the need for high strength and reduce weight to improve fuel
economy and emissions, so they possess a great potential for future
developments in automotive technology [3–5].

In order to produce a bimetallic composite with good mechan-
ical properties, several composite casting techniques have been
applied. The chemical reaction is difficultly triggered between Al
and iron when pure Al melt is directly poured to surround the iron
insert without pretreatment [6]. Viala et al. [7,8] manufactured
bimetallic automotive components consisting of light alloys and
cast iron by using the combination of Al-Fin process and gravity
casting. Bouayad et al. [9] produced such bimetallic composites
using high pressure die casting. The crucial point in the composite

casting techniques is the liquid/solid interface between light alloys
and ferrous metals substrate. A good wettability of solid substrates
is essential in achieving good metallurgical bonding at the inter-
face. In order to improve the wettability of solid substrates, an
interlayer coated on the substrate surface has been a common
approach.

The Al-Fin process is a method of coating Al alloys on the sur-
face of ferrous metals by hot-dipping [7]. The Al-Fin bond is a bond
between an Al alloy and a ferrous metal. The effect of hot-dipping
bath composition on the morphology of the interfacial bonding
zone is important. The addition of Silicon into the Al alloy bath
has a significant influence on the continuous intermediate layer,
which not only produces flat morphology from the classical ton-
gue-shaped one in the interface between the intermediate layer
and the steel substrate, but also affects the growth of the interme-
diate layer [10–12]. In the liquid/solid diffusion couple, Si deceler-
ates the growth of g phase in the intermediate layer. In contrast,
Springer et al. [13] presented that Si can accelerate the growth of
g phase in the intermediate layer for the solid/semisolid diffusion
couples. The effect of Mn on the interface has also been studied.
Choi et al. [14] found that additional content Mn can make the
thickness of the intermetallic layer increase comparing to the Al
alloy without Mn at the interface between a low Si Al alloy and
STD61 steel. Our previous work [15] has also demonstrated that
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the addition of Mn facilitated the formation and growth of the
a-Al15(FexMn1�x)3Si2 phases and the growth of the continuous
metallurgical bonding layer at the Al–7 wt% Si/gray iron interface,
which can improve the properties of the Al/Fe interface.

On the other hand, there are many reports that zinc or zinc
alloys can also serve as a good interlayer former to achieve a sound
joint of dissimilar metals [16–19]. Various methods have been
investigated for coating the zinc or zinc alloy interlayers on the
surface of the base metal, such as electroplating [16], electroless
plating [17], and hot-dipping [18,19]. The zinc or zinc alloy inter-
layer can not only protect the base metal from oxide in air, but also
improve the wettability of the base metal. This creates a salutary
environment and conditions for interface reactions between dis-
similar metals. Zinc coating on steel is also used in numerous
applications especially in the automotive industry to improve the
corrosion resistance of steel used for car bodies [20]. Meanwhile,
many studies have been reported to join Al alloy to zinc-based
coated steel by laser welding-brazing (LWB), friction stir welding
(FSW), cold metal transfer (CMT), laser-tungsten inert gas (TIG)
hybrid welding, etc. [21–25], but very little work has been done
on the composite casting. How to achieve an excellent metallurgi-
cal bonding between Al alloys and low-carbon steel still is quite a
challenging subject.

In this study a new composite processing technology character-
ized by an auxiliary hot-dip Zn–Al alloy process was developed in
order to achieve a sound metallurgical bonding between Al alloy or
pure Al and low-carbon steel. In order to extent the application
sphere of the Al/steel bimetal composite under high pressure envi-
ronment, the variations of microstructure and properties were
investigated for the Al/aluminized steel and the Al/galvanized steel
samples after high-pressure torsion (HPT) process.

2. Experimental procedure

Steel samples (diameter 3 mm � length 100 mm) were cut out
from a low-carbon steel bar (containing 0.06–0.12 wt% C) coated
a pure zinc coating by electroplating. Prior to immersing the sam-
ples in liquid Zn–2.2 wt% Al bath at 723 ± 10 K for various time, all
the surface of the steel samples were polished in order to remove
surface ZnO layers and cleaned in ethanol. The thickness of the
electroplated zinc coating was approximately 5 lm after polishing.
Then, the hot-dip galvanized steel samples were moved away from
the liquid Zn–Al bath and fastened rapidly on a permanent mould
preheated at 473 K, respectively. Si, 0.3–0.45 wt.% Mg, 0.2 wt.% Ti,
and Al) was poured into the mould at 993 ± 10 K. These liquid
Zn–Al alloy, Al and Al–Si alloy were melted in an intermediate fre-
quency furnace and held at a setting temperature in a resistance
furnace.

The Al/steel samples were cut into small disks (diameter
10 � length 1.5 mm) for the HPT process. These small disks were
placed in a circular shallow hole of the lower HPT anvil, as shown
in Fig. 1 [26]. Then, the lower anvil with the disk sample was raised
to contact the upper anvil having the same shallow hole at the cen-
ter. While applying a pressure of 5 GPa at room temperature, the
lower anvil was rotated at a rotation speed of 1 rpm and the rota-
tion was terminated after 1 turn. In order to evaluate the effect of
the HPT process on the strength of the bonding interface, the Vick-
ers micro-hardness test (model DHV-1000) was performed along
the thickness direction of the original and treated samples with a
low indentation load of 10 g.

For the composition and microstructure analyses, vertical or
horizontal cross sections were prepared by successive grinding
and polishing. The vertical and horizontal cross section samples
were cut from the Al–Si alloy or Al/galvanized steel composite
and mounted using epoxy by a mounting press. In order to further

analyze the interfacial bonding zone, the interfacial microstructure
of each sample was examined using an optical microscope (OM)
and scanning electron microscopy (SEM). The phases were chemi-
cally characterized to evaluate the nature of the intermetallics
using energy dispersive spectroscopy (EDS).

3. Results

3.1. Growth and microstructure of the hot-dip galvanized coating

The hot-dip Zn–Al alloy process is a vital step for achieving a
sound metallurgical bonding between Al alloy castings and steel
inserts, so it is essential to study the growth and microstructure
of the hot-dip galvanized coating.

Fig. 2 exhibits SEM images of the vertical section of the steel
sample after hot-dipping in Zn–2.2 wt% Al melt at 723 K for 300 s
and the thicknesses of the hot-dip galvanized coating and the dif-
fusion layer as a function of hot-dip time. The average thickness of
the light gray Zn–Al coating on the surface of the steel substrate is
approximately 292 lm. The diffusion layer consisting of some dark
gray phases was formed in the interface between the Zn–Al coating
and steel substrate after hot-dipping. The dark gray phase exhibits
continuously graded morphology and is strongly attached to the
steel substrate. However, some pores exist in the region adjacent
to the steel substrate. They are attributable to the steel particles
dissolved from the steel substrate during hot-dipping and departed
during grinding and polishing. The other parts of the dark gray
phases exhibit dispersive distribution in the Zn–Al coating. The
microstructure of the interface between the Zn–Al coating and
steel substrate can be observed clearly in Fig. 2(b). The chemical
compositions of these interfacial phases were identified using spot
scanning of SEM-EDS, as shown in Table 1. According to the char-
acterization of the ternary solid phase in Al–Fe–Zn system [27,28],
the continuous layered phases were identified as Al5Fe2Znx, and
the dispersive phases were identified as Al3FeZnx. It can be seen
that the average thickness of the hot-dip galvanized coating
increases with increasing hot-dip time, and the average thickness
of the diffusion layer presents the same trend (Fig. 2(c)).

3.2. Observation of the Al/galvanized steel and Al–Si/galvanized steel
interfaces after pouring

The objective of this part is to analyse the effect of the different
composition of the Al melts on the microstructure forming at the
Al alloy casting/galvanized steel insert interface.

Fig. 3 presents the optical micrographs of the Al–Si/galvanized
steel and Al/galvanized steel interfaces obtained from the samples
poured from Al–Si alloy and pure Al melts, respectively. The

Fig. 1. Schematic of the HPT process.
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