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A new liquid-phase bonding method was developed to establish a strong bonding between Al bearing Mg alloys and steels by intentionally
forming a thin and uniform reaction layer at the bonding interface. By adopting Ag as an interlayer between the Mg alloys and steel, Mg-Ag
eutectic melt is produced at 773K and nano-scale Fe-Al reaction layer is uniformly formed at the melt-steel interface during the isothermal
solidification of the melt which is driven by the diffusion of Ag into the Mg alloy. At the completion of the solidification, exceptionally strong
bonding, exceeding the yield strength of the base Mg alloys, is achieved. [doi:10.2320/matertrans.M2010359]
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1. Introduction

Mg alloys are the lightest commercial structural alloys
exhibiting excellent specific strength, and there is increasing
demand of applying Mg alloys to vehicles and other
structures.1–3) Combined with steels, they can greatly
contribute to weight reduction of structures with even higher
strength, rigidity and wear resistance.

For this purpose, the development of bonding methods
between Mg alloys and steels have been attempted. However,
owing to the large difference in melting points and the
low reactivity between Mg and Fe, it is difficult to bond
Mg alloys and steels by existing techniques, such as fusion
welding and diffusion bonding, and only a few studies have
reported successful bonding of Mg alloys and steels.4–7)

Friction stir welding (FSW) was recently applied and it
was demonstrated that a high joint strength can be achieved
by optimizing welding parameters.8–10) However, FSW is not
applicable to bonding of large planar areas, small compo-
nents or components having different geometries such as
curved surfaces.

In this study, we propose a new bonding method that
can achieve a strong bonding between Mg alloys and steels
within a short process time and can be applicable to a variety
of joint geometries.

2. Concept of New Bonding Method

A new bonding method suggested in this study is based
on a hypothesis that high bonding strength can be achieved
if a thin and uniform compound layer is formed between
Mg alloys and steels.11) Such compound is possible by a
reaction between alloying elements in Mg alloys, such as Al
and Zn, and Fe in steels. For the formation of the thin and
uniform compound layer, the nucleation of the compound
must occur simultaneously at the whole bonding interface,
which is not easily achieved in solid state because of slow
kinetics, and the introduction of a liquid is considered to be
critical to the uniformity of the compound layer. At the

same time, the liquid needs to disappear during the process
since the remaining of the liquid degrades the bonding
strength by promoting the growth of the compound layer11)

and forming a microstructure different from that of the
base metal. For these purposes, we employed a method in
accordance with the concept of transient liquid phase (TLP)
bonding.12–15)

In conventional TLP bonding, an insert metal which forms
eutectic melt with base metal is sandwiched between the base
metals, and the liquid phase is produced at a temperature
above the eutectic temperature. The liquid narrows as a result
of isothermal solidification, which is driven by the diffusion
of the insert metal element into the base metals, and is
entirely removed to complete the bonding of the base
metals.12) This process is usually used to join similar metals
so that the isothermal solidification can start from the both-
sides and terminate at the center.

For the joining of dissimilar, Mg alloys and steels, on the
other hand, there is no metal element that forms eutectics
with both Mg and Fe, and TLP process is only applicable to
Mg alloys from the view of joining temperature available.
We select Ag as an insert metal since it forms low-melting
eutectic melt with Mg and does not react with Fe. Between
Mg alloy and steel, Mg-Ag melt is formed at a temperature
above 473�C, the eutectic temperature, and then isothermal
solidification proceeds from the Mg alloy side as Ag diffuses
into Mg alloy. In case of Al bearing Mg alloys, Al is rejected
into the melt by partitioning of the solidification and diffuses
towards the melt/steel interface, where Fe-Al compound
layer is formed. Schematics of the process are given in
Fig. 1. It is noted that the activity of Al is low in the melt
but uniform at the melt/steel interface, which enables the
uniform formation of the compound layer at the interface.
When the liquid phase disappears by the completion of
isothermal solidification, bonding between Mg alloy and
steel is accomplished via the compound layer. We call the
process reactive TLP (r-TLP) bonding, hereafter.

The purpose of this research is to confirm the details of
the process experimentally and to examine the strength of
the dissimilar joints between Mg alloy and steel made by the
r-TLP bonding process.*Graduate Student, The University of Tokyo
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3. Experimental Procedure

Al-bearing Mg alloy, AZ31B-O (Mg-3mass%Al-
1mass%Zn), and a low-carbon steel (Fe-0.001mass%C-
0.16mass%Mn-0.22mass%Cu) were used for the bonding
experiments. Both alloying elements, Al and Zn, in the Mg
alloy can react with Fe, but as mentioned later, Fe-Al
compound was found to dominantly form at the bonding
interface in the r-TLP bonding. A cylinder of the Mg alloy
with a diameter of 8mm and a height of 6mm was piled on
a cylinder of the steel with the same figure. The bonding
surfaces were mirror-polished, and the surface of the steel
cylinder to be bonded was coated by pure Ag (99.5% purity)
with a film thickness of 1 mm by electron-beam deposition
before the piling. For comparison, pure Mg was also used
instead of the Mg alloy, and experiment without Ag coating
was also conducted. An external load of 10MPa was first
augmented in the normal direction to the bonding surfaces to
assure the contact of the bonding surfaces. Then the specimen
was heated up to 500�C by induction heating in a low vacuum
without the external load. The heating rate from room
temperature to 500�C was 40�C/s, and the specimen was
gas-cooled with He gas after the isothermal holding of 10
to 10000 s for bonding. Tensile test was carried out using a
mini-tensile specimen (5mm� 3mm� 12mm-L) machined
from the bonded specimen at a constant cross-head speed of
5� 10�1 mm/min. The tensile direction was normal to the
bonding interface.

4. Results and Discussion

Figure 2 shows the results of tensile test for AZ31/steel
joints obtained by r-TLP bonding for various bonding times
along with those for without the insertion of Ag (conven-
tional diffusion bonding) as well as that between pure Mg
and the steel obtained by r-TLP bonding. The maximum
tensile strength was obtained at the r-TLP bonding of the

Mg alloy and steel with Ag insertion for 100 s, where the
fracture was in the Mg alloy while it was at the bond interface
for all the other joints. It is clearly seen that r-TLP process
with Ag insertion gives improved bonding over that without
any insertion and that the use of Al-bearing AZ31 gives
improved bonding over the use of pure Mg.

Microstructures and distribution of Al and Zn at the
bonding interface of the AZ31/steel joints established by r-
TLP bonding are shown in Figs. 3(a) to 3(c). At a bonding
time of 10 s (Fig. 3(a)), it is suggested melt remained in
bounding area prior to gas cooling. It is noted that the melted
area is thicker than the original thickness of Ag insertion,
1 mm, because of eutectic melting with the Mg alloy and that
isothermal solidification is seen to have already started at the
time. After a bonding time of 100 s, the melt could no longer
be seen, and the uniform formation of several-tens-nm-thick
reaction layer was observed along the bonding interface
(Fig. 3(b)). The thickness of the reaction layer increased in
the solid state with increasing bonding time (Fig. 3(c)). The
distributions of Al and Zn revealed that the reaction layer is
enriched in Al (Figs. 3(a)–3(c)). Even the bonding time of
10 s, the enrichment of Al is seen at the melt-steel interface,
and detailed SEM observation indicated that the tiny but
uniform reaction layer had already formed at the interface.
It is noted that the TLP process between the Mg alloy and
Ag was confirmed by measuring the change in thickness of
the melt with time and by measuring diffusion profile of Ag
in the Mg alloy in the boding specimens with the insertion of
thicker Ag; details of the confirmation are to be published
elsewhere. Figure 3(d) shows the microstructure of the
bonding interface of AZ31/steel joint made by conventional
diffusion bonding for 1000 s without any insertion. The
reaction product which is composed of Al was also formed at
the bonding interface, but it was coarse and not uniform
because limited nucleation in the solid state.

Comparing changes in joint strength with bonding time
in Fig. 2 with changes in microstructure of bonding area, we
find that both the existence of melt region and a thicker
reaction layer degrade the joint strength. The microstructure
after the bonding time of 100 s shows that the melt no longer
remains but the thinnest continuous reaction layer forms,
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bonding and diffusion bonding, accompanied with that of the pure Mg/

steel by r-TLP bonding.
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which resulted in the highest tensile strength. This is also
supported by a previous study showing that the strength of
diffusion bonded Fe/Al joint decreased as the Fe-Al reaction
layer thickness at the interface increased.11) The tensile
strength of the AZ31/steel joint without the insertion of Ag
was much lower than that obtained by r-TLP bonding with
the insertion of Ag for all bonding times.

Figures 4(a) and 4(b) show the fracture surfaces of the
strongest AZ31/steel joint established by r-TLP bonding,
while Figs. 4(c) and 4(d) show those of the diffusion bonded
sample obtained by a bonding time of 100 s. For the r-TLP
bonded sample, ductile fracture was clearly observed

throughout the fracture surface on the Mg alloy side
(Fig. 4(a)) and the tiny reaction product completely conceal-
ing the steel surface was observed through the thin layer of
Mg alloy residue on the fracture surface on the steel side
(indicated by arrows in Fig. 4(b)). These results show that
the ductile fracture propagated through the base Mg alloy
adjacent to the interface of the AZ31/steel joint. On the other
hand, most of each fracture surface was composed of
cleavage surface for the diffusion bonded sample (Figs. 4(c)
and 4(d)). Figure 4(e) shows the results of X-ray diffraction
(XRD) analysis for the fracture surfaces, which indicate that
the reaction product was composed of Fe2Al5, an interme-
tallic compound of Al and Fe. For the longer bonding time,
only the compounds of Fe-Al binary system were detected,
and the increased fraction of more Fe rich phase had been
indicated, which is consistent with the conventional diffusion
bonding between Fe and Al.11) It is indicated that the
formation of the thin, uniform compound layer at the bonding
interface contributes to the high joint strength for the Mg
alloy/steel joints achieved by r-TLP bonding.
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5. Conclusions

A new bonding method, reactive transient liquid phase
bonding, is proposed as a means of establishing an excep-
tionally strong joint interface between dissimilar metals in
a short process time by intentionally forming a thin and
uniform compound layer between the components to be
joined via the formation of a transient liquid interlayer. By
applying this method to the bonding of AZ31 Mg alloy and
low-carbon steel using Ag as an interlayer, it was demon-
strated that Fe-Al intermetallic compound layer was uni-
formly formed at the bonding interface and a high joint
strength was achieved in a considerably reduced process time
compared with that required for the conventional diffusion
bonding method.
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