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Bonding of immiscible systems is difficult due to the sharp interface and high interfacial energy. A nanoscale transition layer with
lattice matching to both sides could be a solution. To examine this hypothesis, Mg and Fe were successfully bonded by a precoated
nanoscale Fe,Als layer, which in crystallographic terms matched well with both lattices. The interplanar mismatches of both Fe,Als/
Fe and Fe,Als/Mg interfaces were less than 5% and both interfaces were found to be semicoherent.
© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Interfaces of immiscible systems are encountered
in many situations, such as in layered structures, com-
posites, welds and castings [1-3]. Immiscibility results
in an atomically or compositionally sharp interface (no
intermixing or transition layer) and weak bonding oc-
curs when the lattice mismatching of the two immiscible
elements/compounds is large [4]. In this case, if a transi-
tion layer is placed at the interface which is coherent or
semicoherent with both sides, the interfacial energy of
the immiscible phases can be reduced and a much better
bond formed. The objective of this paper is to examine
bonding of two immiscible metallic systems by a transi-
tion layer which is structurally matched well with both
sides.

Mg and Fe were studied as a model because Mg-Fe is
a typical immiscible couple which has extremely low
(<0.00041 at.%) mutual solid solubility and no com-
pounds form on the Mg—Fe phase diagram [5]. Crystal-
lographic analysis has shown that the lattice mismatch
of Fe and Mg is very large [6]. Most recently, it has been
found that the Mg/Fe layered structure is a potential
magnetoelectronic [7] and hydrogen storage structure
[1]. Moreover, Mg/Fe interfaces may also occur in weld-
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ing (dissimilar welding of Mg to steel) [2] and casting (Fe
particles induce heterogeneous solidification of Mg al-
loy) [8]. Wang et al. found that a nanoscale Fe,Als layer
epitaxially nucleated on Fe substrate during a hot-dip-
ping galvanizing process and the Fe,Als/Fe interface
has a low energy with good match of lattice sites [9]. If
Fe,Als can match well with Mg, this nano-Fe,Als layer
could be a transition layer to bond Fe to Mg.

The lattice matching between Fe,Als and Mg was
analyzed first in this study in order to demonstrate that
in theory Fe,Als could be a potential transition layer be-
tween Mg and Fe. Based on the lattice parameters
a=0.7649 nm, b=0.6413nm and ¢=0.4217 nm for
orthorhombic  Fe;Als and «¢=0.3209nm and
¢ =0.5211 nm for hexagonal close-packed Mg, the pos-
sible matching planes and matching directions of Fe,Als
and Mg are shown in Table 1. The interplanar and inter-
atomic misfits for this system are calculated by:
5= 1ol

ay
where Aqy is the difference between the interplanar or
interatomic distances of the two phases, and aq is the
respective interplanar or interatomic distances of
Fe)Als. In the (2110)y, // (010)g, s, and (2110),
/I (112)g, 5, directions, the interface between Fe,Als
and Mg is semicoherent [10]. The interplanar mismatch-
ing of {0002}, // {021}, and {0112}, //
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Table 1. Possible matching planes and directions of Fe,Als and Mg.

Matching planes or directions {0002} vy, // {OITE}Mg // (4220>Mg // (4220)Mg //
{021} pe, A {002} g, a4 (010} e, al5 (112)pe, a1

d-Spacing (mm)

Mg 0.261 0.190 0.642 0.642

Fe,Als 0.255 0.211 0.642 0.654

Mismatch (%) 2.0 9.8 0 1.8

{002}, 4, is also small. This crystallographic matching
suggests that Fe,Als can be a suitable solution for use as
a potential transition layer to bond immiscible Mg and
Fe.

A galvanized steel, which was stated by the supplier
to have a Fe,Als layer between the Zn coating and the
steel, was used in this study. In order to confirm the
presence of the Fe,Als, the free Zn and Zn-Fe com-
pound layers of the as-received steel were removed using
fuming nitric acid (HNOj3), which would leave the Al-Fe
layer on the surface if it existed [9,11]. The etched sur-
face was analyzed by energy-dispersive spectrometry
(EDS) and X-ray diffraction (XRD). The EDS analysis
showed that the surface contained approximately an
average of 20 at.% Al and 80 at.% Fe. This result con-
firmed that Zn was totally removed from the surface
of the steel and the layer was Al-Fe intermetallic com-
pound (IMC). Because this IMC layer was extremely
thin (of the order of hundreds of nanometers) [9] and
the EDS X-rays were generated in a region a few
micrometers in depth, the percentage of Al determined
by EDS was actually lower than that of the Al-Fe
IMC. XRD analysis of the etched steel surface was per-
formed in order to identify the IMC phase, as shown in
Figure 1. The Al-Fe IMC layer was identified as Fe,Als:
five peaks, including the first three strongest peaks of
Fe,Als, 1.e. (020), (221) and (002), were well matched.
This confirmed that Fe,Als; phase existed between the
Zn coating and steel. The two other peaks, around
21.5° and 71.5°, are similar in intensity to the identified
Fe,Als peaks. The peak around 71.5° was noise as con-
firmed by the XRD raw data. No metallic phases were
found to match well with the peak at around 21.5°. It
is hard to identify this single peak, but it is believed that
it does not affect the existence of Fe,Als phase.
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Figure 1. X-ray results of Zn-coated steel surface after etching by
fuming HNO;.

The Zn-coated steel and AZ31 Mg alloy were welded
using a medium-frequency DC resistance spot-welding
machine. For the purpose of comparison, bare steel
(Zn and Fe,Als mechanically removed) was also welded
to AZ31 Mg alloy using the same welding parameters.
Details of the welding process have been provided in
our previous report [2]. A transmission electron micros-
copy (TEM) foil of the solid-state joined region (no
melting of Mg was observed by scanning electron
microscopy) was prepared using the focused ion beam
technique according to an in situ lift-out method. Once
the TEM foil had been attached to the grid, final thin-
ning was performed on the lamella, initially at an accel-
eration voltage of 30 kV, and finally at a low voltage of
1 kV since the milling of the Mg matrix is much faster
than that of steel. Details of the ion-milling procedure
can be found in Ref. [12].

Table 2 compares the mechanical strength of Mg/
steel dissimilar joints made with and without the Fe,Al;
layer on the steel surface. It can be seen that without a
Fe,Als layer, Mg and steel cannot be joined and the
joint strength was almost 0 kN. With the Fe,Als layer,
the joint strength was 4.8 kN, which is comparable to
the strength of a Mg/Mg joint [13].

Figure 2 shows the interface of the Mg/steel joint ob-
served by TEM. A continuous nano-interlayer (100-
200 nm thick) was found, as shown in Figure 2a. The
EDS line scanning indicated that the interlayer was
composed of Al and Fe, as shown in Figure 2b. The se-
lected-area electron diffraction pattern (SADP) of the
nano-interlayer (top-left in Fig. 2a) identified it as
Fe,Als. Since no melting of Mg was found in this region,
the peak temperature during joining was below the liqui-
dus of AZ31 Mg alloy (~660 °C). The melting tempera-
ture of Fe,Als is 1169 °C. Hence the Fe,Als coating did
not melt during joining.

The orientation relationships (ORs) of the Fe,Als/Fe
and Fe,Als/Mg heterophase interfaces were sequentially
determined by a series of SADP and high-resolution
TEM (HRTEM) examinations. The SADPs in Figure 3a
were taken in the same direction and without tilting,
along the zone axis of [113];, and [110]g_,, . The dif-
fraction spot of (002) of Fe,Als was found to be super-
imposed with that of (110) of Fe as shown in Figure 3a.
This indicated that the crystallographic plane relation-
ship between the Fe and Fe,Als was (002)p, . //
(110)g,. No overlapping diffraction spot from the

Table 2. Tensile shear load of Mg/steel dissimilar joints.
With Fe,Als Without Fe,Als (bare steel)
Load (kN) 4.8 0
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Figure 2. TEM observation and diffraction pattern of the Mg/steel
welded interface: (a) interface of bonded Mg and Fe with a Mg/
Fe,Als/Fe structure; (b) EDS line scanning of the Mg/Fe interface.

Fe,Als/Mg interface was observed. However, under
HRTEM it was found that the OR of Fe,Al; and Mg
was (002)g, A, // (0112)y, (Fig. 3b). As shown in Ta-
ble 1, the calculated interplanar distances of (002)p, a4
and (()1 12),,, were 0.211 and 0.190 nm, respectively.
The measureé values were 0.21 nm for both (110),
and (002), ;. and 0.20 nm for (01 12)y,. The ob-
served interplanar mismatching of Fe2A15/Fe and
Fe,Als/Mg heterophase interfaces were 0% and 4.8%,
respectively.

According to the edge-to-edge matching model, the
matching directions and matching planes are normally
the close-packed or nearly close-packed directions and
planes [6]. The (110)g,, (002)g,, 4, and (01 12)y . Planes
are low-index planes and among ‘the possible or nearly
close-packed planes of those phases. Figure 4a—c shows
the atomic arrangement of the (110)g,, (002),, 4, and
(01 12) planes, respectively. For the FezAl5/PZe inter-
face, the diffraction patterns show that [l 13]g. //
[110]g,a;.- By overlapping Figure 4a and b with
11 3 Ipe /f 110], 5, it can be seen that a semicoherent
1nterface ex1sts i’ the [111]p, and [110], ,al; directions,
as shown in Figure 4d) The calculated misfit of
[113], and [1 10,51, is 5%. Disregarding the small
misfit, the overall interface corresponds nearly to a X4
boundary and can be a low-energy interface [9]. In short,
the Fe,Als and Fe matched well with the OR [110]; .
/I 1T 1]y, and (002)y . // (110)y,.

According to the zigzag atom- matchmg model [14], if
the distance of an atom to a plane is less than the atomic
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-
- -
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Figure 3. Orientation relationships of the Fe,Als/Fe and Fe,Als/Mg
interfaces: (a) diffraction patterns, incident beam parallel to [110]g,, ),
and [113]g,; (b) HRTEM of Fe,Als and Mg.

radius, that atom can be considered as one of the atoms
in that plane. Figure 4c shows the atomic arrangement
of the (0112),, plane, in which the black spots are
atoms of (01 12)Mg and the grey spots are those at a dis-
tance of 0.063 nm from the (0112),,, plane (the atomic
radius of Mg is 0.16 nm). The [010],, . and [100],, (or
[2110]y, o) directions are the closest or near closest
packed directions in the planes. The atomic distances
of the two directions are 0.642 and 0.321 nm, respec-
tively. By overlapping Figure 4b and ¢, a semicoherent
interface can be observed in the [010]g, ,. and
[100]y,, directions, as shown in Figure 4e. Tilerefore
the Fe,Als and Mg can match well with the OR of
010l p,, // [100)y and (002) . // (0112),,

These ﬁndmgs can also help us to better understand
the grain refinement effect of Fe on Al-containing Mg al-
loys. Cao et al. [8] have reported that adding Fe to cast-
ing pools of Mg alloys AZ31 (3 wt.% Al) and AZ91
(9 wt.% Al) casting pools can refine the grain size to half
its former size [8]. Cao et al.’s experimental results fur-
ther showed that particles present in the central regions
of the equiaxed Mg grains were simultaneously Al and
Fe rich. Since crystallographic matching between nuclei
and matrix is critical for heterogeneous nucleation, the
lattice-matching analysis in this study suggests that
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Figure 4. Atomic arrangement of (110)g,, (002)g, ,,, and (01
(002)p,, and (0112),,,.

those Al-Fe particles may be Fe,Als which led to heter-
ogeneous nucleation during solidification and refined
the grain size.

In summary, immiscible Mg and Fe were successfully
bonded via a nanoscaled Fe,Als transition layer that
had been coated onto the Fe surface. As-expected,
low-energy interfaces with well-matching lattice sites
were observed. The ORs of the Fe,Als/Fe heterophase
interface were [110], . // [111]g, and (002)g, A 1
(110)g.. The ORs of 2he Fe,Als/Mg heterophase inter-
face were [010],, // [100]y, and (002)g . //
(01 12) . The finding of a welf matched Fe2A157Mg
heterophase interface can also explain the heterogeneous
nucleation of a-Mg during solidification of Al-contain-
ing Mg alloys with added Fe.
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