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ABSTRACT

In the quest for designing large scale AM of Mg alloy components in automotive and aerospace sectors, wire arc
direct energy deposition (WDED) is currently emerging as a popular process due to its enhanced scalability, high
production rate, inexpensive setup for fabrication and the flexibility to integrate with a spectrum of auxiliary
processing techniques. However, WDED results in higher heat input into the component being built thereby
causing substantial accumulation of thermal energy during layer-by-layer deposition. This heat accumulation
leads to thermal gradients, which in turn leads to build up of residual stresses, poor surface finish, distortion and
the formation of large columnar grains in the finished component. Among the existing pursuits for mitigating
heat accumulation, cold metal transfer (CMT) based WDED is most promising. Here we first describe state of the
art in CMT WDED of Mg alloys emphasizing practical aspects and physics of this process, followed by a brief
description of general trends in Mg alloy solidification with regard to cooling rate. Next, recent investigations on
microstructural characteristics of Mg alloys in the as deposited condition are presented. Subsequently, the role of
supplementary in situ/ex situ processing techniques and post process heat treatments in refining microstructure
for enhanced mechanical performance are discussed. Finally, potential unaddressed research directions in this

topic are summarized.

1. Introduction

Mg based alloys are attractive structural materials owing to multiple
reasons. First, Mg extraction from globally abundant mineral resources
and its production, is a matured technological process and as a result,
worldwide annual manufacture of Mg amounts to ~ one million metric
tons [1]. Mg alloys find applications in a gamut of domains like metal-
lurgical reduction, aerospace [2-3], automotive [4-5], environment
[6], biomedical [7-9] and energy storage [6,10]. Second, as the lightest
structural metal, magnesium possesses a density approximately 65%
that of Al and 38% that of Ti, along with excellent specific strength [11].
Mg and its alloys have a great potential to address the global warming
issues in aviation and automotive sectors as they enable minimization of
specific fuel consumption. For aviation and automotive industries con-
ventional processing techniques for fabricating Mg alloy-based products
in cast, wrought and sheet configurations has already reached the
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highest level of commercialization [1]. However, these conventional
processing techniques are yet to overcome technological challenges in
terms of imparting superior combination of strength-ductility along with
ease of processability for structural applications [12-15]. For instance,
the volume fraction of precipitated Mg-Al intermetallic phases in cast
Mg-Al based alloys is insignificant to impart dislocation strengthening.
Although advances in alloy design has enhanced the castability and
tensile strength of Mg alloys, cast components are still inferior to their
wrought counterparts in terms of mechanical performance [13-15].
Likewise, wrought Mg alloys are difficult to process at room temperature
as they possess limited slip systems, profuse basal texture induced me-
chanical anisotropy, larger critically resolved shear stress of non-basal
slip systems and propensity for twinning [13]. As Mg alloys have
limited ductility and high strength at room temperature, their form-
ability can be increased only with enhancement in processing temper-
ature. Therefore, due to the practical processing challenges of Mg based

E-mail addresses: rlnarayan@iitd.ac.in, rlnarayan@mese.iitd.ac.in, ragubuddy@gmail.com (R.L. Narayan).

https://doi.org/10.1016/j.nxmate.2026.102426

Received 26 September 2025; Received in revised form 23 May 2026; Accepted 2 June 2026

Available online 8 June 2026

2949-8228/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-1847-4568
https://orcid.org/0009-0003-2220-8785
https://orcid.org/0000-0002-4917-4445
https://orcid.org/0000-0003-0360-462X
https://orcid.org/0000-0002-8854-3610
https://orcid.org/0000-0002-1847-4568
https://orcid.org/0009-0003-2220-8785
https://orcid.org/0000-0002-4917-4445
https://orcid.org/0000-0003-0360-462X
https://orcid.org/0000-0002-8854-3610
mailto:rlnarayan@iitd.ac.in
mailto:rlnarayan@mse.iitd.ac.in
mailto:ragubuddy@gmail.com
www.sciencedirect.com/science/journal/29498228
https://www.sciencedirect.com/journal/next-materials
https://doi.org/10.1016/j.nxmate.2026.102426
https://doi.org/10.1016/j.nxmate.2026.102426
https://doi.org/10.1016/j.nxmate.2026.102426
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nxmate.2026.102426&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K.S.N.Satish Idury et al.

wrought alloys at room temperature, a majority (~90%) of the com-
mercial Mg alloy components are, as on date, fabricated via die casting,
although the obtained final product has suboptimal mechanical prop-
erties [16].

The emergence of Additive Manufacturing (AM) offers an alternate
technological paradigm towards synergizing the strength-ductility per-
formance of Mg alloys vis-a-vis their conventionally manufactured
counterparts [17]. In metal AM, a minor volume of the material is
subjected to rapid melting by a thermal energy source in the region of
interest in a repetitive and iterative manner based on the inputs from a
digital model. As a result, on solidification, the fabricated components
inherit meso-structural features that are characteristic of the scan
strategy employed. Moreover, since the built component undergoes
non-equilibrium solidification and experiences thermal gradients across
layers owing to thermal cycling, it microstructure consists of fine grains
along with some non-equilibrium phases. Moreover, the comparatively
faster cooling rate enhances the solubility of secondary alloying ele-
ments in the matrix [18-31]. Consequently, AM results in the formation
of hierarchical microstructures at multiple length scales, which can be
tailored to yield optimal strength-ductility synergy for structural appli-
cations [23]. Conventional manufacturing routes, such as casting, pro-
duce structures with defects such as slag inclusion, coarse grains and
shrinkage, which ultimately affect the mechanical properties [32-35].
Die-casting and hot extrusion for magnesium alloys [36-37] create
structures with inadequate mechanical strength and permeability.
Presently, AM of Mg alloys is a topic of significant research interest and
comprehensive reviews in this direction have already been documented
[38-47]. Specifically, AM of Mg alloys for biomedical applications
[48-52] is being actively pursued through powder bed fusion (PBF) as
this technology enables fabrication of implant geometries with great
precision and surface finish vis-a-vis other existing AM techniques [48,
53-55]. However, PBF of Mg alloys present considerable challenge as
compared to structural alloys like steel, Al, Ti and Ni based alloys owing
to the presence of low vapor pressure alloying elements (Mg, Al, Zn, Mn)
[56,57] in it, which evaporate during fabrication and lead to the for-
mation of metallurgical defects and pores [58-62]. These defects are
detrimental to the structural integrity of the component. Hence
commercialization efforts of PBF Mg alloys for automotive and aero-
space applications is hindered as the latter demands production of large
complex shaped components that are mechanically reliable.

In the quest for a robust AM technique for manufacturing large-scale
Mg components, alternate AM technologies like laser based direct en-
ergy deposition (LDED) [41], friction stir processing [63-69] and wire
arc direct energy deposition (WDED) [44, 70-71] are being explored.
Among these methodologies, WDED or wire arc additive manufacturing
(WAAM) is currently emerging as a popular process for fabricating Mg
based alloys due to its superior scalability, high production rate, inex-
pensive setup for fabrication (WDED is an extension of conventional arc
welding process) and the flexibility to integrate with a spectrum of
auxiliary processing techniques [72-75]. Since this method utilizes thin
filler wires instead of metal powders, it also obviates vaporization issues
of low vapor pressure elements in Mg alloys. In this regard, two recent
reviews on WDED Mg alloys [76,77] summarize the scope and breadth
of the state of the art in research investigations.

Despite the emerging popularity of WDED, certain drawbacks in this
process need to be overcome towards its large-scale commercialization.
WDED results in higher heat input into the component being built
thereby causing substantial accumulation of thermal energy during
layer-by-layer deposition. This progressive heat accumulation leads to
creation of residual stresses, poor surface finish, dimensional distortion
and generation of large columnar grains in the microstructure [76-80].
Therefore, WDED thermal management strategies for minimizing higher
heat input towards mitigating these process-induced defects and
tailoring the solidification microstructure is presently an active research
topic. Among such existing innovative pursuits for mitigating heat
accumulation, cold metal transfer (CMT) based WDED [81] is attracting
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attention in the research community, as evident from numerous recent
publications available in open literature. Currently, there are no reviews
that depict the state of the art in CMT based WDED Mg alloys in a
focussed manner and this forms the primary motivation for this paper.
This review paper is further organized as follows. Section 2 outlines
practical and physical aspects of CMT WDED. In Sections 3 and 4,
general trends in solidification behavior of Mg alloys and recent ad-
vances in microstructural evolution of CMT WDED magnesium alloys,
respectively, is discussed. Section 5 summarizes the microstructural
aspects of Mg alloys when CMT WDED is integrated with supplementary
processing techniques. In Section 6, the role of post process treatments
in fine tuning mechanical performance is elaborated. Finally in Section
7, the deformation response of CMT WDED Mg alloys is discussed under
the purview of structure-property correlations.

2. CMT WDED practical and physical aspects
2.1. Necessity and significance of CMT WDED

Fig. 1 schematically illustrates the importance of input thermal en-
ergy in an AM process since it governs the temperature distribution in
the built component, size of melt pool, melt pool solidification kinetics,
microstructural evolution, defect formation, residual stress generation
and subsequently the mechanical properties of the fabricated compo-
nent. A reliable structure-property correlation in AM components can be
established if the link between input process parameters that create a
heat source for alloy melting, and characteristic metallurgical variables
is established [82]. In WDED, thermal energy generated from an electric
arc is utilized for a layer-wise fabrication on a substrate. Accordingly,
WDED is broadly categorized as either non-consumable electrode based
or a consumable electrode-based process. In the former, an electric arc
generated in a shielded atmosphere between a tungsten electrode and a
separate filler wire (gas tungsten arc (GTA) and plasma arc (PA) vari-
ants) functions as a heat source. Alternately, in the case of gas metal arc
(GMA) based WDED, the arc is produced between the coaxial expend-
able filler wire and the substrate. The electric arc serves as a medium for
the diffusion of electrons and ions, whose paths depend upon the po-
larity of the electrode and the substrate [20]. While the electrons move
from cathode to anode, ions move in the opposite direction. During their
movement in the arc column, the kinetic collisions of the electrons and
ions is converted into heat energy.

Electrode polarity, voltage and current supplied to sustain the arc,
filler wire diameter, chemistry of shielding inert gas are the important
variables that govern the electric arc characteristics in WDED. GMA
based WDED is superior in terms of absorbing thermal energy generated
in the arc, compared to GTA and PA variants since there is a mass
transfer from the molten filler wire to the substrate melt pool [20]. The
heat absorption by the filler wire is a function of the magnitude of
temperature generated in the arc, chemistry and surface roughness of
the filler wire and the mode of molten metal transfer from the filler wire
to substrate [20]. Depending upon the relative degree of time duration
of metal droplet growth (t;) at the tip of filler wire and contact time
between the filler wire and melt pool (t.) four modes of metal transfer
are recognized as described below:

Mode 1: t. > > t,, where the filler wire is in virtual constant contact
with melt pool

Mode 2: t, ~ t,, where the droplet growth time is identical to droplet
contact time

Mode 3: t; < < tg, where the droplet size becomes bigger with time

Mode 4: t. tends to 0, where there is no contact with melt pool and the
energy for melting is obtained from arc plasma

At the tip of the filler wire, an inherent competition exists between
surface tension, drag force of arc plasma and the gravity. While surface
tension aids in formation of molten droplets and holds them onto the
wire tip, gravity and drag forces are responsible for the detachment of
droplets from the filler wire [20]. The droplets formed at the tip of the
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Fig. 1. Critical role of heat and mass transfer in analysis

filler wire due to heat input continue to grow until drag force and gravity
are sufficient to rip the droplet and transfer it into the underlying melt
pool. The kinetics of molten metal transfer from the filler wire tip to the
substrate melt pool is driven by the magnitude of electric current sup-
plied to sustain the arc. At significantly higher input currents, the filler
wire melts faster and smaller sized droplets are sprayed into the un-
derlying melt pool. Likewise, at moderate currents, the molten drops of
filler wire take the spherical shape until they are detached under the
influence of gravity. Therefore, higher and moderate input currents
generally lead to pronounced spatter and surface roughness despite
increased build rate [20]. Alternately, when a small input current is
applied to create arc, the transfer of molten metal from the filler wire
happens through the contact of the elongated droplet with underlying
surface by creating a short circuit. Due to smaller input currents
involved here, the size of the melt pool will be smaller, deposition will be
free of spatter and better surface finish can be achieved. This process of
depositing the molten metal from the filler wire tip via short circuiting
the substrate at smaller currents forms the basis of cold metal transfer
(CMT) WDED process.

2.2. Practical aspects of CMT WDED process

In WDED, the transient temperature distribution in the melt pool is
complex compared to other metal AM processes. Here, in addition to the
surface tension differential in the fusion zone, mass transfer of molten
droplets from the filler wire and electromagnetic force of the arc
dominate the convective heat transfer [20]. To mitigate momentum
transfer from filler wire and electromagnetic force effects on melt pool
convection, three successive processes need to be integrated, which are
as follows.

a) a precisely controlled wire feed mechanism that switches off input
current during the time interval of filler wire’s contact with substrate

of AM process [82]. (Reproduced with permission from Elsevier).

b) retraction of the wire, post contact to ensure droplet metal transfer
due to the wire’s oscillation force

c) reinitiation of electric arc with small input current to recreate metal
droplet

The above-mentioned steps, if sustained in a cyclical and coordinated
fashion, ensures that the transfer of metal droplet from filler wire hap-
pens only due to the mechanical oscillation force while mitigating the
role of the electromagnetic force. Hence, for a given quantum of droplet
transfer, the input current is significantly lessened so as to reduce spatter
and also minimize heat accumulation in the fusion zone. CMT an
evolutionary version of GMAW developed by Fronius Technology
Austria, incorporates the above mentioned electrical cyclic process (see
Fig. 2). CMT WDED is capable of fabricating wide range of components
with extremely low heat input and dilution rates. It is a relatively a
spatter free process in comparison to conventional GMAW, has high arc
stability and can be operated in various modes. CMT process has a
servomotor to initiate forward and retreating motion of the wire elec-
trode to smooth molten pool detachment and enable better melt pool
flow dynamics [81]. CMT has inbuilt wide range of optimal process
parameters so that metal depositions can be carried out either in metal
inter gas mode using argon or in metal active gas mode using (Ar+COa,
Ar+ Ny, Ar + CO2) mixtures.

Fig. 2a illustrates the waveforms of voltage and current during CMT
deposition process on AZ31 Mg alloy in direct current (DC) mode. Here,
a typical CMT cycle comprises a prolonged time interval during which
the input current is increased to the peak value to melt the filler wire tip
for creating a metal droplet, which is referred to as the ‘arcing phase’.
Furthermore, as the filler wire is fed forward towards the underlying
melt pool, the input peak current is simultaneously lessened to a fraction
of peak current, which is known as the ‘base phase’ [83] By reducing the
current, the transfer of liquid droplet into the melt pool under the in-
fluence of gravity is prevented. When the filler wire is about to initiate
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Fig. 2. Waveforms of current and voltage during CMT process of AZ31 Mg alloy
(a)direct current CMT (b) pulsed CMT process [83]. (Reproduced with permission
from Elsevier).

contact with melt pool during its downward motion, the input current is
further reduced while creating a short circuit (S/C) path. Here the arc
voltage is set to zero volts. During the S/C phase, the filler wire is
withdrawn from the melt pool to complete the molten drop transfer.
Fig. 2b illustrates the pulsed CMT mode comprising of multi peak input
current pulses during arcing phase while base phase and S/C phase are
identical to DC CMT. With the incorporation of multiple cycle of peak
current in the arcing phase, the heat input into fusion zone can be
enhanced that will aid in melt pool convection and also increased
deposition rate [83]. Due to differences in the heat input imparted
among different CMT modes, the wire feed speed varies. Higher wire
feed speeds are practically feasible in cases of where lower heat input is
envisaged and vice versa.

CMT WDED is a versatile process because the advancements in
GMAW can be extended directly into the experimental setup depending
upon processing requirements. The welding power sources supple-
mented through the innovations in modern electronics respond swiftly
to requirements of varied heat input for fabrication through manipula-
tion of voltage and current waveforms [84]. Current-voltage waveforms
of Pulsed CMT process depicted in Fig. 2b can be further tailored by
combining a sequence of complex pulses with different S/Cing time
durations so that metal deposition rates and heat input are matched as
per alloy chemistry. If the pulse frequency is increased, it will lead to
higher heat input whereas an increase in S/C duration enhances metal
deposition rate. The use of mixed current/voltage waveforms synergize
the advantages of different waveforms in a single duty cycle. Fig. 3 il-
lustrates different variants of current and voltage waveforms generated
in CMT. Figs. 3a and 3b depict the wave forms with electrode having
positive polarity whereas Figs. 3¢ and 3d indicate variable polarity of
the electrode. Fig. 3a illustrates CMT mode with multiple broad peaks
indicating longer time interval of arcing phase whereas in Fig. 3b, CMT
pulse mode is shown, where high frequency pulses appear in the arcing
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phase. In Fig. 3¢, which displays the current waveform in the CMT
advanced mode, increased S/C frequency with electrode negative po-
larity is the prominent feature. In CMT pulse advanced mode (see
Fig. 3d), multiple peaks appear in both arcing phase and short-circuiting
phase with former in electrode positive and latter in electrode negative
polarity [85]. Hence, by combining various metal transfer modes with
sophisticated power electronics-controlled power sources, heat input to
the component being fabricated can be controlled effectively by
manipulating various forces acting on the metal droplet [85].

Fig. 4a shows the schematic illustration of a CMT set-up comprising a
robotic arm controlled CMT torch, which incorporates the wire feed
mechanism, shielding gas source and a power source. Fig. 4b illustrates
the enlarged view of layer wise deposition of CMT WDED build
component in vertical direction along with reciprocating motion of
consumable wire for generating the arc in the presence of shielding gas.
Fig. 4c depicts the process parameters in a general WDED process which
include characteristics of power source for imparting energy to melt the
wire, shielding gas chemistry and its flow rate, nature of substrate and
characteristics of feed wire [86]. In Fig. 4¢ the substrate composition
influences the wettability and dilution effect of the weld bead on the
surface. The substrate volume and stiffness provides resistance to
distortion. Mechanical tensioning of the substrate through fixtures could
further reduce distortion; however, it may increase the residual stress
formation [87].Apart from the primary parameters for tuning the
quality of built component, various supplementary processes incorpo-
rated into the general WDED set-up, provide additional leverage for
enhancing build quality. These processes are performed either in situ or
post fabrication such as, imparting in situ mechanical oscillations to filler
wire and component being built, machining and mechanical deforma-
tion in post fabricated condition, thermal treatments performed either in
situ or post WDED [79]. Nevertheless, it is reckoned that in situ supple-
mentary processes are effective in addressing heat accumulation issues
compared to their ex situ counterparts [79].

2.3. Practical aspects of supplementary processes for CMT WDED

Fig. 5 illustrates the versatility of WDED in integrating other ancil-
lary process like ultrasonic processing, manipulation of electric/mag-
netic fields, laser processing, in situ deformation techniques, and
collaboration of multi robots for hybrid fabrication.

Ultrasonic treatments to the workpiece promote effective stirring of
the fusion zone, which not only leads to the disintegration of dendrites in
the mushy zone but also facilitates the separation of incompletely mel-
ted grains and their uniform mixing within the melt pool [88]. In
magnesium alloy WAAM, ultrasonic assistance has been reported to
enhance cavitation-induced melt flow, reduce the temperature gradient,
promote constitutional supercooling, suppress solute segregation, and
refine the microstructure from coarse grains to fine equiaxed grains
through dendrite fragmentation and secondary nucleation mechanisms
[89-90]. Moreover, ultrasonic vibration also improves the uniform
distribution of in-situ formed oxide particles and reduces defect for-
mation, thereby contributing to simultaneous enhancement of strength
and ductility in AZ31 magnesium alloy deposits [90]. As mentioned
previously, judicious incorporation of high-frequency pulses coupled
with short-circuit transfer can also be utilized for tailoring melt-pool
oscillations. Likewise, the electromagnetic field in the filler wire can
be manipulated by incorporating multiple magnetic oscillators that
produce magnetic fields along the axis parallel to the welding electrode
[91]. These electromagnetic oscillators generate Lorentz force, which
induces arc rotation and vigorous melt-pool stirring, thereby improving
wettability, reducing porosity, suppressing interfacial reaction layer
growth, and altering the orientation of long columnar grains through
enhanced fluid flow and redistribution of thermal gradients. In CMT
welding of Al/Mg alloys, magnetic oscillation has also been reported to
expand the arc heating area, refine weld microstructure, and reduce
brittle intermetallic compound formation due to electromagnetic
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stirring effects within the molten pool [92]. The magnetic oscillation
CMT welding increased the microhardness value at the interface and the
shear strength value by 30% compared to without magnetic oscillation.
Despite the fact that CMT results in less heat accumulation in the build
component, WDED also has additional provision for incorporation of in
situ cooling to augment microstructural refinement [79,86]. In addition
to the above-mentioned techniques, in situ deformation through pro-
cesses like rolling, hammer peening, friction stir processing, ultra-
sonic/laser shock peening aid in porosity mitigation, induction of
surface compressive residual stress and texture modification [72,73].
One of the important features that makes WDED truly unique among
existing AM techniques is utilization of filler wires as material source for
fabrication, which is not only cost effective but also renders superior
deposition rate. The filler wires of required diameter are fabricated
through wire drawing and extrusion processes whose technology has
matured to the commercial level. Another interesting aspect of WDED
filler wires is that they can be fabricated in the form of multi material
configurations, stranded configuration, composite wires and cored wires
(which embed metal powders in a hollow tube) [88]. As a result of such
flexibility, WDED is ideally suited for large scale industrial fabrication.

2.4. Physics of CMT WDED process

2.4.1. Melt pool energy conservation and forces responsible for its dynamics

CMT WDED is a multiscale multi-physics process as the phenomenon
of metal deposition involves, the mechanism of arc generation, melting
of the filler wire and transfer of molten droplets to the fusion zone after
short circuiting, thermal field evolution due to heat and mass transfer
into the fusion zone, evolution of microstructure and residual stresses.
Fig. 6 depicts the interconnection of various phenomenon to reliably
estimate the temperature field evolution in the build component and

highlights the additional complexities introduced by virtue of coupling
laser, magnetic and ultrasonic fields to WDED process [93]. CMT WDED
involves vast spectrum of process parameters (Fig. 4¢) whose mutual
interaction during the practical deposition conditions influences the
melt pool dynamics in a transient manner [93]. Given such transient
nature of this entire process, numerical simulations are ideal tools to
comprehend the intrinsic coupling between diverse physical fields. The
goal of these simulations is to portray the temporal evolution of the melt
pool geometry and depict the transient temperature distribution. Esti-
mating the transient temperature distribution is the key to understand
microstructure evolution.

Heat transfer from the arc is inhomogeneous in the direction of
deposition due to its asymmetric shape. Besides arc shape, the inclina-
tion of the torch to the build surface also affects the distribution of
thermal energy. Also, melt pool evolution during CMT WDED is gov-
erned by the conservation of mass, momentum and energy. The con-
servation of mass in this process is influenced by the rate at which the
molten droplets are deposited into the melt pool. In turn, the rate of
molten metal deposition is a function of filler wire’s radius, energy
density at the tip and its feeding rate. The morphology of the droplet and
its rate of deposition are important attributes for melt pool convection
since irregular droplets contribute to pronounced spatter [93]. Likewise,
the conservation of momentum in the melt pool is affected by surface
tension, gravity force acting the descending droplet, Lorenz force, drag
and shear forces generated by the virtue of arc plasma [20]. In cases
where external fields like ultrasonic, magnetic and laser energy incor-
porated into WDED, conservation of momentum is affected. Finally, the
conservation of input thermal energy is accounted for by conduction
into the build component, and convection and radiation into the
ambient atmosphere. A brief account of the forces responsible for these
physical mechanisms is as follows.
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Surface tension gradient exists at the melt pool surface due to in-
homogeneity of the heat distribution by the arc, which drives melt pool
convection, also referred to as Marangoni convection. Similarly, the
inhomogeneous temperature distribution also disrupts the equilibrium
hydrostatic pressure at the melt pool surface leading to its uneven rise,
which manifests as the buoyancy force on the melt pool. Lorenz force is
generated due to mutual coupling of electric and magnetic fields in three
mutually perpendicular directions which exhibit a Gaussian distribu-
tion. The variation in the quantum of the input currents and their spatial
distribution also induces pressure on the melt pool, which is referred to
as arc pressure. Additionally, the frictional effects in the mushy zone and
the Darcy forces due to the mechanical oscillations of filler wire lead to
melt pool fluctuations [94]. Since the electric arc is in the high tem-
perature plasma state, its downward motion during wire feed exerts a
shear force on the melt pool, whose magnitude is determined by the
arc’s viscosity and its velocity gradient.

2.4.2. Impact of arc characteristics on melt pool fluctuations

Once the arc is initiated, it exerts mechanical pressure on the
nonuniform melt pool surface in a heterogeneous manner. Since the arc
shape is asymmetric and its energy distribution is Gaussian in space, the
maximum mechanical pressure is induced underneath the arc’s central
axis, which causes a downward flow of liquid metal in the center of the
fusion region and creates a depression [93]. Owing to maximum arc
pressure and temperature at the central axis, the metal in the melt-pool
flows outward towards the melt-pool boundaries. Since the maximum

current intensity is focused at the center of the arc, there is a tempera-
ture gradient in the melt-pool, where ethe temperature is highest at its
center and lowest at its boundaries. This spatial temperature gradient
promotes an annular flow of liquid metal with a higher velocity
component at center of the melt pool and minimum at its boundaries
[93]. As mentioned in Section 2.2, the morphology of the arc can be
varied with the incorporation of high frequency current pulses, to alter
liquid metal flow in the fusion zone.

2.4.3. Role of CMT in melt pool dynamics

CMT alters the droplet morphology by virtue of its feed wire oscil-
lations at the time of molten metal deposition. Owing to input current
termination in the vicinity of fusion zone coupled with the relatively
higher filler wire velocity in this process, the ability of molten droplets
to grow into stable large sized spheres is restricted. As S/Cing happens
prior to molten metal transfer, the formation of irregular shape droplets
or larger spherical droplets that impart turbulence to the fusion zone is
prevented [93,94]. Moreover, owing to current termination prior to
metal transfer, CMT does not induce steep thermal gradients unlike the
conventional mode of metal transfer. Due to decrease in melt pool tur-
bulence and its input thermal energy, the formation of fluid vortices that
create churning effect in melt pool is restricted thereby resulting in a
shallower fusion zone and enhanced solidification rates [93,94]. How-
ever, in the context of pulsed input current, the exact role of pulsing in
melt pool dynamics during CMT mode of metal deposition is yet to be
thoroughly understood. Here, the effect of either increase in the duty
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Fig. 5. Supplementary process in WDED aimed at enhancing fabrication quality [88]. (Reproduced with permission from Elsevier).

cycle and subsequent increment in heat input due to low frequency
pulses or increase in momentum transfer due to high frequency pulses is
succeeded by the extinguishment of arc before deposition.

Despite the effectiveness of CMT in minimizing the heat input and
melt pool oscillations, Mg alloys pose significant challenge in fabrication
as they are sensitive to both quantum of thermal energy imparted and
alloy chemistry. Mg alloys are amenable for deposition only in a narrow
window of process parameters beyond which they exhibit pronounced
spatter [95]. The formation of spatter has been verified for Mg alloys
during both arcing phase and short-circuiting phase, with the former
being the dominant factor that contributes to this instability. Since a
typical CMT cycle comprises of base current, peak current, peak current
duration and short circuit current parameters, any increment in any of
these beyond a threshold will lead to spatter. Specifically, simultaneous
increase in both peak current and its duration will lead to pronounced
increment in heat input beyond the melting point of Mg and will result in
its evaporation. The produced Mg vapor exerts a potent recoil pressure
on the descending molten droplet and repels it away from the central
axis of the arc to cause spatter. Although an increase in the base and
short circuit current will result in random spatter formation, it is not as
severe as that caused by increase in peak current. [95].

Fig. 7 below illustrates the numerical simulation of droplet transfer
during a typical CMT cycle for Mg-Gd-Y-Zr alloy. In Fig. 7ai, where
lower peak current and peak duration conditions are simulated, the
droplet remains spherical with a constant diameter throughout the cycle
and undergoes stable deposition with its temperature well below
melting point of Mg [95]. Fig. 7aii, which contains a simulation of
higher peak current and longer exposure duration, depicts not only in-
crease in droplet size and temperature close to melting point, but also
forms an additional droplet which too begins to expand before depos-
iting into the melt pool. Fig. 7aiii shows the velocity vectors for both
conditions. While low heat input results in unform velocity along the arc
axis, the drop is repulsed from the arc axis in the other condition [95].

In addition to electrical power parameters, filler wire feed rate will
also affect the droplet dynamics and arc stability. Hu et al. [83] reported
stable arc characteristics at lower wire feed rate during pulse CMT mode
deposition of AZ31 Mg alloy. However, for a given frequency of pulses, if
the feed rate is increased, it leads to droplet instability due to generation
of recoil force (see Fig. 8). Conversely, the DC CMT mode which gen-
erates less heat input compared to pulsed CMT, facilitates greater wire
feed rates, which ensures arc stability and stable droplet deposition
[83].
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3. Solidification characteristics of Mg alloys: implications of
cooling rate

3.1. Melt pool and dendrite evolution

There are serious solidification related challenges during CMT
WDED of Mg alloys owing to their metallurgical characteristics. The
mode of heat transfer in the built component is transient during fabri-
cation thereby resulting in complex microstructure evolution. When the
first layer is being deposited, the rate of heat extraction is governed by
heat conduction into the substrate. However, with increase in the
number of deposited layers, considering that a thin wall is fabricated,
convection heat transfer to the surroundings can be enhanced in case of
providing forced air/water circulation in vicinity. Here, the increase in
surface area of thin wall in vertical direction promotes higher heat
dissipation. But in case of absence of such forced air/water circulation in
practical setup, heat accumulation in the build wall dominates heat
dissipation since heat flux has to be dissipated only in downward di-
rection. Alternately, with further increase in deposited layers, where
successive beads are also adjacently deposited to form a thick wall, heat
conduction can be promoted due to increase in additional cross sectional
area. Therefore, in CMT WDED, three factors that are responsible for the
formation of long columnar grains along the build direction, at the re-
gion adjacent to substrate are as follows. One, energy density of the arc
source and the corresponding low solidification rate, two, substrate
promoting the heat sink effect and three, unhindered grain growth in the
absence of mechanisms that can promote competitive nucleation [79].
Since convection is the dominant mode of heat transfer in the melt pool,
its sluggish heat dissipation rate [96] leads to heat accumulation during
layer wise deposition. This uneven heat dissipation further complicates
the microstructural evolution of Mg alloys, which by virtue of their HCP
crystal structure exhibits alloy chemistry sensitive multiple dendritic
growth modes even in conventional processing conditions along favored
crystallographic orientations (see Fig. 9) [97].

In the context of CMT WDED, dendrites will start to evolve in a
columnar fashion because the thermal gradient is perpendicular to the
plane of welding torch motion. Although alloy chemistry affects the
growth and characteristics of dendrites, Mg alloys exhibit typical generic
features like growth of primary, secondary and tertiary arms depending
on the inherent competition between them during solidification [98].

Scanning speed of the WDED heat source exerts significant influence on
the dendrite growth velocity and segregation of solutes. With increase in
heat source scanning speed, both dendrite growth velocity and solute
segregation are reduced. This is attributable to increase in the speed of
the solidification front (R) and reduction in temperature gradient (G),
respectively [99]. A high G/R ratio promotes stable directional solidi-
fication and favors the formation of columnar dendrites aligned with the
heat flow direction. In contrast, a reduced value increases constitutional
supercooling ahead of the solidification interface, thereby enhancing
heterogeneous nucleation and promoting equiaxed grain formation.
Furthermore, the cooling rate (GxR) significantly influences dendrite
arm spacing and grain refinement, where higher cooling rates generally
produce finer microstructures. Thus, enhancement in heat source scan-
ning speed also leads to an increase in the primary dendritic arm spacing
and their width. Conversely, with decrease in scanning speed, the
opposite effects are observed. Wang et al. [100] reported similar trend in
temperature gradient dependent dendrite growth velocity of CMT
WDED Mg-Gd-Y-Zn-Zr. Mg dendrites evolved at a faster rate with
enhanced size at regions farther away from melt pool key-hole owing to
smaller thermal gradients compared to that at the center of the
melt-pool.

Fig. 10ai depicts the finite element simulation of temporal increase
in the melt pool size with each layer being deposited. Since the con-
vection mode of heat transfer dominates the melt pool heat dissipation,
the thermal energy keeps accumulating with each layer being deposited
thereby increasing the size of fusion zone. As spatial heterogeneity in
temperature distribution causes uneven thermal gradients within re-
gions of melt pool, the dendrite growth velocity will also be heteroge-
nous. Phase field simulations of temporal dendrite evolution reveal that
at regions far away from the key-hole, hexagonal, snowflake shaped
dendrites with enlarged size and prominent secondary dendrite arms
appear (right column of Fig. 10aii) owing to lower thermal gradient and
high dendrite velocity [100] . Here the formation of hexagonal shaped
dendrites is ascribed to hexagonal symmetry of Mg. The opposite is
observed for the melt pool region directly under the heat source central
axis (left column of Fig. 10aii). Another possible factor that contributes
to profuse dendrite growth farther from the heat source axis is the
enhancement in local interfacial energy anisotropy which accelerates
the instability of primary dendrite arm and promotes its branching
[101]. Evidently, the mutual interaction of multiple secondary dendrite
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5 mm/min [83]. (Reproduced with permission from Elsevier).

branches far away from the center of the melt-pool will also create so
called “impact effect” to generate asymmetry in hexagonal morphology
vis-a-vis their counterparts at the heat source axis.

The transformation rate from the de facto columnar dendrites into
hexagonal structures is driven by inherent competition between alloy
chemistry dependent melt’s surface tension anisotropy and crystallo-
graphic anisotropy [101]. As there is spatial variation of thermal gra-
dients and cooling rates in CMT WDED, misorientation among the
initially formed columnar dendrites manifests in a spatially complex
manner with regions of low cooling rate exhibiting high misorientation
and vice versa. Additional subtleties in dendrite growth characteristics
manifest from the crystal structure of the solute as it modifies the melt
pool’s interfacial energy and diffusion. CMT process being relatively
milder compared to other modes of WDED molten droplet transfer in
terms of generating melt pool turbulence, preserves the hexagonal
morphology of the dendrite during its evolution, throughout the spatial
extant of the melt-pool. In conventional processing of Mg alloys, if the
melt pool convection is amplified either via high heat flux or artificial
stirring effect, a pronounced asymmetry in dendrite arm morphology
manifests [101]. However, the threshold melt pool surface velocity that
can destabilize the hexagonal symmetry of dendrites has not yet been
determined from experiments or simulations.

3.2. General trends in cooling rate dependent microstructure evolution of
Mg alloys

As mentioned earlier, increment in cooling rates causes refinement of
dendrites, boosts the dendrite tip velocity, alters their morphology and
mitigates the evolution of higher order dendrites. Therefore, in view of
the amplified cooling rates in CMT WDED vis-a-vis conventional
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manufacturing process like casting, the three noteworthy microstruc-
tural features in the components fabricated via the former are grain
refinement, extended solid solubility and a homogeneous microstruc-
ture. Grain refinement is caused by factors like increase in both the
undercooling of melt and increased rate of nucleation along with
decreased nuclei growth rate. However, this grain refinement happens
only when the cooling rates are higher than a critical limit. At lower
cooling rates, nucleation is suppressed, and grain growth happens.
Enhanced solid solubility is also attributed to high cooling rates, which
prevents outward diffusion of microconstituents from the Mg matrix.
However, at higher cooling rates, the partitioning of the elements in-
creases due to the rise in the solid-liquid interface velocity [102] . Given
the spatially heterogenous cooling rates encountered in a practical CMT
WDED process, the secondary precipitate size distribution of Mg alloys
could also be heterogeneous. With an increase in cooling rate up to a
threshold, the solute concentration in the liquid melt deviates from that
prescribed by the equilibrium phase diagram for a particular tempera-
ture. As a result, the liquid phase is enriched with solute, which on
cooling would lead to second phase formation. However, if the cooling
rates exceeds a threshold level, it results in solute trapping and prevents
the formation of precipitates. For example, in Mg-Zr-RE alloys the
threshold cooling rate for solute trapping is ~2.5-3.5K/s [103].
However, this threshold cooling rate depends on the alloy chemistry of
the alloy [104].

3.3. Metallurgical challenges of arc based WDED Mg alloys

In a broader sense, Mg alloys are classified as either Mg-Al based and
Mg-Zr based systems [104]. To improve their mechanical performance
and processability, rare earth (RE) elements are often alloyed to both
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Fig. 10. Temperature distribution and temporal dendrite evolution in the melt pool of CMT WDED Mg-Gd-Y-Zn-Zr [100]. (Reproduced with permission from Elsevier

under CC-BY-NC-ND—4.0).

these Mg based systems thereby promoting diversity in alloy design for
desired applications. Since CMT WDED is an extension of fusion welding
process, the metallurgical challenges encountered when this technique
is applied for processing Mg alloys can be classified into two different
categories as follows. First, if the process parameters are not optimized it
will lead to generation of spectrum of defects like residual stresses,
porosity, poor fusion, cracking issues and spatter [18,19]. Second, the
microstructure generated will be heterogeneous because of spatially
asymmetric melting of the substrate under the thermal energy source.
The fusion zone (FZ) where complete melting of the material occurs,
undergoes solidification to form long columnar grains. While the
partially melted zone (PMZ) next to FZ has a microstructure with pro-
nounced texture, heat affected zone (HAZ), which is in the immediate
vicinity of PMZ undergoes alloy chemistry dependent solid state phase
transformations and exhibits nearly equiaxed microstructure [18].
Among the metallurgical issues mentioned above, porosity, solidifica-
tion and liquation cracking, columnar grain formation in fusion zone
deserve special attention.

3.3.1. Porosity in fusion zone of Mg alloys

The leading cause of porosity is the dissolution of Hydrogen (H) in
melt, which gets picked up from moisture present either on the filler
wire and substrate or from the shielding gas. Due to the asymmetry in H
solubility among solid and liquid phases in Mg alloys, with it being
higher in latter, liquid metal is enriched with H due to its rejection at the
advancing solid/liquid interface, with progressive solidification. Once
the H concentration at the solid/liquid interface exceeds the liquid
solubility threshold, it causes pore nucleation [105]. Since Mg melts
have the lowest density, they decelerate the drifting velocity of the pores
to the melt pool surface. This aids in coalescence of pores nucleated at
spatially varying locations through the driving force provided by melt
pool convection. If the melt pool convection in CMT WDED is amplified
by the factors like Lorenz force and Marangoni force, porosity volume
fraction is enhanced due to two reasons, which are as follows. First, local
solute rejection and its transport away from the solid/liquid interface
leads to decrease in melting point and lower undercooling so that so-
lidification volume fraction decreases in the vicinity. Second, pore
enlargement occurs due to absorption of H atoms transported from
elsewhere via fluid flow [105]. Alternately if the convective forces are
not dominant, pores are trapped at interdendritic regions. Another
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additional factor for porosity is the formation of key holes due to
vaporization of low boiling point elements like Mg, Al and Zn.

3.3.2. Solidification cracking of Mg alloys

Solidification cracking is profoundly affected by the Mg alloy
chemistry. Alloys that have a wider solidification range have a large
mushy zone and are hence likely to crack [105]. As the molten metal
cools, the shrinkage in volume triggers tensile stresses and if these
stresses exceed the material’s tensile strength, cracks form. Hence, if the
liquid metal is constrained to flow into the cracks formed in between
intricate columnar dendritic channels during such thermally induced
volume contraction, cracking can be mitigated. Mg alloys that exhibit
deep eutectics in which liquid phase is stabilized to the lowest temper-
ature possible and offer better partitioning ability of solute elements at
the solid-liquid interface have narrow mushy zone and hence better
cracking resistance. However, in the context of CMT WDED, where
non-equilibrium solidification conditions prevail and spatially varying
thermal gradients cause formation of columnar grains in the fusion zone,
solidification cracking can be mitigated by incorporating grain refiners
in filler wire. Grain refinement leads to the formation of equiaxed grains,
whose boundaries are more effective in absorbing thermal contraction
stresses compared to boundaries of columnar grains. Moreover, there are
more boundaries in the refined microstructure, which provide enhanced
channels of feeding liquid metal to heal solidification cracks [105].

3.3.3. Liquation cracking of WDED Mg alloys

Mg alloys pose serious liquation cracking issues because of their high
coefficient of thermal conductivity, greater solidification shrinkage and
remarkably large thermal shrinkage due to their high coefficient of
thermal expansion [105]. The phenomenon of liquation cracking is
intergranular in nature and is prominent among Mg alloys exhibiting
lower eutectic temperature. When the PMZ is undergoing cooling, the
accumulation and coalescence of liquid film at the grain boundaries
(GB) of multiple grains cripples the material’s ability to resist tensile
stress generated due to shrinkage, leading to liquation cracking. The
formation of a continuous network of liquid film at GB is attributed to
the following two factors. Preferential segregation of impurities and
solutes to GB depress melting point locally vis-a-vis grain interior. Sec-
ondly at high temperatures, GB wetting with liquid phase is facilitated
by local eutectic reactions between second phase precipitates and matrix
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[105] . In Mg alloys, commonly observed Mg-Al and Mg-Zn intermetallic Mg. During thermal cycling, these intermetallic phases facilitate
second phase precipitates have a higher melting point compared to pure constitutional liquation with the surrounding Mg matrix by forming a
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diffusion couple [105]. Given the steep thermal gradients and heat
accumulation in WDED process, diffusion coefficients are enhanced
thereby contributing to constitutional liquation. These conditions are
ideal to further accelerate precipitate dissolution in the eutectic reaction
with Mg matrix [105]. Generally, diffusion controlled precipitate
dissolution rate is proportional to the square of the average precipitate
radius [105] . Since thermal cycling in WDED coarsens the precipitates,
large sized precipitates have a higher propensity to form local eutectic
liquid film. From the microstructure point of view, the goal of CMT
WDED of Mg alloys is to obtain fine grains throughout the build
component. Due to the high fraction of GB area and their pronounced
average GB curvature, fine grains obviate GB wetting with liquid phase
whereas coarser grains accelerate the propagation of liquid across the
GB. Also, the CMT process parameters should be optimized in such a way
that the amount of heat accumulation in the component due to repeated
thermal cycling is kept minimal to avoid secondary phase coarsening.

3.3.4. Fusion zone microstructure evolution in Mg alloys during CMT
WDED

The microstructural evolution in FZ of Mg alloys is initially charac-
terized by formation of Mg rich primary dendrites whose morphology
and sizes are determined by the prevailing cooling rate. Due to solute
partitioning to the interdendritic regions, secondary solidification is
initiated. Since a majority of the solute elements engage in eutectic re-
action with Mg, intermetallic phases form during the terminal stage of
solidification [105]. In WDED process, thermal gradients dominate the
solidification rate to trigger epitaxial growth of columnar grains. How-
ever, it is possible to facilitate the transition of these columnar grains to
equiaxed morphology via the following two approaches. First, the for-
mation of large constitutional supercooling zone ahead of solid/liquid
interface should be facilitated and two, heterogeneous nucleation in the
zone of constitutional undercooling must be fostered. In the first
approach, alloy design and CMT process play a vital role. The solutes,
which not only increase the slope of the solvus curve and partitioning
coefficient but also enhance their solubility in Mg, augment the consti-
tutional supercooling zone. CMT technique ensures the reduction in
thermal gradients and concomitant enhancement in solidification rate.
Although the second approach to grain refinement through inoculation
is more popular in Mg castings, the recent advancements in WDED
guarantees feasibility of incorporating composite filler wire for inocu-
lation [88]. Additional techniques for grain refinement include appli-
cation of in situ external fields that vigorously stir the melt pool and
create dynamic conditions for solidification [72,73]. Among such stra-
tegies, pulsed arc electrical sources, magnetic and mechanical oscilla-
tions of power source, laser pulses and ultrasonic waves are popular for
effective integration with the CMT WDED experimental set up.

4. Recent advances in microstructural evolution investigations
of CMT WDED Mg alloys

4.1. Mg-Al based alloys

4.1.1. Microstructural attributes

Fig. 11ato cillustrate the heterogenous grain size distribution (GSD)
across the deposited layers of CMT ATZM31 Mg alloy thin wall. Fig. 11a
depicts GSD in which the interlayers between first/second and second/
third deposited layers exhibit certain fraction of fine grains. As the
deposition progresses, the interlayers exhibit formation of columnar
grains (Fig. 11b and c) due to continuous heat accumulation, which also
causes pore formation in the uppermost layers [106] . Fig. 11d indicates
the temperature distribution of the substrate gradually decreases after
first few deposition layers, to finally converge to a specific temperature
as shown by dotted line. The three distinct zones of heating, constant
temperature and cooling are the consequence of transient thermal en-
ergy distribution of this process. Finite element simulation of the tem-
perature distribution reveal that during deposition of first layer, thermal
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gradient is insignificant compared to that of last layer (see Fig. 12)
which explains the generation of equiaxed grains near the substrate
whereas columnar grains are formed at the middle and top regions of the
built wall. Fig. 11e to g indicates that the average grain size increases as
the deposition progresses, which is also indirectly determined from
hardness measurements that reveal a decrease in hardness along the
build direction [106] . Similar trends in grain size variations along the
build direction was reported [107,108] for AZ31 alloy. Moreover, the
microstructure has a strong (0001) texture.

The formation of equiaxed grains near the bottom region of the built
component is due to larger constitutive cooling achieved locally, which
exceeds the critical undercooling for nucleation. The steeper growth rate
of solid/liquid interface at the bottom along with low thermal gradient
(see Fig. 12a), enables high density of nuclei formation, thereby
expanding the constitutional undercooling zone [106] . On the contrary,
the constitutional undercooling at the top layers is hindered due to steep
thermal gradients (see Fig. 12b) and low solid/liquid interfacial growth
rate to impart grain growth. In CMT WDED, columnar grain orientation
also exhibits diversity depending upon the number of layers being built.
Due to continuous heat accumulation from multi-layer deposition, melt
pool shape changes and alters thermal gradient direction with progres-
sive increase in deposited layers. This orientation change of thermal
gradient results in obliqueness of columnar grains with respect to build
direction as against initial alignment to build direction [108].

The microstructure evolution pathway in ATZM 31 alloy [106] is
different compared to AZ31 alloy [107] owing to differences in alloy
chemistry. The addition of Sn alters the solidification pathway for ATZM
31 and thermodynamically favors the nucleation of n-AlgMns at GB with
a-Mg being the primary phase. Here, Sn inhibits partitioning of Al to Mg
and as a result, the formation of p-MgjyAl;y eutectic is avoided.
Conversely, in AZ31 alloy, the microstructure in the as-deposited state
comprises of a-Mg matrix, eutectic structure of o-Mg + p-Mgi7Al1o
along the grain boundaries and fine n-AlgMns inside the a-Mg matrix
[108]. Due to slow cooling rate, the secondary dendrite evolution is
profound at the top region of the wall as compared to middle and bottom
regions. Hence, the volume fraction of interdendritic eutectic
a-Mg + B-Mgi7Al; 2 decreased concomitantly to increase in average size
of primary dendrites from bottom to top regions in the building
direction.

The role of transient temperature profile during in CMT WDED
microstructural evolution, specifically precipitate morphologies for
AZ31 alloy is depicted in Fig. 13. Initially, coarser AlgMnj5 exists in the
microstructure along with liquid phase since this intermetallic phase’s
melting point is approximately closer to the boiling point of Mg. AlgMns
phase provides a driving force for nucleation of a-Mg due to their similar
lattice parameters [109]. As the temperature decreases, coarser low
melting point Mgj7Alj, eutectic phase nucleates at the GB. However,
during subsequent increment in temperature, Mg;7Al;5 dissolves into
the matrix and conversely with decrease in temperature, forms a com-
posite phase with existing AlgMns particles. As the transient temperature
during reheat cycles is higher than recrystallization temperature (300°
C), it not only results in simultaneous recrystallization of a-Mg grains
but also refinement of initial coarser eutectic phase at GB with incre-
ment in cycling. It is also worth mentioning that the electromagnetic
forces generated in CMT WDED filler wire creates a stirring effect in the
melt pool leading to fragmentation of dendrites and causes grain
refinement.

4.1.2. Strategies for obtaining equiaxed microstructure in Mg-Al alloys

In CMT based processes, welding torch speed, input current, voltage
and filler wire feed rate are the critical parameters that affect thermal
energy input. By synergistically increasing all the above parameters, Ren
et al. have shown that the melt pool width can be increased with
concomitant linear decrease in HAZ [110] and resulted in columnar to
equiaxed grain transition. Nevertheless, single bead deposition-based
studies [110] do not ideally replicate the multilayered deposition
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Fig. 13. (a)Temporal evolution of microstructure for AZ31 alloy due to transient thermal cycling in CMT WDED fabrication and (b),(c), (d) represents schematic
microstructure during the thermal cycling as indicated by black arrows in a) [109]. (Reproduced from Elsevier under CC BY-NC-ND 4.0).

conditions in WDED. Similarly, weaving the wire arc during fabrication
was noted to promote grain refinement of a-Mg and caused uniform
dispersion of fine Mg;7Al;5 eutectic structure. Here the forced convec-
tion conditions that promote a stirring effect, causes reduction in melt
pool thermal gradient and enhances constitutional supercooling [111,
112]. The stirring effect causes disintegration of columnar dendrites,
where stronger stirring yields greater grain size refinement. While pro-
visioning of forced convection through lateral Ar gas shielding has
marginal effect on formation of equiaxed microstructure [113], depos-
iting the layers with a smaller filler wire diameter was noted to have
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remarkable effect on grain refinement [114]. Similarly, CMT being
effective in minimizing heat accumulation in build component, smaller
dwell time between successive layers can also lead to equiaxed micro-
structure albeit with grain size variation along the build direction
[115-118]. Equiaxed grains can also be obtained by dynamic control of
current and voltage waveforms in CMT WDED process. However,
establishing the regimes of spatter free metal deposition requires
extensive design of the experimental approach for optimizing the arc
current and voltage parameters [119-121].
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4.2. Mg-RE based alloys

4.2.1. Microstructural attributes of Mg-Gd-Y-Zn-Zr alloys

Mg-Gd-Y-Zn-Zr alloy’s microstructural evolution is sensitive to heat
accumulation during layer wise deposition in CMT process. Amongst the
process variables, filler wire feeding speed and welding speed have a
contrasting effect on heat accumulation in the built component. Mini-
mizing the heat accumulation and heat input in the built volume
through a combination of low filler wire feeding speed and higher
welding speed is an effective strategy to lessen both residual stresses,
dislocation density and texture [122,123]. Despite optimized filler wire
feeding rate and welding speed, heterogeneous dislocation distribution
during processing affects the microstructural evolution in a complex
manner. Typically, the dislocation density is highest in the initial built
layer and lowest in the middle layers.

Fig. 14 illustrates melt pool size evolution for the first ten layers of
the build in a CMT WDED fabricated Mg-Gd-Y-Zn-Zr alloy. In Fig. 14b,e,
h the red and black dotted lines represent the melt pool and remelt zone
size respectively. It is evident that the volume of melt pool is increasing
with each deposited layer. The progressive heat accumulation coupled
with asymmetric fusing of metal surrounding the melt pool will decrease
the thermal gradient. The magnitude of heat accumulated will reach a
stagnation point because with increase in layers being deposited, the
thermal conductivity of already solidified layers will aid in dissipation of
accrued thermal energy [123]. The microstructure in this alloy com-
prises of grains whose size is heterogeneously distributed with
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significant variation across each of the first ten deposited layers [123].
The origin of this grain size variation across layers can be traced back to
spatio-temporal evolution of temperature and cooling rates. Specifically,
the cooling rates exhibit two orders of magnitude difference between
initial layer and eleventh deposited layer. Therefore, the as-solidified
microstructure exhibits spatially varying cooling rate dependent pre-
cipitation of secondary phases in a-Mg matrix. Due to high cooling rates
in the initial layers, their grain boundaries are dominated by a network
of long period stacking order (LPSO) 18 R structures (that create a
coherent interface with a-Mg) and minor fraction of Mgs(Gd, Y, Zn)
[123]. On the contrary, above the tenth layer where cooling rate is the
least, the second phase is the Mg24(Gd,Y)s phase. However, in the study
by Bai et al., [124], it is reported that Mgs(Gd,Y) did not precipitate
owing to its low formation enthalpy that necessitates slow cooling
process for its nucleation and growth. Likewise in another study, a
eutectic structure of (Mg, Zn)3(Gd,Y) precipitated at GB [125] . There-
fore, in Mg-Gd-Y-Zn-Zr system, the eutectic phase formation at GB is
dictated by local kinetics of the non-equilibrium solidification process.

Fig. 15 depicts the microstructural evolution for CMT WDED
Mg—8.1Gd—2.6Y-0.7Zn—0.5Zr alloy [126]. Here, eutectic (Mg,
Zn)3(Gd, Y) is the predominant phase that precipitated along the a-Mg
GB similar to that in [127, 128]. LPSO y’ phase can be observed only
with grain interiors in the middle region of the build component while
minor fraction of RE rich cubic (Gd,Y)H; was uniformly distributed
within the grains along the entire build length [126,129]. Along the
build direction, the microstructure exhibits banded structure with
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Fig. 14. Melt pool size evolution with increase in layers depicted in cross section and top views for CMT Mg—9.2Gd—3.2Y—2Zn—0.4Zr alloy (a-c)first layer (d-f) fifth

layer and (g-i) tenth layer [123]. (Reproduced with permission from Elsevier).
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alternate coarse and fine grains forming within melt pools and melt-pool
boundaries respectively [130] . Apart from alloy chemistry and standard
CMT process variables, CMT process modes have remarkable influence
on phase formation and grain size distribution in this alloy system
[125]. While CMT-pulse mode enhances heat input by introducing
current pulses compared to standard CMT process, CMT-advanced mode
results in a relatively reduced thermal input as the arc fluctuates be-
tween electrode-positive and electrode-negative polarities. Hence
compared to pulse and standard modes, application of CMT-advanced
mode causes smaller grain size, less oxidation and porosity during pro-
cessing of Mg—8.8Gd—3.9Y—0.85Zn—0.45Zr alloy. However, CMT
pulse mode enabled formation of a well-connected eutectic structure at
GB but the caveat here is that this process is more prone to defect
formation.

Despite a significant difference in alloy chemistries and CMT process
parameters, this alloy system was reported to form equiaxed grains with
alternating bands of coarse and fine grains in melt pool and melt-pool
boundaries respectively. However, both the crystallographic nature of
eutectic structure at GB and its spatial connectivity exhibit wide di-
versity. Also, the mechanism of LPSO structure formation is not clear
although it is evident that process parameters that result in high heat
accumulation favor LPSO formation [129] . While Zhao et al. [123] and
Ju et al. [129] have shown that LPSO phases form at the melt-pool
boundaries of the bottom region, Ma et al. [126] and Zhang et al.
[127] argued that these phases preferentially form at melt-pool
boundaries of middle region in the build direction. One possible
reason that can be ascribed to the prominent presence of LPSO phases in
bottom region of built layers is the high cooling rate at these locations
that enhances supersaturation of RE elements in the a-Mg matrix. Hence
this limits the driving force for precipitation of eutectic phase and favors
LPSO phase formation. Further, eutectic phase precipitate sizes were
found to be large at bottom regions compared to those at the top, since
heat accumulation at the top layers aid in dissolution of the eutectic
structure [124].

4.2.2. Microstructural attributes of Mg-Y-Nd-Zr alloys
Mg—3.82Y—2.46Nd—0.56Zr alloy’s microstructure typically com-
prises of alternating layers of coarse-grained melt pools and fine-grained
melt-pool boundaries. The equiaxed grains formed have the largest grain
size at the bottom region while middle region and top region of build
wall were shown to have intermediate and small average grain size
respectively [131]. Though the precipitates formed at GB were identical
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across the build wall, the precipitate density displayed decreasing trend
from top zone to bottom zone. The microstructure comprises of micron
scale Mgy4REs precipitates decorated at GB along with nanoscale
needle-like Mg3Nd phases and Mg24RE5 nanocubes in the grain interior.
However, minor alloying of Gd ~1.2% to Mg-Y-Nd-Zr system resulted in
precipitation of micron scale eutectic network of Mg;4Nda(Y, Gd) along
the GB of a-M, while a-Mg grain interior comprises of Mgz4Ys nanoscale
particles, (Gd,Y)H; nanocubes and dispersions of elemental Zr [132].
Another feature of Gd doped alloy is that it exhibits hierarchal evolution
of GP zones in a-Mg and their precipitate density increases from top
region to bottom region of the build volume [132]. Chen et al. [133]
noted remarkable change in the precipitate crystallography and the
spatial extant of melt-pool boundaries when Mg-Y-Nd-Zr alloyed with
Gd, in minor quantities, is processed through various CMT modes like
CMT-standard, CMT-pulse, CMT-advanced and CMT-pulse advanced.
The spatial extent of remelted region inversely correlates with the en-
ergy input in CMT process. As a result, CMT-pulse mode that imparts
higher heat input displayed smallest remelt zone whereas
CMT-advanced that causes smallest heat input had a wider remelt zone.
Likewise, CMT-standard and CMT-pulse advanced having intermediate
heat inputs results in intermediate size of equiaxed grain remelt zones.
Here, a micron scale eutectic microstructure, which comprises of
Mg41Nds decorated GB and Mgs4Ys nanoparticles formed in grain
interior, forms.

4.2.3. Microstructural attributes of Mg-Nd-Zn-Zr alloys

Mg—2.4Nd—0.3Zn—0.6Zr alloy microstructure comprises of alter-
nating layers of equiaxed coarse grains in the melt zone and equiaxed
fine grains in the remelt zone. Due to continuous heat accumulation with
increasing number of deposited layers, the grain size increases from
bottom to top regions of the build volume. In the as-deposited state, the
alloy has Mg;oNd precipitates present at GB along with segregation of
MgO and NdyOs in the vicinity of GB [134].

4.3. Mg-Li based alloys

In CMT WDED Mg—8Li—3A1-2Zn—1Y—0.5Mn—0.5Gd—1Si alloy,
the remelt zone size decreased along the build direction with maximum
observed at bottom region [135]. As deposited microstructure com-
prises of lath like a-Mg phase distributed within a network of §-Li phase,
Mg-Li-Al and Mg-Li-Zn large micron sized primary precipitates and
Al-Mn based dispersoids distributed uniformly in the matrix. The
morphology of a-Mg laths exhibit profound variation not only across the
build direction but also within melt-pool boundaries and melt pools. In
melt-pool boundaries due to faster cooling rates, a-Mg has short rod like
morphology, while having long needle like morphology in the top and
bottom layers due to faster cooling rates experienced by the melt [135].
Conversely in the middle region intralayer, due to smaller thermal
gradient and solidification growth rate, a-Mg displays a combination of
long needle like and short coarser rod-like structures. Likewise, the
spatial volume fraction distribution of a-Mg and of f-Li phases exhibit
cooling rate dependence. At top and bottom regions that exhibit higher
cooling rate, smaller fraction of a-Mg phase is obtained compared to that
at the middle region of build wall. Similarly, the precipitate density was
found to increase from top to bottom region with remelt zones (in-
terlayers) having higher precipitate density (Fig. 16).

However, Mg-10Li-3Al-3Zn [136] microstructure is dominated by
B-Li grains with a-Mg distributed along GB with island-like morphol-
ogies and fine needle-like secondary phase precipitates within grain
interior. Here too, the precipitate density is maximum at the bottom
region and the morphologies of the phases exhibit cooling rate depen-
dence with regions of higher cooling rate having finer structure.
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Fig. 16. Microstructural morphologies of Mg-Li based alloy at various regions across the build wall [135] . (Reproduced with permission from Elsevier).

5. Supplementary processing techniques for tailoring the
microstructure of CMT WDED Mg alloys: Implications for
mechanical performance

5.1. Mg-Al based alloys

5.1.1. In situ hammer peening

As evident from previous discussions, heat accumulation during CMT
WDED can lead to nonuniform microstructure and causes anisotropic
mechanical properties. Therefore, various in situ deformation techniques
like hammering, friction stir processing, ultrasonic vibrations and laser
shock peening are applied to not only refine grains but impart additional
strength to the microstructure. Xu et al. [137] reported remarkable grain
refinement and promotion of grain boundary and dislocation strength-
ening for in situ hammer peened CMT WDED AZ31B Mg alloy single
deposited layer (Fig. 17).

Fig. 17 illustrates the experimental setup and the obtained micro-
structures of hammer peened AZ31B at two different degrees of defor-
mation levels (20% and 35%). Here the hammering action is achieved
through a terminal hammering head that is subjected to vibratory forces
after a stipulated contact pressure with the deposited layer is estab-
lished. Once the threshold deformation is achieved, stable hammering of
the contact area is facilitated through precise electronic controls [137] .
Hence the deformation in the entire deposited layer is realized through
accumulation of instantaneous micro deformations in the CMT torch
direction. Due to hammer peening, a gradient microstructure is intro-
duced with higher density of dislocations in the top region of the layer
exposed to the hammering head. Depending on the deformation force
induced, the degree of grain refinement is facilitated by generation of
numerous dislocation lines and dislocation walls whose dynamic
migration leads to dynamic recrystallization. For a lesser degree of
deformation, twining accommodates most of the strain and triggers
dislocation and sub grain motion. Conversely, intense deformation at the
top contact layer induces drastic migration of medium angle grain
boundaries (MAGB) and promotes dynamic recrystallization. Due to
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such mild and severe deformation treatments leading to grain refine-
ment and dislocation strengthening, the microhardness of the deposited
alloy enhanced by 17.4% and 31.7% respectively [137]. Fang et al.
[138] successfully extended the in situ hammer peening technique for
multilayer walls and concluded that it not only reduced the mean grain
size by ~50% but also enhanced the yield strength (YS) and ultimate
tensile strength (UTS) by 37% (from 102.6 to 140.6 MPa) and 8.1%
(from 239.8 to 259.2 MPa) respectively. Hence CMT WDED can be
synergized with in situ hammer peening for improving the mechanical
properties of the build.

5.1.2. In situ Friction stir processing

Fig. 18 illustrates the gradient microstructure obtained when inter-
layer friction stir processing (IFSP) is combined with CMT WDED. By
combining deformation and thermal cycling protocols, each of these
respective techniques will alter the microstructure of previously
deposited layer in a heterogeneous manner. The as-deposited layer’s
microstructure comprising of coarse eutectic p-Mg;7Al; 5 at a-Mg GB and
n-AlgMns in grain interior, will be subjected to grain refining, dissolu-
tion of eutectic structure and fine-tuning Al-Mn intermetallic precipitate
size due to severe plastic deformation caused by IFSP [139]. Several
mechanisms like strain induced dynamic recrystallization/dynamic
recrystallization, which is induced by formation of micro shear bands,
contribute to this grain refinement. Similarly, coarse eutectic phase
dissolution at GB occurs due to intense heat generated by tool friction
leading to local temperature exceeding the eutectic phase melting point.
In the next phase, when subsequent layers are deposited via CMT WDED,
a portion of the previously deposited stir zone undergoes remelting and
the region underneath CMT torch exhibits considerable grain growth
while the bottom portion of stir zone is unaffected by thermal cycling
and has fine grains. During remelting of the stir zone, second phase
particles are uniformly distributed into the a-Mg matrix. On performing
IFSP again on this remelt region, grain refinement in the local vicinity is
promoted there by creating alternate layers of coarse grained and
fine-grained regions in stir zone. Due to such a gradient microstructure,
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(Reproduced from Elsevier under CC-BY-NC-ND 4.0).

YS in the deposition and build direction increase by 10% (284-315 MPa)
and 22.7% (264-324 MPa), respectively [139]. Likewise, elongation
enhances by 50% and 53% respectively, in transverse and build di-
rections. Therefore, combining IFSP to CMT synergizes multiple mech-
anisms like grain refinement, eutectic structure dissolution and gradient
microstructure and improves the mechanical properties of components.

5.1.3. Ultrasonic vibration assisted CMT WDED

Fig. 19 depicts the mechanism of grain refinement on application of
ultrasonic vibration (UV) during CMT WDED. The melt pool generated
by CMT heat sources without UV is characterized by its large volume,
low velocity of fluid flow and high temperature gradients. Here grain
growth happens epitaxially in the direction opposite to that of temper-
ature gradient (perpendicular to melt-pool boundaries). With increase in
build height, heat accumulation amplifies and leads to formation of
large columnar grains. Conversely, UV induces cavitation bubbles in the
melt pool whose subsequent series of compression and rarefactions by
ultrasonic wave propagation [140] leads to the dynamic instability of
bubbles and their final rupture. The energy released after the bursting of
such cavitation bubbles burst is utilized to fragment the long columnar
dendrites. Additionally, the dynamics of formation and collapse of
cavitation bubbles enhances fluid flow in the melt pool, which promotes
effective convective heat transfer and exchange of solutes. In a nutshell,
UV promotes two critical factors for grain refinement, which is as fol-
lows. First, it enhances constitutional supercooling through high
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pressure generated from cavitation bubble collapse, which causes a
decrease in critical free energy for nucleation. Second, it enhances the
wettability of second phase particles, which fosters heterogeneous
nucleation [140].

Yi et al. [140] integrated in situ UV with CMT WDED and observed
columnar to equiaxed transition (CET) in the AZ31 Mg alloy. UV was
shown to be more effective in promoting CET at the bottom and middle
regions of build wall. Though columnar grains were also eliminated in
the top region, the equiaxed grains are much coarser at the top
compared to that at the bottom and middle regions. The reason for
marginal effectiveness of UV in top region can be ascribed to the
experimental setup involving mounting the UV platform below the
substrate. Therefore, ultrasonic wave propagation ability diminishes
with increase in the build height. However, two additional microstruc-
tural benefits accrued through UV are as follows. First it refines the
secondary phase precipitate (1-AlgMns) and uniformly disperses it in the
a-Mg matrix. Second, it refines the coarser eutectic Mg;7Al; > phase and
prevents liquation cracking of the GB. Due to such unique combination
of grain size and precipitate size refinement along with mitigation of
thermal cracking from UV treatment, there is an enhancement in the
mechanical properties of AZ31 alloy compared to that which is not
treated with UV. Specifically, microhardness, UTS and elongation in-
creases by ~12.6%, ~30.8%, and ~114.2% respectively after UV
treatment [140].

Similar enhancement in mechanical properties and reduction in



K.S.N.Satish Idury et al.

Next Materials 12 (2026) 102426

Tool
|
X A
I - S8 8 e
etetetes oetet
' o2ete2e%e0 egese
| sleselelel, M —
1 eooscecace -
Nth 1 - e - —
| t ayer | P8 eses:
et cele®
1 IFSP 050%:%%:* MM —
- 020%:%: % *efe®
| oge08e%ete® Sete®
| egetetelel HHH
\ e e e H.nﬂn
steteleted HHH
. seasesasst sesse € =
I | <
1
1
1 I
v A
i 0 S S S S5 iy i 0 A A o s - 0 AT
I B)
I'g" o o B
| B8
i T 22
| ZE%
o K|
, & 3
1 £ 31 == ~ & A=
1 783 HRR
Y 0g®
1555 :
1€ = :"::
| 20e®
1 Nth layer ates
~C a®s
I IFSP olel
[ o
1 Soee
1
1 b 4
1
1
: <—]
I B
g g g S g g
g g g S g g g g g gy,
1(c) Tool
I C
1
etatatet e
1 sgeteseter M
sesetede s *e%e®
! 9%0%% %% 008 -
| s2aa%a%2 Saled -
| 30 0 —
(N+1)th 0 . ta et
" h | sssee 3
| layer IFSP| BEEHREHHS »
. sssse £ i
0e0e®
Setet0%e% e2e%0 g2 «ap Eutectic structure
| e e e e®e®s = g
! HHHHH egese TR
“ seatzieds ege —_— g = B-Mg,;Al,,
' Nthl
ayer
| lEsp ® 1-AlgMn;
1 . S
| ..
. pa (O Grain in DED sample
1 -
I . O GraininSZ
1

Fig. 18. Schematic illustrating grain refinement and layer wise microstructural evolution of AZ91 Mg alloy when interlayer friction stir processing is combined with

CMT WDED [139]. (Reproduced with permission from Elsevier).

mechanical anisotropy along CMT travel and build directions are re-
ported by other studies that employed UV as supplementary technique
to CMT WDED [141-144]. The specific mechanism of increase in the
tensile properties for UV treated AZ31 is as follows. Fig. 20 depicts the
microscale mechanism for enhancement in tensile properties of UV
treated AZ31 alloy through synergy of various microstructural attributes
that transform hybrid fracture mode of the as-deposited specimen to
ductile fracture. First, ultrasound field not only decreases the porosity,
but also transforms high aspect ratio irregular lack of fusion (LoF) de-
fects into spherical pores. Hence, lower number of pores and LoF defects
prevent void nucleation and coalescence leading to fracture. Second,
cavitation and acoustic streaming effects [144] refine the grain and
precipitate sizes thereby eliminating stress concentration at the o-Mg
matrix and precipitate interfaces. Likewise, cavitation aids in generation
of several dislocations, twins and high angle grain boundaries (HAGB),
which contribute to multiple strengthening mechanisms like Hall-Petch
strengthening, low angle grain boundary (LAGB) strengthening and
dislocation strengthening. The complex interactions between these
mechanisms during tensile deformation provides highly tortuous paths
for crack propagation.

Ultrasonic vibration propagating through the molten pool generates
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alternating compression and rarefaction pressure cycles, which lead to
cavitation phenomena involving nucleation, growth, and implosive
collapse of microscopic bubbles within the melt. In addition, ultrasonic
treatment induces acoustic streaming, which refers to the steady-state
fluid flow generated by the attenuation of ultrasonic waves in the
molten metal. The collapse of cavitation bubbles locally generates
extremely high pressure and temperature pulses along with shock waves
and microjets. These fractures mechanically fragment growing den-
drites, which are then carried away by acoustic streaming and subse-
quently act as heterogeneous nucleation sites during solidification.
Consequently, the nucleation density increases significantly, thereby
promoting the formation of fine equiaxed grains [145].

Additionally, acoustic streaming enhances melt-pool convection and
improves heat and mass transfer within the fusion zone. This intensified
fluid flow homogenises temperature and solute distribution, suppresses
constitutional segregation, and reduces local thermal gradients. The
reduction in thermal gradient, coupled with enhanced solute redistri-
bution, facilitates constitutional supercooling ahead of the solidification
front, thereby promoting heterogeneous nucleation and suppressing
epitaxial columnar grain growth [146] Furthermore, the combined ef-
fects of cavitation-induced dendrite fragmentation and
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Fig. 19. Schematic illustrating the role of cavitation and acoustic effects induced by ultrasonic vibration in altering melt pool convection and subsequent grain
refinement [140]. (Reproduced with permission from Elsevier).
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Fig. 20. Schematic illustrating microscopic mechanism of increase in strength ductility synergy for UV treated samples vis-a-vis as built sample [144] . (Reproduced
with permission from Elsevier).

acoustic-streaming-assisted ~ melt  convection = promote the 5.1.4. Ex situ Surface engineering
columnar-to-equiaxed transition (CET), refine secondary phases, and

improve microstructural homogeneity in Mg alloy deposits. 5.1.4.1. Laser shock peening. Laser shock peening (LSP) is a popular

technique for inducing microstructural heterogeneities in a graded
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fashion for enhancing mechanical properties and mitigation of surface
tensile residual stresses. This ultrahigh strain rate enabled technique
promotes surface nanocrystallization, generates nanoscale substructures
and can also refine the size of harder precipitates in the alloy micro-
structure at micron scale depths from the surface. Li et al. [147] suc-
cessfully imparted compressive residual stresses up to a depth of ~1 mm
from the surface. This enhanced the YS and UTS of the CMT WDED
fabricated AZ31 Mg alloy by ~30% and 13% respectively.

Fig. 21 depicts the sequential mechanism of nanocrystallization and
secondary phase refinement leading to surface strengthening and mar-
ginal improvement in tensile properties. LSP induces a gradient micro-
structure characterized by the presence of nanograins up to a certain
depth from the top surface layers exposed to LSP. With further increase
in depth from the surface, deformation twins and their interaction with
dislocations dominates the deformation microstructure. In the initial
stage of LSP, the microstructure develops substantial interaction of
planar dislocation arrays (PDA) due to significant generations of dislo-
cations. In stage II, with progressive increase in strain, nano-mechanical
twins operating in multiple parallel directions, fragment the coarser
grain and also promote dislocation slip bands from the micron scaled
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precipitates. In stage III, with further increase in strain, a greater number
of nano-mechanical twins are activated and trigger cracking of micron
scale particles. Finally, further evolution of nano mechanical twins and
subsequent exponential increase in dislocation interactions will
generate sub grains, as twin boundaries are transformed into LAGB and
HAGB. Therefore, various strengthening mechanisms synergistically
contribute to improvement in YS. In the microstructural layers imme-
diately beneath the surface, nanocrystallization and dispersion
strengthening is achieved. With further increase in depth from surface,
nano mechanical twins, micro mechanical twins are formed, and further
below dislocation strengthening contributes to the increased strength
[147].

5.1.4.2. Low Plasticity Burnishing (LPB). Although LSP is an effective
strategy for inducing microstructural gradients and imparting
compressive residual stresses on the surface, the peened surfaces have
high roughness and are therefore unsuitable for high performance ap-
plications, where the component is exposed to corrosive media and fa-
tigue loading. Therefore, low plasticity burnishing (LPB) technique that
generates plastic deformation at the surface and subsurface by
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Fig. 21. Schematic depicting the four stage mechanism of nanocrystallization and precipitate reinforcement for ex situ LSPed CMT WDED AZ31 Mg alloy [147].

(Reproduced with permission from Elsevier).
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application of a specific force (exceeding material’s YS) through a
ceramic roller is an attractive alternative [148]. Owing to the applica-
tion of a ceramic roller on the surface, besides grain refinement and
compressive residual stress, the surface is not significantly damaged.
Fig. 22 depicts the schematic set up for ex situ LPB of a CMT WDED AZ31
Mg alloy and the surface finish obtained through two different
burnishing strategies: a) cross LPB pattern b) parallel LPB patter.

Due to LPB treatment, there is an enhancement in the surface
microhardness upto a depth of ~300 pm from the surface [148]. Among
the two different burnishing strategies employed [148], cross pattern
appears to improve the surface finish much more significantly and also
superimposes higher compressive stresses at the surface and grain
refinement to a greater depth from surface. The improvement in me-
chanical properties of the built component in cross pattern burnishing is
ascribed to the formation of geometrically necessary dislocations (GND)
at the surface, which lead to the formation of HAGBs and twin bound-
aries, although the same is not observed in parallel LPB. However, the
caveat in this surface finish process is that an extensive process
parameter optimization through a design of experiments approach is
required. Specifically, the applied pressure on the ceramic ball, feed
rate, medium of operation and number of passes and overlap distance
[148] affect the quality of surface obtained.
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5.1.5. Innovations in the tailoring of CMT allied process parameters

In Fig. 23 an illustration of the integration of in situ SiC particle
addition along with CMT torch oscillation to introduce grain refinement
in AZ31 alloy is displayed. From Fig. 23a, it is evident that columnar
grain formation in CMT WDED is the consequence of large thermal
gradient and negligible constitutional supercooling in front of the solid-
liquid interface [149]. By performing CMT torch oscillation about a
central axis (Fig. 23b), convective heat transfer of the melt pool is
enhanced. Therefore, constitutional supercooling zone area is margin-
ally increased and volume fraction of equiaxed grains can be improved.
Fig. 23c depicts that incorporating nucleating agents like ceramic par-
ticles is far more effective compared to arc oscillation, for grain refine-
ment and can even form composite microstructures [150-152]. SiC
exhibits orientation relationship with a-Mg grains and serves as het-
erogeneous nucleating agents. Also SiC particles segregate to grain
boundaries during solidification and arrests grain growth. The reason
why the combination of CMT torch oscillation and SiC particle incor-
poration is the most effective of all the above cases is that it addresses
both the aspects of increasing heterogeneous nuclei and decreasing
thermal gradient. Fig. 24g also depicts that the nearest available particle
for nucleation decreases for the above case compared to that in the CMT
process. Therefore, through this technique, Yang et al. [149] demon-
strate a remarkable decrease of ~81% in grain size, which leads to ~
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Fig. 22. Schematic depiction of ex situ LPB set up, burnishing strategies and the optical micrographs of AZ31 surfaces in various conditions [148]
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Fig. 23. Schematic depicting the effectiveness of combining CMT torch in situ incorporation of SiC particles for grain refinement for AZ31 alloy [149] . (Reproduced

with permission from Elsevier).

23% and 38% increase in YS, 51.4% and 33% increase in UTS, and 100%
and 163% in elongation in build and deposited directions, respectively
for CMT WDED fabricated AZ31 Mg alloy. Similarly other investigations
explored utilization of ultrasonic frequency pulsed arc [153], cryogenic
cooling [154], water cooling [155] and water cooling coupled with
ultrasonic vibration [156], optimized CMT torch path planning [157]
as additional aids for refining the microstructure albeit with marginal
improvement in mechanical properties.
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5.2. Mg-RE based alloys: thermal management strategies through active
cooling

Increasing the cooling rate in built wall through forced water cir-
culation is a practically viable and a relatively cheaper technique for
enhancing heat transfer and mitigating heat accumulation during CMT
WDED process [158]. Fig. 24 illustrates a novel experimental setup
where additional water channels are provided both underneath the
substrate and forward/rear sides of the built wall for recirculating water
to facilitate cooling. Evidently, adding such additional appendages for
cooling does not affect the macroscopic formability as evident from
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Fig. 24. Experimental set up of active cooling technique for minimizing heat accumulation during CMT WDED of Mg-Y-Nd-Gd-Zr alloy [158]. (Reproduced with

permission from Elsevier).

macrographs of the built specimen (Fig. 24e). Due to increase in the
cooling rate from the convective effects of recirculating water, a mar-
ginal decrease in grain size and substantial refinement of GB eutectic
phase is reported [158]. Compared to the specimen that experienced
only air-cooling, water-cooled specimens experience lower thermal
gradients and also exhibits enhanced Zr solubility in the melt pool,
which in turn enables its uniform precipitation in the a-Mg matrix after
solidification. Owing to faster cooling rates, metastable p;-Mgs(Y,Nd,
Gd) precipitate is prevented from coarsening, which results in a 11.7%,
5.8%, and 72.3% increment in UTS, YS and elongation, respectively
compared to an air cooled CMT WDED manufactured Mg-Y-Nd-Gd-Zr
alloy [158] . Based on the preceding discussions, Fig. 25 schematically
summarises the coupled interactions among process parameters, melt
pool behaviour, solidification mechanisms, microstructure evolution,
final characteristics and defects governing Mg alloy CMT-WDED
processing.

6. Post process heat treatments for optimized microstructure-
mechanical properties

6.1. Mg-Al based alloys

CMT WDED fabricated AZ91 alloy exhibits unusually dissimilar
precipitation kinetics during solution heat treatment (SHT) and aging
compared to its as cast counterpart. In post SHT + aged condition, CMT
WDED AZ91 comprised of continuous and discontinuous (-Mgij7Alja
phase irrespective of various aging protocols performed [159]. SHT at
410°C for one hour followed by ageing at 250° C triggered discontinuous
B-Mgi7Al;2 at GB within thirteen minutes of initiation of ageing proto-
col. The enhanced precipitation kinetics in CMT WDED alloy is due to
equiaxed microstructure having large volume fraction of GB that pro-
vides multiple sites for discontinuous precipitate nucleation. Likewise
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unusual segregation of Al in in remelt zones during layer wise processing
and nanoscopic scale Mn, Al rich precipitates also contributes to faster
precipitation kinetics. Fig. 26 shows that ageing temperature is the
predominant factor that drives precipitation kinetics. Low temperature
ageing (250° C) leads to steeper increase in volume fraction of
B-Mg7Al; 2 while maximum precipitate density was achieved within 4 h
of ageing time. With increase in the precipitation of the p-phase,
microhardness of the SHT + aged alloys increased at a rapid rate
initially and later plateaued once maximum volume fraction of -phase
is precipitated. However, in this study, no further tensile tests are per-
formed [159] to ascertain the role of SHT + ageing on bulk mechanical
response.

6.2. Mg-RE based alloys

6.2.1. Mg-Gd-Y-Zn-Zr alloys

Designing heat treatment protocols in Mg-Gd-Y-Zn-Zr systems in-
volves the following two underlying principles. First, as-built GB
eutectic phase (Mg, Zn)3(Gd, Y) must be completely disintegrated to
release precipitate forming elements into matrix and also prevent crack
formation during mechanical loading. Second, fine grain size attained
during CMT WDED process should be preserved, which implies that the
SHT + ageing process must not lead to grain coarsening. Hence, sol-
utionizing (T4) and aging treatment (T6) explored in literature vary
between 450 and 580°C and 200-225 °C respectively [127, 128, 130,
160, 161]. Specifically, the time duration for each of the respective
protocol varies, and is generally much shorter compared to that of
conventionally processed materials, owing to the non-equilibrium na-
ture of the solidification in CMT WDED manufactured alloys. If sub-
stantially longer duration is chosen for SHT at ~520° C, it promotes the
precipitation of a high volume fraction of the y phase. However, while
SHT at ~580° C leads to a homogenized microstructure, it causes grain



K.S.N.Satish Idury et al.

Process parameters and external field assistance

— Heat input

— Wire feed speed
— Pulse mode

— Magnetic field

— Ultrasonic vibration

Melt-pool behavior

— Thermal gradients
— Melt convection
— Marangoni flow
— Heat accumulation

Solidification mechanisms

— Constitutional supercooling
— Dendrite fragmentation

— Solute redistribution

— CET transition

Microstructure evolution
— Grain refinement/coarsening
— Columnar/equiaxed grains
— Texture evolution
— Eutectic/precipitate formation
— LPSO evolution
— Recrystallization

L

Final characteristics and defects

— Mechanical properties
— Anisotropy

— Porosity

— Cracking susceptibility
—» Residual stresses

Fig. 25. Integrated schematic framework summarising the coupled interactions
among process parameters, transient melt-pool behaviour, solidification
mechanisms, microstructure evolution, and final microstructural characteris-
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Fig. 26. Temporal evolution of f-Mg;7Al;» phase with respect to conventional
and direct aging protocols for AZ91 Mg alloy [159]. (Reproduced from Elsevier
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coarsening. Likewise, if a lower temperature of ~480°C is chosen for
SHT, complete dissolution of the eutectic phase is prevented.

In general, T4 treatment, leads to elimination of both eutectic phase
and RE rich segregations, and further results in the precipitation of 14H-
LPSO phases. Nonetheless, T4 treatment could not eliminate higher
melting point cuboid phases like (Gd, Y)Hs and Zr rich segregations. T6
treatment does not coarsen the 14H-LPSO phases but results in precip-
itation of fine nanoscale -’ and (” precipitates [160]. Fig. 27 sche-
matically illustrates the precipitation pathway for
Mg—8.1Gd—2.6Y—0.7Zn—0.5Zr alloy under SHT + ageing and ageing
conditions. Evidently, the alternating coarse- and fine-grained structure
is preserved throughout the heat treatment process irrespective of the
heat treatment route. While ageing treatment alone not only eliminates
the 14H-LPSO phase formation but also preserve the sanctity of the
eutectic (Mg, Zn)3(Gd, Y) GB phase and forms nano- §’ phases inside
grains. Conversely, SHT + ageing first leads to uniform precipitation of
14H-LPSO phase at GB and subsequently forms nano- p’ within grain
interiors. Here the advantage is that GB eutectic phase is completely
eliminated.

For Mg—9.88Gd—3.44Y—1.56Zn—0.4Zr [128] SHT at 500° C for 1 h,
does not dissolve the GB eutectic phase completely. As a result, the
subsequently aged microstructure comprises of remnant GB eutectic
phase. Conversely, when SHT duration is increased for 12 h at 500° C,
GB eutectic phase dissolves completely. Here in this study, prolonged
ageing for 72 h compared to 48 h in [160] did not lead to grain coars-
ening due to the pinning effect of cubic (Gd, Y)Hy phase. Likewise,
Zhang et al. [127] reported identical microstructural attributes and
tensile properties when Mg—9.4Gd—3.3Y—1.75Zn—0.38Zr alloy was
aged at 225°C for 12 h subsequent to SHT at 500°C for 12 h.

Despite commonalities in the obtained microstructure in terms of
phase formation post SHT + ageing, it is not clear whether the defor-
mation response obtained is highly sensitive to alloy chemistry. While
Mg—9Gd—4Y—1Zn—0.4Zr exhibits isotropic mechanical properties
[130] with highest elongation 8%, YS 220 MPa and UTS 370 MPa,
Mg—10Gd—2Y—1Zn—0.5Zr has the lowest elongation 2.7%, YS
278 MPa and UTS 403 MPa on being subjected to the same
SHT + ageing treatment [161] . It is observed that Zn plays a vital role in
elemental partitioning into the eutectic phase during deposition. This
elemental partitioning in the as built state plays a key role in subsequent
formation of multiple nano scale precipitates like y”, y’, 14H-LPSO, f’,
B1, RE rich cuboid phases and Zr segregations in SHT + aged condition
[161]. Multiple strengthening mechanisms responsible for such high
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Fig. 27. Schematic illustrating the microstructural evolution of Mg—8.1Gd—2.6Y—0.7Zn—0.5Zr alloy with respect to nature of post built treatment [160].
(Reproduced from IOP Publishing Ltd. under CCBY—4.0).

strength in SHT + aged condition are intrinsic lattice friction stress, creates strength-ductility dilemma in this alloy system owing to complex
strengthening at GB, solid solution strengthening, LPSO phase induced precipitation behavior.

strengthening and remarkably higher contribution of nano-p’ pre-

cipitates [160]. However, existing studies hint that SHT + ageing

(a)

Non-equilibrium As-built Solution
solidification component treatment
Cuboid phase Zr particles Gd,Y), Yy B B’ B

Fig. 28. Precipitation mechanism for Mg-Gd-Y-Zr from various aging treatments [162]. (Reproduced from IOP Publishing Ltd. under CC BY—4.0).
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6.2.2. Mg-Gd-Y-Zr alloys

Fig. 28 depicts the mechanism of precipitate evolution in Mg-Gd-Y-Zr
alloys. Here, contrary to Zn doped system mentioned earlier, the absence
of Zn will lead to formation of - Mg24(Gd,Y)s as the GB eutectic phase
[162-164]. As-built microstructure is also consists of cuboid (Gd,Y)H,
phase, Zr particles and ” nano phases. SHT at 530° C for 1 h effectively
dissolves the as built microstructure except the high temperature phases
like Zr particles and RE based cuboid structures that get retained (also
throughout the ageing treatment), due to the temperature not being high
enough to facilitate their dissolution. Subsequent microstructure evo-
lution and mechanical properties post ageing is dependent on the
magnitude of temperature and time duration. Perhaps the high Gd
content in the Mg-Gd-Y-Zr alloys considered by Li et al. [162] necessi-
tates higher SHT (530 °C) compared to that by Ma et al. and Shen et al.
[163,164] (400 and 480°C respectively) to ensure complete dissolution
of GB eutectic phase albeit their YS, UTS and elongation are similar.
Regardless, these alloys exhibit grain growth with increase in SHT
temperature.

Irrespective of ageing time and temperature, long slender nano y’
precipitates can be found. At low temperature and long ageing time
(150°C and 96 h) the microstructure is dominated by a well-connected
hexagonal network of f’ lath like nanoprecipitates that mutually share
a 7 spherical precipitate with in grain interior. With increase in ageing
temperature and reduction in time duration, the hexagonal network is
partially disrupted and also absence of p” spherical precipitates can be
observed. If ageing is done at higher temperature i.e. 250° C for 16 h, the
hexagonal network is completely broken, coarser f§; phase and {’
dominate the microstructure. Despite wide variation in SHT tempera-
tures and ageing durations nearly identical mechanical properties were
reported [162-164]. Specifically, ageing protocol driven, nano-f’ pre-
cipitates are responsible for remarkable strength and lower ductility as
they impede dislocation motion, while nano p; exhibited easier pro-
pensity to shear and proliferation of slip bands and thereby promoted
ductility [162].
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6.2.3. Mg -Y-Nd-Gd-Zr alloys

For WE43 alloy, SHT temperature is to be carefully optimized for
attaining optimal combination of strength and ductility in post aged
state. While lower SHT causes incomplete dissolution of GB eutectic
phase, high temperature SHT causes abnormal grain coarsening. In post
aged condition, suboptimal SHT lead to significant fraction of GB
eutectic phase while highest temperature SHT nullifies the beneficial
aspect of strengthening effect arising from high density nano-f” pre-
cipitates due to grain coarsening [165] . Hence both these cases are not
ideal from a mechanical property enhancement perspective. Fig. 29
depicts that the microstructure in optimal SHT + aged condition is
dominated by small volume fraction of GB eutectic Mg4;Nds and nano
cuboid Mgy4Y5 phase along with uniform precipitation of nano-f” pre-
cipitates throughout the microstructure. Therefore, intermediate tem-
perature SHT followed by ageing at 225°C for 18 h lead to best
combination of UTS, YS and elongation respectively (323 + 15.2 Mpa,
225 + 11.3 Mpa, and 8.4 + 1.1%). However, when innovative in situ
water cooling was adopted during CMT WDED followed by SHT at
500°C for 1 h and double step (high and low temperature) ageing lead to
remarkable increase in UTS and YS along with a marginal decrease in
elongation, respectively (393 + 5 MPa, 265 + 5 MPa and 5 + 0.5%). In
situ water cooling leads to a sharp decrease in thermal gradients,
enhanced cooling rate and forms fine nano-f’ (Mg;2YNd) precipitates
that contribute to the observed high strength. Similar SHT + ageing in
the temperature regimes stated above on other Mg alloy systems also
reveal dissolution of GB eutectic structure and precipitation of fine scale
nano-precipitates, which lead to enhancement in tensile strength [166] .
Also, other practical innovative approaches involve the extension of the
inter-layer dwell time to decrease thermal input accumulation and
improvement in cooling rate to tailor microstructural attributes [167].
Table 1 summarises the different solution and ageing heat treatments
applied to the different CMT-manufactured Mg alloys, and their effect on
microstructure and mechanical response.

Aging treatments (T6)

225°CX18h /,

Fig. 29. Schematic illustration of microstructural evolution on SHT and AG for Mg—4.08Y—2.07Nd—1.06Gd—0.51Zr alloy [165]. (Reproduced with permission

from Elsevier).



K.S.N.Satish Idury et al.

Table 1
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Comparative summary of solution heat treatment and aging parameters, corresponding microstructural evolution, and mechanical property improvements in CMT

additively manufactured magnesium alloy systems.

Mg alloy system Solution Aging treatment Main microstructural effect Mechanical Property response
treatment (temperature, time)
(temperature, (°C, hours)
time)
(°C, hours)
AZ91[159] 410°C,1h 250° C,4h Maximum precipitate density of Improved microhardness

Mg-Gd-Y-Zn-Zr [127, 128, 130,
160, 161]
Mg-Gd-Y-Zr [162-164]

450-580°C, varies 200-225°C, varies

400-530°C, varies
Mg -Y-Nd-Gd-Zr [165]

480-520°C, 8 h 225°C, 18 h

Mg -Y-Nd-Gd-Zr (in situ water
cooling) [166]

500°C,1h Double-step high and low

temperature ageing

150-250°C, varies (96-16 h)

p-phase

Multiple nanoscale precipitates Depends upon alloy chemistry
nano-f§’ and nano B, precipitates Strength and ductility depends upon
precipitates

Best combination at 500°C solution
treatment

Remarkable increase in strength

Uniform nano-p” precipitates

Forms fine nano-p’ (Mg;2YNd)
precipitates

7. Deformation behaviour
7.1. Tensile testing

7.1.1. Mg-Al based alloys

CMT WDED fabricated Mg-Al alloys have inferior tensile properties
in the as-built condition and currently there is only one report that ad-
dresses heat treatment aspects for attaining isotropic tensile properties
for Mg—8.2A1-0.6Y—0.4Ce (AE81) alloy [168]. However, various in
situ techniques like hammer peening, IFSP, UV and ex situ techniques
like LSP and LPB integrated with CMT WDED are widely explored to
enhance mechanical properties. As per existing literature, CMT
WDED + IFSP processing leads to remarkably high strength-ductility
synergy amongst all other process supplementations to CMT WDED
processing. The representative stress-strain curves of AZ91 alloy pro-
cessed via this method are shown in Fig. 30. It is noteworthy that YS and
UTS obtained parallel to build direction are higher compared to that of
CMT deposition direction [139] . In case of in situ IFSP, the mechanism of
fracture during tensile deformation changes from intergranular fracture
in as built state to transgranular fracture. The obtained good
strength-ductility combination in this case is attributed to refinement of
grains and secondary phase from the intense deformation and genera-
tion of GNDs at hard/soft grain interfaces in the graded microstructure
[139].

7.1.2. Mg-RE based alloys
In Mg-RE based alloys, various studies explored only heat treatment
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route through various SHT + AG protocols, while there are no studies
that integrated the above mentioned in situ or ex situ techniques for
enhancing mechanical properties. Fig. 31 depicts the classical strength-
ductility dilemma for heavy RE alloyed Mg—10Gd—2Y—0.5Zr
(GW102K) and Mg—10Gd—2Y—1Zn—0.5Zr (GWZ1021K) after being
subjected to T4 and T6 treatments. It is evident that while T4 has almost
no impact on YS and UTS in both transverse (TD) and build directions
(BD) for both these alloys, while T6 caused the opposite effect in which,
both YS and UTS increased at the expense of ductility. Specifically, the
increment in strength and concomitant decrease in ductility is more
pronounced for Zn doped GWZ1021K alloy [161].

From Fig. 31b and d it is further evident that GWZ1021K maintained
consistently higher YS and UTS and lower elongation compared to that
of GW102K alloy in as-built, T4 and T6 conditions. Despite almost
similar alloy chemistry, it is remarkable that doping Zn leads to drastic
change in microstructure in as-built, T4 and T6 states. The prominent
microstructural changes triggered through Zn doping in GWZ1021K vis-
a-vis undoped GWZ102K alloy are as follows. One, in the as built state
the GB eutectic phase changes from Mg24(Gd, Y)s to (Mg,Zn)3(Gd,Y),
which accompanies the formation of nano-y” and y’ phases and signifi-
cantly minimizes the volume fraction of nano-f” phases [161]. Two, in
T4 condition, profuse formation of 14H-LPSO structures along with in-
heritance of nano-y” and y’ phases from the as-built state and three, in
T6 condition, the formation of an extensive network of nano-f’ phases
that share spherical f; precipitates along with the inheritance of
14H-LPSO, nano-y” and y’ from the T4 state. During plastic deformation
of the T6 sample, the CMT WDED fabricated GWZ1021K alloy, which
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Fig. 30. Tensile properties of CMT WDED fabricated AZ91 Mg alloy subjected to IFSP in parallel and perpendicular to build directions[139]. (Reproduced with

permission from Elsevier).
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Fig. 31. Comparison of stress-strain curves for CMT WDED Mg—10Gd—2Y—0.5Zr (GW102K) and Mg—10Gd—2Y—1Zn—0.5Zr (GWZ1021K) alloys in as-built, T4 and
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results with literature [161]. (Reproduced from Elsevier under CC BY-NC-ND 4.0).

has extensive network of nano-p’phase and 14H-LPSO nanostructures
effectively blocks both basal and non-basal dislocation motion, which
contributes to this enhanced strength [161].

Fig. 32 illustrates that the fracture mode in both GWZ102K and
GWZ1021K exhibits microstructural state dependence although the
latter undergoes brittle mode of failure. In the as-built state, the ductility
is ascribed to formation of persistent slip bands whereas certain pockets
of cracks that form are attributed to fracture of GB eutectic phases
[161]. Here, the failure is driven by stress concentration around GB
eutectic phases and nanoprecipitates in grain interiors. In T4 state, the
predominant fracture mode is ductile fracture associated with increase
in percentage of elongation due to the formation of high density slip
bands. It is noteworthy that the volume fraction of dimples in GWZ102K
is larger. In T6 state, the volume fraction of cleavage planes in
GWZ1021K is larger and its pronounced brittleness is ascribed to high
stress concentration caused by massive dislocation pileup at secondary
phases. Here failure is driven by high volume fraction dislocation sub-
structures. Additionally, the propensity for cracking is also higher for Zn
doped alloy.

However, in the study by Li et al., [161] it is not clear whether there
is a gradient in nanoprecipitation throughout the build wall unlike that
in the study by Deng et al. on GWZ102K [130] where uniform volume
fraction of second phases (8%) is reported. Also, the GWZ102K alloy
considered by Deng et al., [130] despite being heavily with RE, does not
have diverse nanoprecipitates like that in the one tested by Li et al.,
[161]. Perhaps concentration differences of Gd and Y in the alloys
considered by the two studies [130, 161] could have altered the phase
formation sequence leading to precipitation of a lower fraction of pre-
cipitates in the alloy considered by Deng et al., [130]. This results in
higher percentage elongation (8%) albeit at the expense of lower YS and
UTS (220 and 370 MPa respectively). Since isotropic tensile properties
are observed in the GWZ102K alloy developed by Deng et al., [130] as
opposed to anisotropy in the one considered by Li et al., [161], it ap-
pears that careful optimization of both alloy chemistry with regard to RE
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elements and heat treatment procedures [160] is necessary for attaining
a synergy between strength and ductility. Specifically, nano-f’ pre-
cipitates dictate the mechanical response, as these phases contribute to
strengthening in the T6 condition [160] . Hence Mg-RE alloy chemistries
that promote higher volume fraction of LPSO phases in T4 state are
detrimental for mechanical properties because they consume a larger
fraction of RE elements and hinder the precipitation of nano-f’ phases
[160]. Meanwhile, even for specific Mg alloy chemistries, temperature
and time duration variations in AG protocols could lead to drastic
changes in strength and ductility in the T6 state [127, 162, 164,165]
highlighting the challenges in designing both alloys and employing
SHT + ageing practices for mechanical performance.

7.2. Hot compression testing

CMT WDED being a unique AM process that has the ability to inte-
grate diverse supplementary deformation techniques, hot compression
studies are ideal to probe the suitability of techniques like rolling and
forging on improving the microstructural attributes of Mg alloys either
in situ or post-fabrication. Since as built microstructures are nonequi-
librium in nature, the processing maps and allied unstable regimes
explored for conventionally processed alloys, may not be directly
applicable in this context. Therefore, few studies started to emerge in
this direction specifically for Mg-RE based alloys [169-171]. These in-
vestigations reveal that both high deformation temperatures and low
strain rates will lead to decrease in peak flow stress. It is noteworthy that
under identical deformation conditions, peak flow stress of CMT WDED
Mg-Gd-Y-Zn alloy is significantly smaller as compared to its
cast + homogenized counterpart [169]. This is rationalized by the
observation of a fine equiaxed grain structure in the as-build condition
that amplifies dislocation density as opposed that in the conventionally
processed alloy. High volume fraction of GB, twins, dislocation loops
and stacking faults generated during hot compression provide numerous
active sites for dynamic recrystallization, leading to softening and
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Fig. 32. Comparative fractographs of TD tensile samples in as-built, T4 and T6 conditions for: (a),(c),(e) GWZ102K and (b),(d),(f) GWZ1021K [161]. (Reproduced

from Elsevier under CC BY-NC-ND 4.0).

decrease the flow stress of the material being deformed. These factors
lead to grain refinement.

8. Concluding remarks

This review summarizes the current state-of-the-art in cold metal
transfer (CMT) wire directed energy deposition (WDED) of Mg alloys,
with emphasis on process physics, thermal behavior, microstructure
evolution, and structure-property correlations. The reviewed literature
demonstrates that the relatively low heat input associated with the CMT
process offers significant advantages over conventional arc-based ad-
ditive manufacturing techniques by minimizing spatter formation,
oxidation, distortion, and excessive heat accumulation during deposi-
tion. Furthermore, the development of advanced CMT variants such as
CMT-pulse and CMT-advanced modes, along with external-field-assisted
strategies, has enabled improved control over droplet transfer stability,
melt-pool oscillation, and dimensional stability during fabrication.

From the solidification perspective, the transient thermal behavior
during multilayer deposition governs melt-pool convection, thermal
gradients, cooling rates, constitutional supercooling, and dendrite evo-
lution. The coupled interaction among these factors determines grain
morphology, precipitate evolution, texture development, and defect
formation in Mg alloy deposits. External field assistance through ultra-
sonic vibration, electromagnetic stirring, pulse current modulation, and
mechanical oscillation has emerged as an effective route for promoting
dendrite fragmentation, heterogeneous nucleation, grain refinement,
and microstructural homogenization.

The review also establishes that Mg-Al-, Mg-RE-, Mg-Y-Nd-Zr-, Mg-
Nd-Zn-Zr-, and Mg-Li-based alloy systems exhibit strong cooling-rate-
dependent microstructural evolution during CMT WDED. The
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formation of eutectic structures, LPSO phases, precipitate distributions,
recrystallized grains, and texture heterogeneity is strongly influenced by
heat accumulation and repeated thermal cycling during layer-wise
deposition. In general, refinement of equiaxed grains and homoge-
neous precipitate distributions improve hardness, strength, ductility,
and crack resistance, whereas porosity, liquation cracking, solidification
cracking, oxidation, residual stresses, and anisotropy remain major
metallurgical challenges limiting broader industrial implementation.
Post-processing treatments such as solution heat treatment and aging
have demonstrated considerable potential for tailoring precipitate evo-
lution and enhancing mechanical performance.

However, the following aspects deserve further attention for
continued advancement in this field:

1. There are very limited investigations on post-process heat treatment
strategies for CMT WDED fabricated Mg-Al-based alloys. Likewise,
studies involving supplementary in situ/ex situ processing tech-
niques for improving the structure-property correlations of Mg-RE-
based alloys remain scarce.

2. Apart from friction stir processing (FSP), ultrasonic vibration (UV),
laser shock peening (LSP), laser pulse assistance, hammer peening,
and thermal management strategies, additional deformation-assisted
approaches such as rolling and forging could provide promising
pathways for enhancing grain refinement and reducing microstruc-
tural heterogeneity in CMT WDED fabricated Mg alloys. Further-
more, hybridization of multiple external-field-assisted techniques
may provide synergistic improvements in microstructural stability
and mechanical performance.

3. Most of the currently available studies on CMT WDED fabricated Mg
alloys are restricted to uniaxial tensile characterization. Important
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aspects such as fracture toughness, fatigue resistance, creep
behavior, impact toughness, and damage tolerance remain largely
unexplored. Moreover, expanding thermomechanical deformation
studies such as hot compression to broader Mg alloy systems will
help establish stable processing windows suitable for integration
with CMT WDED.

4. Shape control and dimensional stability remain critical challenges in
Mg alloy CMT additive manufacturing owing to the low melting
point, oxidation tendency, and heat accumulation behavior of Mg
alloys. Future studies should therefore focus on systematic optimi-
zation of process parameters, thermal management strategies, melt-
pool control, and path planning approaches for achieving geomet-
rically stable and defect-free deposition.

5. WDED is a highly flexible additive manufacturing process because it
utilizes wire feedstock materials. Consequently, complex geometries
and near-net-shape fabrication can be achieved efficiently. While
AZ31 and AZ91 alloys have been investigated extensively, other
alloy systems such as Mg-Zn-based rare-earth-free alloys, Mg-Al-Ca,
Mg-Sn-Ca, and Mg-Li alloys also exhibit strong potential for thin-
wire fabrication due to their favorable extrudability and process-
ability, thereby considerably expanding the future scope of Mg alloy
CMT WDED technology.
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