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Metal Additive Manufacturing (AM) via Wire Arc Additive Manufacturing (WAAM) has gained 
prominence as a viable alternative for the fabrication of complex metallic components. In this study, 
the feasibility of the dual-wire Gas Tungsten Arc Welding (GTAW) process was evaluated for the 
production of parts using ER310 and ER70S-6 consumables, employing an IMC DIGIPLUS A7 
power source integrated with a Cartesian motion system. Characterization included tensile testing, 
microhardness measurements, and metallographic analysis. Microstructural analyses, combined with 
measurements performed on metallographic images, revealed a mean grain size of 3.04 µm, characteristic 
of the microstructural refinement promoted by the high cooling rates inherent to the WAAM process. 
Tensile results indicated that the material deposited with the ER310 + ER70S-6 combination exhibited 
a mean ultimate tensile strength ranging from 248 to 333 MPa and elongation values between 9 and 
10%, which are lower than those observed for deposits produced solely with ER310 (320 – 430 MPa) 
and ER70S-6 (393 – 438 MPa), yet with comparable or superior ductility. The mean microhardness 
of the hybrid material was 233 ± 20 HV, significantly higher than that of ER310 (191 ± 8 HV) and 
ER70S-6 (161 ± 23.7 HV) single-wire deposits, evidencing the effect of consumable combination on 
the hardening behavior of the deposited material. Overall, the results demonstrate that the dual-wire 
GTAW process enables the production of a material exhibiting a balanced combination of mechanical 
strength, ductility, and hardness, alongside a stable microstructure and the absence of macroscopic 
defects, thereby confirming the potential of WAAM for engineering applications.
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1. Introduction
The metalworking industry continuously seeks greater

productivity combined with quality improvement and cost 
reduction1,2. In this context, metal Additive Manufacturing 
(AM) has advanced significantly, with Wire Arc Additive 
Manufacturing (WAAM) standing out as a prominent 
approach, employing an electric arc to melt a wire feedstock 
and deposit material layer by layer along a programmed 
trajectory3. This technology enables greater design freedom 
in the fabrication of complex geometries compared to 
conventional manufacturing methods4,5.

Current industrial demands include the production 
of complex structures with minimal material waste, high 
process efficiency, and satisfactory mechanical performance. 
Accordingly, AM has gained increasing prominence by 
enabling material savings, cost reduction, and improvement 
of final component properties6,7.

The WAAM process has attracted considerable industrial 
and academic attention due to its capacity to employ 

conventional welding equipment and consumables for the 
fabrication of complex geometries through layer-by-layer 
wire fusion deposition. Compared to powder-based 
techniques employing energy sources such as laser and 
electron beam, WAAM offers lower costs and high deposition 
rates8-10. It is classified as a Directed Energy Deposition 
(DED) process and may employ welding methods such as 
Gas Metal Arc Welding (GMAW) and Gas Tungsten Arc 
Welding (GTAW), both of which are based on electric arc 
with shielding gas protection1.

WAAM enables the fabrication of components with 
adequate surface finish and high deposition rates, reaching 
up to 5 kg/h for AISI 316L and 2.5 kg/h for Ti-6Al-4V. 
The selection of a specific process variant depends on 
the application requirements and may include Cold Metal 
Transfer (CMT), Plasma Arc Welding (PAW), and GTAW, 
each exhibiting distinct deposition capabilities. These results 
highlight the viability of WAAM as an alternative to traditional 
manufacturing processes such as casting and forging11,12.

AM is an innovative manufacturing approach based 
on layer-by-layer material deposition, providing superior 
efficiency in the production of metallic components13,14. 
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Within the WAAM framework, the GTAW process is 
particularly noteworthy for its arc stability and low oxidation 
levels, making it well suited for the deposition of stainless 
steels and for AM applications15,16.

Among the existing challenges within the WAAM 
process, the most demanding is the development and 
production of defect-free components with satisfactory 
physical, mechanical, and metallurgical properties that meet 
engineering requirements17,18. Fundamental characteristics of 
AM include the reduction in the number of manufacturing 
steps and operations, material savings, and the possibility of 
unprecedented geometry material combinations19.

In GTAW-based AM, the arc is established between 
the non-consumable tungsten electrode and the substrate, 
generating a melt pool on the substrate surface. The filler 
wires are fed into the molten pool through its leading edge, 
where they are melted and deposited onto the substrate 
surface. In this configuration, the heat generated at the anode 
is used exclusively to sustain the melt pool on the substrate 
surface, which is attributed to the inherently low energy 
efficiency of the GTAW-WAAM process6,20.

The GTAW process exhibits high energy efficiency 
(~90%) and is suitable for the fabrication of components, 
particularly thin-walled structures, including applications 
involving dissimilar materials8,21,22. Furthermore, multi wire 
feeding systems can be employed to enable the production 
of functionally graded materials, leveraging the stable arc 
established between the tungsten electrode and the base 
material8,21,23,24.

For component production via WAAM, it is essential to 
correlate welding parameters with bead geometry (width and 
height), as these parameters govern layer-by-layer deposition 
and determine the final wall thickness of the component25.

The authors in1, in their investigation of dual WAAM, 
highlight that this process involves complex force interactions 
governed by the welding parameters, giving rise to three 
primary metal transfer modes: short circuit, globular, and 
spray. These modes are directly correlated with the energy 
input applied, ranging from short circuit transfer associated 
with the lowest energy levels to spray transfer, which is 
achieved at higher welding currents and results in a process 
with greater heat input.

The authors in26, in their research on WAAM, report that 
only a limited number of studies on multi-material WAAM 
have been conducted. Among them, Kumar et al.27 investigated 
the combination of SS321 stainless steel and Inconel 625, 
finding that microstructural features varied along the build 
direction, with equiaxed and columnar dendrites observed 
in the SS321 layers, while the Inconel 625 layers consisted 
predominantly of fine columnar and cellular dendrites. 
Ahsan, Md Rumman Ul et al.28 combined low-carbon steel 
and 316L stainless steel, identifying an increase in hardness 
at the transition zone. In a subsequent study, Ahsan, Md 
R.U. et al.29 also investigated the influence of heat treatment 
on such bimetallic structures, finding that the failure location 
shifted from the low-carbon steel side to the stainless-steel 
side following thermal processing.

Given the growing interest in AM, a thorough understanding 
of the deposition process and the resulting material characteristics 
becomes essential when employing welding-based methods. 

In this context, the GTAW process was selected for AM due 
to its high arc stability and precise control over heat input 
fundamental attributes for layer-by-layer deposition in the 
WAAM process. Furthermore, relatively few studies have 
addressed GTAW-based WAAM. Chaturvedi et al.30 present 
a review of different techniques employed in WAAM, 
highlighting the scarcity of research specifically focused on 
GTAW. Yang et al.31 employed a hybrid process combining 
GTAW and GMAW, in which dual electrode gas metal arc 
welding (DE-GMAW) was used for the fabrication of thin 
and narrow metallic wall components. The authors in32-34 
report that, compared to GMAW and CMT based processes, 
GTAW exhibits greater arc stability and lower deposition 
rates characteristics that favor the formation of layers with 
improved surface finish. In GTAW-based WAAM, the arc 
length remains stable under variations in heat input, while the 
deposition rate is independently controlled by the wire feed 
speed, resulting in greater process controllability compared 
to GMAW and CMT based approaches35.

Although multi-material WAAM approaches and dual-wire 
feeding strategies have been previously reported, the vast 
majority of existing studies are based on GMAW or plasma 
arc processes. Moreover, even in cases involving dissimilar 
wire combinations, the literature tends to address material 
systems with lower compositional contrast or focuses 
predominantly on process feasibility.

In the present work, the novelty is reinforced by the use 
of a specific dissimilar material system combining ER310 and 
ER70S-6 filler wires, which exhibit significant differences in 
chemical composition and phase formation potential. This 
selection is not straightforward, as it involves the interaction 
between a material rich in austenite-stabilizing elements 
(Cr and Ni) and a low-carbon steel, resulting in a system highly 
sensitive to dilution mechanisms and melt pool dynamics36,37.

In this context, the primary scientific contribution lies not 
merely in the application of dual-wire GTAW-WAAM, but in 
the exploration of in-situ controlled alloying arising from this 
dissimilar combination, enabling an assessment of how the 
wire feeding strategy directly influences the final chemical 
composition, phase formation (metallic matrix and carbides), 
and wear performance.

Specifically, this work establishes a correlation among: 
(I) the wire feeding strategy, (II) the resulting chemical 
composition, (III) microstructural evolution, and (IV) functional 
properties. This integrated approach broadens the understanding 
of the interaction mechanisms between dissimilar materials 
in GTAW-based WAAM, a topic that remains insufficiently 
explored in the literature.

Thus, the specific combination of consumables, combined 
with process control and systematic analysis of processing, 
microstructure and property relationships, defines the 
originality and scientific relevance of this study.

For validation of the obtained results, Optical Emission 
Spectroscopy (OES), mechanical tensile testing, Vickers 
Hardness (HV) measurements, and metallographic analyses by 
optical microscopy (OM) and Scanning Electron Microscopy 
(SEM) will be performed, complemented by Energy Dispersive 
Spectroscopy (EDS) and X-Ray Diffraction (XRD). These 
techniques will enable the correlation of chemical composition, 
microstructural features, and mechanical properties of the 
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deposited material, ensuring a comprehensive evaluation of 
the performance of the developed system.

2. Experimental Procedures

In order to produce the manufactured components, an 
integration between a GTAW welding machine and a Computer 
Numerical Control (CNC) coordinate machine was carried 
out, with the purpose of enabling the fabrication of additively 
manufactured parts. For the present study, a semi-automatic 
welding machine, model DIGIPLUS A7, manufactured by 
IMC, was employed. The manufacturing system operates via 
CNC, executing movements along three axes, including the 
motion control of the welding torch, which is responsible for 
performing the layer-by-layer material deposition, thereby 
enabling a uniform material flow, as illustrated in Figure 1.

The shielding gas employed was argon (Ar), providing 
the protective atmosphere required for the GTAW welding 
process. Regarding the process parameters, identical settings 
were adopted for both consumables, as illustrated in Table 1; 
the selected parameters were chosen within the range 
recommended by the consumable manufacturer.

The programming for the production of the manufactured 
components was performed manually within the software 
environment, using G-code programming language for 

Mach3 a software commonly employed for programming 
machine tools such as CNC machining centers and lathes. 
It is noteworthy that this technique enables a constant material 
deposition height and consistent torch motion, thereby ensuring 
homogeneity in material deposition and promoting localized 
fusion along the fabricated component. For the present study, 
a parallel deposition strategy was adopted, in which the torch 
performs a deposition pass and returns to the beginning of 
the bead before initiating the subsequent layer, as observed 
in Figure 2, item B. Subsequently, the torch travel speed was 
determined and controlled through programming. Taking into 
account the target component geometry, Figure 2, item A 
illustrates the initial stage of wall fabrication, during which 
parameter adjustments were performed.

Figure 1. Wire arc additive manufacturing equipment based on the gas tungsten arc welding process, highlighting the non-consumable 
electrode torch, the material feeding system, and the layer-by-layer deposition control employed in the fabrication of metallic structures. 
Source: Adapted from Silva et al.5.

Table 1. Operational parameters employed in the GTAW process, 
including electrical and geometrical variables that influence arc 
stability, deposition rate, and the quality of the deposited layers.

Voltage (V) 14.8
Current (A) 180

Wire feed speed (m/min) 1.3
Gas flow rate (l/min) 12

Torch travel speed (mm/min) 150
Wire diameter (mm) 1.2

Source: Author (2026).

Figure 2. Metallic wall obtained by additive manufacturing following process parameter adjustment via GTAW; (B) representation of 
the parallel-path deposition strategy employed during the build process. 
Source: Author (2026).
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2.1. Optical emission spectroscopy
Chemical characterization by Optical Emission 

Spectrometry (OES) was performed using a BRUKER 
Q2 ION spectrometer, operating at 400 W for 30 s. Initially, 
the sample was sectioned using a Struers MESOTOM 
metallographic cutter. Subsequently, machining was carried 
out on a Romi U30 milling machine, followed by surface 
grinding on a Mello P36 surface grinder, with the purpose 
of reducing surface roughness. It is worth noting that this 
analysis was conducted after the additive manufacturing 
of the sample.

2.2. Tensile testing
Tensile tests were conducted at a crosshead displacement 

rate of 5 mm/min, using an InterMetric GR173 universal 
testing machine with a nominal capacity of 200 kN. The 
specimens were initially prepared by machining on a 
Romi U30 milling machine and subsequently subjected 
to surface grinding on a Mello P36 surface grinder to 
reduce surface roughness. The samples were then cut in 
accordance with the requirements of ASTM E8 standard38, 
employing an AMADA FLC 3015 AJ laser cutting machine. 
In order to investigate the anisotropic behavior of the 
WAAM-deposited material, specimens were extracted in 
three distinct orientations relative to the deposition track 
direction (0°, 45°, and 90°). For each condition, tests were 
performed in triplicate, ensuring the statistical reliability 
of the mechanical results.

2.3. Microstructural characterization
Scanning Electron Microscopy (SEM) and Energy 

Dispersive Spectroscopy (EDS) analyses were performed 
on a Zeiss EVO MA 10 microscope, operating at 10 kV 
and equipped with a tungsten filament. Microstructural 
phase revelation was carried out by chemical etching with 
Vilella’s reagent, applied for 180 s, for both SEM and OM 
analyses. OM observations were performed on an Olympus 
SC30 microscope.

The samples were initially sectioned using a Struers 
MESOTOM metallographic cutter and subsequently extracted 
along the deposition direction. Metallographic preparation 
included sequential grinding with abrasive papers of 80, 120, 
200, 320, 400, 600, and 1200 grit, followed by polishing on 
a Fortel PFL polishing machine using alumina suspension 
with a mean particle size of 1 µm diluted in water.

2.4. Grain size
Sample preparation began with sectioning using a 

Struers MESOTOM metallographic cutter. Subsequently, 
progressive surface material removal was performed through 
sequential grinding with abrasive papers of 80, 120, 200, 
320, 400, 600, and 1200 grit. Following this stage, the 
sample was subjected to polishing on an AROTEC AROPOL 
polishing machine using alumina suspension with a mean 
particle size of 1 µm diluted in water. With the surface 
adequately prepared, the sample was analyzed by OM on 
an Olympus SC30 microscope. Grain size quantification 
was carried out using PRECiV Pro 1.2 software, enabling 
the evaluation of the fraction and size distribution of grains 
present in the sample.

2.5. Hardness testing
For the microhardness testing, a Shimadzu HMV-G 

microhardness tester was employed, equipped with a square 
based diamond indenter with a 136° angle between opposite 
faces. Sample preparation was performed as described in 
Section 2.4. For this study, 11 indentations were carried 
out along the cross section of the material, oriented at 90° 
relative to the deposition substrate, with an applied load of 
9.807 N and an indentation spacing of 1.0 mm.

2.6. X-ray diffraction
Mineralogical phase composition was determined by 

X-Ray Diffraction (XRD) using a Shimadzu LabX XRD-6100 
diffractometer. Phase identification was accomplished by 
comparing the obtained diffractograms with reference patterns 
contained in the Crystallography Open Database (COD 2018), 
employing the Match! 3 software. The results were obtained 
from the XRD analysis with the identified phases, with data 
processing performed using Origin 2019 Professional software.

3. Results and Discussions
In the following section, the results obtained throughout 

this study will be presented and discussed. Given that this 
represents a novel manufacturing technique, the experimental 
approach was designed to encompass a significant number 
of tests, with the purpose of generating a comprehensive set 
of results and thereby enabling a well-founded conclusion 
regarding the process.

3.1. Obtaining test samples
Figure  3 illustrates the wall obtained by additive 

manufacturing, in which the wall was deposited using both 
ER310 and ER70S-6 consumables, with both filler wires 
melted simultaneously into the same melt pool. Two walls 
were produced: one with an effective height of 100 mm and the 
other with an effective height of 45 mm. Both walls exhibited 
a total mean width of 11 mm and an effective mean width of 
7.7 mm, yielding a mean layer height of 1.1 mm per layer.

3.2. Optical emission spectrometry tests
Table 2 presents the chemical composition of the ER310 and 

ER70S-6 consumables according to their respective standards, 
as well as the composition of the material following the 
WAAM process.

Spectrometric analysis of the sample reveals a resulting 
composition governed by the balance between the ER310 and 
ER70S-6 filler wires, directly reflecting the effects of dual-wire 
deposition. A significant reduction in chromium (18.03%) 
and nickel (14.89%) contents is observed relative to the 
ER310 alloy, while elements such as silicon (0.62%) and 
manganese (1.37%) assume intermediate values between the 
two consumables employed. Elements such as carbon and 
phosphorus exhibit contents consistent with the mixture of 
the filler materials, without pronounced deviations.

Recent literature demonstrates that variations in the 
chemical composition of deposited metals in GTAW processes 
involving dissimilar materials particularly the reduction of 
Cr and Ni are direct consequences of dilution, diffusion, 
and segregation phenomena occurring during WAAM. 
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In this context, the use of dual-wire feeding intensifies the 
mixing effect within the molten pool, making the material 
balance a determining factor in the final composition. Dilution 
promote the incorporation of elements originating from the 
lower alloyed wire (ER70S-6), resulting in the reduction of 
alloying elements characteristic of ER310, such as Cr and 
Ni39. Recent studies on GTAW indicate that the composition 
of the deposited metal may differ substantially from the 
nominal values due to this interaction between dissimilar 
alloys, particularly when austenitic materials and carbon 
steels are combined40.

Furthermore, in WAAM processes, multiple thermal 
cycles and elevated heat inputs intensify both dilution and 
elemental redistribution, amplifying these compositional 
variations41. During solidification, interdendritic segregation 
of elements such as C and P may also occur, promoting 
local heterogeneities even when the overall composition 
adequately reflects the balance between the filler materials42.

3.3. Tensile tests
As can be observed in the stress-strain curves presented in 

Figure 4, the studied specimens exhibit a ductile mechanical 
behavior.

Table 3 presents the results of ultimate tensile strength 
and yield strength, providing a comparison with the literature, 
where the authors in43 conducted a study on ER310 stainless 
steel deposited by WAAM, and the authors in44 investigated 
WAAM using ER70S-6 consumable.

Figure 3. Metallic wall obtained by AM through the GTAW-WAAM 
process, evidencing the layer-by-layer formation and the final 
geometry of the deposited structure. 
Source: Author (2026).

Table 2. Chemical composition of the material following AM processing, indicating the main elements present and their respective mass fractions, 
based on the analysis of the deposited material.
Element AWS SFA 5.9 ER 310 Mass content (%) a AWS A5.18 ER70S-6 Mass content (%) Sample after AM Mass content (%)

C 0.08 – 0.15 0.06 – 0.15 0.092
Si 0.30 – 0.65 0.80 – 1.15 0.620

Mn 1.00 – 2.50 1.40 – 1.85 1.370
P < 0.03 < 0.025 0.026
S < 0.03 < 0.035 0.010

Cr 25.00 – 28.00 < 0.15 18.03
Mo < 0.75 < 0.15 0.166
Ni 20.00 – 22.50 < 0.15 14.89
Cu < 0.75 < 0.50 0.278
Fe Balance for sum = 100%

Source: Author (2026).

Figure 4. Results of mechanical tensile testing, presenting the stress-
strain curves and mean values obtained for specimens oriented at 
0°, 45°, and 90° relative to the deposition substrate, enabling the 
evaluation of the mechanical anisotropy of the material produced 
by additive manufacturing.
Source: Author (2026).

Table 3. Results of mechanical tensile testing of the material produced by additive manufacturing, including mechanical properties obtained 
for different orientations relative to the deposition substrate (0°, 45°, and 90°), with comparison to the strength of materials manufactured 
separately as reported in the literature.

Tests Average ultimate tensile strength 
δ Máx. [MPa]

Average yield stress 
δe [MPa] Elongation (%) Standard deviation

Tensile 0º 248.5 229.2 ≈ 9.7 45
Tensile 45º 333.0 287.7 ≈ 10.3 15.2
Tensile 90º 309.4 230.3 ≈ 10.4 5.1

ER310 Tensile 0º 320 198 ≈ 12.5 4.1
ER310 Tensile 45º 419 280 ≈ 11.5 12.6
ER310 Tensile 90º 430 269 ≈ 15 12
ER70S-6 Tensile 0º 393.4 242.7 ≈ 12 23.2
ER70S-6 Tensile 45º 399.3 277.3 ≈ 13 41.3
ER70S-6 Tensile 90º 437.9 243.4 ≈ 15 6.8

Source: Author (2026).
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The tensile test results obtained for the component 
manufactured by GTAW-AM with dual ER310 + ER70S-6 
wire feeding reveal a clearly heterogeneous and orientation 
dependent behavior (0°, 45°, and 90°), which is consistent 
with the intrinsically anisotropic nature of this type of additive 
process. Directional solidification and columnar grain growth 
along the deposition direction promote microstructural 
differences between regions parallel and perpendicular to the 
deposited layers, resulting in variations in ultimate tensile 
strength associated with the loading orientation. Recent 
studies demonstrate that materials produced by WAAM 
exhibit significant variations in mechanical properties as 
a function of direction, particularly due to the presence of 
interlayer interfaces, thermal heterogeneity, and chemical 
segregation factors that reduce strength when the load is 
applied transversely to the deposited layers45.

In the specific case of deposition with dissimilar 
consumables, the mixing between ER310 and ER70S-6 
intensifies microstructural and chemical heterogeneity, 
promoting deformation incompatibility between regions and 
favoring failure nucleation at interfaces, which contributes 
to the reduction of ultimate tensile strength compared to 
materials produced with single filler wires. Recent works 
involving dual-wire feeding in arc-based processes indicate 
that, although advantageous property combinations can be 
achieved, the presence of multiphase microstructures and 
compositional gradients tends to reduce ultimate strength 
relative to equivalent homogeneous materials, due to stress 
concentration and reduced interfacial cohesion46. Therefore, 
the reduction in strength observed relative to individual 
ER310 and ER70S-6 deposits should not be interpreted as an 
isolated performance loss, but rather as a direct consequence 
of the microstructural complexity and process induced 
anisotropy, being consistent with the expected behavior of 
multi-material WAAM systems.

3.4. Vickers microhardness tests
Figure 5 presents the HV profile measured perpendicular 

to the deposition layers of the manufactured sample. The 
hardness profile was obtained along a direction perpendicular 
to the deposited layers.

The mean HV value obtained for the sample was 
approximately 233 ± 20 HV. This hardness level is characteristic 
of stainless steels, owing to their high Cr and Ni contents, 
which contribute to resistance against impact and abrasive 
wear, in addition to preserving their mechanical properties 
at elevated temperatures. Table 4 presents a comparison of 
the mean hardness of the sample with values reported in the 
literature, where the authors in4,44 conducted their research on 
WAAM with ER310 stainless steel consumable and WAAM 
with ER70S-6 alloy, respectively.

The higher mean hardness observed (233 ± 20 HV) in 
the sample produced by GTAW-WAAM with dual ER310 + 
ER70S-6 wire feeding can be more rigorously explained by the 
superposition of microstructural mechanisms induced by the 
process and by the hybrid composition. Recent studies indicate 
that, in GTAW-based WAAM processes, the introduction of 
alloying elements and chemical heterogeneity lead to significant 
microstructural variations, with a direct impact on hardness, 
particularly in alloys containing austenite rich in Cr and Ni, 

which exhibit greater hardness and variability when compared 
to low-carbon steels45. In the case of dissimilar material systems, 
the interaction between the carbon originating from ER70S-6 and 
the high Cr contents of ER310 favors solid solution hardening 
and the possible formation of hard secondary phases, such as 
carbides a mechanism already widely associated with hardness 
increase in materials fabricated by WAAM with chemical 
reinforcement47. Furthermore, the repeated thermal cycles 
characteristic of the process promote local microstructural 
refinement and interlayer heterogeneity, factors that also 
contribute to increased resistance to plastic deformation. 
Therefore, the superior hardness value does not derive solely 
from the presence of alloying elements, but from the synergy 
between the dissimilar composition, complex microstructural 
evolution, and the thermal history of the process, resulting 
in a microstructure exhibiting greater hardness than those 
reported for homogeneous reference materials.

3.5. Metallography
Figure  6 presents the metallographic analysis of the 

manufactured component.
The microstructure obtained by AM via GTAW with dual-wire 

feeding (ER310 + ER70S-6) exhibits features typical of WAAM 
processes, being markedly influenced by directional solidification 
mechanisms and the successive thermal cycles inherent to the 
process. The formation of regions with columnar dendritic 
morphology, oriented according to the heat flow direction, 
is observed, coexisting with areas of coarse equiaxed grains. 

Figure 5. Distribution of Vickers hardness (HV) values obtained in 
the material produced by additive manufacturing, evidencing the 
variation in hardness along the analyzed regions and enabling the 
evaluation of the mechanical homogeneity of the deposited structure. 
Source: Author (2026).

Table 4. Vickers hardness (HV) results of the material produced 
by additive manufacturing, in comparison with values reported in 
the literature for reference materials, enabling the evaluation of 
mechanical performance and the influence of the deposition process 
on hardness properties.

Sample Average Hardness 
(HV) Standard Deviation

ER310 + ER 70S-6 233 20
ER 310 191 8

ER 70S-6 161 23.7
Source: Author (2026).
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This microstructural heterogeneity is directly associated with 
local variations in thermal gradient and solidification rate, 
as well as the interlayer reheating effect.

The presence of refined columnar structures indicates 
conditions of high thermal gradient and moderate growth rate, 
favoring epitaxial growth along the deposited layers. On the 
other hand, regions exhibiting a more equiaxed morphology 
suggest a reduction in the local thermal gradient and/or 
intensification of heterogeneous nucleation phenomena, 
frequently induced by disturbances in the molten pool 
or by subsequent thermal cycles. This behavior is widely 
reported in the literature for WAAM processes, in which 
layer overlapping promote alternation between primary 
solidification zones and thermally affected regions from 
subsequent passes48-50.

The use of dissimilar filler wires plays a central role in 
the observed microstructural evolution. Dilution between the 
austenitic stainless steel ER310 (rich in Cr and Ni) and the 
low-carbon steel ER70S-6 results in an intermediate chemical 
composition, as evidenced by the significant reduction in Cr 
and Ni contents. This compositional modification shifts the 
phase equilibrium, reducing austenite stability and favoring 
the formation of ferritic phases, particularly in interdendritic 
regions. As a consequence, the final microstructure tends to 
exhibit a partially austenitic matrix containing interdendritic 
ferrite and, possibly, acicular or bainitic constituents, 
depending on the local cooling conditions.

With the aim of characterizing the grain size of the 
microstructure, quantitative measurements were performed 
from the obtained micrographs. The results are presented in 
Table 5, which summarizes the grain size values determined 
for the sample.

Quantitative grain size analysis, performed in accordance 
with ASTM E112-1351, revealed a grain size number G equal 
to 14, corresponding to a mean grain size of approximately 
3.04 µm. This result indicates the formation of a significantly 
refined microstructure in the AM sample, particularly when 
compared to values reported in the literature for austenitic 
stainless steels obtained by conventional processing routes 
or even by additive processes.

According to the author in52, upon analyzing 316L stainless 
steel, a mean grain size of 31 ± 2 µm was obtained, a value 
considerably larger than that observed in the present study. 
This difference demonstrates that the dual-wire AM process 
(ER310 + ER70S-6), combined with the thermal conditions 
imposed by GTAW-based WAAM, promoted microstructural 
refinement. This behavior can be attributed to the high local 
solidification rate and the repetition of thermal cycles, which 
promote dendritic fragmentation and nucleation of new 
grains, resulting in a finer microstructure.

Furthermore, as discussed by53, materials with refined 
grain size exhibit increased hardness and improved mechanical 
properties, since grain size reduction acts as a barrier to dislocation 
motion (Hall-Petch effect). Although severe plastic deformation 
processes can lead to submicrometric grain sizes (< 1 µm), as 
mentioned by the author, the values obtained in the present 
study (approximately 3 µm) already indicate a significant level 
of refinement for materials processed via fusion-based routes.

The observed second phase fraction (24.57%) also 
suggests the presence of microstructural heterogeneities arising 
from non-equilibrium solidification and dilution between 
the dissimilar materials. This condition may additionally 
contribute to the effective microstructural refinement, as 
phase interfaces act as barriers to grain growth.

Overall, the results presented in Table 5 indicate that 
the employed AM process not only promoted the formation 
of a heterogeneous microstructure, but also resulted in 
significant grain size refinement compared to literature data, 

Figure 6. Metallographic microstructure of the consumable of the manufactured component, obtained after etching with Vilella’s reagent, 
evidenced at magnifications of 200× and 500×, highlighting the microstructural features resulting from the additive manufacturing process. 
Source: Author (2026).

Table 5. Results of grain size measurements of the sample produced 
by additive manufacturing, obtained by metallographic analysis, 
enabling the evaluation of the grain size distribution and the influence 
of the deposition process on the material microstructure.

Standard ASTM E112-1351

Grain Size Number G 14.0
Mean Grain (µm) 3.04

Total Number of Grains 5715
Elongation 0.94

Fraction of Second Phase (%) 24.57
Image Ampliation 1000x

Source: Author (2026).
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which may positively impact the mechanical properties of 
the deposited material.

3.6. SEM, EDS, and mapping analysis
SEM-EDS analyses were performed to examine the 

inclusions originating from the process. Figure 7 presents 
the image obtained by SEM referring to the microstructure of 
the sample, highlighting point A, where point spectrometry 
was conducted at the grain boundary.

Figure 8 presents the chemical composition spectrum at 
the grain boundary intersection point, identifying the energy 
peak of each element present at the analysis point.

Table 6 presents the chemical composition obtained at 
the point within an inclusion and at the intersection point 
between the grain and the grain boundary.

Table 6 presents the point chemical composition obtained 
by EDS for the regions indicated in Figure 7 (point A) and 

Figure 8 (point B). In both analyzed points, the predominance 
of Fe is observed, followed by significant Cr contents and 
smaller amounts of Ni. This distribution is consistent with 
the overall composition of the deposited material, previously 
discussed, which results from the dilution between the 
ER310 and ER70S-6 filler wires.

Table 6. Point chemical composition of the inclusion analyzed by 
energy-dispersive spectroscopy (EDS), presenting the identified elements 
and their respective mass fractions, with the purpose of characterizing 
the chemical nature of the inclusion present in the material.
Element Point A Mass fraction (%) Point B Mass fraction (%)

Cr 21.79 20.93
Ni 3.08 1.07
Fe 75.13 78.00

Source: Author (2026).

Figure 7. Image obtained by scanning electron microscopy (SEM) at a magnification of 1500×, associated with the point chemical 
composition spectrum by EDS identified at point A, evidencing the presence and distribution of the constituent elements of the analyzed phase. 
Source: Author (2026).

Figure 8. Image obtained by scanning electron microscopy (SEM) at a magnification of 1500×, associated with point chemical composition 
analysis by EDS at the intersection region between the grain and the grain boundary, indicated at point B, evidencing the elemental 
distribution at this microstructural interface. 
Source: Author (2026).
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EDS analyses performed at the highlighted regions indicate 
that both intragranular areas and regions adjacent to grain 
boundaries present a composition based on the Fe–Cr–Ni 
system, without abrupt chemical variations between points 
A and B. However, a slight reduction in Ni content and a 
relative increase in Fe is noted at point B, located in a region 
associated with the grain boundary, which may be related to 
local segregation effects during solidification.

Accordingly, the analyzed regions can be interpreted as 
microstructural heterogeneities associated with non-equilibrium 
solidification and elemental redistribution during the 
thermal cycles of the WAAM process, rather than as distinct 
precipitates. This behavior is consistent with the literature, 
in which deposits obtained by arc-based AM in Fe–Cr–Ni 
alloys tend to exhibit microstructures dominated by austenitic 
solid solution (γ), with possible local compositional variations 
arising from micro segregation54.

According to the author in54, analyses of metals deposited 
with similar alloys (such as ER307) reveal the predominance 
of the γ phase (austenite), a solid solution based on the iron 
nickel chromium system with a Face Centered Cubic (FCC) 
crystal structure. The diffraction peaks observed in these 
studies are consistent with results previously reported for 
austenitic stainless steels produced by arc AM, reinforcing 
the interpretation that the microstructure of the analyzed 
material is predominantly governed by this phase.

Figures 9 and 10 present the elemental maps obtained 
by EDS for the sample produced by GTAW-AM with 
dual-wire feeding (ER310 + ER70S-6). Overall, a relatively 
homogeneous distribution of the main alloying elements 
(Fe, Cr, Ni, C, Si, and Cu) is observed, with no evidence 
of macroscopic segregation or well-defined compositional 
banding at the analyzed scale.

This apparent homogeneity can be attributed to the efficient 
metallurgical mixing within the melt pool, intensified by the 
use of dual-wire feeding, as well as by the successive thermal 
cycles characteristic of the WAAM process. Interlayer remelting 
promote elemental redistribution and the smoothing of chemical 
gradients, resulting in locally stabilized compositions after 
multiple passes. This behavior is consistent with the literature, 
which reports significant diffusion of elements such as Cr 
and Ni in dissimilar systems processed by WAAM, leading 
to regions with progressively more uniform composition48,55.

It is worth noting that, although the maps indicate 
homogeneity at the micrometric scale and at the magnification 
employed, this does not exclude the existence of micro 
segregation at a finer (submicrometric) scale, unresolved by 
the technique under the conditions used. Nevertheless, the 
absence of abrupt compositional variations suggests that the 
thermal regime adopted favored effective mixing between 
the filler materials, resulting in behavior approaching that 
of an in situ formed alloy.

Figure 9. Elemental mapping of the sample obtained by energy-dispersive spectroscopy (EDS), evidencing the spatial distribution of the 
chemical elements present and enabling the compositional evaluation of the analyzed material. 
Source: Author (2026).
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Additionally, unlike the previous point analyses, the 
elemental mapping allowed the identification of carbon 
distributed throughout the matrix, albeit in a diffuse manner, 
which is associated with the detection limitations of this 
element by EDS in localized analyses. Taken together, the 
results indicate that the process promoted a microstructure 
with low chemical heterogeneity at the observed scale.

3.7. X-ray diffraction (XRD)
Figure 11 presents the XRD analysis result of the sample, 

in which the presence of carbides of the Cr0.8Ni0.2 type can 
be observed.

XRD analysis indicated the formation of the Cr0.8Ni0.2 
alloy as a Cr-rich substitutional solid solution, retaining the 
Body Centered Cubic (BCC) crystal structure characteristic 
of chromium. The absence of additional peaks associated with 
intermetallic phases or metallic Ni confirms the formation of 
a single phase, indicating the structural homogeneity of the 
obtained alloy. The material is predominantly composed of iron 
with a BCC structure (α-Fe), evidenced by the highest intensity 
peak, suggesting that this is the majority phase and possibly 
exhibiting preferred orientation. The presence of a low-intensity 
secondary phase is also observed, attributed to a chromium rich 
nitride, indicating a reduced volumetric fraction of this phase. 

Figure 10. Image obtained by scanning electron microscopy (SEM), accompanied by the results of elemental mapping by energy-dispersive 
spectroscopy (EDS), presented separately, evidencing the distribution of the main chemical elements in the analyzed region. 
Source: Author (2026).
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The well-defined and narrow diffraction peaks reveal high 
crystallinity and negligible amorphous phase content.

The authors in56, in their research on the microstructure of 
welded AISI 310 steels, highlight that XRD analysis allows the 
identification of characteristic peaks of austenite, ferrite, sigma 
phase, and M23C6 precipitates. These results are consistent with 
the literature; however, due to peak overlapping, additional 
analyses are required for conclusive identification.

4. Conclusions
The present experimental investigation demonstrated the 

potential of WAAM-based AM employing the GTAW process 
with dual-wire feeding (ER310 + ER70S-6), evidencing the 
viability of co-deposition within a single melt pool with 
adequate process stability and metallurgical integrity of the 
produced material.

Chemical analysis indicated that the final composition 
of the material is strongly influenced by dilution between 
the consumables, resulting in a reduction of alloying element 
contents characteristic of ER310, such as Cr and Ni, and in an 
intermediate composition typical of dissimilar material systems. 
This behavior confirms the predominant role of material balance 
and melt pool dynamics in defining the final composition.

Tensile test results evidence the anisotropic behavior 
of the material produced by GTAW-AM with dual-wire 
feeding (ER310 + ER70S-6), with properties dependent on 
the orientation relative to the deposited layers. The mean 
ultimate tensile strength ranged from 248.5 MPa (0°) to 
333.0 MPa (45°) and 309.4 MPa (90°), while the yield strength 
presented values of 229.2 MPa (0°), 287.7 MPa (45°), and 
230.3 MPa (90°). Superior mechanical performance was 
observed at the intermediate orientation (45°), suggesting 
a more favorable stress distribution condition relative to 
the columnar morphology and interlayer interfaces. When 
compared to individually deposited materials reported in 
the literature, the obtained values are generally lower than 
those of ER310 and ER70S-6, which exhibit higher ultimate 

tensile strengths (up to 430 MPa) and greater elongation. 
This reduction is attributed to the dissimilar nature of the 
material, in which inter-alloy dilution, combined with the 
presence of compositional gradients and microstructural 
heterogeneities, promote local deformation incompatibilities 
and favors failure nucleation.

From a microstructural standpoint, the sample exhibited 
significant grain refinement, with a mean grain size of 
approximately 3.04 µm (G = 14), a value substantially lower 
than those reported in the literature for austenitic stainless 
steels processed by conventional routes. This refinement 
is associated with the high solidification rates and repeated 
thermal cycles of the WAAM process, which favor nucleation 
and limit grain growth.

Microhardness results indicated a relatively homogeneous 
profile along the analyzed cross-section, evidencing 
microstructural consistency of the deposited material. 
The obtained values were superior to those typically 
reported for 310 stainless steels, which may be associated 
with microstructural refinement and the presence of local 
heterogeneities arising from non-equilibrium solidification 
and the mixing between dissimilar alloys.

SEM, EDS, and elemental mapping analyses confirmed 
the distribution of the main alloying elements (Fe, Cr, and Ni) 
at the micrometric scale, with no evidence of macroscopic 
segregation. The elemental mapping also allowed the 
identification of carbon distributed throughout the matrix, 
albeit in a diffuse manner. These results indicate that the 
successive thermal cycles and interlayer remelting promoted 
efficient metallurgical mixing, resulting in a microstructure 
with low chemical heterogeneity at the analyzed scale.

Overall, the obtained results indicate that the dual-wire 
deposition strategy via GTAW can be employed for the 
production of dissimilar materials, constituting a viable 
alternative for applications requiring compositional control 
and enhanced mechanical properties.
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