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Abstract

Additive Manufacturing (AM) has grown in popularity in the manufacturing sector over the
last three decades, particularly for the production of part designs and prototypes due to its
flexibility in terms of shape, size, and design of intricate and net-shaped functional parts with
no geometrical limitations. The automotive, aerospace, defence, biomedical, and other sectors
as well as other applications predominantly use AM methods. Wire and Arc Additive
Manufacturing (WAAM) might be an useful alternative way for generating the high-quality,
intricate parts that are typically required in these applications since they are not suited for
standard manufacturing procedures with long product lead times. The WAAM method has
been used with a variety of power sources, including Metal Inert Gas (MIG), Tungsten Inert
Gas (TIG), Plasma, and Cold Metal Transfer (CMT). CMT-WAAM is a viable option for
large-part production because of its numerous advantages. The various types of recently
developed CMT processes are CMT + Pulse, CMT Advanced, CMT Pulse Advanced, CMT
Dynamic. To maximize the benefitsof CMT based WAAM, it is necessary to understand the
microstructure which is closely related to mechanical properties of the layer deposition. The
impact of process parameters such as wire feed, wire diameter, voltage speed, deposition
speed, current and argon gas etc. on the microstructure and mechanical properties were
analyzed and summarized. The study presented the summary table of published data on the
microstructure and mechanical properties of various materials prepared via CMT based
WAAM to explore as a quick reference to the researchers.
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I. INTRODUCTION

Additive manufacturing is gaining market
domination for metal components because
of its adaptability and processing capacity.
Due to its flexibility in terms of shape,
size, and design of intricate and net-shaped
functional parts without geometrical
limitations, additive manufacturing has
attracted more  attention in  the
manufacturing sector over the past three
decades, particularly for the production of
part designs and prototypes.By stacking
materials, additive manufacturing (AM) is
a process for producing components from
3D model data[1].Automotive, aerospace,
defence, biomedical, and other industries,
as well as other applications, are the main
sectors where AM methods are used. The
Direct Energy Deposition (DED) method,
sometimes referred to as the Wire and Arc
Additive Manufacturing method, is one of
the most productive and successful
Additive Manufacturing procedures [2-4].
Wire and Arc Additive Manufacturing
can be a good alternative method for
producing the high quality, complicated
parts that are frequently needed in these
applications since they are not suited for
conventional manufacturing techniques
with lengthy product lead times[5]. In
comparison toconventional processing,
WAAM has a number of benefits, such as
high degrees of design flexibility quick
production cycles low material and
equipment costs, and high deposition rates
and efficiency [6-10].

The various power sources used in WAAM
method are Metal Inert Gas (MIG),
Tungsten Inert Gas (TIG), Plasma, and
Cold Metal Transfer (CMT)[11]. Fig.1
shows the ,
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Figure 1 Methods Additive Manufacturing
process [2]

A rapid and inexpensive method for
generating  high-quality metal goods
digitally through continuous surfacing is
Wire  Arc  Additive  Manufacturing
(WAAM), which is based on cold metal
transfer and employs an arc as a heat
source to fuse the wire[12]. The schematic
diagram of a system for Cold Metal
Transfer-based  Wire  Arc  Additive
Manufacturing is shown in Figure 2.

Operation panel

Figure 2. Wire and Arc Additive
Manufacturing System Using Cold Metal
Transfer (CMT) Diagram

Numerous WAAM review papers have
been authored by top experts in the field
and include cutting-edge systems, design,
utilisation, process monitoring, and in-
process control and sensing. However, a
thorough analysis of the features of various
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WAAM-processed  materials is  still
necessary, as is a summary of current and
upcoming research goals aimed at
improving the quality of the pertinent alloy
classes[13].

CMT-WAAM is a possible option for
producing big components given its
impressive advantages. Examining the
microstructural and mechanical
characteristics of the produced CMT-based
WAAM components is crucial as a result
[14]. The goal of the current study is to
thoroughly examine the mechanical
characteristics and microstructure of a
variety of metals, including steel, titanium
and its alloys, aluminium and its alloys,
alloys based on nickel, and other
intermetallic materials produced using
Cold Metal Transfer based Wire and Arc
Additive Manufacturing processes.

I WAAM METHODS

The WAAM method has been used with a
variety of power sources, including Gas
Tungsten Arc Welding (GTAW), Gas
Metal Arc Welding(GMAW) ,Plasma, and
Cold Metal Transfer (CMT).

A.  Gas Tungsten Arc Welding (GTAW)

Gas Tungsten Arc Welding (GTAW)
[15] is one of the most challenging
fabrication processes for WAAM in recent
years, with a maximum 83% welding
efficiency. Oliveria et al. [16], despite the
depth of their investigation, found that the
materials utilized in welding methods had
an impact on how successfully a material
may be welded. It is necessary to employ
coil of wire as a filler material in WAAM
[15], and they will be in charge of
deposition alone for the development of a
certain structure, together with sufficient
current supply and shielding gases to avoid
any kind of corrosion over the molten pool
[17,18]. Wire may melt when a tungsten
tip is used [19], The welding torch serves
as the cathode and the work piece serves as
the anode for the biased heat generation
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over the work piece. To simplify the
WAAM processing for GTAW and PAW
based WAAM, Williams et al. [20] built a
TIG torch (TOPTIG) with an integrated
wire feeding mechanism (step wire
feeding). The inert shielding gas argon,
which has a purity of 99.999% and is
frequently employed in the GTAW-based
WAAM process, aids in preventing
oxidation over the molten pool of wire to
enable a surface devoid of flaws [19].
Genga et al. [21] specifically mention
metals made of aluminium. GTAW
(EWM, Tetrix 521 Synergic AC/DC) was
recommended by [21] for its impeccable
workmanship. Despite the fact that it is
obvious that the rate at which wire is
provided may directly influence the pace at
which material is deposited, they pointed
out that heat input has no effect on the
length of the arc. When the setup is
moving, the non-consumable electrode
must always be in front of thewire feeder.

B.  Gas Metal Arc Welding (GMAW)

Sometimes referred to Metal
Inert Gas (MIG) welding, Gas Metal Arc
Welding is a quick and affordable
procedure. During this procedure, an arc is
created between the base metal and a
consumable electrode that is continually
supplied, providing filler metal for the
weld. The electrode is empty; it has no
core or covering. A combination of
helium, argon, or carbon dioxide is often
used as the external gas that provides the
shielding, which prevents the molten metal
from interacting with elements of the
environment. When welding with this
method, a sizable amount of smoke may be
produced. The electrode is consumed
rather than the base metal during GMAW,
which results in the majority of the fume
being produced[22].

c. Plasma Arc Welding (PAW)

WAAM took a distinctive turn since it
was aware that Plasma Arc Welding may
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be employed. The first time PAW was
utilised to produce ER308L Stainless Steel
for additive manufacturing was in 2006
[23]. This calls for the use of a PAW torch
setup with an inert electrode often
constructed of tungsten and filled with
inert gases like argon that is assisted by
plasma. Using a wire feeder, wire is fed
into the PAW flame, where it melts and
deposits on the substrate. With regular use,
the material layer builds up.

D. Cold Metal Transfer (CMT)

The CMT process is an improved
version of the WAAM based on GMAW
procedure . The four essential components
of the CMT-WAAM system are the robot,
wire feeding motor drive, welding
apparatus, and computer controller. The
mechanism for metal droplet separation
distinguishes the GMAW and CMT most
significantly. The reason the procedure is
as called CMT s that it produce less heat
than the standard GTAW-WAAM
procedure. reduced heat input makes it
feasible to achieve reduced spatter and
regulated metal deposition rates. All
process in this technique are digitally
managed. About 3.6 kilograms of metal are
deposited every hour. The arc begins at the
metal feed wire tip as it advance in the
direction of the substrate (base plate).
Boosting of the arc can occur as the wire
begins to move towards the weld pool. A
system short circuit may form by the time
the feed wire tip contacts the weld
pool.The feed wire polled back up to a
specific height when the short circuit
occurred. Droplet separated from the wire's
tip during this motion backward and fed
into the weld pool. Weld pool heat
generation is reduced as a result of the
short circuit that occurred during
deposition. The key benefit of this
procedure is that. CNC has created
sophisticated procedures, such as CMT
Pulse (CMT-P), CMT sophisticated (CMT-
ADV), and CMT Pulse Advanced (CMT-
PADV) [23]. explains how droplet
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deposition works.

n. CMT Based WIRE ARC ADDITIVE
MANUFACTURING (WAAM)
SYSTEMS

There are several CMT technology
variations available, such as traditional
CMT, CMT pulse (CMT-P), CMT advance
(CMT-Adv), CMT pulse advanced (CMT-
PADV) and more.

A. Techniques of CMT

Robots frequently perform the CMT
welding process. When a short circuit is
identified during the operation, the
machine sends a signal to retract the wire
carrying it. Before adding the subsequent
droplet, give the junction adequate time to
cool and the filler material to dry. In
contrast to  joints  created  using
conventional procedures, a consistent and
better joint is produced as a consequence
[23,24]. However, CMT may be used to
weld even thin metal sheets, which are
vulnerable to wrapping and burning when
fused using conventional methods.When
compared to traditional methods, this CMT
welding offers for significant cost savings
[25] and is suitable for both larger sections
and thinner sheets (9 mm). Furthermore,
because this CMT welding technology is
computer-controlled, the welding proces is
extremely accurate and precise, resulting in
a fully smooth connecting segment. The
categories below represent the most current
CMT welding process advances.

A, CMT+P

The innovative CMT + P (or CMT with
pulses addition) techniqgue of CMT
welding is created by fusing a short circuit-
based projected method of transfer that
transfers one droplet per pulse when the
system is cool [26,27]. In other words, the
CMT + P welding technique adds explicit
and fluctuating pulses, acelerates joining,
increases heat input, and enhances flexible
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and perform well. The CMT + P welding
technique separates one extra droplet with
each cycle, increasing the deposition
speeds. Similar to the regular CMT
procedure, the wire retracts during the
beginning stages of the CMT + P welding
operation. As the wire moves closer to the
metal plates that need to be welded during
the pulsed arc phase, the droplet splits. The
CMT cycle has begun since the arc has
been completely destroyed. the method for
CMT + P welding, according to Tapiola.
[28]. This CMT + P welding technique
has been the subject of several
experiments. Zhao et al. [29], forinstance.

B. CMT — Advanced

The rate of deposition may be controlled
very precisely throughout the procedure
known as the CMT advanced welding
technology by employing negative and
positive process cycles. Given that polarity
is reversed during the short circuit phase,
the  cutting-edge = CMT  technique
guarantees the huge stability of this cold
category of joining [30,31]. Benefits of the
CMT advanced welding technique include
regulated heat input, greater deposition
rates without an increase in heat input, zero
fumes, and zero deformation. Built on the
arc combination with negatively and
positively charged CMT cycles, this
enhanced joining CMT process. The pole
reverses during the short circuit phase,
preserving the arc's stability. The joining of
plates occurs during the negative pole
phase at a quicker rate of deposition and
with better capacity to bridge the gap.
Targeted heat input and exact droplet
transfer concurrently reflect the positive
crucial cycles [32, 33].

C. CMT — Pulse Advanced

In the CMT advanced welding process, the
+ve and

-ve polarity electrodes are combined with
the CMT cycles, and the +ve and -ve
cycles are alternated throughout [34,35].
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This technique for CMT welding uses less
heat input and results in a greater rate of
deposition during the - negatively poled
phase. The poles are inverted to the
positively poled cycles of pulse during a
short circuit, which enables the benefit of
the non-short circuit category of droplet
transfer. This type of CMT welding allows
for extremely flexible adjustment of the
ratio between the +ve and -ve process
cycles dependent on the requirements.

Superior strength steels may be joined
together using this CMT advanced pulse
approach while also achieving a good
higher rate of deposition and a reduced
heat input. [36,37].

D. CMT - Dynamic

The CMT Dynamic welding method is one
of the most recent innovations related to
CMT welding. This method was created
specifically for combining thicker portions
of metals, both comparable and different.
The limit of operation of the CMT method
has been increased in this technique by
escalating the forward and reverse process
motions to a value of 130 HZ. This
increase in wire movement allows for
deeper penetration, which enables quicker
joining speeds and a higher rate of wire
feed, which increases deposition rates. This
innovative CMT dynamic welding process
uses a greater energy input through a
bigger heat input and an intensified
pressured arc.[38-40].

IV STUDIES ON MICROSTRUCTURE
OF CMT BASED WAAM MATERIALS

The materials employed, the developed
high temperature, the rate of cooling, and
the rate of deposition all affect the
microstructure and phase change with
WAAM [41]. Mechanical qualities are also
impacted by process- produced flaws [42].
Recent research have mainly focused on
adding certain post-processing approaches
to reduce the defects including porosity,
surface cracking, deformations, and gas
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inclusions in order to enhance the
mechanical characteristics. This essay
looks at the post-processing methods
utilized today to improve the mechanical
qualities of components made using the as-
fabricated (AF) manufacturing process.
Delamination is frequently a visible flaw
that cannot be eliminated by post-
processing methods or heat treatments, but
it can be prevented by adhering to the best
process parameters to reduce recurrent
fluctuating stresses and by taking the
properties of the deposited alloy into
consideration [43,44]. Defects can be
categorised using a variety of groups.
levels of WAAM-treated flaws in various
metals In addition to the T6 heat treatment,
Chengpeng et al. [42] state that hot
deformation was used in various fractions
of the GTAW method of WAAM to
eradicate the porosity defects in Al-Li
alloys. The porosity was discovered to be
almost 30 microns lower from 100 microns
at 42% ofhot deformation and T6 heat
treatment. Also demonstrated as having
assisted the solidification breaking was this
hot deformation. To reduce the porosity
effects on the deposited metal in case of
CMT-based WAAM AIl-Mg components
manufactured using various deposition
processes (Hatching or circling), a variety
of gas shielding (Ar + 0O2+N20) and
controlled gas flow rate were used. They
discovered that if the indicated treatments
are applied at lower gas flow rates,
porosity may be decreased to 0.035%.
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S.N Materials Process Properties REFE
0 RENC
E
Yield strength= 222 Mpa, [24]

Tensile strengths= 494
1, INCONAE CMT Mpa, Microhardness/Hv
L 825- 300gm= 224,
SS316L Distance substrate in mm=
64,
Elongation=61.5 %

Yield strength= 376.9Mpa, [74]
Tensile strengths=

2. Inconel CMT 647.9Mpa,

625 Elongation=46.5%

Yield strength= (834 MPa) [75]

3. 2Crl13 thin- CMT and asQTed BM (1366
wall MPaMpa,
Tensile strengths= 1246
MPa to 1344 MPa,
Tensile strength= [69]
4. Bimetal CMT 447.79Mpa,
components Vickers Hardness test 1.96
N for 10 sec (from ER80S-
G & MF6 -55GP to test
point).
1.)CMT Tensile strength= CMT [70]
& 263 Mpa, CMT advance=
5. 2219 CMT +P 255 Mpa, CMT+ P =275
Aluminium 2.)CMT Mpa, CMT+P Advance=
alloy Advance 285 Mpa
d
3.)Pluse
Advance
d
Tensile strength= 844 Mpa [71]
6. 2205 CMT to 795
Duplex Mpa,
stainless Elongation=18% to 31%
steel
T Ti6Al-4V CMT Tensile strength= 1017 [76]
alloy MPa to 841 MPa,
Elongation= 7.54% to
4.83%
8 Ti-6Al-4V CMT Tensile strength= 83 MPa [73]
and AlSi5 and 79 MPa,
dissimilar Elongation= 8% and 6%
alloys
Yield strength= 607 + 11 [72]
9. ER2594 CMT MPa,
Tensile strength= 855 +
15
Elongation=42.9 + 1.7%
10 Ti6Al4V CMT Yield strength=94.4 £3.9 [77]
and MPa,
Al6.21Cu Elongation=0.349 +

0.157%,
Tensile strength= 0.349 +
0.157%,

v.  STUDIES ON MEcHANICAL
PROPERTIES OF CMTBASED WAAM
MATERIALS

The material created by WAAM is heated
similarly to how a welded material is
heated[45-50], where it iscrucial to look
closely at the microstructural
characteristic. Materials containing
aluminium alloys[51], mild steel[52],
stainless steel[53], titanium alloys[54], and
magnesium alloys[55] were often used in
research. Vickers Hardness (HV) and
tensile tests are used to evaluate the
mechanical qualities, and samples are cut
from treated materials in accordance with

2313



Microstructure and Mechanical Properties of Materials Fabricated by Cold Metal Transfer Based

WAAM — A Review

predetermined standard [56].Additionally,
an anisotropy degree of less than 11% was
found, and the mechanical qualities of the
deposited particles were enhanced [57]. ].
When TiNi particles were injected during
the Ti64 deposition using WAAM, the
grain size was lowered and the structure
was modified from columnar to equiaxed
grains with a size of 300 m, enhancing the
mechanical  properties. [58]. The
orientation in which a substance is put will
affect its mechanical characteristics. Low
carbon, low alloy steel blocks were created
using the GMAW method from WAAM in
one of the most recent projects. They took
tensile samples from that block and sliced
them vertically, horizontally, and at 45-
degree angles to the deposition plane. They
found that the vertical samples had inferior
mechanical characteristics to the horizontal
and 45-degree samples [59,60]. Inter layer
hammering is now included in WAAM
2319  Aluminium alloy components
manufactured utilizing CMT. Three
interlayer deformation level (0%, 21.8%,
and 50.8%) were evaluated in that study. It
was demonstrate that the grains size
significantly improved as the levelof
deformation is increased. Fine and
elongated grains are formed beyond the
deformation threshold of 50.8%, and their
mechanical properties greatly improved
(yield strength increased by 60.6%, tensile
strength by 13%). As a result, aircraft
applications can utilise the aluminium
alloys developed by WAAM [61]
However, aluminium alloy porosity
continues to be a problem. Observations
show that when shielding gas flow rates
increase, less time is available for the melt
pool to solidify, leading to more porous
aluminium components. Lower gas flow
rates are thus suggested [62] to achieve
acceptable mechanical characteristics in
aluminium components produced from
WAAM. A key component in the
development of the thin-wall components
is arc stability. The weld bead may not
deposit uniformly and may not be linear
due to its instability.
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vl.  Merits and Demerits of CMT

Its main advantages are its
accuracy and precision in CMT welding.
Unlike TIG and MIG welding, this joining
method uses both background and
foreground based phases in the current,
enabling flawless electronic control of the
heat input of the pulse and its accuracy,
precision, and control. Its high level of
effectiveness is another another
distinguishing quality of this CMT method.
Similar to other joining methods, the
proficiency of the operator and welder has
some bearing on the uniformity of the
CMT welding procedure. The CMT
approach, on the other hand, has a
completely electrical foundation, which
greatly reduces the possibility of human
operator mistake while also greatly
increasing consistency and efficiency [62].

VII. Conclusion

With an emphasis on microstructureand
mechanical qualities, a thorough analysis
of current technological advancements in
the  WAAM process has been given.
Automatic Manufacturing (AAM) is a
manufacturing process that is automated
and is managed by a computer control
system. It works well for manufacturing
components with  complicated and
asymmetrical forms. Metal deposits can be
made using already-in-use  welding
processes. The type of welding process
used will affect how quickly metal is
deposited and heat output. WAAM s
effective insituations when there is a need
for lower component costs overall and
lower material utilisation. Residual loads,
porosity, and delamination were the main
causes of damage for WAAM components.
The porosity phenomena has been the main
area of study. Its capacity will be improved
by more study into residual stresses and
delamination faults.
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