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Abstract

In the last two decades, wire arc additive manufacturing (WAAM) has emerged as a cost-effective alternative to traditional
additive manufacturing (AM) processes, particularly for producing medium-to-large-scale components. The primary advan-
tages of wire-based AM include simplified automated production and enhanced control and flexibility in the fabrication
process. In this study, the gas metal arc welding (GMAW) process was used to produce cylindrical components from 2209
duplex stainless steel (DSS) using the WAAM technique. The mechanical properties and microstructural characteristics of
the 2209 DSS cylinders were examined. The microstructure of the components varied from the bottom (region (1)) to the
top (region (2)), resulting in a hardness difference between 301 HV0.5 and 327 HVO0.5, and an impact toughness variation
from 118 to 154 J. Additionally, the tensile properties exhibited anisotropic characteristics: the ultimate tensile strength and
yield strength ranged from 750 to 790 MPa and from 566 to 594 MPa, respectively. The complex heat cycles and cooling
rates during the WAAM process significantly affected the primary phase balance (50/50 austenite/ferrite) in the produced
cylinder. In the GMAW-processed component, o-phase precipitation was observed at the boundaries of the ferrite grains.
The increase in the percentage of austenite from region (1) to region (2) was attributed to a decrease in the cooling rate and
a longer time for solid-state phase transformation.

Keywords Wire arc additive manufacturing - 2209 duplex stainless steel - Mechanical properties - Microstructural
characteristics

Introduction

Manufacturing techniques have evolved significantly over

the centuries, transitioning from manual processes to highly
automated operations. Traditional manufacturing methods
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like casting, forging, and machining, have long been indus-
trial cornerstones due to their reliability and established
technologies [1]. However, these methods come with inher-
ent disadvantages. Casting may introduce defects such as
porosity and unwanted inclusions, limiting its application in
high-performance areas. Forging, though it enhances mate-
rial strength through grain deformation, is constrained by the
complexity of shapes it can produce and often involves high
operational costs. Machining, while precise, usually results
in significant material wastage and prolonged production
times, especially for complex parts, limiting flexibility and
efficiency in modern manufacturing contexts [2]. Additive
manufacturing (AM) represents a paradigm shift in produc-
tion technology, assembling components layer by layer using
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an energy source to melt wire or powder materials. In the
last two decades, AM has gained prominence due to its con-
siderable advantages over traditional subtractive methods.
It significantly reduces material waste, optimizes material
properties, and shortens lead times for component applica-
tions [1]. While powder-based AM technologies are typically
used for smaller parts, medium-to-large-scale components
require a different approach. Wire arc additive manufactur-
ing (WAAM) has recently emerged as a cost-effective alter-
native for producing medium-to-large-scale components.
Offering several significant advantages, such as enhanced
fabrication flexibility, better control, and easier automation,
wire-based AM uses primarily three energy sources: electron
and laser beams, along with plasma arc. However, beam-
based methods, being more costly and complex, contrast
with plasma arc processing, which is more economical due
to lower hardware costs. Consequently, WAAM, particularly
based on Gas Metal Arc welding (GMAW), has become a
focus of this paper’s research [3]. It is favored for its simplic-
ity, stability, minimal maintenance needs, and the absence
of costly tooling requirements.

Duplex ferritic—austenitic stainless steels (DSS) have a
variety of uses due to their exceptional mix of good mechan-
ical performance and superior corrosion resistance. Arc
welding of flat and tubular components is the most prevalent
DSS fabrication process. Nevertheless, casting is also used
for the fabrication of complex shapes [4]. Additive manu-
facturing (AM) of DSS has recently been practiced using
wire as feedstock material [5]. The microstructure of DSS
is ferritic—austenitic. The optimal properties of these alloys
are said to be achieved when the ferrite/austenite proportion
is 50/50 [6]. A correct balance of ferrite/austenite is one of
the most important criteria in manufacturing techniques such
as welding, casting, and more recently, AM. The thermal
cycle and chemical composition are the two main factors
that affect phase fraction in DSS. The strongest austenite-
forming elements in DSS, nickel and nitrogen, play a key
role in the solid-state precipitation of austenite following a
completely ferritic solidification [7]. To enhance austenite
production, DSS uses high-nickel-content filler metals and/
or nitrogen-containing shielding gases [8]. Slow cooling
favors the formation of austenite but can also lead to the
formation of harmful secondary phases such as carbides,
nitrides (Cr,N), and sigma (o) [9]. On the other hand, rapid
cooling prevents austenite formation and also precipitates
non-equilibrium nitrides [10]. Therefore, precise selection of
process parameters is crucial in order to fabricate a balanced
DSS microstructure.

AM of duplex stainless steels has been studied in a few
cases. Davidson et al. [11] used selective laser melting
(SLM) to produce 2507 super-duplex stainless steel. The
finished product contained 93 percent ferrite and a few Cr2N
particles. After a heat treatment at 1040 °C, the ferrite frac-
tion decreased to 55%. Hengsbach et al. [12] employed
SLM to manufacture a 2205 DSS component with a 99 per-
cent ferrite fraction that was reduced to 66 percent after a
1000 °C heat treatment. Posch et al. [13] studied the WAAM
of DSS using 2209 filler wire. With this method, they pro-
duced a part with an as-deposited ferrite number of 30 FN,
displaying mechanical properties equivalent to those of the
filler. Eriksson et al. [14] also utilized the WAAM technique
to produce super-duplex stainless steel components, achiev-
ing a 20% ferrite content and good mechanical properties.
Hosseini et al. [15] investigated the microstructural charac-
teristics of DSS components deposited using the WAAM
technique, achieving a 40% ferrite content, although sigma
phases were observed at the grain boundaries.

Based on previous studies, WAAM has shown high poten-
tial for producing DSS with favorable microstructural and
mechanical characteristics. It is also feasible to add addi-
tional DSS parts to the main component when enhanced
mechanical properties are needed. However, the forma-
tion of microstructures and their influence on mechanical
characteristics along the building direction of WAAM DSS
cylindrical-shaped components remain unclear. The next
possible step toward the WAAM of DSS cylindrical parts
is to elucidate the relationship between microstructure and
mechanical properties from region (1) to region (2) along
the building direction. Therefore, the aim of this study is to
investigate the mechanical properties (tensile strength, hard-
ness, and impact toughness) and microstructural features of
the bottom and top zones of WAAM 2209 DSS cylindrical
parts that were made using the GMAW method

Materials and Methods

The WAAM setup used for this study consists of a three-axis
automatic motion control system, a Fronius power source,
welding torch, and a rotating table. The chemical composi-
tion of the 2209 DSS welding wire with diameter of 1.2 mm
is given in Table 1. Gas metal arc welding additive manufac-
turing (GMAW-AM) was selected for its suitability in manu-
facturing duplex stainless steel cylindrical parts. It allows
for precise control over heat input, essential for preserving
the favorable microstructure and mechanical properties of

Table 1 Chemical elements of

Specificati C Si
2209 DSS filler wire pectiication '

Mn P S Cr Mo Ni Fe

AWS ER2209 0.014 0.29

1.29 0.018 0.001 22.47 3.1 8.37 Bal
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Table 2 Optimized parameters of GMAW-AM process for fabricating
2209 DSS cylinder

Parameters Value
Wire feed speed (m/min) 4.5
Current (Amp) 154
Voltage (V) 15.1
Welding speed (mm/min) 380
Pure argon (lit/min) 15
Region @

Locations of Specimen Extraction for

ical and
Characterization.

Fig.1 Schematic diagram, separation, and extraction of the WAAM
2209 DSS cylinder

duplex stainless steel. This technique offers high deposition
efficiency and productivity, advantageous for constructing
complex cylindrical geometries. Furthermore, GMAW-AM
ensures a stable arc and consistent material deposition, cru-
cial for achieving uniform layers and maintaining structural
integrity in cylindrical components. In the GMAW process,
there is a direct correlation between wire feed speed (WFS)
and both current and voltage. The quality and geometry of
the weld bead are crucial when using the WAAM technique
to produce parts with cylindrical walls [22].

Numerous bead-on-plate trials were conducted by adjust-
ing the WFS (ranging from 4 to 5.5 m/min) and welding
speed (ranging from 320 to 430 mm/min) to identify the
optimal parameters for fabricating cylindrical components
with a wall thickness of 7-8 mm using the GMAW process.
After several trials and adjustments, the appropriate param-
eters were successfully determined. These parameters were
then utilized to fabricate a final cylindrical component with
a height of 160 mm. Table 2 shows the deposition param-
eters. A single-layer multi-pass 2209 DSS cylindrical com-
ponent was deposited on a mild steel substrate. The welding
torch was positioned perpendicular to the substrate surface,
which rotated with a mechanical motor during deposition.
Figure 1 shows a schematic representation of the cylindri-
cal component. The cylindrical component was divided into

Fig.2 Photograph of the WAAM 2209 DSS straight cylindrical com-
ponent

Fig.3 Photograph of 2209 DSS cylindrical components (after
machining)

two regions: the bottom area from the base plate to 75 mm
(region (1)) and the middle area from 75 mm to 150 mm
(region (2)), with specimen extraction details shown in
Fig. 1. The manufactured 2209 DSS cylinder is displayed
in Fig. 2.

After fabrication, the cylinder was divided into two sec-
tions using EDM cutting. The component was then machined
to achieve a smooth surface finish and to minimize tool pres-
sure using carefully selected machining parameters. The cut-
ting speed was maintained between 100 and 180 mm/min,
with a feed rate ranging from 0.1 to 0.4 mm/rev, and a depth
of cut set between 0.2 and 0.6 mm. Appropriate lubrication
was applied throughout the process to enhance the machin-
ing operation and ensure the integrity of the surface finish.
The machining of the fabricated cylinder was performed
to assess the quality of the deposits. Figure 3 displays a
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Table 3 Geometry of the fabricated WAAM 2209 DSS cylinder

Geometry Value

Wall width (mm) T7+1
Single bead height (mm) 1.98+1
Diameter of component (mm) 115+1
Total component height (mm) 159+1
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Fig.4 Dimensions of specimens, (a) smooth tensile, (b) notch ten-
sile, (¢) Charpy impact toughness

photograph of the machined 2209 DSS cylinder, which has
a wall thickness of 4 mm. Table 3 shows the geometry of
the WAAM cylinder.

Specimens were vertically extracted from the cylindri-
cal wall for microstructural examination, hardness, tensile,
and impact testing [16]. Figure 4 shows the dimensions of
the specimens. Tensile specimens were shaped according
to the ASTM E8M standard and tested at room temperature
on a servo-controlled mechanical testing machine (HSOKL)
with a cross-head speed of 0.5 mm/min. Charpy impact
specimens were prepared following the ASTM A370 sub-
size standard and tested using a pendulum-type impact test-
ing machine (ASTM 1E-IT-30). Three smooth tensile, two
notched tensile, and three impact specimens from regions
(1) and (2) were tested, with the results averaged from three
trials for analysis (as shown in Fig. 5). Scanning electron
microscopy (SEM) was used to examine the fracture mor-
phology of the tested impact and tensile specimens. Hard-
ness was measured on the deposited wall using a Vickers
hardness tester (load 0.5 kg, dwell time 10 s) at a position
1 mm from the surface in regions (1) and (2). The average
hardness was calculated from eight measurements taken
in each region. The microstructural examination was con-
ducted on the mid-section of mirror-polished metallography
samples, which were etched with 40 wt.% NaOH. The mac-
rostructure of the produced component was studied using
a stereozoom macroscope, and the etched microstructural
samples were examined at various magnifications using an
optical microscope (OM).

Smooth Tensile Specimens |

Notch Tensile Specimens |

Charpy Impact Specimens

g

Fig.5 Photographs of the smooth tensile, notch tensile, and Charpy impact specimens (after testing)
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Table 4 Mechanical properties

R b Sample UTS, MPa 0.2% YS, MPa Elongation in Notch tensile  Notch Impact
of region (1) and region (2) of 25 mm gauge strength, MPa  strength toughness at
the 2209 DSS component length, % ratio, % RT.J

Region (1) 790 594 59.12 905 1.145 154
Region (2) 750 566 55.64 884 1.178 118
1000 62 360

900 -
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Fig.6 Tensile properties of WAAM 2209 DSS cylinder

Results and Discussion
Mechanical Properties

Table 4 presents the average tensile properties of the
GMAW-AM 2209 DSS cylinder, and the comparison of
these properties between regions (1) and (2) is illustrated
in Fig. 6. In region (1), the average values of ultimate ten-
sile strength (UTS), yield strength (YS), and elongation
(EL) are 790 MPa, 594 MPa, and 59.12%, respectively. In
contrast, in region (2), the UTS, YS, and EL are 750 MPa,
566 MPa, and 55.64%, respectively, indicating a decrease
in tensile properties from region (1) to region (2). The
specimens from region (1) exhibited higher UTS, YS, and
EL compared to those from region (2).

Table 4 also shows the impact toughness values for
regions (1) and (2) of the GMAW-AM 2209 DSS cylinder.
Figure 5 includes photographs of the impact specimens
after testing. The impact toughness (154 J) in region (1)
was higher than in region (2). This reduction in toughness
in region (2) is primarily attributed to decreased ductility,
which is linked to variations in the microstructural mor-
phology of the GMAW-WAAM cylinder.

Figure 7 displays the variation in microhardness along
the building direction from region (1) to region (2), with
a noticeable decrease in hardness toward region (2). The
average microhardness values for regions (1) and (2) are

1 T T )
0 20 40 60 80 100 120 140 160
Distance from substrate (mm)

Fig. 7 Microhardness distribution of the WAAM 2209 DSS cylinder

Table 5 Average microhardness

) ; Location Average
of region (1) and region (2) hardness
of the 2209 DSS cylindrical HV ’

05
component
Region (1) 329+2
Region (2) 301+1

listed in Table 5. This difference in microhardness is attrib-
uted to variations in phase composition and ferrite content
across the two regions. These differences in mechanical
properties are further discussed in the discussion chapter,
focusing on the relationship with microstructural features
and ferrite content.

Fractography

The fracture morphologies of the unnotched, notched, and
impact toughness coupons of the manufactured cylinder
are illustrated in Fig. 8 for different locations. Numerous
dimples were observed on the fracture surfaces in regions
(1) and (2), and the depth of the dimples decreased as the
number of layers increased from region (1) to region (2).
The size and depth of the dimples, which are directly related
to ductility and strength, were greater in region (1) than in
region (2) [17]. The tensile load increased the normal tensile
stress leading to a rise in the number of voids. Consequently,
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Fig.8 SEM fractographs of the WAAM 2209 DSS component

the development and coalescence of these voids led to the
fracture of the coupons. In region (1) of the cylinder, void
coalescence with ductile fracture characteristics was the

@ Springer
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ber of dimples significantly decreased, and cleavage facets
were observed, suggesting a transition to a mixed fracture
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mechanism. This change from a predominantly ductile fail-
ure mode in region (1) to a mixed mode (ductile/brittle) in
region (2) was influenced by the o-phase [18]. This shift is
one of the reasons for the observed reduction in elongation
and ductility (toughness) in region (2) of the WAAM 2209
DSS cylinder.

Fig.9 Optical micrographs of region (1)

Microstructure Analysis

The microstructures of region (1) of the WAAM 2209 DSS
cylinder fabricated using the GMAW-AM process are dis-
played in Fig. 9. Figure 9a shows a schematic diagram from
the bottom to the middle zone of the cylinder. The deposited
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layers are completely welded, and the fusion lines are clearly
visible in Fig. 9b, showing that the weld is free of major
flaws. The WAAM 2209 DSS cylinder consists of various
austenite morphologies within an a-ferrite matrix. As shown
in Fig. 9c, the microstructure in region (1) was composed
of Widmanstitten austenite and a-ferrite, with a higher
amount of ferrite and finer Widmanstitten grains observed in
Fig. 9e. This region cools rapidly due to its proximity to the
substrate, resulting in fine features. According to Yang et al.
[19], intragranular austenite and elongated Widmanstit-
ten phases form during slow cooling at high temperatures.
However, as illustrated in Fig. 9d, these morphologies are
coarsened along the building direction. The newly formed
layer remelts the previously deposited layer, leading to the
formation of harder Widmanstitten austenite [20], instead
of intragranular austenite. Figure 9d also shows secondary
austenite morphologies in the direction of building, which
form at lower temperatures in the transition zone between
two layers from metastable ferrite [21]. As shown in Fig. 9e,
y grows in the ferrite grains along the building direction of
the GMAW-AM cylinder, fostered by slow cooling within
the temperature range of 500 to 800 °C. The ferrite content is
higher in this region, as shown in Fig. 9e. Figure 9f displays
the microstructure from Fig. 9e at a higher magnification.
Due to the heat input and rapid cooling rate, this region
reaches a high temperature, rising above the solution tem-
perature. During cooling, austenite forms at the boundaries
of ferrite grains, leading to an increase in ferrite content
driven by significant ferritic grain development [22].

Figure 10 depicts the microstructure of region (2) of the
2209 DSS cylinder. Figure 10a shows the schematic dia-
gram for the middle-to-top zone of the WAAM 2209 DSS
cylinder. Figure 10b illustrates the austenite morphologies in
region (2), which consist of various forms embedded within
a ferrite matrix. Region (2) is characterized by four austenite
morphologies: Widmanstitten austenite, intragranular aus-
tenite, secondary austenite, and grain boundary austenite.
The ferrite phase was encircled by grain boundary austenite
(GBA). A small amount of fine intragranular austenite (IGA)
and small Widmanstétten austenite (WA) nucleated close
to the GBA, which expanded along the building direction
within the ferrite grains. The secondary austenite formed
was finer than the primary austenite due to the multiple ther-
mal cycles. The size of ferrite grains and the morphology
of austenite changed from region (1) to region (2), with the
WA and GBA morphologies becoming coarser. Similarly,
the size of IGA varied significantly, while the ferrite grain
size increased gradually, as shown in Fig. 10c and d. At slow
cooling rates, different types of austenite morphologies with
higher content occur in the GMAW-AM cylinder, as shown
in Fig. 10d. Figure 10e shows the austenite morphologies at
higher magnification in the ferrite matrix of the GMAW-AM
cylinder at faster cooling rates.

@ Springer

EDS analysis was conducted using a SEM equipped with
EDS to analyze the composition of the phases in region (2)
of the WAAM 2209 DSS cylinder. Sigma phase (o) was
observed in the SEM images of the GMAW-AM cylinder,
although it was not visible in the optical micrographs. The
ferrite, austenite, and sigma phases are shown in the SEM
image (Fig. 11c) of the GMAW-AM 2209 DSS cylinder.
Figure 11d and e displays the EDS spectrum in region (2) of
the WAAM 2209 DSS component. The chemical elements of
each phase are listed in Table 6. Mo and Cr were primarily
detected in the ferrite matrix, while Ni was mostly found in
the austenite matrix. Thus, Mo and Cr promote ferrite for-
mation, whereas Ni promotes austenite. According to EDS
results, the produced sigma phase has a higher Cr content
than the other two phases. The observed Ct/Mo ratio in the
sigma phase was consistent with the value reported by Wang
et al. [23] for sigma phases in chromium-based systems. The
temperature during solidification greatly impacts the sigma
phases in the GMAW-AM 2209 DSS cylinder, and control-
ling the main harmful sigma phase that forms at tempera-
tures between 500 and1100 °C is crucial during the GMAW-
AM process to avoid degrading the toughness and ductility
of the 2209 DSS cylinder. The distribution of sigma phase in
region (2) was observed at the austenite boundaries, similar
to that in traditional DSS. The c-phase formed rapidly at the
boundaries between the y and ferrite phases due to the high
interfacial energy.

Discussion

The microstructure of the GMAW-AM cylinder varies from
region (1) to region (2) due to differences in heat flow and
welding cooling rates between these areas. Figure 12 pre-
sents the Fe—Cr—Ni (pseudo-binary) ternary diagram [24].
According to this diagram, the ferrite-to-austenite phase
transition in DSS occurs during the solidification process at
temperatures ranging from 1200 to 800 °C (6-solvus tem-
perature) [25]. Slower cooling in region (2) results in higher
austenite content because it allows more time for austenite
nucleation. Additionally, the solid-state phase change from
ferrite to austenite during solidification is another factor
influencing the austenite proportion. The higher solidifica-
tion temperature range of 1200-800 °C permits more time
for this solid-state phase transition to occur. The duration of
solidification gradually increases from region (1) to region
(2), aiding in the transformation of ferrite into austenite [26].
Consequently, the ferrite content decreases from region (1)
to region (2).

The microhardness measurements of the WAAM 2209
DSS cylinder are consistent with its microstructural char-
acteristics. Hardness decreases from region (1) to region
(2) but increases in the cylinder’s final layers, which is
consistent with recently reported data [27]. The average
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Fig. 10 Optical micrographs of region (2)

microhardness values for the GMAW-AM cylinder range
from 301 to 327 HV 5. Region (1), which has a higher fer-
rite content, exhibits an average hardness of 327 HV 5. In
contrast, region (2), with reduced ferrite content, shows an
average hardness of 293 HV, 5. There is a notable difference

in mechanical properties from region (1) to region (2). Simi-
lar differences are reported in WAAM-fabricated DSS parts
[28, 29]. These differences in UTS and hardness between
regions are primarily due to variations in microstructural
features and grain size. The UTS and hardness in region
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Fig. 11 (a—c) SEM micrographs of region (2) (d—e) EDS spectrum of region (2)

Table 6 Chemical elements of each phase in the GMAW-AM 2209
DSS cylinder (wt.%)

Phase Mn Si Ni Cr Mo

Ferrite 1.72 0.51 6.01 25.21 345
Austenite 2.12 0.44 9.76 21.98 3.21
o (Cr/Mo) 1.01 0.64 4.12 31.45 5.98

@ Springer

(1) are higher than in region (2) because it contains more
ferrite, primary and secondary austenite, intragranular aus-
tenite, and Widmanstitten austenite.

In the GMAW-AM cylinder, hardness decreased from
region (1) to region (2) due to variations in grain size,
microstructural features, and ferrite content. From region
(1) to region (2), the grain size increased, while the ferrite
content decreased. The primary reasons for the increase
in grain size and decrease in ferrite content are the slow
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Fig. 12 Pseudo-binary Fe—-Cr—Ni diagram

cooling rates characteristic of the GMAW-AM process.
Coupons tested from region (2) exhibited lower ductility
and toughness compared to those from region (1), largely
due to the formation of harmful sigma phases resulting
from the slow cooling rate. According to Zhang et al.
[30], detrimental intermetallic phases such as A and ¢
are responsible for the decrease in impact toughness and
elongation in specimens deposited in the WAAM 2594
DSS components. The tensile properties of the current
investigation along with those of wrought 2209 DSS alloy
and 2209 DSS filler wire are listed in Table 7 [30, 31].
Compared to the wrought 2209 DSS alloy and the 2209
DSS filler wire, the coupons tested from regions (1) and
(2) of the WAAM 2209 DSS parts in the current research
demonstrated equal or better tensile properties. This is
mainly attributed to the favorable microstructural features
of the WAAM 2209 DSS parts.

Conclusions

The 2209 DSS cylindrical component was successfully fab-
ricated using the GMAW-AM technique. The mechanical
and microstructural characteristics were studied across dif-
ferent regions of the cylinder. The following conclusions can
be drawn from this study:

(1) The tensile properties of the GMAW-AM 2209 DSS
cylinder decreased from region (1) to region (2).
Specimens from region (1) exhibited higher UTS,
YS, and EL compared to those from region (2).

(i) Impact toughness in region (2) was lower than that
in region (1). The specimens tested from region (1)
demonstrated an impact toughness of 154 J, which
was significantly higher than that of the specimens
from region (2). The presence of the detrimental
intermetallic c-phase is the main reason for the
decreased impact toughness and elongation in region
(2) of the WAAM 2209 DSS component.

(iii) Hardness decreased from region (1) to region (2),
with higher values observed in region (1) and a
reduction along the building direction to region (2).
Variations in microhardness were caused by differ-
ences in phases and ferrite content between regions
(1) and (2). The production of a greater ferrite con-
tent, along with primary and secondary austenite,
intragranular austenite, and Widmanstitten austenite,
resulted in higher UTS and hardness in region (1)
compared to region (2).

(iv) The primary phase balance in the manufactured cyl-
inder was significantly influenced by complex heat
cycles and the cooling rate during the WAAM pro-
cess. A longer solid-state phase transition time and a
lower cooling rate led to a higher austenite percent-
age from region (1) to region (2).

Table 7 Comparison of tensile properties of GMAW-AM 2209 DSS cylinder with widely used wrought 2205 DSS alloy, ER2205 DSS annealed

condition, and ER2209 DSS filler wire

Process Specimen location YS (MPa) UTS (MPa) EL (%) References
Wrought 2205 DSS 590 779 [27]
590 786 48 [28]
ER2209 DSS filler wire 560 720 [30]
ER2205 DSS annealed condition 620 25 [31]
Present study GMAW-WAAM 2209 DSS cylinder Region (1) 594 790 59.12
Region (2) 566 750 55.64
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