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Abstract This paper critically assesses the recent trends in
aluminum-magnesium dissimilar welding and suggests a key
design guideline to successfully improve the weld joint qual-
ity through addition of interlayer. First, the paper describes the
main issue of incompatibility between these metals and con-
siders the root cause of the problem, i.e., the Al-Mg-based
intermetallic compounds (IMCs). It then reviews the recent
trends of interlayer addition in various welding processes to
mitigate Al-Mg IMCs. Focusing on laser welding, the paper
finally proposes a 3-step design guideline in Al-Mg dissimilar
welding through addition of an interlayer and presents a case
study of using pure Ni foil as a proof of concept. The design
guideline has shown to be an effective means to predict and
prevent the formation of deleterious intermetallics.

Keywords Aluminum - Magnesium - Dissimilar welding -
Intermetallic compound - Design guideline

1 Introduction
1.1 Dissimilar welding

Currently, a major portion of welding research has focused on
dissimilar materials welding. The advantages of dissimilar
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materials welding are vast, such as weight reduction, cost
reduction, energy efficiency, optimization of material use,
and the ability to “tailor” the materials’ design according to
specific needs, commonly referred to as tailor-welded blanks
in the automotive industry [1—4]. Welding processes for dis-
similar metals will open up new industrial applications such as
in the automotive, aerospace, energy, and medical sectors [5].

An increasing need in the automotive industry can be noted
for dissimilar materials joining of aluminum and magnesium
base metals. Individually, both metals have been widely used
due to shared advantages such as light weight, high specific
strength, high corrosion resistance, and recyclability.
Dissimilar welding technology has provided the opportunity
to exploit the advantages of both metals simultaneously in a
multi-material component design [6].

However, similar to welding of aluminum and steel, Al-Mg
welding is categorized as an incompatible dissimilar metal
joining due to solubility issues, as will be explained in detail
below [5]. Even so, the enormous potential for this combina-
tion has cast a spotlight on Al-Mg-joining research. As
welding has always been an integral part of the automotive
industry, the recent progress implies that a robust and reliable
welding technique must be put forth to meet industrial
demands.

This paper examines the fundamental issues which control
the feasibility of dissimilar welding of Al to Mg alloys.
Particularly, due to the growing availability of laser welding
in the automotive industry, the paper focuses on laser welding
and gives a critical review on the current research progress of
using interlayers as an effective approach in improving joint
quality. Through basic understanding of the material’s thermo-
dynamics, a 3-step general guideline to mitigate Al-Mg-based
intermetallic compounds (IMCs) using interlayer material is
proposed. Finally, a case study is conducted as a proof of
concept of the interlayer guideline.
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1.2 Incompatibility between aluminum and magnesium

Figure 1 shows the equilibrium binary phase diagram of the
Al-Mg system [7]. Although it is well known that the welding
process in general is a non-equilibrium process [8], the equi-
librium binary phase diagram is a useful tool to predict the
reactions formed during welding and is regularly used as ref-
erence to determine if there is potential to achieve metallurgi-
cal bonding. The shaded areas in Fig. 1 show the only com-
position of aluminum and magnesium where a single-phase
compound can be formed, i.e., successful solubility is
achieved between aluminum and magnesium. From the trend
of the graph lines, it can be predicted that at room temperature
(not shown), the solubility of Al-Mg is negligible. Due to the
extremely limited solubility between aluminum and magne-
sium, depending on the local composition, a mixture of alu-
minum or magnesium solid solution as well as Al;Mg, and
Al;,Mg; 7 phases are likely to form during Al-Mg dissimilar
welding, discussed in more detail as follows.

1.3 Intermetallic compound layer and its formation
mechanism

It has been pointed out in most Al-Mg dissimilar laser welding
papers that the greatest challenge to successful joining is the
formation of Al;Mg, and Al;,Mg;; intermetallic compound
layers at the interface of the base metals [6, 9-23]. These IMC
layers will adversely affect the strength of the dissimilar joint
due to its hard and brittle nature, with hardness values ranging
from 152 to 221 HV [24]. This value is large compared to the
nominal hardness values of pure aluminum and magnesium,
between HV 25 and 60 [24].

To make matters worse, formation of the IMC at high tem-
peratures is inevitable and impossible to prevent. Even with
solid state welding where the general temperature is below the
eutectic lines, diffusion reaction between Al and Mg atoms is

Fig. 1 Binary equilibrium phase

expected, resulting in formation of both IMCs feasible in this
binary system as continuous layers [25]. Yamamoto et al. [25]
have demonstrated that, due to diffusion reaction, the overall
IMC layer growth was so rapid that the layer becomes larger
than 1 pm in a matter of seconds. Often, the IMC will form
and thermal stresses lead to cracking upon cooling.

Since welding methods such as laser welding involves
melting of the base metals in a non-equilibrium manner, it is
obvious that such IMCs will form due to the excessive heat
input generated by the heat source. It is therefore evident that
only mitigation of such layers is possible.

1.4 Al-Mg dissimilar welding

The significance of AI-Mg dissimilar welding can be appreci-
ated through the growing number of studies focusing on it
using various welding methods. To date, successful joining
of Al to Mg has been reported using metal inert gas (MIG)
welding [26], laser welding [20, 21], friction stir welding
(FSW) [27, 28], and resistance spot welding (RSW) [29,
30]. Several hybrid methods such as laser weld bond [12],
laser + FSW [31], laser + TIG [10, 19, 22], and TIG + ultra-
sonic seam welding [32] have also been introduced to improve
the welding outcome.

Hybrid approaches could prevent defects such as under-
cutting [10], while integrating effectively advantages of the
two welding techniques due to different heat input and
power densities [8, 33]. Improvements in the weld quality
were reported from such hybrid techniques. However, hy-
brid welding requires a much more complex jig set up,
increased complexity with additional processing parame-
ters to consider, and comes with a cost trade-off. An alter-
native to the method above is using interlayer or filler
metals between the base metals. This technique has gained
popularity in recent years due to its cheap, simple but ef-
fective outcome to improve Al-Mg weld quality.
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2 Interlayer/filler addition as an effective solution
2.1 AI-Mg welding with interlayer

Table 1 outlines the recent trends towards utilizing interlayer
or filler metal in Al-Mg dissimilar welding to attenuate the
detrimental effects of Al-Mg-based IMCs. As can be seen, a
variety of interlayer/filler metals were incorporated, including
cerium, nickel, iron, tin, titanium, copper, zinc, and manga-
nese. The concept behind this approach is simple; the metallic
interlayer/filler is placed between the base metals during
welding and acts as a substitute to replace Al-Mg reactions
by developing reactions with aluminum, magnesium, or both
base metals with the metallic interlayer during welding. This
mechanism serves to limit the extent of Al-Mg reactions, con-
sequently mitigating Al-Mg-based IMC phases.

This method has been proven effective in improving the
dissimilar weld joint quality. For instance, Penner et al. (2014)
used a unique approach by utilizing a Zn-coated steel inter-
layer between Al-Mg RSW. The higher melting point of the
steel prevented it from melting and served as a barrier between
the base metals while forming a metallic bond with the Zn
coating [42]. Sun et al. (2016) also utilized a similar method
on an AA5052-AZ31 dissimilar RSW by inserting a Sn-
coated steel interlayer between the base metals. The mechan-
ical property of the joint was reported to withstand load peaks
as high as 88% of similar Mg RSW joints due to prevention of
brittle Al-Mg IMCs [45]. These two examples demonstrate
that suppression of Al-Mg-based IMCs can be attained
through the interlayer’s role as a “physical barrier” when its
melting temperature is high enough to remain solid and avoid
mixing between Al and Mg, or as “chemical barrier” where

Table 1  List of recent research progress on Al-Mg welding with interlayer/filler metal in chronological order

No. Author Year Welding method Configuration Material (Al-Mg) Interlayer/filler

1  LM.Liuetal [10] 2006 Laser + Tungsten inert gas Lap joint AA6061 (bottom, b) and AZ31B Ce foil interlayer

(TIG) (top, t)
2 W.S.Changetal. 2011 Nd:YAG laser + Friction stir Butt joint A6061-T6 and AZ31B-H24 Pure Ni foil interlayer
[16] welding (FSW)
3 XD.Qietal [19] 2011 Nd:YAG laser + TIG Lap joint AA6061-T6 (b) and AZ31B (t) St02Z mild steel foil
interlayer

F. Scherm et al. [20] 2012 Nd:YAG laser Lap joint AAS5754 (t) and AZ31 (b) ZnAl filler metal
V.K. Patel et al. [34] 2012 Ultrasonic spot welding (USW) Lap joint AAS5754 (t) and AZ31 (b) Pure Sn interlayer

M. Gao etal. [21] 2012 Fiber laser Lap joint

A.Panteliet al. [35] 2012 USW Lap joint

J. Shang et al. [36] 2012 Cold metal transfer welding Butt joint

(CMT)

9  H.Wangetal. [22] 2013 Laser + TIG Lap joint

10 H.Y. Wanget al. 2013 Nd:YAG laser Lap joint
[23]

11 P.Penneretal. [37] 2013 Resistance spot welding Lap joint

(RSW)

12 F. Liuetal. [38] 2013 TIG Butt joint

13 A.Pantelietal. [39] 2013 USW + cold spray Lap joint

14 H.T. Zhang et al. 2014 Metal inert gas (MIG) Butt joint
[26]

15 H.T. Zhang et al. 2014 Pre-rolled + TIG Lap joint
[40]

16 F. Liuetal [41] 2014 TIG Butt joint

17  P. Penner et al. [42] 2014 RSW Lap joint

18 Y. Zhang et al. [43] 2015 RSW Lap joint

19 M. Sunetal [44] 2015 RSW Lap joint

20 M. Sunetal [45] 2016 RSW Lap joint

21  X.Daietal. [32] 2016 TIG + ultrasonic seam Lap joint

welding

AA6061-T6 (b) and AZ31B (1)

AA6111-T4 (b) and AZ31-H24 (1)
AA6061 and AZ31B

AA6061 (b) and AZ31 (t)
AA6061 (b) and AZ31B (t)

AAS5754 (t) and AZ31B (b)

Al6061 and AZ31
AA6111-T4 (b) and AZ31-H24 (t)
Al1060 and AZ31B

AA6061 (t) and AZ31B (b)

6061 and AZ31

AA5754 (top) and AZ31B
(bottom)

AAS5052-H12 (top) and AZ31B
(bottom)

AAS5754-0 (top) and AZ31B-H24
(bottom)

AAS5052 (top) and AZ31B
(bottom)

Al6061 (top) and AZ31B
(bottom)

Pure Ti interlayer + AZ31B
filler wire

Al coating
Pure Cu filler metal

Adhesive + Ni interlayer

Zn-coated Fe foil +
adhesive

Pure Ni/Au-coated Ni
interlayer

Zn filler + pure Al foil
Al/Mn coating

Zn-Cd alloy foil + Er4047
filler

Pure Zn interlayer

Zn29.5A1-0.5Ti filler metal

Pure Zn/Zn-coated steel
interlayer

Pure Zn interlayer
Pure Ni foil interlayer
Sn-coated steel interlayer

Pure Zn interlayer
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the presence of interlayers will preferentially favor the forma-
tion of alternative IMCs which are less detrimental. The chem-
ical barrier aspect is discussed in detail in the next subsection.

Table 2 shows the summary of interlayer effects on the
IMC formation and joint strength of Al-Mg laser welding.
Despite the vast array of thin metallic interlayers utilized, all
showed propitious improvements in joint strength, some even
at par with the base metal. A coherent correlation can be seen
between the enhancement of joint strength and the limited
presence of brittle AlsMg, and Al;,Mg;; IMCs, intentionally
replaced by other less brittle intermetallics.

From Table 1, it is apparent that various metallic
interlayers/fillers were suggested, with all cases showing en-
hancements in mechanical properties (partially shown in
Table 2). Due to the shear simplicity of this method and the
auspicious results, it therefore seems obvious that this ap-
proach is of great interest in future work.

However, a critical element that is missing in these cases is
a proper guideline for choosing a certain interlayer. Most pa-
pers mentioned above give little mention to the reason a cer-
tain interlayer is chosen as oppose to others. Therefore, a
thorough understanding of the governing principles behind
the method may hold the key to designing a more systematic
and robust approach in impeding Al-Mg-based IMCs, as will
be discussed below.

2.2 The Miedema model

The improved results due to addition of metallic interlayers/
fillers can be elegantly explained using the Miedema model. It
was first proposed by Miedema (1979) to effectively calculate
the standard molar enthalpy formation, AH, of all possible
compounds [21, 46]. Three important parameters, namely
the atomic size difference, the electron density mismatch,
and the electronegativity difference are to be considered in

the calculation, which is explained in detail elsewhere
[46-50]. It is thus convenient to calculate and compare the
formation enthalpies of all possible compounds formed during
the welding process with the formation enthalpy values of the
Al-Mg system.

2.3 Formation enthalpy of IMCs

The formation enthalpy of possible IMCs was calculated
using a Miedema model-based software developed by Zhang
et al. [48-52]. Figures 2 and 3 show the calculated formation
enthalpies for different compositions of Al-Mg and Mg-Al,
respectively, in comparison with other reported IMC forma-
tions in the literatures above (Table 1). Note that Fig. 3 shows
less possible IMC formation, due to very limited interaction
between Mg and the interlayer elements [19, 21, 22].

All other binary systems consistently and conclusively show
a much lower formation enthalpy compared to the Al-Mg or
Mg-Al baseline values, indicating that compounds other than
Al-Mg prefer to form in a ternary system between Al, Mg, and
the other constituent element. Thus, it is an effective means of
suppressing formation of brittle ordered Al-Mg-based interme-
tallics, by substituting them with a more ductile phase.

2.4 Gibbs energy of compounds

Although the Miedema model clearly demonstrates that the
interlayers/fillers of Ni, Ti, Fe, Ce, and Zn could effectively
reduce Al-Mg-based IMCs by means of substitution, it could
not pinpoint the dominant compound to form from a given
binary system. For example, regarding the Al-Ti binary phase
diagram, the system consists of three possible phases, namely
AlTis, AlTi, and Al;Ti. It is therefore equally critical to deter-
mine which would be the dominating phase to form, since
each IMC exhibits distinct characteristics, and formation of

Table 2  Summary of interlayer effects on IMC formation and joint strength in Al-Mg laser welding [10, 16, 19-23]
Author Year Interlayer Interlayer thickness IMC formation Maximum joint Strength increase
strength
L.M. Liu et al. 2006  Cerium foil 0.16-0.26 mm Not specified 55.8 MPa (shear) 54.9%
W.S. Chang etal. 2011  Pure Ni foil 0.5 mm NiAl and Ni;Mg 169 MPa (tensile) 66%
X.D.Qietal 2011  St02Z mild steel foil 0.07-0.22 mm Mg 7Alp,, FeyAls, 100 MPa (shear) 284.6%
and FeAl;
F. Scherm et al. 2012 ZnAl filler metal 1.6 mm (filler diameter)  Not specified 80 MPa (shear) 100% of Al base
metal
M. Gao et al. 2012  Pure Ti foil + AZ31B  0.03-0.15 mm ALLTi, AlTi; and 78.2 = 3.6 MPa 60% of Mg base metal
filler wire Al;gTiMg; (shear)
H.Y. Wang et al. 2013 Zn-coated Fe foil 0.05 mm (Zn layer Not specified 101 MPa (shear) 75% of Mg base
(+ adhesive) > 10 um) metal
H. Wang et al. 2013  Ni foil (+ adhesive) 0.08 mm Mg,Alz, Mg,Ni, 118 MPa (shear) 90.8% of Mg
and AI3Ni base metal
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Formation enthalpy, AH (kJ/mol)
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Fig. 2 Formation enthalpy, AH, of the AI-Mg, AI-Ni, Al-Fe, Al-Ti, Al-
Ce, Al-Cu, and Al-Mn system as a function of mass fraction calculated by
the Miedema model

brittle IMC similar or worse in nature compared to Al-Mg-
based IMCs are obviously undesirable [53].

Gao (2012) and Wang (2013) have independently proved
that the main phases to form in Al-Mg laser welding can be
predicted by observing the Gibbs energy of compounds, AG,
as a function of temperature diagram [21, 22, 54-56]. Based
on such diagram, among all possible reactions, it is proposed
that the reaction with the lowest AG will have the highest
likelihood to take place. As an example, the Gibbs energy of
Al-Ni- and Mg-Ni-based compounds for a binary AI-Ni/Mg-
Ni system can be expressed using the diagram in Fig. 4 using
HSC Chemistry 5.11 software [57].

From the above diagram, NiAl consistently shows the low-
est Gibbs energy among all AI-Ni/Mg-Ni compounds regard-
less of temperature. Thus, when an Al-Mg-Ni ternary system
is present, as in the case of Ni interlayer/filler addition [16, 22,
29, 44], NiAl will always be the dominant phase to form at
any given temperature. However, this is not always the case,
since Sun et al. (2015) reported observations of NiAl; on the
AI/Ni interface, while Chang et al. (2011) suggested possible
formation of Ni,Mg and NiAl at the interface [16, 44]. Wang

—e—Mg-Al
—o—Mg-Ni
210 —e—Mg-Ce
Mg-Zn
-12 1 —o—Mg-Sn
—o—Mg-Cu

Formation enthalpy, AH (kJ/mol)
(=)}
L

0 20 40 60 80 100
Mg Mass fraction (%) Al/Ni/Ce/Zn/Sn/Cu

Fig. 3 Formation enthalpy, AH, of the Mg-Al, Mg-Ni, Mg-Ce, Mg-Zn,
Mg-Sn, and Mg-Cu system as a function of mass fraction calculated by
the Miedema model
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Fig.4 Gibbs energy, AG, of different Al-Ni and Mg-Ni compounds as a
function of temperature

et al. (2013) also suggested the presence of NiMg, and Al3Ni
through EDS analysis of their work [23].

These contradicting observations can be explained through
local compositions and the kinetics of the welding process.
Although the Gibbs energy of compound serves well as a
general reference, formation of IMCs relies heavily in the
local composition during elemental interactions. For instance,
a slight local depletion of Ni composition in an Al-Ni interac-
tion may change a possible NiAl formation into a NiyAl;
compound instead, particularly since both AGs are almost
similar. Another reason for this inconsistency is due to the
erratic and non-equilibrium nature of welding processes. The
precise control of the welding kinetics is vital and challenging,
since two incompatible base metals are involved.

The core concept of introducing interlayer is to not only
inhibit interaction of Al to Mg but also substitute it with a less
brittle intermetallic interface to allow limited amount of defor-
mation before fracture. Since a compound’s brittleness is often
associated with its hardness value, a compound with lower
hardness, i.e., more ductile compared to the Al-Mg IMCs, is
therefore desirable. Considering the Al-Ni and Mg-Ni binary
phase diagrams, the possible compounds to form and the re-
spective hardness values are shown in Table 3. With the hard-
ness of 152-221 HV as the baseline, the only compound to be
of less hardness value is NiAl. Therefore, the formation of this

Table 3  Possible compound formation between Al-Mg-Ni and its
hardness values

Possible compounds Hardness value (HV)  Reference
Al;Mg, and Al;,Mg;; (baseline) 152 to 221 [24]
NiAl 115.45 [58]
NiAl; 441 [59]
Ni,Aly 759 + 25 [60]
NizAl 450.6 [61]
NiMg, 459 £ 10 [62]
Ni,Mg 646 + 17 [62]
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compound is preferred when Ni interlayers are utilized.
Through theoretical explanations of formation enthalpy,
Gibbs energy of formation and the less brittle nature of NiAl
compounds, there is good theoretical grounds that this could
be achieved. The final process is therefore to prove it through
empirical data.

2.5 The 3-step Al-Mg-based IMC mitigation general
design guideline

With the basic understanding of the governing principles men-
tioned above, a 3-step general guideline is proposed as shown
in Fig. 5. Future endeavors in this field should consider these
points if a better Al-Mg joint is desired.

Initially, a random interlayer is selected. In step 1, the ther-
modynamic aspect of the interlayer is assessed. The element’s
enthalpy of formation, AH, and Gibbs energy of compound,
AG, are compared to the Al-Mg system. If both show lower
values compared to the Al-Mg system, then the interlayer can
be assessed through the next step. If this is not the case, the
interlayer is deemed not suitable for the process and an alter-
native interlayer would be chosen.

Step 2 is the mechanical property and processing aspect. In
this step, the relative brittleness of the expected compound to
form is compared to the Al-Mg IMC hardness values. If the
value has lower hardness, it is a good candidate to be considered.
Passing these criteria provides good basis to perform initial fea-
sibility studies on the effectiveness of an interlayer to attenuate
the detrimental effect of AI-Mg IMCs. In addition, considering
the high-power density of some fusion welding process, a high

Start
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| Cost? Accessibility? ete. |
1|
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Fig. 5 The 3-step design guideline for interlayer selection in Al-Mg
dissimilar welding
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melting point interlayer could potentially act as a “physical bar-
rier” and limit interaction between both metals. Since this meth-
od is expected to be practical, some other points that should also
be taken into consideration is cost and accessibility.

The third and last step is the trial stage. This is equally critical
in the design guideline because all welding processes are highly
non-equilibrium and the outcome also heavily relies on the
welding parameters. A suitable interlayer coupled with optimum
parameters is expected to produce the best joint quality.

3 Proof of concept: Al-Mg laser welding with Ni
interlayer

3.1 Experimental method

Through the assessments shown in Fig. 5, pure Ni foil has
been selected as a good interlayer for this process. In addition,
Ni interlayer was chosen based on accessibility, low cost, and
having a high melting temperature (1455 °C) which doubles
as a pseudo-physical barrier to limit rigorous mixing of base
metals due to the intense heat input of the laser beam. Previous
researches have also shown joint improvements in past dis-
similar welding studies using resistance spot welding [29, 44,
63], hybrid laser-friction stir welding [16], hybrid laser-TIG
welding [64], and laser-arc-adhesive hybrid welding [22].

Joining of aluminum alloy AA6022 (0.6 wt%Mg and
1 wt%Si) to magnesium alloy AZ31B (3 wt%Al and
1 wt%Zn) was successfully conducted with the addition of
pure Ni based as the interlayer. The thickness of the base
metals and Ni foil is 2 and 0.1 mm, respectively. Attempts to
weld Al to Mg without Ni foil using several parameters were
unsuccessful due to premature cracking during cooling. Laser
welding is chosen due to several reasons; namely, laser beams
offer a higher power density, indicating efficient welding pro-
cess, high cooling rates, and shorter times for diffusion to
limited IMC formation; and a sizable amount of successful
case studies can be extracted from literature [10, 16, 19-23].

The process setup uses magnesium-on-top configuration.
The laser welding was done in IPG Photonics, MI, USA,
using a YLS-6000 fiber laser. The keyhole mode was utilized
with argon as the shielding gas. The parameters of the laser
welding are shown in Table 4.

Table 4 Process

parameters of Al-Mg Parameter Value

laser welding with Ni foil

interlayer Power (W) 1225
Weld speed (mm/s) 35
Focal length (mm) 200
Shielding gas Argon
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Fig. 6 Cross sectional macrograph of the laser welded sample

The sample was cut to observe the cross section of the
weld region through optical microscope. It subsequently
underwent X-ray energy dispersive spectroscopy (EDS)
and X-ray diffraction (XRD) analysis for IMC composi-
tion and compound identification. For hardness measure-
ments, a Vickers hardness test was conducted using
200 gf with 15 s dwell time.

' 250pm ' L 250pm .

3.2 Microstructural characterization

The cross-section macrograph of the welded sample is shown
in Fig. 6. As can be seen in the cross section, a sound weld
joint was produced with the weld region penetrating well into
the bottom Al-alloy base metal. Two distinct interfaces can be
observed, one dominating the entire Mg base metal and pen-
etrating to the Al side (primary interface) and another interface
dominating the Al base metal (secondary interface). No IMC
layer was observed at the boundary layer between fusion zone
and base metals. It could also be seen that the pure Ni foil also
acted as a pseudo-barrier to limit interaction between the base
metals as a “waist” was formed between the base metals. An
observable defect is a single pore measuring approximately
4 um in diameter caused by gas entrapment. Porosity is a
common laser welding defect that is difficult to avoid [65-67].

The weld region of the sample was observed using EDS
and an elemental mapping was conducted. Figure 7a shows
the SEM image of the analysis region, while Fig. 7b—d shows
the elemental mapping for Mg, Al, and Ni, respectively. In
Fig. 7a, several Ni islands (bright areas) can be seen scattered
throughout the interfacial region. In addition, a crack can also
be observed forming beneath the left side of the Ni foil layer in
the secondary interface, indicating the brittle nature of the
region.

'250pm'

Fig.7 a Overview of the interfacial area and the image of the distribution maps of major elements. b Map of element Mg. ¢ Map of element Al. d Map of

element Ni
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Fig. 8 SEM images of the a Ni island, b primary interface and ¢ secondary interface

The elemental mapping also shows no interaction oc-
curred between the Mg and Al base metals with the Ni
foil where melting is absent. However, where the melted
Ni foil islands are present, these areas have preferential
interaction between Al and not with Mg. This compli-
ments well with the thermodynamic calculation above in

Table 5 Elemental composition of Ni island, primary interface, and
secondary interface (at%)

Region Area Al Ni Mg
Ni island 1 41.68 55.26 2.84
2 46.20 49.72 4.07
Primary interface 1 15.41 0.37 83.57
2 12.57 0.95 85.91
3 23.94 1.98 73.01
4 20.12 1.56 77.36
Secondary interface 1 66.06 1.27 30.63
2 56.17 0.73 40.60
3 71.79 10.87 15.73
4 73.44 9.90 14.77

@ Springer

Figs. 2 and Fig. 3, where the Al-Ni formation enthalpy
consistently has a much higher negative value compared
to Al-Mg and Mg-Ni formation enthalpy values.

Figure 8 and Table 5 show the SEM image and EDS anal-
ysis of the Ni island, primary interface and secondary inter-
face, respectively. EDS elemental analysis of the Ni island
shows possible NiAl compounds. The dark region of primary
interface indicates «-Mg due to the high percentage of Mg in
area 1 and 2, while the bright region could not be identified
since the region is too small to get an accurate elemental anal-
ysis and the high percentage of Mg may be due to the detector
picking up signals from the periphery of the bright particles.
However, other sources indicate that these are NiAl particles
[44]. Further investigation is needed to precisely identify these
particles.

The EDS data of the secondary interface on the other
hand show an Al-dominant phase. For area 1 and 2, the
main secondary interface compound is an Al-Mg-based
IMC. The bright particles of area 3 and 4 show a significant
increase in Ni. Through the AI-Mg-Ni phase diagram [68],
the possible phase is Ni,Al; with dissolved Mg. It is there-
fore evident from Table 5 that the crack observed in Fig. 7
propagated in the Al-Mg reaction region, which confirms
the brittle nature of the AI-Mg IMCs [19, 21].
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Figure 9 shows the XRD spectrum of detected com-
pounds in the weld region. Other than the pure Al/Mg
peaks and Al-Mg IMCs generally present in Al-Mg
welding interface (not highlighted), NiyAl; and NiAl
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compounds were also detected. However, most of these
peaks are either weak or overlapping with other more
distinct peaks. This is due to the limited area of the
Ni,Al3/NiAl particles compared to the whole weld region.

To validate the hardness of the primary and secondary
interface, a vertical hardness profile was conducted as
shown in Fig. 10. The primary interface shows a similar
low hardness value compared to the Al base metal and the
baseline values discussed in Table 3, while the secondary
interface consistently shows a much higher hardness value
compared to the baseline. The Ni interlayer has success-
fully minimized Al-Mg IMC formation by forming an o-
Mg + NiAl compound in the primary interface to enhance
the joint ductility. However, the brittle interface could not
be completely prevented since the secondary interface
consists of brittle Ni,Al;- and Al-Mg-based compounds.
Through parameter optimization, the secondary interface
could be further minimized in future researches.
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Fig. 11 Interface formation mechanism. a Initial Mg melting stage. b Ni foil melting stage. ¢ Final Al melting and IMC formation stage
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3.3 Interface formation mechanism

The interface formation mechanism of the laser welding pro-
cess can be deduced in three stages, namely the magnesium
melting stage, the Ni foil melting stage, and finally the alumi-
num melting stage. A schematic of the stages can be seen in
Fig. 11. In the first stage, laser beam irradiates the upper mag-
nesium sheet to form a molten pool. Due to high melting
point, Ni retains its solid form but conducts heat to the lower
Al sheet. In the meantime, the Mg liquid wets the Ni interlayer
and promoted diffusion of Ni atoms in the Mg liquid. Next,
the Ni interlayer begins to melt and dispersed throughout the
fusion zone in the form of Ni-Al rich islands while the Mg
melt also penetrates to the bottom sheet. Upon cooling, Ni
preferentially begins to interact with Al in the Mg alloy matrix
because of the higher negative AG value to form the ductile «-
Mg + NiAl primary interface. Finally, the melted lower alu-
minum sheet mix with the molten magnesium from the top
sheet to form Al-Mg rich + Ni,Al; brittle secondary interface.
This is because the diffusion rate of Mg to the Al matrix is
higher than that of Ni to Al [69]. Ni-rich islands are dispersed
throughout the primary and secondary interface due to the
molten metal flow in the fusion zone.

4 Conclusion

By critically reviewing the recent research progress, the pres-
ent manuscript has proposed that future work should be fo-
cused on improving the addition of metallic interlayer method
due to its simplicity compared to other available techniques.
To systematically select a suitable interlayer, a general 3-step
guideline is proposed through the understanding of the basic
concepts of thermodynamics and mechanical property as
follows:

Step 1: Thermodynamic assessments through formation
enthalpy (AH) and Gibbs energy of compound (AG).
Step 2: Mechanical property assessment through com-
pound’s ductility. In this step, other processing aspect
such as accessibility and cost are also considered.

Step 3: Feasibility study through empirical trials to opti-
mize welding parameters.

A sample case study using Ni foil interlayer has evidently
proven that the brittle Al-Mg interface could be substituted
with a more ductile interface. Therefore, the 3-step guideline
provided above has shown to be reliable. Utilization of this
guideline could essentially open enormous potential to be un-
dertaken in the field of Al-Mg welding research and can en-
able researchers to focus on specific metals to further improve
Al-Mg joints. By careful selection and optimized welding

@ Springer

parameters, an interface with a joint that ensures consistent
strength and toughness could be achieved in the near future.
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