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ABSTRACT

Wire arc additive manufacturing (WAAM), also known as Arc-DED, possesses great potential for efficient production using various
materials and wire types. This study utilized gas metal arc (GMA), and plasma transferred arc (PTA) variants of WAAM to deposit
2.25Cr-1Mo steel employing a metal cored-wire (MCW) and a solid wire counterpart having the same chemical composition for the
comparative study. Initially, bead-on-plate trials were conducted with both WAAM processes and different shielding gas combinations
in GMA-WAAM using the cored-wire. The heat input versus deposition ratio was analysed to assess the heat input and the effects of
shielding gases in GMA-WAAM. Arc behaviour was monitored with a process camera, and bead morphologies and dilutions were
compared. Furthermore, test walls were deposited under the two WAAM processes and the shielding gas conditions, employing the cored
and solid wire. Detailed microstructural study was conducted through optical microscopy and hardness tests were performed to determine
the mechanical properties. Energy dispersive X-ray spectroscopy (EDS) was used to examine the elemental composition and potential
segregation in walls deposited with cored and solid wires. Results indicated a lower heat input when using cored-wire and variable heat
input due to shielding gases. A bainitic/martensitic microstructure was observed in test walls deposited with cored and solid wires with
comparable microstructural features. The PTA process produced higher hardness than GMA, and solid wire exhibited slightly higher
hardness than cored-wire. Selection of shielding gas also influenced the hardness. Finally, the EDS maps and elemental study revealed
comparable results for both wires. The results show good performance and outcome for cored-wire.
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1. INTRODUCTION

Wire arc additive manufacturing (WAAM) is a direct energy deposition (DED) process [1] that is widely used for layer wise
fabrication of larger structures, to reduce the lead time and material wastage. Now a days, WAAM is alternatively being called Arc-DED
process. An Arc-DED system utilizes a heat source integrated with a wire feeder to feed the wire through a nozzle across the welding
torch. The welding torch is precisely moved by a motion system, usually employing a robot or a CNC gantry. The wire feedstock is fed
across an electric arc, melted and deposited on the substrate in a controlled manner. The deposition follows a designated path controlled
by the motion system. The application of wire as feedstock makes it more economical than powder feedstock [2] while achieving a high
deposition rate of up to 5-6 kg/h [3]. WAAM offers a range of process variants including the gas metal arc (GMA) [4], gas tungsten arc
(GTA) [5] and plasma transferred arc (PTA) [6]. These process variants are mainly differentiated based on the heat source (electric arc
or plasma) and how the wire feedstock is fed and whether we have a consumable or non-consumable electrode. GMA process employs a
consumable wire electrode and establishes the electric arc between the wire and substrate, melting and depositing the wire thereby.
Conversely, GTA and PTA use a non-consumable tungsten electrode to sustain the arc and plasma, respectively. Then the consumable
wire is fed from an external wire feeder, melting across the arc or plasma and deposited on the substrate or previously deposited layer(s).
Thus, the former is suitable for a wide range of materials with high deposition rates while the latter two WAAM variants are ideal for
superior quality deposits.

WAAM has gained substantial consideration due to its high material deposition rate, low capital cost, and versatility in depositing a
range of materials including steel [7,8], aluminum alloys [9-11], titanium alloys [12-14], and nickel alloys [15,16]. It finds the applications
in various industries including aerospace [17], automotive [18], and construction [19].

Chromium-molybdenum (Cr-Mo) steel, informally referred to as chromoly steel, is a creep-resistant material used in applications
where elevated cyclic temperatures and pressures are experienced. A widely used low-alloyed variant of Cr-Mo steel is 2.25Cr-1Mo.
They are preferred in power generation and petrochemical industries [20] due to their inherent properties. J. Vora et al. [21] employed a
1.25Cr-0.5Mo cored wire steel and studied the mechanical and microstructural properties in GMA-WAAM process. A defect free and
uniform multi-walled component was deposited, and authors suggested the use of 1.25Cr-0.5Mo cored-wire in the WAAM process for
industrial applications. Another study [22] employed a regulated metal transfer deposition (RMD) process to control the metal transfer in
the short-circuit mode for welding a 10 mm thick weld joint using a 2.25Cr-1Mo steel using cored-wire. The researchers used the RMD
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technique for the root pass, followed by GMA for joint fill-up, and subjected the weldments to post-weld heat treatment and subsequent
mechanical and metallurgical characterization. The authors proposed welding mid to high thickness with required properties as well as
with enhanced productivity realized by metal-cored-wires. Another study [23] followed a similar approach for welding a 2.25Cr-1Mo
using the cored-wire with a step cooling heat treatment approach to further assess the material properties, followed by EDX analysis and
DBTT.

Very few studies have reported the application of GMA-WAAM in general and PTA-WAAM in particular for depositing 2.25Cr-1Mo
steel using metal cored-wire (MCW). Cored-wires are tubular wires that come in two varieties such as flux-cored or metal-cored wires
[24]. Flux-cored wire contains arc stabilizers aimed at increasing the weld quality while metal-cored wire improves the current density
and deposition rate [25]. The current flows mostly through the outer tubular section of cored-wire, increasing the current density compared
to solid wires. Consequently, reducing the overall heat requirements and thereby producing a lower heat input. To achieve similar
deposition features such as bead shape, aspect ratio, and deposition speed, using a metal-cored wire requires less electrical current
compared to a solid wire [26]. This difference is particularly beneficial for WAAM. However, due to the high deposition rate, elevated
temperature, and excessive energy input, residual stresses and distortions are encountered in additive manufacturing (AM) processes,
posing significant challenges. Therefore, generally in WAAM processes, achieving favorable outcome requires careful parameter
selection [27], irrespective of the wire type. As mentioned earlier, the significant aspect of cored-wire lies in the fact that they allow in
adopting customized alloying elements [28] in the core of the tubular wire and ultimately tailoring the chemical composition [29,30].
Studies have also shown the application of cored-wires in the production of complex concentrated alloys (CCAs) [31] and high entropy
alloys [32]. This characteristic further instigates the opportunities offered by metal-cored wires for alloys’ development and depositing
materials with customized properties using the WAAM process.

WAAM process utilizes shielding gas during the metal deposition to protect the molten metal from contamination. The environmental
contaminants and specially oxygen may cause oxidation of sensitive alloying elements, possibly leading to slag inclusions. Moreover,
shielding gas also influences the arc ignition, bead formation, arc stability, wetting, weld penetration, and spatter formation. Several
studies have investigated the use of different shielding gases in the WAAM process [33-37]. However, a systematic approach to
investigate the effects of shielding gases on the heat input is still lacking in the literature. Although the main idea is to investigate the
cored vs solid wire for the two different WAAM processes. One with the consumable electrode where the wire is in the hottest zone of
the arc and the other with the non-consumable electrode in which wire is fed separately to the arc formed between the non-consumable
electrode and workpiece. However, as the gas plays a significant role in protecting the liquid metal from oxidation and most importantly
influencing the arc column formation, droplet formation, metal transfer and cathode spot stability. Therefore, various shielding gases
were investigated employing the GMA process.

Some studies [38-43] have shown the use of cored-wires in WAAM processes, however, there is still not enough research on melting
the cored-wires and in particular comparing to solid wire for the same material type. Therefore, this work aims to fill the knowledge gap
by depositing a 2.25Cr-1Mo cored-wire in GMA and PTA-based WAAM processes. The study also investigates the use of different
shielding gases in the melting of cored-wire in GMA process. Hence, the underlying study discusses cored vs solid wires in different
WAAM processes.

2. MATERIALS AND METHODS
2.1. Experimental description

In this study a creep-resistance metal-cored wire 2.25Cr-1Mo (E90C-B3H4) was used for bead-on-plate studies in the first part, followed
by the deposition of thin walls. For comparison, a high strength low alloy steel solid wire (ER90S-B3) of similar chemical composition
was used for test walls deposition. Both the solid-wire and cored-wire have a diameter of 1.2 mm whose chemical compositions are
reported in Table 1. A mild steel plate of 300 mm x 200 mm x 12 mm was used as substrate which was cleaned with acetone before
deposition and was clamped with jigs. The depositions were performed employing GMA and PTA variants of WAAM process. The
experimental setup of GMA and PTA-based WAAM process setups are shown in Fig. 1(a) and Fig. 1(b), respectively.

Table 1 Chemical composition [wt%] of the cored (E90C-B3H4) and solid (ER90S-B3) wires

Wire C Mn Si Cr Mo Fe
ER90S-B3 0.07-0.12 0.4-0.7 0.4-0.7 2.3-2.7 0.9-1.2 Bal.
E90C-B3 H4 0.06 0.8 0.3 2.3 1.0 Bal.
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Fig. 1 Experimental setup: (a) GMA-WAAM, (b) PTA-WAAM

In GMA-WAAM, three shielding gases were used to investigate their influence on heat input, arc dynamics and bead morphology
with bead-on-plate trials using only the cored-wire. Different combinations of wire feed speed (WFS) and travel speed (TS) were used.
Following the deposition of bead-on-plate trials, five test walls were deposited with the three shielding gases using the cored and solid
wires with most appropriate parameters. Table 2 represents the parameters and conditions for bead-on-plate trials and test walls. The 3
shielding gases combinations include pure argon, argon + 2.5% CO», and argon + 5% CO; + 2% O, at a flow rate of 15 I/min. For the
sake of simplicity, they are referred to as pure argon, ArCO; and ArCO,0,, respectively, in the subsequent sections. Two test walls were
deposited under ArCO; shielding using cord and solid wires. Similarly, two more walls were deposited using the cored and solid wires
under the shielding of ArCO,0,, while another wall was deposited under pure argon shielding using the cored wire only. Fig. 2(a-c)
shows the bead-on-plate trials in GMA-WAAM under different shielding gases: (a) pure argon, (b) ArCO, and (c) ArCO,0O. For each
shielding gas combination, samples 1-4 were deposited with a TS of 0.6 m/min and WFS of 8, 10, 12, and 14 m/min were repeated,
respectively. Similarly, the samples 5-8 were deposited using a TS of 0.8 m/min with the same WFS i.e. 8, 10, 12, and 14 m/min. The
test walls were deposited with a WFS of 8 m/min and TS of 0.8 m/min, respectively under all shielding combinations and wire type. The
contact-tip to work distance (CTWD) was maintained at 13 mm for bead-on-plate trials and test walls under all conditions. A Fronius
power source was used in standard metal transfer mode i.e. short-circuit/spray mode and the welding torch was moved by a 6-axis Kuka
robot.

In PTA-WAAM, bead-on-plate trials were performed with cored-wire, followed by deposition of two test walls using cored-wire and
solid wire, respectively. A low power plasma source from Fronius was used with different combinations of current, travel speed (TS) and
wire feed speed (WFS) for the bead-on-plate trials. Similarly, test walls were deposited with the most suitable process parameters. The
parameters for bead-on-plate trials and test walls are given in Table 3. As shown in Fig. 2(d), bead-on-plate trials in PTA-WAAM were
deposited by repeating the TS of 1.5 mm/s (0.09 m/min) and deposition current of 155A, for each WFS of 1, 1.2, 1.4, 1.6, and 1.8 m/min,
respectively. This range of parameters was adopted to reach a similar range of WFS/TS for comparison between the two WAAM
processes, discussed in section 3.1. To achieve a similar WFS/TS ratio, the operational limits of PTA-WAAM had reached, as can be



seen by wavy beads in Fig. 2(d). Moreover, for the test walls, a suitable parameter set was used based on prior trials. This includes a
deposition current of 185 A, TS of 3 mm/s and WFS of 1.4 m/min. However, in PTA-WAAM, the wall width tends to grow in the building
direction due to heat accumulation and lower thermal conductivity when moving away from the substrate. This is due to the narrower
path to conduct heat away compared to substrate. To avoid that, the initial current of 185 amperes used for the first two layers was
gradually decreased by 5 amperes after every 1 — 2 layers until reaching to 125 amperes for layer number 19 and 20, respectively. This
strategy proved to be very effective for consistent wall geometry and mitigated the overall heat input. Moreover, for plasma gas and arc
shielding, pure argon was used at a flow rate of 0.8 and 8 liters per minute (I/min), respectively. The plasma torch, equipped with a non-
consumable tungsten electrode was precisely moved by a CNC system. The distance between the nozzle and the substrate was maintained
at 8 mm. The consumable wire electrodes were fed into the melt-pool with a vertex angle of 45°.

The test walls from both processes consisted of 20 layers each and 170 mm in length. The inter-layer temperature (ILT) was maintained
below 150°C during the deposition of walls in GMA and PTA processes. The ILT was maintained using a digital thermometer coupled
with a k-type surface thermocouple. The deposition current and voltage were logged by connecting an arc monitor (AMV 4000) to the
power sources in both processes. A process camera (Xiris XV C-1000) was used to record the process from the side of the melt-pool.

Table 2 Process parameters of GMA-WAAM for bead-on-plate deposits and test walls

Trial Type WES [m/min] TS [m/min] CTWD [mm]  Shielding gas Wire type Notes
Pure Argon Cored-wire
Bead-on-plate 8, 10, 12, 14 0.6,0.8 13 ArCO; Cored-wire Eacza‘é\"ﬁsr epe‘;atzg for
ArC0,0; Cored-wire perg
Pure Argon Cored-wire 1 wall deposited
ArCO; Cored-wire 1 wall deposited
Test Walls 8 0.8 13 ArCO; Solid wire 1 wall deposited
ArC0,0; Cored-wire 1 wall deposited
ArCO;0; Solid wire 1 wall deposited

Table 3 Process parameters of PTA-WAAM for bead-on-plate deposits and test walls

Trial Type WES [m/min] TS [mm/s] Current [A] Shielding gas ~ Wire type Notes

Multiple trials for each

Bead-on-plate  1,1.2,1.4,1.6,1.8 15,345 155, 185, 215 Pure Argon Cored-wire .
parameter combination

Pure Argon  Cored-wire 1 wall deposited
Test Walls 14 3 185-125

Pure Argon Solid wire 1 wall deposited

2.2. Testing and characterization

Samples were obtained by cutting the deposited beads and walls from the middle section with a metallographic cutting machine
(Discotom-60, Struers), resin mounted and polished up to 2500 grit papers, followed by the diamond suspension of 3 and 1 microns,
respectively. To reveal the macro and microstructure, the mirror polished samples were etched with 2% Nital. Microstructural images
were obtained with an optical microscope (Axiocam 208 color, ZEISS) with a magnification of 50 and 20 microns, respectively. Energy-
dispersive X-ray spectroscopy (EDS) results were obtained from a TESCAN — VEGA3 equipped with an Oxford Instruments’ EDS
machine. An acquisition time of 60s at 500 magnification was used for EDS analysis which is better for smaller percentage of elements.
For Vickers hardness an automatic hardness tester (Falcon500, Innovatest) was used with a load of 200g and an indentation time of 10s.
Hardness indents were obtained starting below 0.5 mm from the top edge of the samples and continuing along the building direction until
reaching the base metal.



3. RESULTS AND DISCUSSION
3.1. Arc stability and heat input in cored-wire

The bead-on-plate trials in GMA and PTA processes were conducted employing different wire feed speed (WFS), travel speed (TS)
and current. Fig. 2(a — c) shows the deposited beads for GMA-WAAM under various shielding and PTA-WAAM under pure argon
shielding. These parameters were selected to ensure the same deposition rate and were determined based on initial experiments. The
bead-on-plate trials demonstrated in Fig. 2(d) show unsmooth and wavy beads representing the operational limit under the selected
parameters. GMA-WAAM, employing a synergic operation, increases the deposition current and voltage with increasing WFS, ultimately
increasing the heat input. The controlling parameters in this case become WFS and TS. In PTA-WAAM, unlike a synergic operation, the
wire feeding is not coupled with power. That means, in PTA-WAAM, we can control the power input, WFS and TS separately, providing
an extra degree of freedom compared to GMA-WAAM.
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Fig. 2 Bead-on-plate trials in GMA-WAAM (a - ¢) under different shielding gases: (a) pure argon, (b) ArCO,, and (c) ArCO0;.
Samples 1-4 were deposited with a TS of 0.6 m/min and WFS of 8, 10, 12, and 14 m/min, respectively. Samples 5-8 used a TS of 0.8
m/min with the same WFS. In trial (d), beads were deposited in PTA-WAAM at a TS of 1.5 mm/s (0.09 m/min) with a deposition
current of 155A, using WFS of 1, 1.2, 1.4, 1.6, and 1.8 m/min, respectively.

Fig. 3 shows the arc stability in GMA-WAAM under various shielding gases. It was observed that arc fluctuations significantly
reduced with the gases containing CO; and O,. Hence, compared to pure argon, the argon mixture i.e. ArCO, gas improved the arc
stability with less fluctuations of arc during the deposition. Similarly, the addition of O further improved the arc stability compared to
the other two gases when ArC0.0; gas was used with a taller arc column. In this case, the arc appeared mostly straight with less
oscillations and variations in shape and size. A better arc stability and spatter-free deposit was reported in the literature [32] using an
argon-based shielding gas with 3% CO, + 1% O, compared to argon with 2% CO.. This arc stability was attributed to stronger oxidizing
property of O leading to more uniform and thicker oxide layer on the bead, promoting higher electron emission, leading to better arc
stability. Moreover, the improved arc stability can be attributed to lower activation energy for dissociation in CO, and O, gases compared
to pure argon. A weaker activation energy for dissociation leads to higher thermal conductivity of gas and ultimately improving the arc
stability. Similarly, the oxidizing property of oxygen promotes higher electron emission, further improving stability.

Fig. 3 Effects of shielding gases on arc stability under (a) ArCO,, (b) ArC0O,0,, and (c) Pure Argon



An important criterion for process comparison between PTA and GMA processes for WAAM deposition is the amount of material
deposited per heat input. This could be possible by comparing the WFS versus heat input. However, one can notice that the WFS used in
this study varies largely between the GMA and PTA processes due to the range of parameters offered by individual heat sources.
Moreover, the GMA process follows a synergic operation from the controller of the heat source. Consequently, any increase of WFS
proportionally increases the current and voltage. However, the PTA does not follow a synergic operation, and requires the adjustment of
these process parameters individually. Therefore, a comparison solely based on WFS could not be possible. Nonetheless, another
important factor in the WAAM process is the depaosition ratio (WFS/TS), which is an important factor for material deposition rate. This
indicates how much material in terms of wire is being deposited relative to the deposition speed, hence, effecting the buildup rate of the
deposited structure. Fig. 4 shows such results for both WAAM processes. This also shows the influence of shielding gases i.e. ArCO; and
ArC0,0; and pure argon in GMA-WAAM. The heat input (H.I) was calculated for WAAM processes using the Eqg. 1.

Current [A] X Voltage [V

H.I = I % n [J/mm] 1)

Travel speed [mm/s]

The n represents the energy efficiency of WAAM process. For consumable electrode GMA-WAAM and non-consumable electrode
PTA-WAAM processes. Various ranges of efficiencies have been reported, however, 85% and 70% are commonly used for GMA and
PTA processes, respectively [44,45]. Fig. 4 explicitly indicates that PTA-WAAM has generated a higher heat input for the same deposition
ratio compared to GMA-WAAM process. Noticeably, In GMA-WAAM, the heat input also varies depending on the shielding gas used.
For instance, addition of oxygen makes the process slightly colder for the same deposition ratio. Another study [46] revealed a lower heat
input for pure argon compared to CO; gas, suggesting an increased ionization potential, leading to a hotter arc. As mentioned above, in
GMA process the synergic waveform increases the deposition current and voltage when the wire feed speed is increased for a fixed travel
speed. Consequently, raising the heat input. The rising trend of GMA-WAAM in the graph shows this behavior. However, as the PTA-
WAAM is fully independent process (not synergic), therefore, the deposition current and voltage do not increase with increasing wire
feed speed for a fixed travel speed. Any increase in wire feed speed would slightly decrease the heat input since more energy is used to
melt the increasing volume of wire. Hence, it is safe to conclude that under the same process parameters, pure argon led to the lowest
heat input where ArCO: produced the highest heat input and ArCO:0- exhibited an intermediate heat input between these two gases in
GMA-WAAM process. From the process point of view, considering the same deposition ratio, PTA-WAAM exhibited a much higher
heat input compared to GMA process.
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Fig. 4 Heat input vs deposition ratio in PTA-WAAM under pure argon and GMA-WAAM under various shielding gases

Fig. 5(a) represents the bead cross-sections, indicating the bead morphologies including the fusion area, remelt area and showing the
heat affect zone (HAZ) for GMA and PTA processes, deposited with the cored-wire. On the other hand, Fig. 5(b) summarizes their



corresponding values. The parameters used for these deposits were selected after several trials based on visual arc stability and general
bead appearances and are the same parameters used for test walls as seen earlier in Table 2 and Table 3, respectively. With the same
parameters, different shielding gases significantly affect the bead morphology, metal transfer mode, and bead penetration. Similarly,
higher CO, and O, concentrations in pure argon gas stabilize the arc by increasing the metal vapor (i.e. more ionized particles) because
of higher ionization potential and reduced surface tension, respectively [32]. The literature [34] revealed favorable layer formation when
added oxygen in pure argon, however, the layer oxidation was increased which may not be favorable for part building of some materials.
Comparing the shielding gases for bead-on-plate deposits in GMA-WAAM, one should notice distinct bead morphologies with
characteristic features. The fusion area represents the deposited material above the substrate while the remelt area shows the part of the
substrate that undergone remelting during the deposition. The HAZ represents the area where remelting did not occur, rather, it
experienced a significant thermal history. Moreover, a larger remelt area shows that more energy was transferred to the substrate. A lower
penetration, and a corresponding lower dilution is desirable in additive manufacturing since severe remelting of the previously deposited
layers may lead to microstructural changes due to the thermal history. Hence, resulting in anisotropy of material properties.

Bead formation under pure argon shielding resulted in a narrow remelting zone, covering a smaller area at the edges, which led to the
lowest dilution. However, it produced the highest HAZ in GMA-WAAM compared to other shielding gases. Under the shielding of
ArCO,02, an equal fusion area and a smaller HAZ were obtained, but a larger remelt area was observed compared to pure argon. Similarly,
the bead deposited under ArCO; shielding resulted in a remelt area almost equal to that of pure argon in terms of surface area. However,
the fusion area and HAZ were smaller compared to pure argon and ArC0O;0,. When comparing the bead morphologies, the reinforcement
height and width were consistent across all beads.

In contrast, PTA produced an oval-shaped bead, unlike the convex-shaped remelting area seen in GMA. PTA also resulted in higher
penetration at the edges, covering a larger remelting area and leading to higher dilution. Moreover, it also produced the highest HAZ
compared to those obtained in GMA. This could be attributed to the very high heat input of PTA compared to GMA.
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Fig. 5 (a) Bead cross-sections under the shielding of: (i) ArCO,, (ii) ArCO,0>, and (iii) Pure Argon shielding in GMA-WAAM and (iv)
PTA-WAAM process, (b) with their corresponding bead geometric features

Apart from the arc stability analysis, Fig. 6 illustrates in detail the arc dynamics, metal transfer, and spatters at different time instants
under the same processing parameters for various shielding gases in GMA-WAAM and under pure argon shielding in PTA-WAAM. For
GMA, the arc shape and size under ArCO; and pure argon shielding does not vary significantly in appearance, except that a slightly larger
arc column is generated when using ArCO,. On the other hand, ArC0O,0, formed a smaller and more stable arc around the tip of the wire
in conical shape, producing a streamline metal transfer on the melt-pool. Small spatters appeared under all shielding conditions in GMA-
WAAM, however, ArCO,0, showed comparatively less spatter. Furthermore, PTA represented a more focused arc where the external
wire electrode is fed and melted across the pure argon in a streamline metal transfer mode. The PTA process intermittently generated
some spherical spatters thrown away from the melt-pool. The occurrence of spatters in PTA is less frequent than GMA, however, they
are larger in size.
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The above results indicate that shielding gas in the WAAM process does more than protecting the molten metal; it significantly affects
the arc stability, heat input, productivity, and the quality of the deposited material [47]. Therefore, selection of appropriate shielding gas
is critical for optimal results in WAAM process. The behaviour of inert gases and gas mixtures using active gases is driven by their




physical and chemical properties, especially at high temperatures. In WAAM, the centre of the arc can reach temperatures as high as
8000K and is influenced by the specific shielding gas used. Argon, an inert gas, is commonly chosen due to its low ionization energy,
allowing for easier arc initiation. This is particularly beneficial for welding metals such as nickel, titanium, aluminium, and copper alloys
[48]. Argon's low thermal conductivity results in lower heat input in the WAAM process. For these reasons, argon often serves as the
primary component in gas mixtures, even when mixed with other gases.

In contrast, oxygen (O2) and carbon dioxide (CO,) are both oxidizing gases. Depending on the metal, gas mixtures are used to harvest
their individual effects on the process. Hence, to achieve a stable arc in steel deposition, addition of oxidizing gases such as O, or CO3 is
common. CO., for instance, is inactive with metals at room temperature but becomes reactive at high temperatures, interacting with the
molten metal alloys. Due to its higher thermal conductivity, CO: increases heat input, transforming the weld penetration profile from the
narrow, finger-like shape (typical with pure argon) to a wider profile. Meanwhile, O. can form oxides at high temperatures, which is
generally undesirable. However, in controlled amounts, Oz enhances arc stability and wetting, leading to smoother bead surfaces.

For our study, we selected pure argon, ArCO:, and ArCO:0: gas mixtures to evaluate their respective influences on GMA -WAAM.
We anticipated that using pure argon would produce lower heat input and a more concentrated, finger-like penetration profile due to its
low thermal conductivity. Adding CO: and O: to the argon was expected to promote reactions with elements like silicon and manganese,
forming a slag layer on the bead surface. This might also reduce these alloying elements in the weld, but the trade-off is improved arc
stability by reducing arc wandering. Furthermore, the addition of CO- and O: should lead to a broader penetration profile, with O
specifically enhancing wetting and bead smoothness. The experimental results align with these predictions, showing variations in heat
input, arc stability, and bead morphology based on the shielding gas composition.

3.2. Test specimens

To investigate the applicability of cored-wires (E90C-B3H4) for additive manufacturing with GMA and PTA-based WAAM
processes, multilayer test walls were deposited with an alternating deposition strategy. For comparison, a standard solid wire (ER90S-
B3) having the same chemical composition as cored-wire was also used to build the test walls. Seven walls deposited employing the two
WAAM processes and wire types are shown in Fig. 7.
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Fig. 7 Test walls deposited employing the cored and solid wires in GMA and plasma WAAM processes

The graph in Fig. 8 illustrates the heat variations across each wall layer using cored and solid wires in the two WAAM processes and
the influence of shielding gases in the GMA-WAAM. The solid lines on the graph represent the results for solid wire, while the dashed
lines show the results for cored-wire. Similarly, the shielding gases are colour-coded with black, red and blue for pure argon, ArCO- and
ArCO,0,, respectively. The markers differentiate between the two processes: the squares denote the PTA while the circles show the
results of GMA-WAAM. Several information can be obtained from this graph including the contribution of individual shielding gases in
heat generation, the heat input across the two WAAM processes and most importantly the heat variations across the two wire types i.e.
the cored-wire and the solid wire.

A key observation from the graph is the difference in heat input between cored-wire and solid wire. Cored-wire, characterized by its
tubular shape and outer metal sheath filled with metal powders, typically produces a lower average heat input compared to solid wire.
This is because the current flows only through the thin tubular section of the wire, increasing the current density and material deposition
rate [38,49]. Under the same shielding gas and process parameters in GMA-WAAM, cored-wire resulted in substantially lower heat input.
For instance, under ArC0O,0, and ArCO, solid wire produced average heat inputs of 665 J/mm and 690 J/mm, respectively, while cored-
wire yielded 545 J/mm and 579 J/mm, reducing the average heat input by 16-18% compared to the solid wire.

Shielding gases also played a significant role in influencing the heat input in GMA process for a specific wire type. Pure argon, due
to its inert nature and lower thermal conductivity compared to mixed gases, produced the lowest heat input with an average value of 467
J/mm for the test wall. The addition of CO; increases the ionization potential, resulting in higher arc temperature and average heat input.
However, ArCO,0- generated slightly lower heat input than ArCO,, suggesting that oxygen addition could decrease heat input compared



to ArCO; alone, yet still results in higher heat input than pure argon. These results further confirm those observed in bead-on-plate
analysis.

Comparing the two WAAM processes, PTA generates a much higher heat input. The wire type does not influence the heat input
significantly for the PTA-WAAM since the consumable wire is fed separately. The current does not flow through the externally fed wire
but in the non-consumable tungsten electrode. Therefore, the cored-wire in case of PTA-WAAM does not affect the current density.
However, GMA with cored-wire demonstrates lower heat input compared to solid wire under same conditions. The higher average heat
input of solid wire across all shielding gases underscores its less efficient energy utilization compared to cored-wire.
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Fig. 8 Heat input variation across each layer for walls deposited with plasma and GMA WAAM using solid and cored-wire, employing
various shielding gases for GMA-WAAM

To maintain the wall width from excessive growth in the building direction, current was gradually decreased in PTA-WAAM. For
instance, as illustrated in Fig. 9, starting with an initial deposition current of 185 amperes and gradually reducing it to 125 amperes in the
last two layers helped to regulate the heat input, thereby preventing the widening of the thin wall sections. A closer look reveals that solid
wire is more susceptible to this strategy, where the wall deposited with solid wire formed a narrower cross-section compared to the cored-
wire.
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Fig. 9 Deposition strategy for thin walls in PTA-WAAM, employing (a) cored-wire, and (b) solid wire
3.2.1.  Microstructural analysis

The microstructural studies were carried out at different locations of the test walls along the building direction (i.e. top, middle, and
bottom zones) to study the variations in phases, grain structure and microstructural changes across the walls deposited with the cored and
solid wires. Since both wires have similar chemical composition and contain chromium and molybdenum in appreciable quantities which
promote the nucleation and growth of non-equilibrium hard phases, consequently helping to shift the continuous cooling transformation
(CCT) curve to the right, making it easier to achieve a martensitic and bainitic microstructure [49]. Therefore, as shown in Fig. 10, the
obtained microstructure is primarily consisted of a bainitic/martensitic structure for all specimens irrespective of the wire type. However,
it is also composed of various microstructural phases and distinctive features randomly distributed along the building direction in the
deposited walls based on the wire type and WAAM process.

A detailed comparison of the microstructures in cored vs solid wires for the test walls are reported in Fig. 11. The figure shows from
left to right the microstructural features along the building direction at distinctive locations of the walls: bottom zone, middle zone, and
upper zone for PTA-WAAM and under each shielding condition in GMA-WAAM, employing the solid and cored-wires respectively. For
each microstructure shown, the WAAM process with shielding conditions are specified on the left while the corresponding wire type is
indicated on the right to differentiate between them. In general, a fine microstructure is present at the bottom zone which tends to grow
coarser in the middle section. The upper zone presents a finer microstructure while the heat affected zone (HAZ) is composed of a coarse
polygonal structure. The microstructural differences across different regions on the walls result from thermal gradients and cooling rates
during the WAAM process. The bottom zone in the proximity of substrate acts as a heat sink in the first few layers, leading to rapid
cooling and fine microstructure. The higher cooling rates typically lead to shorter dendrite arm spacing and smaller cellular structures to
result in finer structure. However, the middle zone experiences huge thermal shocks due to partial remelting of previously deposited
layers, and further heat conduction from the upper layers through the middle section, reducing the cooling rate significantly. The
corresponding slower cooling results in a coarser microstructure. The upper zone undergoes a faster cooling rate compared to the middle



zone and dissipates the heat partly into the air and partly through conduction across the middle zone. This leads to a finer microstructure
than the middle zone. Moreover, the layers deposited at the top section do not undergo significant remelting and help to maintain a faster
cooling rate. Then the HAZ undergoes repeated thermal cycles with deposited layer; however, without the benefits of full remelting and
re-solidification. Consequently, coarse polygonal structure results from grain growth as a result of consistent thermal exposure.

Fig. 10 Bainitic structure: (a) optical microscopic image (b) Showing lamellae distribution after image processing

However, the microstructure between the solid and cored wires shows a similar morphology for a certain process and shielding
condition. Fig. 11(a — c) shows the microstructure of the wall deposited in PTA process using the solid wire. At the bottom of the wall, a
transition from the re-melt area to HAZ is evident where a polygonal structure is dominant in the HAZ while a fine bainitic/martensitic
structure is visible in the re-melt area. The middle section also exhibits a bainitic structure with short cementite lamellae, while in the top
section the microstructure reveals prior austenite grain boundaries (PAGBSs), which can be attributed to the slower cooling at the top
section of the wall. In contrast, Fig. 11(d — f) presents the microstructure for the cored-wire from bottom to top in the PTA-WAAM,
showing a fine bainitic/martensitic microstructure. Although the microstructure represents a similar morphology at the bottom compared
to the solid wire, it tends to show coarser grains in the building direction. This shows the tendency of cored-wire to slightly form coarser
grains in PTA process compared to the solid wire.

Under GMA with ArCO; shielding, Fig. 11(g — i) and Fig. 11(j — I) depict the microstructure for the solid versus cored wires,
respectively, in the building direction. For the solid wire a very fine microstructure appears at the bottom zone that transitioned to a
columnar structure in the middle zone. Further, the microstructure for the solid wire at the top zone changes to a fine needle-shaped
microstructure. Comparing this microstructure of solid wire to that of the cored-wire, one can observe that they seem to exhibit an identical
morphology under this shielding gas. In particular, a finer microstructure at the bottom, a coarse and partially columnar structure in the
middle, while an acicular microstructure can be seen at the top section of the wall. Hence, the microstructure under the shielding of ArCO;
in the GMA-WAAM seem to produce identical microstructure for the two wire types under study.

Similarly, Fig. 11(m — o) and Fig. 11(p — r) compare the microstructure of solid and cored wires, respectively, under the shielding of
ArCO,0,. The microstructures of the solid and cored wires show a resemblance, especially in the bottom and top sections of the walls,
where both exhibit a martensitic structure at the bottom region. The solid wire also features some banded colonies similar to pearlite
colonies in the bottom and middle zones. Nevertheless, an identical coarse structure is evident in the middle zone for both wire types.

Finally, the microstructure of the wall deposited with cored-wire under the shielding of pure argon in GMA is shown in Fig. 11(s —
u). A granular bainitic structure is seen at the bottom, followed by a columnar microstructure in the middle zone while an evident colonial
structure is observed at the top section of the wall. Comparing this with the solid wire deposited in PTA process (given that same gas is
used), significant differences can be observed in the microstructure. The microstructure of solid wire in the PTA process shows a more
uniform structure in the building direction while the cored wire wall in GMA under pure argon exhibits more distinct layering and
transition. However, these differences are attributed to various cooling dynamics and thermal histories across the two WAAM processes.
It is important to mention that for a specific WAAM process and shielding gas, the two wires show identical microstructure across the
walls. None of the walls show defects or impurities, hence showing the suitability of cored-wire in additive manufacturing.
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Fig. 11 Microstructural images of test walls deposited in the building direction, using solid and cored wires under GMA-WAAM (with
various shielding gases) and PTA-WAAM, highlighting microstructural features and phase characteristics across the bottom, middle,
and upper zones

The bainitic and martensitic structures observed within the GMA and PTA-deposited walls have implications for mechanical
properties, demanding both strength and durability. Martensite is typically known for its high hardness and tensile strength. This
microstructure would likely enhance wear resistance under low-stress conditions, as martensitic structures can withstand greater localized
stress without undergoing significant deformation. However, martensitic structures may be more susceptible to brittleness, which could
reduce toughness and impact resistance, particularly under cyclic or high impact loading conditions [50].

On the other hand, the bainitic structure observed in these walls can offer a favourable balance between hardness and toughness.
Bainite’s resilience to cyclic stress and its more ductile nature contributes to improved fatigue performance, which is beneficial in
applications requiring sustained durability and resistance to both wear and mechanical impact [51]. Studies have shown that for bainitic
and martensitic structures of the same steel, bainitic phases exhibit better wear resistance under high-stress abrasive conditions, whereas
martensitic structures show better wear resistance in low-stress abrasive environments [50,52]. This suggests that the areas in our walls



with bainitic structures would likely be suitable for high-wear applications and improved toughness while the martensitic phases promote
yield strength and ultimate tensile strength.

The effect of chromium content, as also relevant to our material, is particularly notable in bainitic steels. Increased chromium enhances
wear resistance, impact resistance, and fatigue properties, which are all desirable for durability in the WAAM process. The combination
of these properties in bainitic structures aligns well with the performance requirements in applications such as those seen in automotive
and railway industries [52,53] which traditionally use pearlitic structures with high carbon contents.

In the context of our study, the microstructural variations along the building direction in both the PTA and GMA walls can be expected
to influence tensile strength, wear resistance, and impact toughness. The finer grains at the bottom zones typically correlate with higher
tensile strength and wear resistance, while coarser grains in the middle zones might lower these properties but may enhance ductility and
toughness to some extent. In summary, the observed microstructures can contribute to a balance of strength and wear resistance with
adequate toughness and fatigue life that are important for high-performance applications of components produced by WAAM [54].

Supporting the results from optical microscopy, Fig. 12 represents the SEM images of the walls deposited in GMA and PTA processes
under pure argon shielding, providing a clear representation of microstructural features in the building direction of the walls deposited
using ER90S.

Building direction of wall

20 ym

Fig. 12 SEM images in the building direction (i.e. top, middle and bottom sections) of the walls deposited in GMA and PTA processes
under pure argon to provide a clear picture of microstructural features



GMA exhibits coarser columnar structures, particularly in the middle section, reflecting a slower cooling. In contrast, the PTA process
shows a finer morphology with clear bainitic transformations, attributed to its localized and focused heat. The SEM images confirm that
the PTA process produces a more refined and uniform microstructure along the building direction compared to GMA, aligning with the
OM findings. These results demonstrate the superior microstructural control of PTA in achieving finer grains and uniformity.

In particular, the top and bottom sections of the wall from the GMA process exhibit a needle-shaped morphology, with a distinct
columnar structure in the middle. In contrast, the PTA process reveals a finer acicular structure with bainitic transformations. The presence
of prior austenite grain boundaries (PAGBS) at the top suggests thermal cycling, causing gradual heat accumulation and the formation of
fine needle-like lathes.

3.2.2. Hardness

A detailed analysis of the microhardness was conducted to determine the hardness variations for the cored and solid wires across the
walls deposited with GMA and PTA processes and the average hardness was calculated for each wall. Fig. 13(a) illustrates the hardness
variations for the two wires in PTA-WAAM and in GMA-WAAM under the shielding of ArC0O,0; to give an overview of the hardness
variations in the building direction across the walls. As shown on the graph, the 2.25Cr-1Mo possesses significantly higher hardness
compared to the mild steel substrate. The main idea is to compare the hardness profiles for the cored and solid wires. Similarly, to further
investigate the effects of shielding gases in GMA-WAAM and finally the hardness profiles across the GMA and PTA processes.
Considering only one WAAM process at a time and comparing the hardness profiles of walls built with cored and solid wires, we can
observe a slightly higher hardness trend across the walls deposited with solid wire. From the process point of view, PTA exhibits a higher
hardness while the shielding gases also show different hardness profiles in the GMA-WAAM. Comparing the global hardness trend across
the walls, we observe a slightly higher hardness at the bottom of the walls probably due to faster cooling in proximity with the cold
substrate. The middle sections of the walls exhibit marginally lower hardness which then takes a sharp upward trend at the top sections.
The corresponding hardness profiles align with the underlying microstructure observed in the preceding section.

Fig. 13(b) further concludes the hardness results for all the walls, showing the average hardness for the observed conditions. Three
characteristic remarks could be followed from the obtained results based on the WAAM process, the wire type, and the shielding gases,
respectively. From the process perspective, we can conclude that PTA-WAAM produced a slightly higher hardness compared to GMA-
WAAM for the same wire type. Similarly, the solid wire yielded slightly higher hardness than the cored-wire. In addition, the shielding
gases also effected the underlying hardness in the GMA process. For instance, the average hardness was slightly higher in the wall
deposited under ArCO; shielding gas compared to ArCO,0,, when employing the solid wire. The same results can also be seen in the
case of cored-wire where ArCO; and pure argon shielding gases yielded an average hardness of 266 HV compared to an average hardness
of 245 HV for ArCO,0; shielding, resulting in around 8% less hardness for the wall deposited under the shielding of ArCO,0; gas.

In the comparison of solid vs cored wire in PTA-WAAM, the average hardness decreased by around 8.5% across the wall deposited
with cored-wire. Notably, in GMA, using ArCO; shielding gas, the average hardness again showed 8.5% reduction with the cored-wire
compared to solid wire. The reduction of average hardness across the cored-wire wall became more pronounced with the use of ArCO;0;
shielding gas, where cored-wire resulted in approximately 14.6% less hardness. However, the lowest hardness obtained from cored-wire,
at 245 HV under ArCO,0,, still exceeds the AWS A5.28/A5.28M requirements of 95 — 97 Rockwell B (=215 — 224 HV) for AWS
ER90S-B3, confirming the suitability of the cored wire under study.

Further analysis revealed a reduction of around 4% in average hardness for GMA wall when employing the cored-wire under pure
argon shielding. Similarly, when using the solid wire across the two processes, the same difference was observed under the shielding of
pure argon in PTA process and ArCO; in GMA process. This could be because ArCO, contains 97.5% argon, leading to similar results
across the two processes.

It is worth noting that all the walls exhibit a bainitic/martensitic microstructure, however, the walls deposited under GMA process
demonstrate slightly lower hardness compared to those deposited via the PTA-WAAM. The PTA process has a more focused arc which
results in smaller melt pools. The smaller melt pool solidifies more rapidly which usually results in smaller grain structure, as seen in
walls deposited using the PTA-WAAM in the preceding section. Conversely, the GMA process has a larger arc column typically
producing large melt pools, reducing the solidification rate, presumably resulting in slightly coarser microstructure. As per Hall-Petch
mechanism, this can result in hardness reduction for walls deposited using the GMA process. However, approaching the middle and top
sections of the walls, the heat accumulation seems to have a more pronounced effect due to the thermal history and corresponding slow
cooling.
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Fig. 13 Results for (a) Hardness profiles in PTA and GMA (under ArCO0; shielding) for cored and solid wires, (b) Average hardness
of all the walls employing the two wires in the two WAAM processes

To provide a statistical validation of hardness results, a Tukey's method of pairwise comparisons at a 95% confidence level was
conducted and the model was validated by analysis of variance, with a P-value < 5%. These results are summarised in Table 4. This
approach provides a robust comparison of hardness results across the deposition processes, wire types, and shielding gas compositions.
The interval plot in Fig. 14 graphically supports these results, showing the mean hardness values with 95% confidence intervals. Tukey’s
method groups (A — D) different factors based on their means and statistical significance. Means that do not share a letter are significantly
different. The letter grouping is used to indicate which factors have similar means where Group A contains the highest means (PTA -
Solid and GMA (ArCO,) — Solid wire). Group B includes slightly lower means (GMA (ArC0O20,) — Solid wire and PTA — Cored wire).
Finally, Group C contains GMA (ArCO,) — Cored wire, and Group D includes the lowest mean (GMA (ArCO,0;) — Cored wire).

From a process perspective, PTA employing the solid wire achieved the highest hardness (Group A), demonstrating a statistically
significant improvement over other combination. As seen from the microstructural analysis, this superior hardness can be attributed to
the finer microstructure in the wall deposited with solid wire in PTA process. On the other hand, the wall deposited using cored wire in
PTA exhibited a lower mean hardness, falling into Groups B and C, reiterating on the difference of wire type even within the same
process. In GMA-WAAM, hardness values were generally lower, with the hardness of the wall deposited under GMA (ArCO) using the
solid wire falling in Groups A and B, while wall deposited under GMA (ArC0O-0:) using cored wire falls in Group D, showing the lowest
mean hardness. These results emphasize that PTA-WAAM process, especially with solid wire, achieves higher mechanical performance
in terms of hardness, likely due to a finer microstructure.



Table 4 Summary of the results from Tukey's method for Pairwise comparison of hardness from the two WAAM processes and
shielding gas conditions deposited employing the solid and cored-wire

Tukey’s method for Pairwise comparison at 95% confidence interval

Process/Gases/Wire Mean Hardness Grouping
PTA — Solid wire 303 A
GMA (ArCO2) — Solid wire 291 A B
GMA (ArC0202) - Solid wire 287 B
PTA — Cored wire 277 B,C
GMA (ArC0O2) — Cored wire 266 C
GMA (ArC0202) — Cored wire 245 D
Analysis of Variance
Source Degree of freedom F-value P-value
Factor 5 37.16 0.000
Error 428 - -
Total 433 - -

Solid wire generally produced higher hardness values than cored wire, a trend supported by the statistical groupings. For example, in
PTA-WAAM, the mean hardness of solid wire deposits (303 HV) was higher than that of cored wire deposits (277 HV). Similarly, in
GMA-WAAM with ArCO: shielding, solid wire deposits (291 HV) outperformed cored wire deposits (266 HV). The microstructural
analysis in the previous section revealed similar features for a certain process and shielding gas type; however, it was found that solid
wire tends to produce a slightly finer microstructure, especially at the bottom of each wall. Thus, the underlying statistical results
correspond to those seen in previous discussions.

Shielding gas composition also played a critical role in the hardness values observed for GMA-WAAM deposits. The use of ArCO:
shielding gas yielded higher hardness values for both solid (Groups A and B) and cored wires (Group C) compared to the more oxidizing
ArCO:0: mixture. Specifically, the wall deposited under GMA (ArCO:0:) using the cored wire showed the lowest hardness (Group D),
indicating a significant reduction. This difference can be linked to the oxygen content in ArCO-0-, which may promote the formation of
oxide inclusions and reduce weld pool quality, leading to softer microstructures. In contrast, the ArCO: shielding gas provides a more
stable arc and effective shielding, supporting the formation of stronger microstructures.
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Fig. 14 Interval plot of hardness from Tukey's pairwise comparison

A thorough investigation of data revealed that a possible relationship exists between the average hardness of walls and the
corresponding average heat input experienced across each wall. Fig. 15 demonstrates such a relationship, representing the average heat
input trend with respect to average hardness for different walls in GMA-WAAM under various shielding gases and wire types. For



example, under the shielding of ArC0O.0, using the solid wire, the average hardness of the wall slightly reduced when the heat input
decreased compared to the wall deposited under ArCO; shielding. This was further verified in the case of cored-wire representing a
comparable trend under similar conditions. These results are intriguing and suggest an interaction of a certain phenomenon specific to
this alloy. In general, one can assume that a lower heat input could lead to faster cooling resulting in finer microstructure and higher
hardness. However, this unique relationship for 2.25Cr-1Mo steel alloy, designed for high temperature applications, highlights the
complexity of the relationship between heat input and hardness. The possible factors influencing this behavior could be alloy-specific,
relating to thermal history or segregation. Higher heat input may promote the precipitation of specific carbides during the cooling process.
The prolonged exposure at higher temperature facilitates the diffusion process more effectively. The high chromium and molybdenum
contents stabilize martensite at higher temperatures. Similarly, higher heat input can cause segregation of chromium and molybdenum at
grain boundaries, forming hard phases, hence increasing the hardness. Therefore, further investigations are suggested to unveil the
underlying behavior in detail.
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Fig. 15 Relationship between the average hardness and average process heat input
3.2.3. EDS analysis

Energy dispersive X-ray spectroscopy (EDS) elemental analysis was performed at arbitrary locations along the building direction of
the thin walls deposited with solid and cored-wires and their compositions were averaged. Similarly, to compare the distribution of alloys
and possible alloys’ segregation, EDS maps were obtained from the center of the walls. Fig. 16(a) shows the site locations of elemental
analysis and the positions of the EDS maps while Fig. 16(b) and Fig. 16(c) represent the results of average alloying elements on walls
deposited with solid and cored-wires under PTA and GMA (ArCO20,) processes, respectively. The elemental analysis shows that a small
discrepancy exists among the alloying elements between the walls deposited under solid and cored-wires. However, these minor
differences are not significant and correspond to the underlying ranges of elemental composition claimed by the wire suppliers. Moreover,
comparing the walls deposited under these conditions between the two WAAM processes, we can conclude that a comparable range of
these alloying elements exists. Nevertheless, if we strictly evaluate the two wire types, we can tell that very small differences of main
alloying elements might have resulted in small variations of hardness. For example, the walls deposited under solid wire have slightly
more chromium and molybdenum percentage compared to cored-wire, which could explain slightly higher hardness in Fig. 13(b).
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Fig. 16 EDS analysis: showing (a) site locations for EDS elemental analysis, and average composition of main alloying elements for
walls deposited with solid and cored-wires for (b) PTA-WAAM and (c) GMA-WAAM under the shielding of ArC0O202

The EDS maps of walls shown in Fig. 17 compare the elemental distribution of solid and cored-wire. The presented maps depict the
elemental distribution of main alloying elements including Iron (Fe), Manganese (Mn), Chromium (Cr), Molybdenum (Mo) and Silicon
(Si) in the center of the two walls deposited in PTA process. Iron being the primary constituent, uniformly distributed across the structures
in both cases. Chromium and Molybdenum being the main alloying elements, responsible for high hardness and high-temperature stability
during the service and hence they exhibit homogeneous distribution in the iron matrix for both the solid and cored-wires. Similarly,
Manganese and Silicon are also evenly dispersed, indicating their consistent integration within the matrix. The absence of alloys’
segregation and uniformity of elements for both wires indicate a homogeneous distribution of alloying elements which suggests that solid
and cored-wire are equally effective in achieving a homogeneous composition for WAAM deposits. Therefore, the choice between the
wire type might be influenced by other factors such as manufacturing preference, deposition rate, cost, specific application requirements
and other factors. For instance, considering the manufacturing steps required for wire production, the application of cored-wire could be
more cost-effective for manufacturing wires with custom compositions to incorporate desired properties compared to solid wires and
meeting customized requirements of end users.
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Fig. 17 Comparison of EDS maps of solid and cored-wires obtained at the center of the walls deposited under PTA-WAAM

Fig. 18 shows the EDS spectra for the standard solid wire and cored-wire obtained at the same locations as EDS maps, providing a
detailed information about the elemental composition of each wire type. On the specified locations, the spectral peaks exhibit similar
intensities for both wires, indicating a similar elemental composition, with iron being the primary element followed by chromium,
molybdenum, manganese, and silicon. This uniformity further conforms to the previous results and suggests that the cored-wire is equally
suitable in the layer-wise manufacturing with the benefits of tailored chemical composition and lower heat input.
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Fig. 18 EDS spectra comparison of solid and cored-wire

4. CONCLUSION

In this study two wires with same chemical composition but different forms were compared, metal cored-wire and solid wire. Two
different WAAM processes were employed, the non-consumable electrode PTA and consumable electrode GMA with different shielding
gases. The following points summarize the important results.

e PTA-WAAM produced a higher heat input compared to GMA-WAAM for similar deposition ratio. Similarly, the cored-wire
led to a lower heat input than the solid wire in both WAAM processes, which is more evident in the case of GMA-WAAM. This
could be attributed to the higher current density of the cored-wire.

e Under the same process parameters, shielding gases affected the heat input, arc dynamics and bead morphology in GMA-
WAAM, with ArCO; and ArCO,0, mixtures resulted in higher heat input and arc stability compared to pure argon.

e The microstructure primarily consisted of a bainitic/martensitic structure and for a specific process and shielding gas type the
cored and solid wires exhibited identical microstructure.

e The hardness results showed a slightly higher hardness for solid wire; however, even the lowest hardness obtained with cored-
wire exceeds the hardness requirements of AWS ER90S-B3 (95 — 97 Rockwell B = 215 — 224 HV). From process point of view,
PTA showed slightly higher hardness.

e Similarly, the EDS results showed comparable alloying elements and homogeneous maps for both cored and solid wires.

e The cored-wire resulted in similar chemical distribution and process response as solid wire. Therefore, proving to be a viable
alternative of solid wire in WAAM process.
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