
Introduction
To improve fuel efficiency, aerospace

and automotive industries have strived
for component weight reduction. One
of the common approaches to reducing
the weight of structural components is
the use of light Al and Mg alloys. Re-
sistance spot welding (RSW) is com-
monly used in both automotive and
aerospace industries. With the in-
creased use of Al and Mg, there is a
pressing need for a technology to pro-
duce dissimilar Al/Mg joints, preferably
with RSW since this technology is al-
ready prevalent in those industries. Di-

rect welding of Al to Mg usually results
in formation of hard and brittle inter-
metallic compounds and poor quality
welds (Refs. 1–3). Employing an inter-
layer is a promising approach to over-
coming this problem. Numerous
studies investigating Al/Mg joints made
with different interlayers such as Zn
(Refs. 4–8), Ni (Refs. 9, 10), Ce (Ref.
11), Ti (Ref. 12), and others (Refs. 13–
15) can be found in the literature. Most
of the studies reported that employing
an interlayer reduced the amount of
brittle Al-Mg compounds and improved
mechanical properties of the joints. At
the moment, Zn is the most studied in-

terlayer for Al/Mg joining. All the stud-
ies that employed a Zn interlayer re-
ported the addition of Zn greatly
improved weld strength, especially
when Al and Mg were completely sepa-
rated (Ref. 8). Besides Zn foil, the use of
a Au-coated Ni interlayer has also been
studied in detail (Ref. 16). Though this
study showed some promising results,
there is still a need for alternative inter-
layers with lower cost and better avail-
ability. Another strong candidate for
the interlayer for Al/Mg RSW is hot-dip
galvanized Zn-coated steel. Recent
studies on joining of Mg to galvanized
steels reported Mg can be successfully
joined to galvanized steels by RSW
(Refs. 17, 18), due to the presence of an
ultrathin Fe-Al intermetallic layer that
always forms between the Zn coating
and steel during the galvanizing
process (Refs. 19, 20). Literature also
indicates that Al can be easily spot
welded to steel due to formation of a
continuous Fe-Al reaction layer during
welding (Refs. 21–23). Therefore, it is
of interest to study dissimilar RSW of
Al to Mg with Zn-foil and Zn-coated
steel interlayers.

Experimental 
Welding specimens used in this study

were sheets of Mg alloy AZ31B-H24 and
Al Alloy 5754-O, with nominal ultimate
tensile strengths of 285 and 215 MPa,
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ABSTRACT

      Resistance spot welding of AZ31B Mg alloy to Al Alloy 5754 was studied using Zn
foil and Zncoated steel interlayers. Mechanical properties and microstructure of the
welds were analyzed. The strength requirements of AWS Standard D17.2 could not be
met when a Zn foil interlayer was used. However, acceptable joint strengths were
achieved using a Zncoated steel interlayer, since the steel remains solid and can suc
cessfully keep Al and Mg from mixing. An ultrathin FeAl layer present at the Zncoat
ing interface of the steel interlayer promoted metallurgical bonding at both Al and
Mg alloy interfaces. Welds made with Zncoated steel interlayers met the strength
requirements of the AWS standard and reached 74% of the strength of comparable
AZ31B similar resistance spot welds.

Highstrength dissimilar Al/Mg joints can be produced by 
resistance spot welding with an interlayer
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respectively (Refs. 24, 25). Dimensions
of the Al and Mg alloy welding coupons
were 100 × 35 × 2 mm. Commercially
pure Zn foil with thickness of 0.25 mm
and hot-dip galvanized HSLA steel with
thickness of 0.7 mm were used as inter-
layers in this study. Interlayers of both
types were 20 × 20 mm in size. In our
previous study (Ref. 26), Zn/steel inter-
face of the steel interlayer used in this
study was examined and it was found
that there is an increase in Al content
between the Zn coating and the steel.
This confirms the presence of a
nanoscale layer of Fe-Al intermetallic in
the galvanized steel used in this study.
The thickness of the Zn coating was 10
μm on both sides of the steel sheet.

A MFDC resistance spot welding ma-
chine was used in the current study
with the following parameters: welding
current in a range of 16–32 kA, 5 cycles
welding time, and 4-kN electrode force.
Type FF25 electrode caps were used and

had a spherical ra-
dius of 50.8 mm
and a face diame-
ter of 16 mm,
manufactured
from Cu-Cr-Zr
alloy. After weld-
ing at least three
coupons for each

welding condition, they were tested on
an Instron tensile shear test machine.
Metallographic weld coupons and the
fracture surface of the samples were an-
alyzed using optical and scanning elec-
tron microscopy (SEM). Nugget sizes of
welds were measured from cross sec-
tions, with three measurements for
each welding condition. Vickers micro-
hardness test was performed along the
diagonal across the weld. Each indenta-
tion was made with a 100-g load and
15-s indentation time, with the distance
between each indentation equal to 0.25
mm.

Results and Discussion
Mechanical Properties

The use of a 0.25-mm-thick pure Zn
foil interlayer was first attempted with
welding currents of 16 to 32 kA. Joint

strengths could not meet the require-
ments of AWS D17.2, Specification of
Resistance Welding for Aerospace Appli-
cations, and it is likely that extensive
intermetallic formation occurred in
the nugget. This was evidenced by mi-
crohardness values of 224 to 304 HV
in the nugget zone. Since poor quality
welds were produced with a Zn-foil in-
terlayer due to mixing of Al, Mg, and
Zn, a Zn-coated steel interlayer was
considered instead to prevent the mix-
ing of the molten Al and Mg alloys. 

Figure 1 shows the relationship be-
tween nugget size and welding current
for welds made with the Zn-coated
steel interlayer. It was noted that the
nugget on the Mg side always was
larger than that on the Al side. The
same observation was made in our
previous study, which investigated ef-
fects of Ni-based interlayers on Al/Mg
resistance spot welds (Ref. 16). Al
5754 alloy has lower electrical resistiv-
ity and higher thermal conductivity
(49 nΩm and 147 W m–1 K–1, respec-
tively)(Ref. 25) compared to AZ31B
Mg alloy (92 nΩm and 96 W m–1 K–1,
respectively) (Ref. 25), which would
lead to lower heat generation and
greater heat losses on the Al side.
Therefore, smaller nugget size should
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Fig. 2 — Correlation between peak load and welding current
during RSW of Al to Mg with Zncoated steel interlayer.

Fig. 3 — Hardness distribution across Al/Mg weld made with a Zn
coated steel interlayer and 28kA welding current.

Fig. 1 — Correlation between nugget size on Al and Mg sides and
welding current during RSW with a Zncoated steel interlayer.

Fig. 4 — Typical Al/Mg weld made with a Zncoated steel in
terlayer and 28kA welding current.
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be expected at the Al side of the weld.
During tensile shear testing, sam-

ples made with all welding currents
failed at the Al/steel interface, sug-
gesting that the Mg/steel interface
was stronger. As shown in Fig. 2, welds
made with a welding current of 28 kA
and higher easily met the strength re-
quirements of AWS D17.2. The aver-
age peak load reached 74% of the
comparable AZ31B similar joints
(Refs. 27, 28). Welding currents >32
kA were not investigated since these
would likely begin to promote 
expulsion. 

Figure 3 shows hardness distribu-
tion across a typical Al/Mg weld made
with a Zn-coated steel interlayer. It
can be observed that hardening did
not occur either in the Mg or Al alloy
fusion zones, which suggests that for-
mation of a large amount of brittle in-
termetallics was avoided. This was
expected since the steel interlayer re-
mained solid and separated the Al and
Mg from mixing and intermetallic for-
mation, and also suggests that negligi-
ble intermetallics were formed
involving Zn due to the low quantity
of this element originating from the
coating.  

Interfacial Microstructure
and Fracture Morphology
Al/Steel Interface

Interfacial Microstructure

Figure 4 shows an optical micro-
graph of a typical Al/Mg weld made

with a Zn-coated steel interlayer.
There were much more interfacial de-
fects such as voids at the Al/steel in-
terface than at the Mg/steel interface,
which is believed to contribute to weld
fracture at the Al/steel interface. 

There are three distinct zones in the
Al/steel interface such as shown in Fig.
5. The interface inside the fusion
nugget was denoted as AS-I, the re-
gion adjacent to the nugget as AS-II,
and the region where welding occurred
through the Zn-rich phase, as zone
AS-III. 

Details of the Al/steel interface at
zone AS-I are shown in Fig. 6 (Table
1). Figure 6A–C shows the center of a
nugget while Fig. 6D shows the edge
of zone AS-I (edge of the fusion zone).
None of the Zn coating can be found
between the Al and steel anywhere in
zone AS-I. Zinc was melted and
squeezed from the nugget due to its
low melting point (420°C) (Ref. 24). 

Microstructures of the interface at
the center of the nugget (Fig. 6B) ex-
hibit a distinct Al-Fe reaction layer
with an average thickness of 1.3 μm.
From Fig. 6C, it can be seen that voids
were located close to the Al-Fe reaction
layer. Almost no voids were observed
at the edge of the nugget, while the Al-
Fe reaction layer still was present.

However, the average thickness of the
reaction layer at the edge of the fusion
nugget was 0.65 μm, which is half of
that in the center. Qiu et al. (Refs. 21–
23) also found that in dissimilar RSW
of Al to steel, the thickness of the Al-
Fe reaction layer decreases from the
center to the edge of a nugget, and
they explained this by the fact that
more heat usually generates at the
center of a resistance spot weld, which
results in formation of a thicker reac-
tion layer in the center. This also likely
accounts for the variation in the reac-
tion layer thickness observed in the
current study. It is obvious that the
Fe-Al reaction layer at the Al/steel in-
terface formed due to the reaction be-
tween molten Al and steel surface
during the welding, since the ultrathin
Fe-Al layer prefabricated between Zn-
coating and steel before welding was
much thinner than 0.65 μm. Overall, a
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Fig. 5 — Location of the zones that ex
hibit different interfacial microstruc
tures in an Al/Mg weld made with a
Zncoated steel interlayer and 28kA
welding current.

Fig. 6 — Al/steel interface of zone ASI from Fig. 5: A — Center of ASI; B — details of A
from A; C — details of B from A; D — zone ASI close to the boundary with ASII.

Weld Interface

Table 1 — EnergyDispersive XRay Analysis
Quantification of Different Areas in Fig. 6 (wt%)

Spectrum Al Fe Mg Zn

1 42.4 57.6 — —
2 60.6 36.0 3.4 —

A

C D

B
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reaction layer observed at the Al/steel
interface (Fig. 6) should not severely
deteriorate the strength of the joints
since cracks were not observed, and
the maximum thickness of inter-
metallics did not exceed 1.3 mm. It
was reported by Qiu et al. (Ref. 23)
that only Al-Fe reaction layers thicker
than 1.5 μm can negatively influence
the strength. 

Figure 7A shows the Al/steel inter-
face at the region adjacent to the
nugget (which was marked as AS-II in
Fig. 5). Some discontinuous Al-Fe reac-
tion products can also be observed at
the interface. None of the Zn coating
layer can be found at this region, sug-
gesting that Zn was squeezed further
to zone AS III and beyond. 

Figure 7B shows the Al/steel inter-
face at zone AS-III. It can be seen that
a significant reaction occurred be-
tween the Zn coating and Al sheet in
the region. The Zn-Al reaction layer in
the region was approximately 50 mm
thick, which is five times larger than
the thickness of the original Zn coat-
ing. Zinc likely was squeezed from the
fusion nugget (zone AS-I) toward the
outer nugget region (zone AS-II) and
to zone AS-III where it reacted with Al.
Microstructure of the Zn-Al reaction
layer suggests that it was formed by an
interdiffusion process. Welding in the
region occurred through this Zn-Al re-

action product. 
Figure 7C shows the region be-

yond zone AS-III. A thick layer of Zn-
rich phase (region 5 in Fig. 7C) was
observed as well as the intact original
Zn coating (region 6 in Fig. 7C),
which suggests that no welding oc-
curred in the region. Overall, the in-
terfacial microstructure of the
Al/steel interface suggests that weld-
ing occurred between Al and steel in
zones AS-I, AS-II, and AS-III marked
on Fig. 5, while no welding occurred

beyond zone AS-III. Zinc was melted
and squeezed from the fusion
nugget, leading to direct weld braz-
ing in the fusion nugget area (AS-I),
solid-state welding at the region ad-
jacent to the nugget (AS-II), and sol-
dering via the Zn-rich filler metal
next to the solid-state welding region
(Table 2).
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Fig. 7 — Al/steel interface beyond the fusion nugget, which corresponds to interfaces noted in Fig. 5. A — Zone ASII; B — zone ASIII; C —
region beyond ASIII.

Fig. 8 — Fracture surface of the Zn
coated steel interlayer at Al side (pro
duced in a weld made using 28 kA). A
— Overview; B — details of region C
from A; C — details of region D from
A; D — details of zone ASII from A; E
— details of zone ASIII from A.

Table 2 — EnergyDispersive XRay Analysis
Quantification of Different Areas in Fig. 7 (wt%)

Spectrum Al Zn

3 100 —
4 25.5 74.5
5 25.8 74.3
6 — 100

A

A

B

B

C

C D

E
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Fracture Morphology

Figure 8 shows the fracture surface
of the Zn-coated steel interlayer at the
Al side. Regions of the fracture surface
that correspond to the interfacial mi-
crostructure zones AS-I, AS-II, and
AS-III (Fig. 5) are shown in Fig. 8A. It
can be seen from Fig. 8B that in the
center of zone AS-I failure occurred in-
side the Al fusion zone close to the in-
terface since pores that concentrated
near the interface can be observed on
the fracture surface (region 7 in Fig.
8B). An Fe-Al intermetallic compound
layer with a flat surface can be found
under the voids, and ductile fracture
surfaces corresponding to the Al alloy
fusion zone can be found between the
voids (region 8 in Fig. 8B), which sug-
gests that porosity decreased joint
strength. Figure 8C shows the edge of
the AS-I zone (region D in Fig. 8A).
The fracture morphology of this re-
gion is similar to that of the center of
zone AS-I, but the size of the voids in
this region is considerably smaller
than in the center. A few river-like
voids (region 9 in Fig. 8C) can be ob-
served in the region. Usually river-like
voids form as a result of accumulation
of smaller voids (Ref. 29), and this ap-
pears to be the same phenomenon in
the current study.

Figure 8D shows the fracture mor-
phology of zone AS-II, which was adja-
cent to the fusion nugget, and appears
to be where solid-state welding be-
tween Al and steel occurred — Fig. 7A.
The surface morphology of the region
suggests that fracture occurred either
at the Al/steel interface (region 10 in
Fig. 8D) or inside the Al sheet (region
11 in Fig. 8D). Figure 8E shows the
fracture surface of zone AS-III where
the Al-Zn reaction layer was observed
at the Al/steel interface — Fig. 7B. The
fracture morphology and chemical
composition (Table 3) of the region
suggest that failure occurred partially
inside the Al sheet (region 12 in Fig.
8E) and partially inside the Al-Zn reac-
tion layer (region 13 in Fig. 8E). Based
on the fracture morphology and inter-
facial microstructure analysis (Fig.
7B), it can be concluded that welding
in this region was promoted by the
presence of Zn, which contributed to
the strength.

Analysis of the fracture morphology
confirmed the findings made during

the interfacial microstructure analysis,
in particular that zones AS-I, AS-II,
and AS-III contributed to the strength
and that joining occurred by direct
weld brazing in the fusion nugget area,
by solid-state welding in the zone adja-
cent to the nugget, and by brazing
through the Zn filler metal next to the
solid-state welding region. 

Mg/Steel Interface

Interfacial Microstructure

There are three different mi-
crostructural zones in the Mg/steel in-
terface. Similarly to the Al/steel
interface, a region inside the fusion
nugget was marked as MS-I, the re-
gion adjacent to the nugget as MS-II,
and region beyond MS-II where weld-
ing occurred through the Zn-rich

phase, as zone MS-III. Figure 9 shows
details of zone MS-I in the center, sim-
ilar to the Al/steel interface where no
Zn was found in the microstructure,
suggesting that displacement of Zn to
regions adjacent to the nugget oc-
curred. From the element distribution
map (Fig. 9B), it can be seen that an
ultrathin Fe-Al layer preexisting be-
tween the Zn coating and the steel be-
fore welding is still present at the
interface. This observation corre-
sponds to the findings made by Liu et
al. (Ref. 17) regarding RSW of Mg to
Zn-coated steel. In experiments con-
ducted by Liu et al., the ultrathin Fe-Al
layer also remained intact during weld-
ing. Those authors also found that this
layer plays a crucial role in formation
of the joint. 

It is known that Fe and Mg are vir-
tually immiscible; however, the pres-
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Fig. 9 — Center of Mg/steel interface of the weld made with Zncoated steel inter
layer and 28kA welding current. A — SEM micrograph; B — element distribution
map of region marked in A.

Table 3 — EnergyDispersive Xray Analysis Quantification of Different Areas in Fig. 8 (wt%)

Spectrum Al Fe Mg Zn 

7 53.6 46.4 — —
8 97.4 — 2.6 —
9 67.0 30.9 2.1 —

10 42.6 57.4 — —
11 94.8 2.8 2.4 —
12 96.8 — 3.2 —
13 36.2 — — 63.8

A

B
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ence of Al in solution at this interface
may promote the formation of a high-
strength joint with a nanoscale Fe2Al5
layer due to the edge-to-edge crystallo-
graphic planes matching (Ref. 17).
Since a similar ultrathin layer of
Fe2Al5 compound exists in all hot-dip
galvanized steels (Refs. 19, 20), it can
be concluded that the same welding
mechanism as observed by Liu et al.
took place in the current study. In ad-
dition, Tan et al. (Ref. 30) reported
that during laser weld brazing of Mg
to Zn-coated steel, direct contact be-
tween molten AZ31B alloy and the
steel surface under the Zn coating may
result in growth of the preexisting
layer of Fe2Al5 due to diffusion of Al
atoms from molten AZ31B alloy to the
Fe-Al compound layer.

Figure 10 shows the Mg/steel inter-
face at the region adjacent to the fu-
sion nugget. None of the Zn can be
found in zone MS-II close to the fu-
sion nugget (Fig. 10B), while some ac-
cumulation of Zn-rich phase can be
found at the edge of zone MS-II close
to the boundary with zone MS-III,
such as shown in Fig. 10A. The mi-
crostructure (Fig. 10C) and chemical
composition (spectrum 16 in Table 4)
of these accumulations suggest that
this is a Mg-Zn eutectic with a fine
lamellar structure. The Zn also was
dispersed into the Mg fusion zone in
regions surrounding Zn accumulations
in MS-II — Fig. 10D. Despite the fact
that zone MS-II located outside the fu-
sion nugget (Fig. 5), it is possible that
partial melting of the Mg sheet still oc-

curred at this region leading to forma-
tion of the Mg-Zn eutectic. The
nanoscale Fe2Al5 layer observed at the
center of a nugget should also be pres-
ent at the interface of zone MS-II.
Only 5.3 wt-% Al was found at the in-
terface between steel and Mg (spec-
trum 15 in Table 4), likely due to the
limited resolution of EDX, since Fe2Al5
intermetallic compound has about 55
wt-% Al. As was reported by Liu et al.
(Refs. 17, 18), even without melting,
metallurgical welding between Mg and
steel can occur in the region adjacent
to the nugget, which is accommodated
by an ultrathin Fe2Al5 layer. 

Microstructures produced in zone
MS-III can be seen in Fig. 10A. In this
region,  steel was bonded to Mg
through the Zn-rich filler metal, which
is marked as region 14 on Fig. 10A. A
Zn-rich phase, which acted as a solder
metal, was squeezed to zone MS-III
from zones MS-I and MS-II. A similar
phenomenon was observed by Liu et
al. (Ref. 18) during RSW of Mg to
steel, where the Zn coating was melted
and completely squeezed from the
nugget toward surrounding regions
where it played the role of a brazing
material, which contributed to overall
welding area and increased fracture
strength. 

Figure 10E shows the Mg/steel in-
terface beyond the MS-III zone. A sig-
nificant amount of squeezed Zn phase
(region 18 in Fig. 10E) and intact orig-
inal Zn-coating (region 19 in Fig. 10E)
can be observed in the region. The
presence of a high amount of Mg in
the squeezed Zn-rich phase (spectrum
18 in Table 4) suggests that Zn first re-
acted with Mg and then was squeezed
out of the nugget. It is likely that some
amount of this Zn-rich phase was not
completely squeezed, which resulted
in the formation of Mg-Zn eutectic in
some areas in zone MS-II — Fig. 10C.
The microstructure suggests that no
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Fig. 10 — Mg/steel interface beyond the fusion zone. A — Zones MSII and MSIII; B —
zone MSII close to the fusion nugget; C — details of E from A; D — details of F from A; E
— region beyond zone MSIII.

Table 4 — EnergyDispersive XRay Analysis Quantification of Different Areas in Fig. 10 (wt%)

Spectrum Al Fe Mg Zn 

14 — — 17.3 82.7
15 5.3 52.6 42.1 —
16 — — 45.4 54.6
17 — 8.4 65.5 26.1
18 — — 45.2 54.8
19 — — — 100

A B C

D E
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joining occurred in the region, since
the original Zn coating remained 
intact.

Overall, an interfacial microstruc-
ture suggests that bonding occurred
between Mg and steel in zones MS-I,
MS-II, and MS-III marked on Fig. 5,
while no joining occurred beyond zone
MS-III. Similar to the case of the
Al/steel interface, joining occurred in
the Mg/steel interface by direct weld
brazing in zone MS-I, by solid-state
welding in zone MS-II, and brazing
through Zn-rich filler metal in zone
MS-III. However, much fewer voids
were observed at the Mg/steel inter-
face, which as well as the larger nugget
size at Mg side likely led to the
stronger joining and therefore welds
failed at the Al/steel interface. 

Conclusions
This study investigated mechanical

and microstructural properties of
Al/Mg dissimilar welds made by RSW
with Zn foil and Zn-coated steel inter-
layers. Poor strength joints were pro-
duced with a Zn foil interlayer due to
formation of brittle intermetallic
phases. A Zn-coated steel interlayer
was utilized to prevent mixing of the
Al and Mg alloys, resulting in much
higher strength of the welds. Failure
load reached 74% of the same size
similar AZ31B joints. The welds made
with welding currents of 28 kA and
higher met the strength requirements
of the AWS D17.2 standard. Similar
joining mechanisms took place at the
Al/steel and Mg/steel interfaces. The
joint area on both Al and Mg sides can
be divided into three regions from the
center to the edge: weld brazing of
molten metal, solid-state welding, and
soldering of Al (or Mg) to steel via the
Zn-rich filler metal. In the fusion
nugget area, Al was joined to steel by
formation of a continuous Fe-Al inter-
metallic compound layer with a maxi-
mum thickness of 1.3 μm. Mg was
joined to steel mainly through the ul-
trathin Fe-Al intermetallic layer that
was prefabricated on the steel surface
during the galvanizing process. 
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