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a b s t r a c t

Interfacial microstructure of Al/Mg light metals couples prepared by compound casting process was
studied. The interface consists of three different layers. The layers adjacent to the Al and Mg base metals
are mainly composed of Al3Mg2 intermetallic compound and (Al12Mg17þd) eutectic structure, respec-
tively, and the middle layer is mainly composed of Al12Mg17 intermetallic compound. A network of
periodic antiphase domains (APDs) was detected within the Al12Mg17 intermetallic compound at the
middle layer. The size of the APDs was not constant throughout the layer containing this intermetallic
compound and was depended on the amount of deviation from the stoichiometric proportion (SP) of the
Al12Mg17 intermetallic compound. It was found that by increasing the deviation from the SP the size of
the APDs of the Al12Mg17 intermetallic compound decreases and the density of the antiphase boundaries
(APBs) increases.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Increasing industrial interests for using cost-effective routes
for processing combined structures has led to the developing of
some economic methods, such as compound casting and twin roll
casting. Recently, Bae et al. [1] have used twin roll casting for
production of lightweight Al/Mg sheet metals by simultaneous
casting, cladding, and rolling processes. Compound casting is an
economic process which enables forming the shape of the product
and bonding other parts with complex structures to castings at
the same time. In this process two metallic materials e one in
solid state and the other liquid e are brought into contact with
each other. In this way, a diffusion reaction zone between the two
materials and thus a continuous metallic transition from one
metal to the other is formed [2]. Although many researchers have
studied the interfacial microstructure of Al/Mg joint in different
joining and bonding methods [3e7], formation of the interface of
Al/Mg couples in the compound casting process is still a relatively
unexplored area. Al3Mg2 and Al12Mg17 are reported to be the main
intermetallic compounds formed at Al/Mg interface in different
joining and bonding processes of these light metals [3,6,7]. These
intermetallic compounds and their structures determine the
All rights reserved.
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performance of the joint. Despite many researchers have studied
the interfacial microstructure of the Al/Mg joint in different
joining processes, few works have been conducted to study the
submicron structures of AleMg intermetallic compounds formed
at the Al/Mg interface. APBs are one of the planar crystal
imperfections which usually occur in ordered structures [8,9]. The
APBs which are a special type of stacking fault [9,10] separate
domains with opposite relative displacements of atoms and
otherwise identical physical properties named APDs [8]. APBs
constitute a network of structural defects of a crystal and because
of the surface tension of the interfaces (surface free energy), they
are in global disequilibrium with the crystal [9]. The APDs are
usually formed as a result of deformation or ordering in the
intermetallic compounds [9e13]. The later is usually referred as
thermal APDs [13]. This paper deals with the formation of the
AleMg intermetallic compounds and APDs at the interface of the
Al/Mg couples prepared by the compound casting process. The
reason for this work is to report on the microstructure of the
interface, and on the relation between domain size and chemical
composition.
2. Experimental procedures

In order to prepare the Al/Mg couples by the compound casting
process commercially pure Al (99.58 wt.%) and commercially pure
Mg (99.85 wt.%) were used. Cylindrical inserts with 20 mm diam-
eter and 100 mm height were machined from Al ingots. Their
s and antiphase domains in Al/Mg compound casting, Intermetallics

mailto:e_hajjari@iust.ac.ir
www.sciencedirect.com/science/journal/09669795
http://www.elsevier.com/locate/intermet
http://dx.doi.org/10.1016/j.intermet.2011.12.001
http://dx.doi.org/10.1016/j.intermet.2011.12.001
http://dx.doi.org/10.1016/j.intermet.2011.12.001


E. Hajjari et al. / Intermetallics xxx (2012) 1e52
surfaces were ground with silicon carbide papers up to 1200 grit,
then rinsed with acetone and placed within a cylindrical cavity of
a CO2 sand mold with 30 mm diameter and 80 mm height. Mg
ingots weremelted in a steel crucible under the FosecoMAGREX 36
covering flux, to protect Mg melt form oxidation. The molten Mg
was cast around the Al inserts at 700 �C under normal atmospheric
conditions (Fig. 1).

After casting process, microstructure characterization of the
Al/Mg joint was carried out on cross-section perpendicular to
the cylindrical Al insert using a JEOL JSM-7000F field emission
gun scanning electron microscope (FE-SEM) equipped with an
ATW2 Oxford Instrument energy dispersive X-ray spectroscopy
(EDS) detector. Specimens for SEM investigations were prepared
with a final oxide polish (OP-S) and etched by a 1% HF distilled
water solution on the Al side and a 1% HNO3 alcohol solution on
the Mg side. Thin foils for the TEM observations were prepared
by ion milling using a GATAN-691 Precision Ion Polishing
System. The presence of APBs was verified by means of two-
beam dark field imaging technique in a JEOL JEM-2100F trans-
mission electron microscope (TEM) operating at 200 kV. Quan-
titative analysis was carried out to determine the APD sizes at
different areas of the intermetallic compounds formed at the
interface.

3. Results and discussion

Fig. 2a shows a typical SEM micrograph and its corresponding
EDS line scan from the interfacial microstructure of the Al/Mg joint
in the compound casting process. As can be seen a relatively
uniform interface without any visible defect has been formed along
the Al/Mg interface.

The microstructure of the interface is composed of three
different layers. According to the EDS line scan in Fig. 2a, the layers
adjacent to the Al and Mg base metals are rich in Al and Mg,
respectively. In addition a concentration gradient of Al and Mg
elements can be seen at the middle layer. The elemental analysis
conducted in the different layers formed at the interface, showed
that the layer adjacent to the Al base metal consists of about 60
at.% Al and 40 at.% Mg. The SP of Al to Mg is 3:2, such a compo-
sition corresponds to the Al3Mg2 intermetallic compound. The
layer adjacent to the Mg base metal has a eutectic structure
composed of about 27 at.% Al and 73 at.% Mg. Combining with the
Fig. 1. Schematic sketch of the mold used for the casting process.
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AleMg binary phase diagram (Fig. 3a), this layer was estimated to
consist of the Al12Mg17 intermetallic compound and Mg solid
solution (d). Existence of such constituents at the interface has
been proved by using X-ray diffraction (XRD) in our previous
study [14].

Unlike the layers adjacent to the Al and Mg base metals, which
almost have constant chemical compositions, the concentrations of
the Al and Mg elements for different areas of the middle layer are
not constant and vary from about 49 at.% Ale51 at.% Mg to 41 at.%
Ale59 at.% Mg at the left and right side of this layer, respectively.
Considering the relatively wide range of the composition for the
Al12Mg17 intermetallic compound in the AleMg phase diagram
(45e60 at.% Mg) shown in Fig. 3a and non-equilibrium condition
for formation of the interface in the compound casting process, it
seems that the middle layer is mainly composed of the Al12Mg17
intermetallic compound.

More detailed observations by the FE-SEM (Fig. 2bed) and
TEM (Fig. 4a,b) in high magnifications, revealed a submicron
structure for the middle layer of the Al/Mg interface, which seems
to be related to the APDs formed during the non-equilibrium
solidification of the interface. HRTEM image in Fig. 4c recorded
from the area between two neighbor domains, shows atomic scale
structure of an APB in the Al12Mg17 intermetallic compound.

Selected area diffraction patterns (SADs) shown in Fig. 4d,e
which are taken at different diffraction lengths from a single
domain and multiple domains in Fig. 4a, respectively, confirm the
submicron structure in the middle layer is related to the body-
centered cubic Al12Mg17 intermetallic compound with lattice
parameter of 1.054 nm. Fig. 4f which is a higher magnification
view of the Fig. 4e indicates splitting of the diffraction spots of the
SAD obtained from multiple domains shown in Fig. 4a. The split-
ting of the spots in SAD is attributed to the formation of APBs
within the submicron structure of the Al12Mg17 intermetallic
compound. Several researchers have reported spot splitting of
diffraction patterns due to presence of APBs in the ordered
structures [17e19].

On the other hand according to the SEM micrographs shown in
Fig. 2bed, the size of the APDs is not constant and is depended on
the chemical composition of the Al12Mg17 intermetallic compound
at different areas of the middle layer. As a result, by increasing the
proportion of Mg:Al of the Al12Mg17 intermetallic compound from
the left to right side of the middle layer, the size of the APDs
increases and consequently the density of the APBs decreases.
Based on the linear quantitative analysis and measuring the mean
intercept length of the APD boundaries (APBs) [20], the average
APD sizes for the SEM micrographs shown in Fig. 2bed, are 47, 106
and 130 nm respectively.

This is in agreement with the TEM micrographs shown in
Fig. 4a,b. As can be seen in these figures, the size of the APDs for
the TEM micrograph shown in Fig. 4b with higher proportion of
Mg:Al (Fig. 4h) is considerably more than that is for the TEM
micrograph shown in Fig. 4a with lower proportion of Mg:Al
(Fig. 4g). Comparing the range of chemical composition for the
Al12Mg17 intermetallic compound formed at the middle layer
(about 49 at.% Ale51 at.% Mg to 41 at.% Ale59 at.% Mg) with the
stoichiometric composition of the Al12Mg17 intermetallic
compound (41.38 at.% Ale58.62 at.% Mg), and considering the
concentration gradient of the Al and Mg elements at the middle
layer of the interface (Fig. 2a), it can be concluded that the density
of the APBs is affected by deviation from the SP of the Al12Mg17
intermetallic compound. The density of the APBs at the right side
area of the Al12Mg17 intermetallic compound at the middle layer
(Fig. 2d) which has a chemical composition near the SP (about 41
at.% Ale59 at.% Mg, i.e. 0.65% deviation from the SP) is consider-
ably lower than the left side of this layer (Fig. 2b), with a chemical
s and antiphase domains in Al/Mg compound casting, Intermetallics



Fig. 2. SEM micrographs from the (a) interfacial microstructure of the Al/Mg couple prepared by the compound casting process and its corresponding EDS line scan, (b) area marked
A in Fig. 2a, (c) area marked B in Fig. 2a, (d) area marked C in Fig. 2a.

E. Hajjari et al. / Intermetallics xxx (2012) 1e5 3
composition of (about 49 at.% Ale51 at.% Mg, i.e. 12.99% deviation
from the SP). The Al12Mg17 intermetallic compound has a rela-
tively complex crystal structure with a Fd3m space group [16]. The
structure of this intermetallic compound is based on a body-
centered packing of Friauf polyhedra with Al on the T sites and
Mg on the D sites (Fig. 3b) [16]. Entering more than SP of the Al
atoms with different atomic radius than the Mg element into the
crystal structure of the Al12Mg17 intermetallic compound, can
bring about increasing the internal energy and instability of the
crystal structure. In order to meet the equilibrium condition,
a submicron structure composed of APDs and APBs is formed
within the Al12Mg17 intermetallic compound during the solidifi-
cation. In other words, based on the conservation of energy,
increasing the internal energy of the crystal due to extra Al atoms
Fig. 3. (a) AleMg binary phase diagram [15], (b) Crystal st
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in the crystal structure will be spent by surface free energy of the
APBs surrounding the APDs.

Studying the Al12Mg17 intermetallic compound within the
eutectic structure formed due to L ����!437 �C Al12Mg17 þ d eutectic
transformation [15] adjacent to the Mg base metal revealed no
submicron structure same as that seen for the Al12Mg17 interme-
tallic compound at the middle layer. This indicates that, the devi-
ation from SP is the main reason for formation of the APDs in the
Al12Mg17 intermetallic compound formed at the middle layer.
Furthermore for the Al3Mg2 intermetallic compound which has
a relatively narrow chemical composition range in the AleMg
binary phase diagram (Fig. 3a) and almost is formed at constant
chemical composition adjacent to the Al base metal (Fig. 2a), no
submicron structure was detected.
ructure of the Al12Mg17 intermetallic compound [16].
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Fig. 4. (a,b) Bright-field TEM micrographs of the Al12Mg17 intermetallic compound in two different chemical compositions, (c) HRTEM image, showing the atomic scale structure of
an APB in Al12Mg17 intermetallic compound, (d,e) SADs from a single domain and multiple domains in Fig. 4a respectively, (f) Magnified view of the SAD shown in Fig. 4e, (g,h) EDS
analysis corresponding to the TEM micrographs shown in Fig. 4a,b respectively.
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4. Conclusions

Interfacial microstructure of the Al/Mg light metals couples
prepared by the compound casting process consists of three
different layers. The layers adjacent to the Al andMg basemetals are
mainly composed of the Al3Mg2 intermetallic compound and the
(Al12Mg17þd) eutectic structure, respectively, and themiddle layer is
mainly composed of the Al12Mg17 intermetallic compound. A
submicron structure composed of APDs and APBs is formed within
the Al12Mg17 intermetallic compound at the middle layer due to
deviation from the SP. Increasing the deviation from the SP brings
about increasing the size of the APDs and decreasing the density of
the APBs formed within the Al12Mg17 intermetallic compound.
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