
Feasibility study of resistance spot welding of
dissimilar Al/Mg combinations with Ni based
interlayers

P. Penner*1, L. Liu2, A. Gerlich1 and Y. Zhou1

Microstructure and mechanical properties of the dissimilar aluminium–magnesium resistance spot

welds made with gold coated and bare nickel interlayers are investigated. Welds were made with

different welding currents in a range from 16 to 24 kA and fixed welding time of five cycles. No

joints were achieved with a bare nickel interlayer; after welding, specimens were separated

without applying any force. Addition of gold coating on nickel surface greatly contributed to the

metallurgical bonding at the interfaces and welds easily met requirements of AWS D17?2

standard. Average lap shear strength reached 90% of similar AZ-31B spot weld strength. Fusion

nugget size, interfacial microstructure and fracture surface morphology of the welds were

analysed.
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Introduction
The automotive industry is continually struggling to
improve fuel efficiency by employing lightweight materi-
als such as aluminium and magnesium alloys, since
reducing vehicle weight can greatly lower fuel consump-
tion. It was reported that 100 kg of reduced vehicle
weight saves y0?3 L of fuel per 100 km.1 Although some
aluminium based frame structures have been produced,
utilisation of these alloys has generally been incremental
and resulted in designs which employ multiple materials,
which often need to be joined in dissimilar combinations.

Since aluminium and magnesium alloys can both be
potentially used in the same structure, the problem of
joining these two materials must be addressed. Numerous
studies regarding dissimilar joining of aluminium to
magnesium by different techniques can be found in the
literature. The common problem with all fusion based
dissimilar metal joining techniques of aluminium to mag-
nesium is the formation of hard and brittle intermetallic
compounds.2–5 Solid state processes which involve com-
paratively low temperatures such as diffusion bonding,6,7

friction stir welding (FSW),8–10 friction stir spot welding
(FSSW)11,12 and ultrasonic spot welding can achieve rela-
tively high strength;13,14 however, even in this case, the
formation of brittle Al–Mg intermetallic compounds can-
not be completely avoided.

To mitigate the formation of undesirable intermetal-
lics, some work has been carried out to explore the effect
of different interlayers on the properties of aluminium–
magnesium joints. A variety of interlayers such as zinc,15

cerium,16 silver,17 tin,18 titanium,19 copper,20 nickel and
others were incorporated with different solid and non-
solid state welding processes.21,22 In general, employing
interlayers reduced fraction of Al–Mg intermetallics and
improved mechanical properties of the joints. It also was
noted that better results were achieved when interaction
between aluminium and magnesium was completely
suppressed. For example, during diffusion bonding of
aluminium to magnesium with silver foil interlayer,17

better results were achieved with medium temperatures
when diffusion was not intense enough to let magnesium
and aluminium interact. With increasing temperature,
diffusion of aluminium and magnesium atoms became
more intense and formation of Al–Mg intermetallics was
observed.

Resistance spot welding (RSW) of aluminium to
magnesium is particularly interesting since it is the
predominant joining technique in the automotive indus-
try. Nevertheless, only one detailed study on RSW of
aluminium to magnesium is available in the literature.4

The strength of the welds achieved in this study was
negatively influenced by the formation of brittle inter-
metallic compounds. In addition, this study considered
commercially pure aluminium, which inevitably would
result in low strength joints due to fracture propagation
through the soft base metal as well. A suitable technology
for achieving high strength aluminium–magnesium welds
by RSW has yet to be developed.

Considering information available in the literature,
employing an interlayer during welding of aluminium to
magnesium might be a feasible approach to eliminate
intermetallics and improve mechanical properties of the
joints during RSW. As was noted, it is better to completely
avoid interaction between aluminium and magnesium.
Employing an interlayer with a high melting point, which
will remain intact during the RSW, should entirely prevent
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the formation of Al–Mg intermetallics. Nickel based foils
are strong candidates to the interlayers. The high melt-
ing point of nickel (1455uC) compared to magnesium
(650uC) and aluminium (660?42uC) will prevent mixing of
aluminium and magnesium during RSW. In addition, Al–
Ni and Mg–Ni intermetallics are less brittle and therefore
more preferable than Al–Mg intermetallics.22,23 Literature
indicates that aluminium already was successfully joined
to magnesium by diffusion bonding with a pure nickel
interlayer;21 however, the strength of the welds was not
reported. Nickel interlayer was also used with hybrid laser
FSW technique where addition of nickel interlayer im-
proved the strength due to the presence of more prefer-
able Ni based intermetallic phases instead of Al–Mg
compounds.22

The objective of the current study is to explore the
effects of bare nickel and gold coated nickel interlayers
on the microstructure and mechanical properties of the
aluminium–magnesium resistance spot welds.

Experimental
Welding specimens used in this study were commercially
available sheets of magnesium alloy AZ-31B (3 wt-%Al
and 1 wt-%Zn) and aluminium alloy 5754 (3 wt-%Mg,
0?5 wt-%Mn and 0?4 wt-%Fe). Pure nickel foil was used
as the interlayer in this study, either in an uncoated
condition or with an electrolytic gold plating typically 4–
6 mm in thickness. Uncoated nickel used in this study
was from an alternate supplier and slightly differs from
the nickel used in our previous study,24 where the in-
terlayer in the present study has a more uniform
hardness distribution through the thickness, and this
led to some changes in the fracture location of the
joints compared to prior work. Dimensions of the
aluminium and magnesium alloy welding specimens
were 10063562 mm, while dimensions of the nickel
based interlayers were 1061060?2 mm. The surface of
the magnesium sheets was treated with solution of 2?5 g
chromic oxide and 100 mL water before welding, and
the aluminium coupons were ultrasonically cleaned in
ethanol for 10 min and treated with solution of 1?2 mL
HF, 67?5 mL HNO3 and 100 mL water. Bare nickel
interlayers were ultrasonically cleaned in acetone for
10 min, while gold coated nickel was used in as received
condition.

The RSW equipment used in this study was a mid-
frequency direct current resistance spot welder (built by
Centerline Ltd), and the following welding parameters
were employed: 4 kN electrode force, 16–24 kA welding
current and a welding time of five cycles. Type FF-25
domed electrode caps made from a Cu–Cr–Zr alloy were
used.

Three samples per condition were tested via tensile
shear loading with welding currents of 16 and 20 kA,
while six samples were tested with a welding current of
24 kA. An Instron 4206 (Norwood, MA, USA) tensile
test machine was used in this study, where specimens
were strained to failure with a crosshead speed of
1 mm min21. Alignment spacer sheets were used to grip
the samples during overlap shear testing to minimise the
bending or misalignment effects.

Metallographic weld specimens were cut, mounted,
polished and examined by optical microscopy and scan-
ning electron microscopy (SEM) equipped with energy

dispersive X-ray analysis (EDX) using a JEOL JSM-6460.
The size of the fusion nugget diameter was measured from
the cross-sections on both the aluminium and magnesium
side of the transverse weld sections, with a minimum of
three samples per condition for nugget size measurement.
Nital solution was used for etching of the magnesium
alloy, while the aluminium alloy was etched with 2%HF.
The fracture surface of the samples was examined by SEM
and X-ray diffraction (XRD) techniques after tensile shear
testing.

Results and discussion

Bare Ni interlayer
Weld geometry

No joints were produced with bare nickel interlayer in
all range of currents from 16 to 24 kA. It was noted that
when welding currents of 20 and 24 kA were employed,
the aluminium sheet always separated from the nickel
interlayer, suggesting that some bonding occurred
between magnesium and the bare nickel interlayer.

Figure 1 shows the relationship between melted zone
size and welding current. The bulk of the nickel interlayer
remained solid with only partial melting of the surface
during the welding, and therefore, aluminium and mag-
nesium melted zone was measured separately. The melted
zone size of the both sides increased with welding current
as typically observed in RSW. It was noted that the
magnesium alloy sheet had a larger melted zone than that
observed in the aluminium alloy side in all conditions
examined. Since more heat will be generated at the
interface with higher contact resistance, this difference in
the melted zone sizes may be explained by this variation.
In general, contact resistance follows the volume resis-
tivity of the metals involved.25,26 Magnesium alloy AZ-
31B has greater electrical resistivity (92 nV m) than
aluminium alloy 5754 (49 nV m), which would lead to
increased heat generation and larger melted zone in the
magnesium sheet.27,28 In addition, greater heat losses will
be expected in the aluminium sheet due to the higher
thermal conductivity of aluminium 5754 alloy (which is
147 W m21 K21) compared to magnesium AZ-31B alloy
(reported to be 96 W m21 K21).27,28

1 Correlation between melted zone size on both alumi-

nium and magnesium side and welding current during

RSW with bare nickel interlayer
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Fracture surface

The fracture surface morphology was analysed on the
sample made with 24 kA welding current. Figure 2
shows the fracture surface of the bare nickel interlayer at
aluminium side. The results of EDX analysis of the
different areas shown in Fig. 2 are summarised in
Table 1. The evidence of molten aluminium, which
resolidified on the surface of the nickel interlayer, can
only be observed in a narrow semicircle area at the
periphery of the nugget (region A in Fig. 2a). At this
region, aluminium grains and dendrites (region 2 in
Fig. 2b) are observed growing from the nickel surface
(region 1 in Fig. 2b), and it appears that this region did
not contribute to the strength.

The absence of significant metallurgical reaction be-
tween aluminium and nickel is in contrast with RSW of
aluminium to nickel without magnesium sheet. It was
found that aluminium and nickel sheets employed in this
study can be successfully spot welded and then mag-
nesium sheet is not present. In this case, the bulk of the
nickel interlayer was not melted, while the aluminium
sheet did, similar to the welding of aluminium to mag-
nesium with a bare nickel interlayer. However, reaction
between aluminium and nickel can be observed along
aluminium fusion zone/nickel interface when no magne-
sium sheet was present. Figure 3 shows the SEM image

of the aluminium/nickel interface of a weld made
without a magnesium sheet. The composition of the
reaction layer marked as B on Fig. 3 is 65?1 wt-%Ni and
34?9 wt-%Al, indicating that metallurgical bonding is
possible between aluminium and nickel when only the
two sheets are used. These observations suggest that
more heat was generated in the nickel sheet compared to
when the magnesium sheet was present, since all the
other conditions were kept the same. The poor bonding
observed in Fig. 2 may be a result of lower heat
generation caused by the spreading of the current,
which has a tendency to occur during RSW of three
sheet aluminium assemblies.25

The nickel interlayer stayed attached to the magnesium
surface, which suggests that some wetting and/or reaction
between magnesium and nickel occurred. A similar
phenomenon was observed during diffusion bonding of
aluminium to magnesium with nickel interlayer,21 where
reaction at magnesium/nickel interface started much
earlier than at aluminium/nickel interface.

X-ray diffraction analysis was carried out on the frac-
ture surface of bare nickel interlayer on both aluminium
and magnesium side (Fig. 4). The sample made with 24 kA
welding current was used for the analysis. Aluminium
sheet was separated from nickel interlayer without
applying any force, while magnesium sheet was forced to
separate from nickel. No intermetallic compounds were
detected on the nickel surface on both aluminium and
magnesium side using XRD. Although Al–Ni phases were

a overview; b details of region A in a
2 Fracture surface of bare nickel interlayer at aluminium side (with 24 kA)

Table 1 Energy dispersive X-ray analysis quantification
of different areas in Fig. 2b/wt-%

Area Mg Al Ni

1 … 25?2 74?8
2 3?0 92?4 4?6

3 Image (SEM) of interface in aluminium–nickel weld

(without magnesium)

a aluminium side; b magnesium side
4 X-ray diffraction analysis of bare nickel interlayer frac-

ture surface on both aluminium and magnesium side
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detected by EDX (Table 1), the small amount and fine
thickness of those phases was beyond the resolution of
XRD, making it hard to be observed.

Welds made with gold coated nickel interlayer
Tensile shear test and weld geometry

Since no joints occurred during RSW of aluminium to
magnesium with bare nickel interlayer due to low heat
generation in the nickel sheet, it was concluded that
addition of very thin layer of a good braze material with
melting point lower than that of nickel likely will
improve metallurgical reaction at the aluminium/nickel
and magnesium/nickel interfaces. Gold is known as a
good braze metal, and it is commonly used as plating in
microelectronics soldering. The literature also indicates
that even solid state bonds of gold coated nickel sheets
might be stronger than the bare nickel joints with a
fusion nugget.29 Therefore, in order to improve metal-
lurgical boding and mechanical performance of alumi-
nium–magnesium dissimilar joints, experiments with
gold coated nickel were conducted. The same welding
parameters as for bare nickel interlayer were used.

The relationship between nugget size and welding
current is shown in Fig. 5. The nugget dimensions on the
magnesium side were always larger than those of the
aluminium side as in the case when a bare nickel
interlayer was used (Fig. 1). It was also noted that
nuggets on both aluminium and magnesium side were
smaller than in the case with a bare nickel interlayer.
Based on the samples made with 24 kA welding current,
the nugget on aluminium side was on average 1?1 mm
smaller, while the nugget on magnesium side was about
0?8 mm smaller than those obtained with a bare nickel
interlayer. This decrease in nugget size was caused by the
lack of an oxide on the gold surface and therefore lower
contact resistance and heat generation at both alumi-
nium/nickel and magnesium/nickel interfaces.

Figure 6 shows influence of welding current on peak
load during tensile shear test. It can be seen that fracture
loads increased with welding current. No joints were
achieved with 16 kA welding current because insufficient
amount of heat was generated, and joints were produced
when the welding current increased to 20 or 24 kA.
During tensile shear testing, welds made with 24 kA
welding current, which was the optimal condition in the

study, always failed at the magnesium/nickel interface,
suggesting that the aluminium/nickel interface was stronger.

Welds made with 24 kA had average peak load of
4?69 kN with a minimum of 4?34 kN, while requirement
of the AWS D17?2 standard is average of 4?27 kN with
a minimum of 3?4 kN; hence, the welds easily met
requirement of the standard based on the ultimate
strengths and sheet thickness of the base materials.30

Furthermore, the average fracture load was as high as
90% of the strength of same size optimised AZ-31B
similar joints.31,32 Recently, Patel et al.18 made an
attempt to compare lap shear strengths of aluminium–
magnesium dissimilar spot welds made by different
welding techniques based on the data from the studies
currently available in the literature. The highest strength
achieved was reported as 42 MPa by using an ultrasonic
spot welding technique with a tin interlayer.18 Following
the same calculation steps as employed by Patel et al., the
lap shear strength of the welds achieved in the current
study would reach 127 MPa. However, as was mentioned
by Patel et al., there was difference between studies in the
thickness of the samples and in the types of aluminium
and magnesium alloys. In addition, the nugget diameter
for RSW and shoulder diameter for FSSW were used to
calculate the respective areas for determination of lap
shear strength, which is not directly comparable.

Interfacial microstructure

Interfacial microstructure analysis was conducted on the
samples made with 24 kA welding current. Figure 7
shows typical interfacial microstructure of aluminium–
magnesium joint made with gold coated nickel interlayer.
There are much more interfacial defects such as voids and

5 Correlation between nugget size on both aluminium

and magnesium side and welding current during RSW

with gold coated nickel interlayer

6 Correlation between peak load and welding current dur-

ing RSW of aluminium to magnesium with gold coated

nickel interlayer

7 Typical aluminium–magnesium weld made with gold

coated nickel interlayer (with 24 kA)
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pores at the magnesium/nickel interface than at the
aluminium/nickel interface. It was also noted that pores
and cracks at magnesium/nickel interface mostly concen-
trated in the centre of a nugget, which is typical for RSW
of magnesium alloys.33,34 The average pore size observed
at magnesium/nickel interface was close to 75 mm.
Porosity is a common defect in RSW of magnesium
alloys. Evaporation of magnesium and hydrogen absorp-
tion are the primary mechanisms that lead to formation
of the porosity.31,35 Some cracks are also observed in
aluminium and magnesium fusion zones, which is not
unexpected, since solidification cracks are very common in
RSW of both aluminium and magnesium alloys.36–38 The
details of the interfacial microstructure of both interfaces
are analysed in the following subsections.

Aluminium/nickel interface

There are three distinct zones in the aluminium/nickel
interface such as shown in Fig. 8. The centre of the

nugget was denoted as zone AI, the edge of a nugget as
zone AII and the region adjunct to the nugget as zone
AIII. Details of the zone AI are shown in Fig. 9a. None
of the gold coating can be found between aluminium
and nickel in this zone (spectrum 3 in Table 2). As
evident in Fig. 9a, gold material was clearly dissolving
into the bulk aluminium fusion zone and segregated
along dendrite and grain boundaries (region 4 in
Fig. 9a). The microstructure of zones AII and AIII is
shown in Figs. 9b and c. In zones AII and AIII,
aluminium was joined to the nickel by a gold rich layer,
which acted as a filler metal. The microstructure of this
gold rich filler metal is shown in Fig. 9d, where the
composition of this layer was roughly the same in both
zones AII and AIII—21?3 wt-%Al and 78?7 wt-%Au.
Microstructure and composition of this layer suggest
that it was gold coating alloyed with aluminium. The
only difference between zones AII and AIII is that zone
AII is located inside the fusion zone and zone AIII is just
beyond the fusion line. As can be seen in Fig. 8, the
thickness of the gold rich layer is increasing from zone
AII to the middle of zone AIII, which suggests that
displacement of the gold rich layer towards the outer
diameter of the interface between aluminium and nickel
occurred. The displacement of the gold rich layer led to
the formation of the direct contact between aluminium
fusion zone and bare nickel surface in the centre of a
nugget (zone AI). In addition, higher temperatures at

8 Location of zones that exhibit different interfacial

microstructure in aluminium/magnesium weld made

with gold coated nickel interlayer (with 24 kA)

a zone AI; b zone AII; c zone AIII; d details of region C from b
9 Aluminium/nickel interface of weld (with Au coated Ni interlayer, 24 kA), which corresponds to interfaces noted in

Fig. 8

Table 2 Energy dispersive X-ray analysis quantification
of different areas in Fig. 9/wt-%

Spectrum Mg Al Ni Au

3 … 20?6 79?4 …
4 3?8 82?4 … 13?8
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the centre of a nugget likely led to more intensive
distribution of gold into the aluminium fusion zone in
this region, which might have contributed to the
depletion of gold coating in the centre.

Magnesium/nickel interface

Interfacial microstructure of the magnesium/nickel inter-
face is more complex than that of aluminium/nickel
interface. Five distinct zones with different microstructure
features can be observed at magnesium/nickel interface.
The zones were named MI, MII, MIII, MIV and MV from
the centre to the edge of a nugget respectively (Fig. 8).

The microstructure of zone MI is shown in Fig. 10a
and b. Gold was distributing into magnesium fusion
zone, in a similar manner to aluminium/nickel interface

in the centre (Fig. 9a). However, unlike in the centre of
aluminium/nickel interface, magnesium was not joined
to the nickel directly. There are two different continuous
and smooth gold rich layers between magnesium and
nickel in zone MI (regions 5 and 6 in Fig. 10a). Based on
the EDX results (Table 3), the lighter layer (region 5 in
Fig. 10a) is the remnant of the original gold coating,
while a darker and thinner gold rich layer (region 6
in Fig. 10a) is Mg3Au intermetallic compound.39 The
formation of monolithic layer of Mg3Au intermetallic
suppressed further distribution of gold coating into mag-
nesium fusion zone, and therefore, significant amount of
original gold coating remained undisturbed (region 5 in
Fig. 10a). Away from the continuous layer of Mg3Au
compound is magnesium fusion zone, which was heavily
enriched in gold (region 7 in Fig. 10a). Based on the gold–
magnesium phase diagram (Fig. 11),39 this region is like-
ly gold–magnesium eutectic structure, which consists of
Mg3Au intermetallic compound and a-magnesium. Num-
erous voids can also be found in zone MI (Fig. 10b). The
voids were formed on the surface of the continuous
Mg3Au layer and likely slowed the diffusion of gold into
magnesium fusion zone.

a, b zone MI; c zone MII; d zone MIII; e zones MIV and MV
10 Magnesium/nickel interfaces in weld (with Au coated Ni interlayer, 24 kA), which corresponds to interfaces noted in

Fig. 8

Table 3 Energy dispersive X-ray analysis quantification
of different areas in Fig. 10/wt-%

Spectrum Mg Al Ni Au

5 1?2 … 3?8 95?0
6 24?9 … 2?3 72?8
7 57?8 2?0 … 40?2

Penner et al. Resistance spot welding of Al to Mg with Ni based interlayers

Science and Technology of Welding and Joining 2013 VOL 000 NO 000 6



In contrast with zone MI, no remnant of the original
gold coating (region 5 in Fig. 10a) and no continuous
Mg3Au layer (region 6 in Fig. 10a) can be observed in
zone MII (Fig. 10c). Temperatures in this region were
likely lower than in zone MI, and therefore, the Mg3Au
compound did not form as continuous smooth layer,
leading to the more extensive diffusion of gold into
magnesium fusion zone. The absence of the interfacial
defects also likely contributed to the intensive migration of
gold into magnesium. Gold–magnesium eutectic structure
similar to that in zone MI (region 7 in Fig. 10a) is still
present at the interface, indicating that molten magnesium
comes into little direct contact with nickel surface at the
region.

The microstructure of zone MIII is shown in Figs. 8
and 10d. It is similar to the zone MII; however, there is
much less gold in the magnesium fusion zone near nickel

surface and molten magnesium contacts bare nickel
surface in many locations.

Microstructures observed in zones MIV and MV are
shown in Fig. 10e. The remaining original gold coating
appears in the beginning of zone MIV, and its thickness
increases approaching the nugget edge. The microstruc-
ture of zone MIV is similar to that of zone MI; however,
no defects can be observed in this region, and it was not
determined whether Mg3Au formed as a continuous
layer as observed in zone MI (region 6 in Fig. 10a). The
amount of magnesium fusion zone heavily enriched in
gold in zone MIV (region 8 in Fig. 10e) is much larger
than that in zone MIII, which suggests that squeezing of
this phase from zone MIII to zone MIV may have
occurred. The microstructure of zone MV is similar to
that of zone MIV; however, it is located beyond the
fusion line. Surface melting of gold and partial melting
of magnesium likely occurred in zone MV, leading to
microstructures similar to zone MIV.

Fracture surface analysis

Fracture surface morphology was analysed on the
samples made with 24 kA welding current. All the
samples made with this conditions failed at magnesium/
nickel interface during the tensile shear test. The gold
coated nickel interlayer was separated from aluminium
sheet after the tensile shear test in order to analyse
fracture surface at aluminium side. Fracture surfaces at
the aluminium and magnesium sides were analysed
separately, and details of the analysis were summarised
in the following subsections.

Aluminium/nickel interface
Fracture surface of the gold coated nickel interlayer at
aluminium side is shown in Fig. 12. Regions of the fracture

11 Gold–magnesium binary phase diagram39

a overview; b zone D from a; c details of zone E from a; d details of zone AIIzAIII from a
12 Fracture surface of gold coated nickel interlayer at aluminium side (with 24 kA)
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surface that correspond to the interfacial microstructure
zones AI, AII and AIII (Fig. 8) are shown in Fig. 12a.

Two regions with different morphologies and compo-
sitions can be found in zone AI, the regions marked as D
and E in Fig. 12a. The composition (spectrum 9 in
Table 4) and morphology of region D (Fig. 12b) suggest
that in this region, failure occurred within the alumi-
nium fusion zone enriched in gold. Meanwhile, in region
E, failure occurred at molten aluminium/nickel interface,
since the region exhibits bare nickel surface (region 10 in
Fig. 12c) with only small amount of aluminium rich
particles attached to it (region 11 in Fig. 12c).

The chemical composition of the fracture surface in
zones AII and AIII is 90?8 wt-%Au and 9?2 wt-%Al,
which suggests that failure in this region occurred inside
gold rich phase, which acted as a filler metal between
aluminium and nickel (Fig. 9d).

Comparing these observations to the fracture mor-
phology analysis of the sample made with bare nickel
interlayer (Fig. 2), it is clear that the addition of gold
coating greatly improved metallurgical bonding at the
aluminium/nickel interface. The major contribution of
gold was that it acted as a filler metal at the edge of a
nugget and at the region adjunct to a nugget (zones AII
and AIII). In addition, in the centre of a nugget zone
(AI), failure partially occurred through aluminium
fusion zone, which suggests that this region also
contributed to the strength. This can be explained by
the fact that nickel surface was completely clean and
oxide free under the gold coating, which promoted
better wetting and bonding at the region. The same role
played zinc coating during RSW of magnesium to steel,
where zinc was melted and squeezed to the periphery,
leaving clean steel surface for bonding at the centre and

acting as a filler metal at the periphery, which led to the
formation of higher strength welds.

X-ray diffraction analysis of the fracture surface of
the gold coated nickel interlayer on aluminium side did
not detect any Al–Ni intermetallics (Fig. 13a). Similarly
to the case with a bare nickel interlayer, possible Al–Ni
intermetallics were detected by EDX (Table 4); however,
the size and amount of these phases were beyond the
resolution of XRD.

Magnesium/nickel interface
Figure 14 shows fracture surface morphology of the
gold coated nickel interlayer at magnesium side. Regions
of the fracture surface that correspond to the interfacial
microstructure zones MI–MV (Fig. 8) are shown in
Fig. 14a.

The morphology (Fig. 14b) and chemical composition
(Table 5) of zone MI suggest that failure in this region
occurred inside magnesium fusion zone very close to
continuous Mg3Au layer (Fig. 10a), except locations
where pores and voids were observed. Flat surface of the
Mg3Au intermetallic layer can be found (region 13 in
Fig. 14b) under the voids (Fig. 10b).

The fracture surface of zone MII exhibits a ductile
morphology. The chemical composition of the region
suggests that failure in this region occurred inside the
magnesium fusion zone at significant distance from the
interface, since amount of gold in this region (spectrum
14 in Table 5) is much lower than in magnesium fusion
zone near the interface.

The fracture morphology of zone MIII exhibits bare
nickel surface (region 15 in Fig. 14d) with magnesium
material only occasionally attached to it (region 16 in
Fig. 14d). This suggests that bare nickel surface accom-
modated less molten magnesium material than zones MI
and MII where gold rich phases existed between the
nickel surface and bulk of the magnesium fusion zone.

Zones MIV and MV produced similar fracture mor-
phologies. The composition and morphology of regions
marked as MIV and MV on Fig. 14a suggest that failure
occurred along the surface of the residual gold coating,
which was partially melted (region 17 in Fig. 14e).

X-ray diffraction analysis, which was carried out on
the fracture surfaces of the gold coated nickel interlayer
at magnesium side, indicated the presence of Mg3Au
intermetallic compound (Fig. 13b), which supports the
findings made regarding the interfacial microstructure
and fracture surfaces using SEM and EDX techniques.

Conclusions
Mechanical and microstructural properties of the dissim-
ilar aluminium–magnesium resistance spot welds with
bare and gold coated nickel interlayers are investigated in
this study.

No joints were produced using a bare nickel interlayer.
Limited bonding between magnesium and bare nickel
interlayer still occurred, since they did not separate right
after the welding. In order to improve metallurgical
bonding, experiments with gold coated nickel interlayer
were conducted and this produced much higher strength
aluminium–magnesium resistance spot welds. The welds
produced with welding current of 24 kA had average
peak load of 4?69 kN, which was as high as 90% of the
optimised similar AZ-31B welds. The welds made with
24 kA welding current also easily passed requirements of

a aluminium side; b magnesium side
13 X-ray diffraction analysis of gold coated nickel inter-

layer fracture surface on both aluminium and magne-

sium side

Table 4 Energy dispersive X-ray analysis quantification
of different areas in Fig. 12/wt-%

Spectrum Al Ni Au

9 49?2 7?3 43?5
10 … 96?8 3?2
11 83?5 12?3 4?2
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AWS D17?2 standard (4?27 kN). The formation of
Al–Mg intermetallic compounds was completely sup-
pressed using a gold coated nickel interlayer. This is a
result of the fact that the interlayer remained intact
during the welding due to its high melting point compared
to aluminium and magnesium. The addition of gold
significantly contributed to the metallurgical bonding of
the sheets, resulting in higher weld strength. Aluminium
was joined to nickel by direct welding brazing in the

centre and by brazing through gold based filler metal at
the edges of a nugget and at the adjunct to the nugget
region. Magnesium was joined to nickel mostly through
different gold rich phases, such as residual gold coating,
Mg3Au intermetallic compound layer and gold–magne-
sium eutectic structure. Employing an interlayer with
high melting point coated with good brazing material,
such as gold coated nickel, clearly represents a promising
approach in dissimilar resistance spot welding.
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