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Abstract: Cold wire gas metal arc (CWGMA) additive manufacturing (AM) is more productive and
beneficial than the common electric arc processes currently used in wire arc additive manufacturing
(WAAM). Adding a non-energised wire to the gas metal arc (GMA) system makes it possible to
overcome a process limitation and decouple the energy input from the material feed rate. Two novel
process control methods were proposed, namely, arc power and travel speed control, which can
keep the required geometry accuracy in WAAM through a broad range of thermal conditions. The
reinforcement area of the bead is kept constant with accurate control over the height and width while
still reducing the energy input to the substrate; decreasing penetration depth, remelting, and the
heat-affected zone (HAZ); and reaching a dilution lower than 10%. This work also presents improved
productivity compared to all the other single-arc energy-based processes with a demonstrator part
built using 9.57 kg h~! with CWGMA AM.

Keywords: wire arc additive manufacturing; thermal control; geometry control; high deposition rate;
high productivity; non-energised wire

1. Introduction

Wire arc additive manufacturing (WAAM) is a directed energy deposition (DED)
process that uses an electric arc as the energy source to melt the metallic wire feedstock
and join the deposited material layer upon layer [1]. This technology takes advantage
of high deposition rates to build medium-to-large metal parts with shorter lead times,
lower production costs, and less material waste than the currently used manufacturing
processes [2,3].

The deposition rate is an important indicator in additive manufacturing (AM) and
is often used to compare the productivity of different processes. Among the electric arc
processes used in WAAM, gas metal arc (GMA)-based processes can achieve higher wire
feed speeds (WFSs), which result in higher deposition rates [2,4]. This is achieved using a
consumable wire electrode within the GMA torch, which simultaneously generates the arc
and deposits the wire as filler material, leading to a higher thermal or arc efficiency [5-7].
On the other hand, gas tungsten arc (GTA) and plasma transferred arc (PTA) have relatively
low arc efficiency, as they both use non-consumable electrodes and have the filler wire
separately fed into the arc and the melt pool [2,6].

The torch’s travel speed (TS) during deposition is another factor affecting WAAM
productivity and is also higher in GMA [5], favouring its choosing.

During the build-up of a part, there is the need to adapt to different energy dissi-
pation conditions and avoid energy accumulation while keeping the required geometry
accuracy [8]. Therefore, in WAAM, it is important to decouple energy input from material
feeding to allow accurate thermal and geometry control. However, this is impossible with
the standard GMA process because a change in the electrode WFS will lead to concurrent
changes in the arc power and deposition rate, creating a disadvantage compared to GTA
and PTA processes.

Metals 2023, 13, 1334. https:/ /doi.org/10.3390/met13081334

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13081334
https://doi.org/10.3390/met13081334
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0001-6360-1696
https://doi.org/10.3390/met13081334
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13081334?type=check_update&version=1

Metals 2023, 13, 1334

20f 15

A GMA variant was created by adding a non-energised or cold wire to tackle this
obstacle, i.e., cold wire gas metal arc (CWGMA) process [4]. While the electrode (or
hot wire) is still responsible for the arc, cold wire feeding can regulate changes in the
material deposition.

Several other analogue processes have been developed to dissociate energy and ma-
terial supply. Many were based on bypassing some of the current from one torch and
power supply through another non-consumable or consumable element, reducing the
energy input to the workpiece while increasing the control over material feeding. The
double-electrode GMA process (DE-GMA) added a GTA torch to bypass some current
from a GMA system [9]. The bypass-coupled WAAM [10] and ultracold-WAAM (UC-
WAAM) [11] completed the electrical circuit directly between a GTA torch (negative pole)
and the consumable wire (positive pole) to create much higher cooling rates. Although
allowing increased productivity compared to the standard arc processes, none of these can
accomplish deposition rates as high as CWGMA.

Other variants added another power supply to the standard arc system, leading to an
addition of energy which is avoided using CWGMA. Examples of this are the consumable
DE-GMA using two GMA systems [12], another DE-GMA process using one GMA and
one GTA system in WAAM [13], and a cross-arc process including one GTA system and
two GMA torches connected to an AC power source [14].

So far, most of the CWGMA research has focused on welding and cladding appli-
cations. For example, the effects of the cold wire addition on the bead geometry, such
as reducing the penetration, dilution, and heat-affected zone (HAZ) by removing part
of the energy that would be transferred to the substrate, have been reported in weld-
ing [4]. In addition, CWGMA is also described as helpful in reducing residual stresses and
distortion [15], and it is advantageous for cladding applications [16].

In recent years, a few studies using CWGMA in WAAM have reported it as a process
with increased productivity, reduced energy input, and other benefits in several materials
such as mild steels [17-19], stainless steels [20], and aluminium alloys [21].

However, in all the research on CWGMA, the geometry and thermal control were
limited because the studies focused solely on the effect of the cold wire addition with all
other welding parameters fixed, which resulted in a change in the total material feed rate.
And as demonstrated in [22], the material feed rate (the total WFS to TS ratio) controls the
reinforcement area of the deposited beads. Hence the increase in the reinforcement area
plotted at [16,21], which is unfavourable during the build-up of a WAAM part because the
bead size should be maintained in all layers.

The present work addresses this limitation and introduces two novel process control
methods in CWGMA AM to keep a constant material feed rate while having precise and
broad control over the energy input.

2. Materials and Methods
2.1. Materials

All the experiments were conducted using bright mild steel plates with the material
code 080A15 and composition shown in Table 1, which follows Standard No. BS EN 10277
[23]. The substrates were supplied as flat bars 200 mm wide, 12 mm thick, and cut to
a length of 500 mm. Before deposition, the substrates were cleaned using a wire brush,
acetone, and paper.

Table 1. Chemical compositions (wt.%) of the substrate and filler wires as given by the suppliers.

C Si Mn P S Cr Ni Mo Cu Ti Zr Fe
Substrate 0.140 0.170 0.750 0.016 0.004 - - - - - - balance
Filler wires 0.060 0.940 1.640 0.013 0.016 0.020 0.020 0.005 0.020 0.004 0.002 balance
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Both the electrode (hot wire) and non-energised wire (cold wire) were ER705-6 solid
mild steel wires with the composition shown in Table 1. A diameter of 1.2 mm was used
for both filler wires.

The shielding gas was the BOC SpecShield gas with 8% CO; in Ar. A regulator
controlled the gas flow and kept it at 18 to 20 L min~! during operation.

2.2. Setup

Figure 1 shows the CWGMA setup used. The power source was an Oerlikon Citowave
MXW 500, capable of supplying a current of up to 500 A. The GMA torch linked to it has
an incorporated liquid cooling system to withstand the same current level. The motion
system used was a 6-axis Fanuc robotic arm to which the torch and the hot wire feeder
were mounted. The cold wire feeder can be controlled remotely, and a torch-end effector
holds the cold wire tip. A XIRIS XVC-1000/1100 camera was also used to record the
deposition process.

o
W

| 3
- | \l
27 ; & Cold wire feeder
< / } ‘
) L7 4
- % XL o S

Power source

Figure 1. CWGMA setup.

Figure 2 shows the torch and the cold wire tip configuration relative to each other and
the substrate. A preliminary study determined the pre-set conditions for a stable deposition
process. Hence, the torch was kept at 90° to the substrate (represented by the red axis) and
was used at a contact tip-to-work distance (CTWD) of 16 mm. The cold wire was fed from
a leading position relative to the arc in the travel direction of the torch. The cold wire tip
was set 30° to the substrate (represented by the blue axis), and the hot and cold wire tips
converged at the same point.

Figure 2. Torch and cold wire configuration relative to the substrate.

2.3. Experimental Methodology

These experiments used a synergic line for mild steels and a spray metal transfer
was kept.

Bead-on-plate deposition was performed to assess the effect of the process parameters
on the energy input, geometry of the bead, and remelting and dilution. Transverse cross-
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sections were taken from the uniform sections of the beads, which are near the middle of
their length, avoiding segments affected by the arc start and stop. Then, these cross-section
samples were prepared according to ISO/TR 20580 and etched with 2% Nital. Macrographs
were taken using a Nikon Optiphot-66 optical microscope, and the AxioVision image
processing and analysis software was used to acquire the outputs, as shown in Figure 3.

W: bead width [mm]; H: bead height [mm];
P: penetration depth [mm]; CA: contact angle [°];

A,: remelting area [mm?]; A,: reinforcement area [mm?];
HAZ: heat-affected zone [mm?]; 2 mm

Figure 3. Outputs measured on the macrographs from the transverse cross-sections of the de-
posited beads.

2.3.1. Constant Reinforcement Area

The deposition rate (DR) of CWGMA AM, in kg h~!, was calculated using Equation (1)
and is proportional to the total wire feed speed, neglecting vaporisation of the material or
spatter and considering that the material and dimension of both the hot and cold wires are

the same. 5

d
DR =p ﬂz(vh + ) (1)

where p is the material density, which for the ER70S-6 wires is 7833.4 kg m~3; d is the
diameter of the wire; v;, and v, are the WFSs of the hot and cold wires (i.e., H WFS and C
WES), respectively.

Following the same rationale, as demonstrated in [22], during a deposition in a unit
of time, the volume of melted wire will be transferred to the melt pool and create the
reinforcement portion of the bead, expressed in Equation (2).

d2
7t (On+vc) = Agvy 2)

Ay, the reinforcement area, is represented in Figure 2 and v; is the travel speed (TS)
used during deposition. And from Equation (2), the material feed rate, the total WES to TS
ratio is expressed as follows in Equation (3):

Up+0c 4 A
Ut _7Td2

®)

Therefore, to keep a constant reinforcement area and control the bead geometry in
CWGMA AM, two methods were developed to control the material feed rate during the
build-up of a part.
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2.3.2. Energy Input

The energy input (EI), in ] mm~!, which is usually calculated using Equation (4) fol-
lowing [5-7], represents the energy generated by the electrode and the arc that is transferred
to the melt pool and pre-existent material at each unit length.

I:UaVI
Ot

E 4)
where 7, is the arc efficiency of the process, and V and I are the voltage and current, respec-
tively. An arc efficiency 7, of 0.8 was used based on the values reported for GMA [5,7,24]
and the measurements made for CWGMA [25].

Only the average values of V and I displayed at the power source at the end of each
deposition were considered during this study.

Equation (4) does not consider the energy the cold wire absorbs before being trans-
ferred to the melt pool. It is possible to approximate the minimum heat required to melt
the filler material (Qf,,), both hot and cold wires, considering it the energy absorbed by
the wires and provided to the reinforcement portion of the melt pool and the bead per unit
of time, using Equation (5). This excludes any vaporisation of the material and any wire
being heated above the melting temperature.

d2
Qpm = p 7 (o4 + ) { [Co( T — To)] + AHy | 5)

where Cs (T, — Tp) represents the amount of energy required to heat one unit of mass of
wire from the T (room temperature considered 293 K) to the T}, (melting temperature of
1723 K [4]), with Cs being the specific heat in solid state and equal to 685 ] kg~! K~1 [26].
AH f is the latent heat of fusion, which is 250,000 J kg’1 [26], and represents the amount of
energy required to change 1 kg of the material from solid to liquid at its melting temperature.
It is acknowledged that the p and Cg change with the temperature, but, to simplify the
calculations, they were considered as fixed values.

Therefore, from Equations (4) and (5), the theory hereby defended is that the actual
energy input to the pre-existent material EI; in CWGMA, reduced by the cold wire addition,
should be as follows in Equation (6). And this is the energy input that contributes to
remelting and reheating the pre-existent material. EIs will be the energy input considered
in all the results and discussions of this work.

1. VI-Q fm

El, = — (6)

2.3.3. Remelting and Dilution Ratios

The remelting (RR) and dilution (D) ratios, in %, are important to consider in additive
manufacturing and cladding applications and can be calculated with the remelting (A1)
and reinforcement (A,) areas using Equations (7) and (8) as follows:

_ A

RR=—x1 7
A2>< 00 )

Aq
D= ——— %100 8
At A (8)

The ideal in WAAM would be to deposit as much new material as possible, having a
high reinforcement area A, and a small remelting area A;, which would mean low values
of remelting and dilution rations. That way, almost all the energy would be used towards
melting the wires with just a minimal percentage necessary to join the newly deposited
material to the pre-existent one and avoid any lack of fusion between layers.
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2.4. Process Control Methods

The first set of experiments was conducted to introduce the two process control
methods. The experiments were conducted using the DC spray mode, a maximum H
WFS—uvj, of 12 m min~!, and a constant material feed rate represented by a total WFS to
TS ratio—v"v—m of 30. Both methods’ lower limits are found when both wires stop fully
melting and the process becomes unstable.

For the arc power control method (APCM), there was a TS of 0.6 m min~! and a
deposition rate of 9.57 kg h~1, as shown in Table 2. In this method, the cold wire addition,
represented by an increase in the C WES, is proportionally matched with a decrease in the

H WES while the TS is kept constant to maintain the material feed rate and deposition rate.

Table 2. Parameters used to demonstrate the arc power control method.

Process Control

Deposition Rate

o1 s 1 s 1 v+,
Method [kg h-1] CWFS v, [m min—"] H WFS v, [m min—"] TS v; [m min—"] o
Arc Power Control 9.57 61to 10 12t0 8 0.6 30

For the travel speed control method (TSCM), the increase in C WFS is proportionally
matched with an increase in the TS, as shown in Table 3, keeping a constant material feed
rate but increasing the deposition rate. At the same time, the H WFS, arc power, and arc
length are kept constant.

Table 3. Parameters used to demonstrate the travel speed control method.

Process Control

Deposition Rate

.1 s 1 s 1 Vpt+0c
Mothon lleg h1] CWFS v, [mmin—1] HWFSv, [mmin—'] TS v; [m min—1] o

Travel Speed 6.38 t0 12.76 0to12 12 0.4t00.8 30
Control

The H WFS and TS range used in the experiments were chosen based on a preliminary
study of the GMA work envelope without the cold wire addition, shown in Figure 4, hence
the maximum H WFS of 12 m min~! to limit the energy input used throughout the full
TS range—0.4 to 0.8 m min~!, and a TS of 0.6 m min ! is the middle ground. It is also
important to mention that the transition from spray to globular transfer modes occurs at H
WFS 7 m min~ 1.

18 | X X
17 X X
16 X X 3
15 e [
14 e o
— 13} ® ° L
E 12t '@ ) ®
S 1y 10 o i
g 10F '® ° o
ot |0 o [
2 osr o ™ o
> T ] (] i
~ 6t 9 ® K.
5F o e
4t X Defective bead
3 Start of undercut
27 Slight nonuniformity
(1) I __® Suitable bead

0 0.2 0.4 0.6 0.8 1 1.2
TS [m/min)]

Figure 4. Work envelope of the GMA power source in DC standard mode using mild steels.

Lastly, a demonstrator part was built using CWGMA AM and the APCM to display
their applicability. A skin and core building strategy [19] was employed, using 9.57 kg h~!
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9.57 kg/h

for the core and 6.38 kg h™! for the skin. The DC spray mode and a TS of 0.6 m min~! were
kept throughout the build.

3. Results
3.1. Process Control Methods
3.1.1. Arc Power Control Method
The macrographs in Figure 5 represent the APCM, and its thermal control capabilities
are shown in Figure 6. The decrease in the energy input to the substrate EI; is caused, in

this case, by the decrease in the arc power, controlled by the reduction in H WFS, and the
increase in energy absorbed by the cold wire by increasing the C WEFS.

9.57 kg/h 9.57 kg/h 9.57 kg/h 9.57 kag/h

HWFS C WFS

TS = 0.6 m/min

HWFS C WFS HWFS CWFS HWFS C WFS HWFS CWFS

TS = 0.6 m/min TS = 0.6 m/min TS = 0.6 m/min TS = 0.6 m/min

591.9 J/mm

489.4 J/mm 396.7 J/mm 336.7 J/mm 258.9 J/mm

Figure 5. Macrographs representing the arc power control method.

1050

TS 04

—&—Arc Power Control

—7— Travel Speed Control
750 [~

650 [

Energy input - BT, [—

450 -

250 ! !

Cywrs [m/min]

Figure 6. Thermal control in the arc power and travel speed control methods.

The decoupling between energy input and material feeding is easier to demonstrate
using the APCM because, even though the H WES is reduced, the deposition rate remains
constant while the energy input decreases, as seen in Figure 6.

The geometry control of the deposited bead and the melt pool is identified in the graph
in Figure 7a. It shows an almost constant bead height and width, on the left axis, and shape
(contact angle), on the right axis throughout all points (from 591.9 J/mm to 336.7 ] /mm)
except the last one (258.9 J]/mm). With this method, the maximum change in the bead
height was only 0.66 mm.
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Figure 7. Effect of the arc power control method on (a) the bead size and shape; (b) A1, Ay, and HAZ;
and (c) dilution and remelting ratios.

The constant reinforcement area A,, shown in Figure 7b, was the goal behind the
constant material feed rate accomplished with this control method and previously expressed
by Equation (3).

The reduction in penetration depth, shown in Figure 7a, and remelting area A; and
HAZ, Figure 7b, were also expected with the reduction in the energy input to the sub-
strate EL;.

Figure 7c plots the decrease in dilution and remelting ratios, which could be anticipated
by the constant reinforcement area A, and the decrease in remelting area A;, with the
reduction in energy input.

3.1.2. Travel Speed Control Method

One of the most significant advantages of using the TSCM is the simultaneous incre-
ment in deposition rate, by increasing the C WFS, and in TS, as shown in the macrographs
of Figure 8, both leading to increased productivity.

6.38 kg/h 7.44 kalh 8.5 kg/h 9.57 kg/h 10.63 kg/h 11.69 kg/h 12.23 kg/h 12.76 kg/h
HWFS CWFS

TS = 0.4 m/min

HWFS CWFS HWFS CWFS HWFS

CWFS | HWFS CWFS | HWFS CWFS| HWFS CWFS| HWFS CWFS

1 6 12 8 124 10 £ 11 124880 ad 2

TS=0.467 mimin | | TS=0.533 m/min | | TS=0.6 mmin || TS =0.667 mimin| TS =0.733 m/min| TS =0.767 m/min| TS = 0.8 m/min |

1004.7 Jimm |

| 802.5 Jimm | | 659.8 Jimm | |566.4Jmm | | 4938Jmm | | 4243Jmm | | 379.5J/mm | | 351.8 Jmm |

Figure 8. Macrographs representing the travel speed control method.

The thermal control in the TSCM is represented in Figure 6 by the decrease in the
energy input Els caused by the increase in the TS, from 0.4 to 0.8 m min~! as marked in the
plot, and the increase in energy absorbed by the cold wire by increasing the C WES.

There is a tendency for the appearance of undercut defects when using a high arc
energy (H WEFS) and high TS in the GMA process [27], as marked in Figure 4, which can
hinder its productive capabilities. However, with the cold wire addition, the reduction in
the bead width caused by the increase in TS while using this method is not as predominant,
as seen in Figure 9a. Therefore, the bead toes will not become unfilled as easily, and the
appearance of the undercut is diminished using CWGMA. The limit of TS that is possible
to achieve will probably also be higher in CWGMA than in the GMA process.
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Figure 9. Effect of the travel speed control method on (a) the bead size and shape; (b) A1, A, and
HAZ; and (c) dilution and remelting ratios.

Regarding the geometry control, the bead width tends to decrease, and the bead
height slightly increases until the middle point in Figure 9a, accomplished with a H WFS of
12 m min—! and a C WFS of 6 m min—!, which corresponds to a El; of 566.4 J/mm. This
point represents a R ratio (EI ‘x};%) of 0.5 and uses the same parameters as the initial point in
the APCM. After this point, the bead’s height and width stabilise similarly to what happens
in the previous method. However, the contact angle tends to vary slightly in this case,
which can be attributed to small changes between the contact angle on the left and right of
the bead. The maximum change in the bead height is 1.04 mm using the TSCM.

Figure 9b demonstrates the control over the almost constant reinforcement area due to
the constant material feed rate using this method as well. The other areas (A; and HAZ)
and the penetration depth, seen in Figure 9a, decrease with the decrease in the energy input
EI;. The dilution and remelting ratios, plotted in Figure 9¢, have the same tendency and
also decrease but are not as low as in the previous method.

The constant arc characteristics in the TSCM, due to the unaltered H WES, allow easier
usage of power source features such as arc length correction (voltage correction or TRIM,
depending on the manufacturer) if there is a need for a slight adjustment, because the effect
of the arc length correction changes for different H WESs used. For example, the arc length
and power can be slightly increased to fix any issue with melting the cold wire.

4. Discussion

Comparing the two methods, the range of thermal control plotted in Figure 6 is lower
in the APCM but still allows for a 56.3% decrease in the energy input to the pre-existent
material EI; from the initial condition, while in the TSCM, the reduction is 65%.

However, the first half of the depositions using the TSCM, until the point where an H
WEFS of 12 m min—! and a C WFS of 6 m min~! are used (R ratio of 0.5 and 566.4 ]/mm), and
as seen in Figure 8, start at really high EI; values due to the low TS without the cold wire
addition. These are not beneficial for AM applications because they create high penetration
depth, shown in Figure 9a, and remelting area A; and HAZ, in Figure 9b, and the extreme
remelting ratio, shown in Figure 9c, starts at a value above 100% because the remelting
area A; is even higher than the reinforcement area A;. This fact goes totally against the
ideal in WAAM to deposit as much new material as possible without wasting energy in
unnecessary remelting or reheating of the pre-existent material.

The main differences in the bead geometry control of the two methods also happen
until the R ratio of 0.5 is reached in the TSCM, and the reason can be traced back to the
interaction between the cold wire, the arc, the metal transfer from the electrode, and the
melt pool flow. The distinct interactions can be seen in Figure 10, which shows frames
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from the videos recorded during the depositions where the following parameters were
used: (a) H WFS of 12 m min~! and C WFS of 2 m min~!, (b) H WFS of 12 m min~!
and C WFS of 6 m min~?, (¢) H WFS of 9 m min~—! and C WFS of 9 m min~!, and (d) H
WEFS of 8 m min~! and C WFS of 10 m min~! (a video of each deposition is provided as
Supplementary Material).

HWFS CWFS HWFS CWFS
12 2

\
\\\\

~

A

v )
f . i Y@ Droplet

I Travel direction>

Travel direction>

(a) (b)

HWFS CWFS HWFS CWFS

Travel direction

~ Travel direction

>

() (d)

Figure 10. Interaction between the cold wire, the arc, the metal transfer from the electrode, and the
melt pool flow when the following parameters were used: (a) H WFS of 12 m min~! and C WFS of
2 m min~1; (b) H WFS of 12 m min—! and C WFS of 6 m min—!; (¢) H WFS of 9 m min—! and C WFS
of 9m min~1; and (d) H WFS of 8 m min~! and C WFS of 10 m min~1.

When a low amount of cold wire is added, and the R ratio is lower than 0.5 (from
1004.7 J/mm to 566.4 ] /mm), the cold wire is rapidly melted at the arc border, and a globular
droplet gradually increases in size until it falls to the melt pool, as shown in Figure 10a.
At this point, the energy absorbed by the cold wire, part of Qy,, is still not much, and the
cold wire does not yet shield the substrate from the arc, as was reported in [28]. Therefore,
in the TSCM, as the C WFS and the TS increase up to this point, leading to a reduction
in the energy input EI;, the bead geometry follows the expected tendency of a melt pool
becoming colder overall. It becomes narrower and taller, with a smaller penetration depth
and a higher contact angle, as shown in the first three macrographs in Figure 8 and plotted
in the correspondent points in Figure 9a.

When the R ratio reaches 0.5, which is the starting point of the APCM (591.9 J/mm)
and the middle point in the TSCM (566.4 ] /mm), a liquid bridge is formed directly between
the cold wire and the melt pool as the cold wire starts intersecting the arc border and
the metal transfer is conducted closer to the melt pool centre just below the electrode, as
shown in Figure 10b. Therefore, the cold wire not only contributes to a decrease in the
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temperature at the melt pool centre by feeding directly into it, as detected in [28], but it
also further shields the substrate from the arc, reducing the effect of the arc pressure and
the droplet impact force from the electrode metal transfer [29]. It is important to mention
that when using high H WEFSs in a GMA process, the arc pressure should be considerably
higher [29,30] than in GTA or PTA processes outside the keyhole range, as seen by the
predominant finger-type penetration profile seen in both methods, shown in Figure 5 for
the APCM and in Figure 8 for the TSCM. However, the shielding effect largely contributes
to reducing this finger-type penetration profile. Still, it is possible to accomplish lower
penetration depth values in the APCM because the arc power and pressure also reduce
with the decrease in H WFS.

On top of the reduction in the arc pressure, the melt pool temperature gradient should
be reduced as well because the temperature at the melt pool centre, below the electrode
and the arc, reduces with the cold wire feeding and its shielding effect, and this is precisely
the point where the higher melt pool temperatures are usually registered in any arc-based
process [28,29,31,32]. The melt pool temperature gradient greatly influences the Marangoni
shear force, which is the main driving force for the melt pool flow in the YZ plane, according
to [28,32]. While that is the case for low arc pressures in GTA and PTA depositions, in
GMA-based processes using high WEFSs that can be different, the arc pressure and the
electromagnetic force might gain increased importance in the melt pool flow.

From a R ratio of 0.5 until 1, the situation seen in Figure 10c happens both in the APCM
(from 591.9 J/mm to 336.7 ] /mm excluding the last point of 258.9 J/mm) and in the TSCM
(from 566.4 ] /mm to 351.8 J/mm). Both the Marangoni shear force and the arc pressure
have their effects reduced due to the reduction in the melt pool temperature gradient
and the increased shielding effect, respectively, created by the increase in the C WFS and
the gradual arc pinning into the cold wire, as previously explained [4]. Simultaneously,
the overall melt pool temperature should decrease, too, due to the increased cooling rate
created by the reduction in the arc power for the APCM and the increment of the TS for
the TSCM [29]. All this should create a balance between the main forces affecting the melt
pool flow during this period, which, along with the constant material feed rate obtained in
both methods, leads to the stabilisation of the bead geometry seen both in Figure 7a for the
APCM, with an almost constant bead width, height, and contact angle (except on the last
point where the R ratio is greater than 1), and in Figure 9a for the TSCM, with a relatively
stable bead width, height, and contact angle as well, precisely from an R ratio of 0.5 until 1.

At the last point in the APCM (258.9 J/mm), the R ratio is above 1, leading to the
situation in Figure 10d. There, the C WFS becomes too high for the diminished arc power
(H WES), and the cold wire cannot be completely melted solely by the arc energy anymore,
even though the arc is totally pinned to the cold wire. Therefore, the cold wire starts
touching the back of the melt pool and absorbs more energy from it. This even colder and
more viscous melt pool explains the bead height and contact angle increase at this last
point of Figure 7a, also representing a decrease in wettability and width. It is relevant to
mention that the contact angle should not reach really high values, such as 70° or above,
because the low wetting behaviour can cause lack of fusion problems in the deposition of
beads parallel and/or on top of each other. At this last point of the APCM, the penetration
depth is also significantly reduced due to the extreme shielding behaviour of the cold wire.
Therefore, the penetration depth is as low as 0.96 mm for the APCM in Figure 7a, while for
the TSCM, it is still 1.82 mm at its last point (351.8 ] /mm) seen in Figure 9a.

However, one of the disadvantages of the APCM, compared to the TSCM, could be the
possibility of reaching lower H WFS and transitioning away from a spray transfer regime
to globular or short circuit transfer modes, which ultimately could even lead to process
stability problems [4].

Compared to the APCM, one of the disadvantages of the TSCM is its dependency on
the TS of the robot to accomplish the control because any lack of accuracy in the hardware or
problems in the path planning software could cause errors in the deposition. For example,
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there is a need to avoid sharp corners during deposition because those are also affected by
a robot’s TS approximation [33,34].

As the R ratio approaches 1 in the TSCM (351.8 J/mm), the energy absorbed from the
arc Qy,, plateaus, and the energy absorbed from the melt pool increases because the arc
energy starts to be insufficient to melt the extremely high C WFS. The transition takes longer
in this method because the arc power and length stay the same and are pretty high from
the beginning. The HAZ also plateaus, as seen in the last three marks (from 424.3 J/mm
to 351.8 ] /mm) in Figure 9b, meaning that the arc energy absorbed by the cold wire and
its shielding effect had more influence over the HAZ than the TS, because the TS is still
increasing at this point.

A lower HAZ implies reduced thermal loss through conduction and reheating of
the pre-existent material using CWGMA. This should also reduce residual stresses, as
presented in [15,35], which are accumulated while building large metal parts and can lead
to potential problems such as distortion or cracking [36].

The lower values of dilution and remelting, below 10%, when comparing both meth-
ods, Figures 7c and 9c, can be explained by the lower EI; obtained using the APCM at the
last point of each method in Figure 6. This also shows that the arc power contribution to
the energy input to the substrate EI; is higher than the travel speed at the H WFS and TS
parameter range used in these experiments. The low dilution and remelting values are
highly appreciated for additive manufacturing [17,21] and cladding [16] applications.

In the future, the temperature of the metal transfer from the electrode (hot wire) and
the cold wire should be studied, as it was conducted for GMA in [26], to know if those
temperatures are similar. Simultaneously, the melt pool temperature should be monitored
as well. From these data, it should be possible to evaluate how the temperature of the
reinforcement part of the melt pool is affected by the metal transfer from the hot and cold
wires. A simulation of the CWGMA process with the combination of the wire feeding
model of both the hot wire, as seen in [31], and the cold wire [28] will also help to fully
understand the phenomenon.

This work focused solely on the effect of the two methods in the bead geometry control
through a broad thermal range. However, it is acknowledged that the methods’ effect on
the microstructure and mechanical properties is also relevant, and this is planned as future
work. Meanwhile, the effect of the cold wire addition in the GMA process, without using
any of the process control methods presented in this work, can be seen in [19].

5. Demonstrator

The demonstrator part shown in Figures 11-13 was built using CWGMA AM. The
skin and core building strategy [19] was used to enhance the high productivity capabilities
of CWGMA without belittling the appearance of the wall.

Figure 11. Top view showing the boundary between the core and the skin during the build-up of
the demonstrator.
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HWES 10.and-C-WFS-8

230 x 55 x 105 mm
Figure 13. Demonstrator part built using CWGMA AM and the APCM.

For the skin, the external layers that act as a support structure for the core, as shown
in Figure 11, a lower deposition rate of 6.38 kg h~! (H WFS of 8 and C WFS of 4 m min~!)
was used to reduce the surface roughness of the build, as seen in Figure 12.

The core used 9.57 kg h~1 and the APCM, starting with an H WFS of 12 and C WFS of
6 m min~! and finishing with 9 m min~! on both, shown in Figure 13, to control the thermal
input while building up and reducing the energy accumulation. The size and accuracy of
the beads were also controlled during the deposition, demonstrating the process control
methods’ feasibility in the thermal and geometry aspects described in this work.

The accomplished deposition rate is the highest of all single energy sources used in
WAAM and is even higher than the 9.5 kg h~! achieved with two electrodes in tandem
GMA in WAAM [37].

6. Conclusions

Two innovative process control methods, arc power and travel speed control, were
introduced using CWGMA AM, and they allow for the following:

1.  Decoupling of the material feed rate from the energy input, maintaining a constant
reinforcement area during a broad range of thermal control;

2. Accurate geometry control, especially in the bead height—with most of the changes
being lower than 1 mm;

3. Reduction in all the outputs related to the energy input to the pre-existent material
El;, ultimately achieving dilution rates below 10%;

4. Increase in productivity by achieving high deposition rates and a possible increase
in TS;

5. Feasible thermal and geometry control, as demonstrated in building a thick part using
a high deposition rate of 9.57 kg h~! with CWGMA AM while keeping a good surface
finish, dimensional accuracy, and reduction in the energy input and accumulation
during the deposition.
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7. Patents

The work reported in this manuscript contributed to the patent with publication
number GB2601784—Processes for additive manufacturing and cladding.
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HOCY; Video S4: H8C10.
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