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Optimizing A5356 Alloy Performance with WAAM: A
Comprehensive Study

Highlights
«» Comparison of porosities over density with Archimedes Principle.
« The effect of heat input on the material.

Graphical Abstract

It was observed that the densities of the samples taken from the production side were higher.

Archimedes Principle
2,63
2,62
2,61

2,6
2,59
2,58 I
2,57

R.D: Rolling Direction P.R: Perpendicular Rolling

H 1st Wall ®2nd Wall 3rd Wall

Sekil. Arsimet Prensibine gore yogunluk hesab1 / Figure. Density calculation by Archimedes Principle

Aim
This study aims to optimize the performance of A5356 alloy with WAAM with varying heat inputs.
Design & Methodology

The research involves the production of A5356 alloy walls with WAAM at three different heat inputs, followed by
mechanical, microstructural, structural characterization and non-destructive evaluations.

Originality

This study contributes to the optimization of additive manufacturing processes of A5356 with heat input variations in
WAAM.

Findings

Lower heat input enhanced flexural strength and microhardness; tensile strength was higher parallel to production,
with no major defects observed in NDT.

Conclusion

WAAM using optimized heat input parameters offers a promising method for producing A5356 alloy with enhanced
mechanical properties and structural integrity, particularly for industrial applications.
Declaration of Ethical Standards
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Optimizing A5356 Alloy Performance with WAAM: A
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ABSTRACT

Wire Arc Additive Manufacturing (WAAM) technology is an attractive fabrication method’o
significantly lower consumable usage and higher filler material addition rates than conventionalgfusion

material characterization tests such as tensile, flexure, and notch impact tests?'n'
microstructural evaluations using optical microscopy, SEM, and EDS. The resglts
improved under low heat input conditions. Moreover, these findings indicagte that ¥ge

various mechanical and
urements, XRD analysis, and

M technique holds promise as a

manufacturing method for A5356 samples when lower heat input is applied?

Keywords: Characterization, WAAM, MIG-CMT, Heat input,

WAAM ile A5356 Alasm

Edilmesi:

Tel Ark Eklemeli Uretim (WAAM) teknolojisi,
daha yiiksek biriktirme oranlar1 nedeniy,

gerceklestirilmistir. Sonugtar gnaliz edi
Ayrica, bu sonuglar W. dnteminj
ettigini gostermektedi

Anahtar Kelim

as rapid prototyping, Additive
) technology emerged in the 1970s,
enabling the production of specialized, complex-shaped
components that were challenging to fabricate through
conventional manufacturing techniques [1-6].

Wire Arc Additive Manufacturing (WAAM) has
revolutionized aluminum alloy production by combining
high deposition rates (1-4 kg/hour) with material
efficiency (30-50% reduction in waste compared to
traditional methods) [7, 8].

Recent studies highlight the following:

* The critical role of heat input in microstructure control

[a].

*Sorumlu Yazar (Corresponding Author)
e-posta : berfingrs20@gmail.com

A5 loy.
%rmansmm Optimize

Bir Calisma

eleneksel eritme kaynagia kiyasla dnemli 6l¢iide daha diisiik sarf kullanim1 ve

y Gaz) yontemi kull.a.mllarak ti¢ farkli tel besleme hizi1 (WES) ve ii¢ farkli
nda tiretimler yapilmistir. Uretilen duvarlardan elde edilen numuneler {izerinde

* The superior strength-to-weight ratio of A5356 at low
heat inputs [10].

This study systematically evaluates three heat inputs
(97.17, 125.95, 165.60 J/mm) to optimize WAAM-
processed A5356 for industrial applications.

Several studies have explored WAAM as a type of direct
energy deposition (DED) process, highlighting its
effectiveness in producing complex geometries while
minimizing material waste [11-13].

Research has shown that the mechanical properties of
components processed using WAAM are strongly
influenced by heat input, making process optimization
critically crucial for industrial applications [13, 14]. For
Al-5356 alloy in particular, optimizing process
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parameters is essential for enhancing material reliability
and performance [1-18].

Studies have shown that a controlled arc power source is
essential for effectively depositing aluminum alloys in
WAAM. Moreover, applying low heat input during the
Cold Metal Transfer (CMT) process enhances the
mechanical properties of WAAM-produced Al-Mg
alloys compared to wrought counterparts. This
improvement is attributed to reduced porosity and finer
microstructures, increasing hardness and tensile strength
[18-20, 21-23].

In addition, welding parameters like wire feed rate and
travel speed play a crucial role in determining the
geometric ~ characteristics of WAAM-produced
components [10, 24]. A comprehensive analysis of wire
feed speeds, heat input values, and non-destructive
testing methods has provided valuable insights for
optimizing WAAM in industrial applications [24-28].
Based on the literature review, this study investigates
the effects of different heat inputs on across a wide test
range, demonstrating the impact of low heat input on
material properties [29].

2. MATERIALS AND METHODS
2.1. Materials

Al-5356 aluminum alloy was utilized for welding®
purposes. The mechanical characteristics of the A535
(ER5356) welding wire (@1.2 mm) are presented in
Table 1, and its chemical composition is detaijet™
Table 2.

Table 1. Mechanical properties of Al-5356 Alloy [30]

Mechanical | Tensile Yield Elongation
Properties | Strength | Strength | (%)

(MPa) (MPa)
Al-5356 260 180 20

Table 2. Chemical composition of ER5356 wire [30]

AWS Code Chemical Composition (%)

Si Fe Mn | Mg

ER5356 <0.25 <040 | 0.30 5.00
y

2.2. WA
The robot syStem included a Metal Worm arm
from ABB elding machine with a CMT unit
from Fronius, illustrated in Fig. 1. The system
consists of a six-axis robot and a two-axis device.

The robotic welding system consisted of:
ABB MetalWorm 6-axis robotic arm

Fronius CMT-MIG power source

100% Ar shielding gas

-
Figure 1. Production of the A5356 first wWallQg
welding machine [Interco robotic, jdigtse20%4

[ ]
2.3. Production Param&rs

Using the MIG-CMT technique and 100% argon as the
shielding gas (as shown in Table 3), the wire feed rate
(WFS) was set to 4.5 m/min for the first wall, 6 m/min
for the second wall, and 8 m/min for the third wall. The
walls were produced. )

Different h&@kinput Jevels were achieved by adjusting the
setti evaluate the influence of welding
e material's structure and properties. The
rd walls exhibited the lowest and highest heat
5, NBSpectively. To achieve proper bonding, the
three layers of the first wall were deposited at a

@/feed rate of 8 m/min, followed by 6 m/min for the
subsequent three layers. Likewise, the first three layers of
the second wall were also deposited at a WFS of 8 m/min.

The dimensions of each wall were 200 x 200 mm,
consisting of 100 layers with a 2.05 mm interlayer
distance. At least three specimens were prepared for each
test: tensile, bending, microhardness, microstructure
analysis, and XRD analysis.

Additionally, to ensure proper bonding between the
substrate and the walls, the preliminary three layers of
the first wall were deposited at 8 m/min, followed by 6
m/min for the subsequent three layers. Similarly, the
primary three layers of the 2nd wall were also applied at
8 m/min.

The walls were manufactured with a height and length
of 200 mm, comprising 100 layers with an interlayer
spacing of 2.05 mm. The welding parameters and
corresponding heat input variations are
comprehensively presented in Table 3. For mechanical
and microstructural characterization, a minimum of
three distinct conditions are also documented in Table 3.

the WAAM

Table 3. Welding parameters applied during the production of wall structures [icmatse2024]

Walls WES (m/min) Xf)'tage
1st Wall 45 118
2nd Wall 6 12.8
3rd Wall 8 13.8

Current Heat Layers
(A) Input (J/mm)

61 97.17 100

82 125.95 100
100 165.6 100



2.4. Testing Protocol

The standards of the tests conducted on the material, the
equipment utilized, and the number of specimens
extracted are summarized in Table 4. As indicated in the
Table, three specimens were aligned parallel to the build
direction, while another three spans were oriented
perpendicularly. Figure 2 illustrates the specific locations
on the wall from which the specimens were obtained. For
this configuration, Equation 1 was employed to calculate
the heat input.

Figure 2. Image of the WAAM wall with sample locations
[Interco robotic, icmatse2024]

2.5. Microstructure Analysis

a. Optical microscope
Optical images of the characterized molded samples
were taken at 5x (Fig. 3), 10x (Fig.4), and 20x (Fig. 5-
7) magnification. The pores of the material,
microstructures, and grain boundaries were observed in
the images.

When the optical images (Figs. 3 -7) were analyzed
together with SEM images (Figs. 8 and 9), it was
observed that the 1st wall had the lowest and the 3rd wall
had the highest density in terms of the existence of
porosity and the density of Al.Mgs in the material.

When optical images (Figures 3-73iwere analyzed

together with SEM images (Figure it was
observed that the first wall had sity and
Al;Mgs density. In contgas had the

it was observed that t
input increased (Fig

3c, 4c, and.?, t the grain size of the third
a

Table 4. Standards used to test the material, equipment used, and the number of samples taken [icmatse2024]

Test Standard Equipment Specimens

Tensile ASTM E8 Instron 5982 3 parallel & 3 perpendicular
Bending AWS D1.2 5-ton load frame 3

Microhardness ASTM E384 Wilson VH1150 3

Microstructure - OM/SEM 3

XRD 1SO 17405 Bruker D8 Advance 3

Heat Input Calculation:
For this setup, the equation was adopted to
calculate the heat input.

Heat Input (kJ/mm) =

(V), I=current

Porosity |

iy s o

V wall increases with high heat input. This leads to a

decrease in hardness and, consequently, low strength. In
the peaks obtained from XRD analysis, the Al,Mgs;
compound was observed in the microstructure (Figure
7a and Figure 7c) [31, 32].

Porosity

Figure 3. Optical microscope image of the sample of the 1st,

Porosity |

e 3 Ot s A
2nd, and 3rd wall at 5x magnification

"



a.

Grain Boundary

Matrix

Al2Mg3

Figure 7. Optical microscope image of the sample of the 3rd wall at 20x magnification

b. SEM analysis
Scanning Electron Microscopy (SEM) is a high-
resolution technique to examine materials' surface
structure, morphology, porosity, and microstructural
characteristics. It also effectively detects defects or
variations in microstructure that may occur during
production [33].

In WAAM processes, heat input directly affects the
microstructure. Low heat input (e.g., Fig. 8a and Fig. 9a)
results in a faster cooling rate, promoting fine-grained
microstructures, reduced pore formation, and a more
homogeneous internal structure. These features
contribute to improved mechanical properties. SEM
images of such samples show delicate dendritic
structures and smooth surfaces.



Conversely, high heat input (e.g., Fig. 8¢c and Fig. 9c)
slows the cooling rate, resulting in coarser grains, visible
pores, temperature-induced cracks, and heterogeneity in
the microstructure. Expansion of dendritic structures and
increased surface porosity are also evident in these cases.

According to  Archimedes’  Principle,
measurements revealed that samples tak
to the rolling direction exhibite

Furthermore, the second wall
the rolling direction demon

revealed that 2nd wall should be selected as the
optimum material. We also found the phenomenon by
examining optical and SEM analysis images. In the 2nd
wall with a wire feeding speed of 6 m/min, sufficient time
was given for the material (1+x)" =1+ ’;—’f +

_ 2
%+-~ melt, also the porosities in the

microstructure were formed at the optimum level, which
caused the second material to give optimum results in the
analysis and results.

It has been reported that low heat input reduces the grain
size and the microstructure becomes more homogeneous
[34, 35]. Moderate heat input (e.g., Fig. 8b and Fig. 9b)
yields a microstructure between the extremes, potentially
balancing mechanical performance and structural
uniformity during manufacturing.

¢

2nd, and 3rd at x2.5.

c. EDS analysis
Energy-dispersive spectroscopy (EDS) was performed to
evaluate the chemical composition, identify surface
elements, and examine their distribution in Al 5356
specimens produced via the WAAM technique.
Since Al 5356 primarily consists of aluminum,
magnesium, and trace alloying elements, EDS provided
critical insights into elemental homogeneity, potential
impurities, and compositional deviations arising during
production.
In WAAM, maintaining a uniform chemical composition
is essential, as it directly affects mechanical performance.
EDS allowed for qualitative and quantitative analysis of
alloying elements and surface phenomena such as
oxidation and corrosion. The results confirmed
aluminum as the primary component (94.5-94.6 wt%),
with magnesium being the second most abundant (4.62—
4.78 wt%). Minor elements such as titanium exhibited
slight variations depending on heat input. For instance,
titanium content decreased from 0.41 wt% in the lowest
heat input condition to 0.28 wt% in the highest (Table 5).
The relatively higher titanium and manganese levels in
the low heat input samples suggest a reduction in
oxidation or diffusion effects, consistent with previous
findings that associate low heat inputs with enhanced
alloy integrity [33].
Additionally, the uniform distribution of aluminum
across all samples demonstrated WAAM’s capacity to



maintain compositional consistency despite thermal

variations. These observations highlight the effectiveness

microstructural

evolution,

contributing

valuable

feedback for process optimization [33].

of EDS in linking process parameters with
Table 5. EDS Analysis
Element 1st Wall Wt% 2nd wall Wt% 3rd Wall Wt% | Standard Factory
Name Standard

Mg 4.64 4.62 4.78 MgO Yes

Al 94.60 94.57 94.46 AI203 Yes

Si 0.09 0.08 0.09 Si02 Yes

Ti 0.41 0.34 0.28 Ti Yes

Cr 0.07 0.14 0.07 Cr Yes

Mn 0.09 0.13 0.16 Mn es

Fe 0.05 0.11 0.10 Fe

Cu 0.05 0.01 0.05 Pure Elemen

Total 100.00 100.00 100.00 °®

L

2.6. Structural (XRD) analysis ;

X-Ray Diffraction (XRD) analysis was performed on a - XRD Analysis

Bruker D8 Advanced instrument. In addition, o 1)
monochromatic Cu K Ko radiation (A=1.54056 A) was 20000 o \
used at 40kV and 40 mA operating conditions 10°- 90°

angle range, and scanning speed of 0.04 degrees/min. 5 00
The experimental results demonstrated that the three S o %l 5
specimens produced using an identical welding wire & 4152 | L222
exhibited consistent and comparable physicd® _ © 500 f 691
characteristics. As presented in Figure 10, the jo i \(
analysis reveals the orientations of the crystal lattic o AR AR AR
structures and the corresponding density measur: ts, 20 (%)

providing insight into the material's finter
configuration.

The diffraction analysis identified distincignateria
occurring at specific angles: 38.3239° for thg first peak,

44.6357° for the second, 64.7937°
for the fourth, and 81.8551° for

e EDS analysis
the A5356 alloy
num phase. Other
are integrated into this

is presented in Tabl
primarily  comprj

corresponding Whanes of the aluminum face-centered-
cubic crystal structure, respectively [37-39].

In the microstructure of ER 5183 alloy produced by the
WAAM-CMT method, the crystallite size and lattice
parameters of a-Al and AlsMg: phases are consistent.
XRD analysis in Figure 10 shows that the (111) point is
FCC a-Al, the (200) point is FCC a-Al, the (220) point is
Al3Mg2, the (333) point is FCC a-Al, and the (222) point
is FCC a-Al [31]. With the values in literature. This
information is essential for understanding the
microstructure formed in the WAAM process and
optimizing the mechanical properties [31].

Figure 10. XRD Analysis of samples [icmatse2024]

2.7. Tensile Test

The average tensile strength of the A5356 samples
produced via the WAAM method was measured at 214
MPa. Variations in tensile strength were observed
depending on the orientation of the weld seam; notably,
specimens oriented vertically exhibited lower tensile
strength compared to those positioned horizontally.
Based on the data presented in Table 6 and Graphs 1 and
2, the average tensile strengths were determined to be
184.53 MPa in the direction perpendicular to fabrication
and 270.97 MPa in the direction parallel to fabrication.
These findings indicate that the A5356 material produced
via the WAAM method can exhibit high mechanical
strength under specific conditions. However, given the
directional dependence of tensile strength relative to the
weld orientation, it is crucial to assess the specimens
accordingly.

Images of the tensile test specimens are given in Figure
11.



Figure 11. The specimens after the tensile test

Table 6. Tensile Strength Values Parallel and
Perpendicular to the Fabrication Direction

Average  Tensile | Average  Tensile
Strength (parallel | Strength

Walls to fabrication | (Perpendicular to
direction) (MPa) fabrication

direction ) (MPa)

1t Wall 270.97 184.53

2M Wall 263.00 191.84

31 wall 272.87 219.20

—— Specimen_RawData_1
—— Specimen_RawData_
250} — Specimen_Rawpata_3

Stress (MPa)

50

0.0 0.1 0.2 03 0.4
Strain {mm/mm}

—— Specimen_RawData_L

—— Specimen_RawData_2

0T specimen Rawbata 3
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Stress (MPa)
=
o
S
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S
S
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— Specimen_RawData_2
250} — Specimen_Rawbata_3

200

Stress (MPa)

50

0.0 0.1 0.2
Strain (mm/mm)

Graphic 1. Tensile strength values perpendicular to the
fabrication direction graphics

2.8. Flexure Test

Following flexural test standards, the distance between
the supports was set to 80 mm. The flexural test
specimens are depicted in Figure 12. During the bending
test, the upper supports were lowered at a 3 mm/min rate
under a load of 5 tons. The slope graph is presented in
Figure 3. Bending stress was found to vary depending on
the condition of the specimen, and the graph indicates
that walls 1 and 2 exhibited high bending strength.

—— Specimen_RawData_1
—— Specimen_RawData_1
— specimen_Rawpata_3
200 — Sspecimen_RawData 4
—— Specimen_RawData_5

Stress (MPa)

50

I——
0.000

0.025 0.050 0.075 0.100 0175 0150
strain (mm/mm}
—— Specimen_RawData_1
—— Specimen_Rawbata_2 T
— Specimen_RawData_3 PO ol
sl
200 ‘
_ 150 |
&
t 3
g
4 £ 100
50
0
0.15 0.20
Specimen_RawData_1
—— specimen_RawData_2
— Specimen_RawData_3
200
150
£
2
g 100
&
50
0

N S—— - P
0.000 0.025 0.050 0.075 0100 0125 0.150 0175 0200
Strain (mm/mm)

Graphic 2. Tensile strength values parallel to the fabrication
direction graphics

Figure 12. Flexure test specimens



Flexure stress (MPa)
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Graphic 3. Flexural Stress—Strain Curves for Walls 1, 2, and 3,

respectively ([

2.9. Hardness Test
Microhardness test results were obtained by app
500-gram  pyramid-shaped indenter to

specimens for 10 seconds on pre-sanded and
surfaces, by HV 0.5 standards. Hardnegs valu
determined by taking three separate meds
different regions of each specimen,
7. The observed variations in
areas of the specimens sugg

on the data in
was higher than

and grain

properties
Table 7. MicC
Measureme 3rd Wall
Wall
1. 73 HV 70HV | 66 HV
2. 68 HV 72HV | 71 HV
3. 73 HV 71HV | 68 HV
Average 71.33HV | 71HV | 68.33HV

2.10. Non-Destructive Testing

Visual Testing (VT), Penetrant Testing (PT), and
Ultrasonic Testing (UT) were conducted in accordance
with relevant standards to identify potential defects in the
weld zones produced using the MIG-CMT technique
with supplementary A5356 filler wire.

a. Visual test (VT)
In Fig. 13, we thoroughly examined the transitions
between the layers and all surfaces with the use of a
visual test, AWS D1.2/D1.2M:2014, as depicted in Fig.
13. It was disclosed that there were no cracks, notches, or
discontinuities exceeding the acceptance criteria on the
material surface.

5
> A)«
y

W
)

r

ﬂ N ARk

Figure 13. Specimuaps s8jectgll to visual
ing@getion [matse2024]

b. Pengfrani\test (P
Given th® non- agNEN

ature of the materials, liquid
penetranfQgsting Was pgerformed on the specimens in
ance With ENJISO 3452-1.
in FYgere 14, the developer was applied to
ggof the specimens and allowed to dwell for
, followed by the application of the red
diran?(Figure 15) with a dwell time of 5 minutes.
inspection results indicated that no defects
@€eding the acceptance criteria were observed on the
examined surfaces or at the interlayer transition zones
[40].

el p—

Figure 14. Specimens prepared forpeﬁetrant testing following
developer application and surface cleaning [icmatse2024]

4 * e .!; (

e =8 ~ M L'y o |
Figure 15. Specimens following the application of red
penetrant during liquid penetrant testing [icmatse2024]



¢. Ultrasonic test (UT)
Ultrasonic testing of the specimens following EN 1SO
17640 revealed no volumetric defects, interlayer
separations, or discontinuities exceeding the acceptance
criteria, as illustrated in Figure 16. [41].
Kohler et al. investigated heat accumulation and the
influence of varying temperature-time profiles on the
properties of components fabricated via WAAM using
A5356 alloy. Their findings demonstrated that heat
accumulation depended on travel speed and cooling
intervals, significantly influencing the resulting
microstructure [36].
In a similar manner, lowering the heat input in the
current study resulted in improved microstructure and a
reduction in porosity within the aluminum alloy
components. To accomplish this, the optimal setup
should incorporate increased travel speeds and extended
cooling durations to minimize pore diameter.

Figure 16. Specimen subjected to ultrasonic inspectiogy

[icmatse2024]
Table 8. Density results from Archimedes’ principle. (R.I8: Rollin
Specimen Air (g)
1t Wall R.D. 6.26
1t Wall P.R. 7.15
2" Wall R.D. 6.52
2" Wall P.R. 6.07
3 wall R.D. 6.42
3 wall P.R. 6.57

3. CONCLUSIONS
This  study
microstructural

mechanical and
AM-produced A5356
ods. The results showed
ased tensile strength due to
time, the second wall achieved

Mechanical anisotropy was observed between the build
direction and the transverse direction. SEM, optical
microscopy, XRD, and EDS analyses further revealed
that controlling the heat input significantly affects the
formation and distribution of the B-phase (Al:Mg),
thereby influencing the uniformity and strength of the
microstructure. Mechanical characterization through
bending and hardness testing demonstrated that the wall
manufactured with a controlled heat input of 125.95
Jimm attained superior mechanical properties,
indicating an optimal balance between structural
integrity and process parameters. Overall, these results
underscore the importance of heat input optimization

2.11. Archimedes' Principle
Archimedes' principle states that an object immersed in a
fluid experiences an upward buoyant force equal in
magnitude to the weight of the fluid displaced by the
object. In Table 8, according to Archimedes' Principle,
the differences in the porosities that will occur in the
material in the samples taken parallel and perpendicular
to the fabrication direction were examined. The
specimens taken in the production direction were
observed to have higher density in the samples with the
same heat input.

As a result, reduced heat input and lower heat
accumulation lead to smaller pore sizes. A slight
reduction in pore diameter is als i
increased travel speed and extended co
Minimized heat accumulati ifi
porosity characteristics B@, N
Despite this, the second wall—aN
the rolling direction¢“eXqibited

vorable heat input
. In assessing wall
perpendicular to the

rolling dir@c displayed lower density
values iented parallel to the rolling
directio

ireption, P.R: Perpendicular Rolling) [icmatse2024]

Aqua (g) Density (g/cm?®)
2.39 2.6152
2.74 2.6016
251 2.5993
2.33 2.5954
2.44 2.6268
2.50 2.6200

and demonstrate the potential of WAAM as an effective
method for producing A5356 components with tailored
properties.

1. Under conditions of low heat input, Wall 1—
fabricated using a reduced wire feed speed (WFS)
parameter—demonstrated superior flexural strength and
microhardness compared to Walls 2 and 3, highlighting
the beneficial effects of optimized welding parameters
on mechanical performance.

2. Tensile testing conducted along the production
direction and transverse to it yielded strength values of
270.97 MPa and 184.53 MPa, respectively (refer to
Table 6). These findings indicate a pronounced
anisotropy, with specimens aligned with the production
direction exhibiting significantly higher tensile strength.
3. The application of low heat input resulted in enhanced
flexural strength and microhardness; however,
longitudinal tensile testing revealed relatively low
tensile strength. In contrast, transverse tensile tests
yielded comparable strength values across all wall



specimens, suggesting uniform mechanical behavior in
that orientation.

4. Microstructure analysis showed that increasing heat
input leads to dissolution of B-phase (AlsMg2) and grain
size increase, resulting in reduced mechanical
properties.

5. SEM-EDS and XRD analysis showed the distribution
of AlsMg. composition in the material and indicated that
the 2nd wall sample is the optimum material.

6. Non-destructive test results showed no discontinuities
on the material surface or transitions between layers
exceeding the acceptance criteria during visual test (VT)
and penetrant test (PT).

7. Ultrasonic testing (UT) revealed no volumetric
defects, delamination between layers, or discontinuities
exceeding the acceptance criteria.

8. To ensure a more thorough understanding of the
material behavior, future studies should incorporate
comprehensive non-destructive evaluation techniques.
This includes mechanical testing, microstructural
analysis, structural characterization, and systematic
variation of heat input parameters, enabling a
multidimensional assessment of performance and
integrity.

9. The overarching objective is to enhance mechanical
performance through the optimization of heat input
parameters, thereby achieving superior structuralg

integrity and material properties. ®
10. The specimen oriented perpendicular to the rollin
direction of the second wall, produced with a heat jagut
curat

of 125.95 J/mm, exhibited optimal porosity for
density determination via Archimedes' principle
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