
ORIGINAL RESEARCH ARTICLE

Multi-scale Optimization and Computational Validation
for Enhancing the Microstructure, Mechanical Properties,

and Physical Performance of Wire Arc Additive
Manufacturing-Fabricated SS309L Stainless Steel

S. Tamil Prabakaran , Saravanakumar Sengottaiyan , D. Yogaraj, and V.S. Shaisundaram

Submitted: 17 April 2025 / Revised: 7 June 2025 / Accepted: 21 June 2025 / Published online: 2 September 2025

SS309L stainless steel is commonly used in industries such as aerospace, marine, and energy due to its
excellent resistance to high temperatures and corrosion, as well as its superior mechanical strength. This
makes it an ideal candidate for fabrication using wire arc additive manufacturing (WAAM), a technology
known for its high deposition rates and cost-effectiveness. However, optimizing process parameters is
essential to enhance the mechanical properties, microstructure, and physical characteristics of SS309L
when fabricated via WAAM. In this study, response surface methodology (RSM) was applied to optimize
bead width and bead height in WAAM-fabricated SS309L. The optimization was conducted by varying
welding current (100-150 A), voltage (10-20 V), and travel speed (0.1-0.3 m/min). A multi-layered wall was
constructed using the optimized parameters (135 A, 16 V, and 0.1 m/min) for subsequent analysis of
mechanical properties and microstructure, as well as physical examination and finite element analysis
(FEA). The mechanical tests showed that the top section of the fabricated wall achieved an ultimate tensile
strength (UTS) of 561.81 MPa, a yield strength of 435.63 MPa, and an elongation rate of 41.2%. The
bottom section showed a UTS of 469.73 MPa with 45.6% elongation. The middle section exhibited a
maximum compressive strength of 984.2 MPa. Microstructural analysis using x-ray diffraction (XRD),
electron backscatter diffraction (EBSD), and scanning electron microscopy (SEM) confirmed that the top
section contained fine-grained structures, while the bottom section exhibited coarser features. The porosity
of the material was exceptionally low at 0.0081%. FEA simulations confirmed the experimental results,
validating stress and deformation patterns. The study provides a comprehensive methodology for opti-
mizing SS309L WAAM structures for high-performance industrial applications.

Keywords bead geometry optimization, finite element analysis
(FEA), mechanical properties, microstructure,
SS309L, wire arc additive manufacturing

1. Introduction

Wire arc additive manufacturing (WAAM) represents a
swiftly developing metal additive manufacturing process that
constructs metal components in their near-final form layer by
layer through Gas Metal Arc Welding (GMAW) (Ref 1-3).
WAAM has become highly popular since it achieves rapid
deposition rates at affordable prices and produces sizable metal

structures more effectively than traditional methods, such as
PBF or DED (Ref 4-6). WAAM produces reliable results when
precise control exists over welding current, combined with
voltage and travel speed, because these three parameters
determine both bead geometry and microstructure, as well as
mechanical properties (Ref 7-9). WAAM requires the precise
adjustment of input parameters to improve performance, as it
determines both bead width uniformity and bead height, which
helps minimize manufacturing defects and ensures mechanical
consistency (Ref 10-12). GMAW-WAAM represents an excel-
lent WAAM technique because it combines easy operation with
efficient material usage and compatibility across multiple alloy
types to produce stainless steel parts (Ref 13-15). The industrial
applications of SS309L stainless steel include power plants,
chemical processing, marine operations, and heat exchangers.
The traditional manufacturing techniques for SS309L compo-
nents include casting, forging, and machining processes, as
they require extended periods and result in high costs (Ref 16,
17). WAAM technology for SS309L fabrication provides an
appealing manufacturing solution by minimizing scrap mate-
rial, enhancing operational speed, and enabling customizable
product development (Ref 18, 19). The purpose of this research
is to evaluate the mechanical and physical attributes of WAAM-
made SS309L steel using input parameter fine-tuning to
advance both structural performance and bead geometry
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formation. The analysis conducted tensile and compression
testing along with density, porosity, and microstructural
examinations to analyze how the material properties change
between build layers (top, middle, and bottom sections). FEA
simulations serve to validate experimental data while providing
insight into the implementation details, including material stress
patterns and dimensional modifications. The research results
will benefit WAAM technology development for the production
of SS309L stainless steel components while making these
products suitable for industrial sectors that require dependable,
high-strength components.

Stainless steel WAAM research now focuses on achieving
optimal process stage settings, as well as developing
microstructural transformations and enhancing mechanical
properties for superior components. According to Arunkumar
et al (Ref 20), stress behaviors in WAAM-produced SS304
showed noticeable dependence on the microstructural charac-
teristics that result from WAAM-controlled process settings.
The researchers achieved accurate mechanical property predic-
tions through a finite element analysis simulation of tensile
behavior, which yielded results with an error of less than 1%.
The research by Deviprasad et al (Ref 21) analyzed how a
change in WAAM current values impacts bead dimensions and
surface finish, along with microstructural refinement. They
found that greater current strength enlarges the build zone
dimensions and causes a degraded surface finish and deterio-
rated microstructural refinement, thus emphasizing the need for
parameter optimization. Manikandan et al. (Ref 1) optimized
WAAM process parameters using response surface methodol-
ogy (RSM) and artificial neural networks to predict bead
geometry with high accuracy (R2 = 0.964 for BW, 0.9713 for
BH). Their study identified optimal settings (135 A, 16 V,
40 cm/min), resulting in a body width (BW) of 5.8 mm and a
body height (BH) of 3.65 mm. XRD, SEM, and EBSD
analyses revealed significant microstructural variations and
changes in grain orientation, while mechanical testing showed
the highest UTS (294.11 MPa) and YS (190.38 MPa) in the
bottom section. Le and Mai (Ref 22) explored the microstruc-
tural and mechanical properties of WAAM-fabricated SS308L,

revealing that columnar dendrites with d-ferrite formation
within the c-austenite matrix contribute to anisotropic proper-
ties. Tensile tests confirmed higher UTS (552.95 MPa) and
elongation (54.13%) in horizontal specimens compared to
vertical specimens (531.78 MPa UTS, 39.58% elongation),
highlighting microstructural inhomogeneity and the need for
process optimization. Shetty et al. (Ref 21) analyzed WAAM-
fabricated SS310, noting elongated columnar grains with
epitaxial growth and d-ferrite formation along grain boundaries,
which negatively impacted mechanical anisotropy. Their find-
ings revealed lower ductility and yield strength in the
deposition direction, as well as a 33% reduction in Charpy
impact energy compared to wrought SS310, highlighting the
impact of grain structure on toughness. Yang Ke and Jun Xiong
(Ref 23) compared single-wire and double-wire feed Gas
Tungsten Arc (GTA) additive manufacturing (SWF-AM and
DWF-AM) for SS308L, concluding that DWF-AM enhances
cooling rates, refines microstructures, and improves strength
(571 MPa UTS versus 492 MPa in SWF-AM). The finer
cellular grains in DWF-AM improved hardness (174 HV versus
118 HV in SWF-AM), enhancing mechanical performance.
Chaudhari et al. (Ref 24) studied WAAM-fabricated SS309L,
identifying delicate granular structures at the bottom, columnar
dendrites in the middle, and coarser dendritic structures at the
top. Their mechanical testing results confirmed that WAAM-
fabricated SS309L achieves the desired properties. Recent
studies have explored various deposition methods and opti-
mized additive manufacturing processes using response surface
methodology (RSM) (Ref 25, 26). Elaiyarasan et al (Ref 27, 28)
investigated the wear behavior of coatings applied via electro-
spark deposition, focusing on WC-Cu composite electrodes to
enhance the wear resistance of alloys such as Ti-6Al-4V.
Similarly, research by Elangovan et al. (Ref 29) examined the
machining of AZ31B magnesium alloys using sustainable
electrical discharge machining (EDM) with B4C-enriched bio-
dielectric fluids to improve surface integrity. Furthermore,
studies on titanium alloys, such as those by Elaiyarasan et al
(Ref 30), have evaluated the tribological performance of
composite electrode-assisted electrical discharge machining
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(EDM), confirming the improved performance of WC-Cu
coatings for enhanced durability and wear resistance. These
advancements underscore the importance of optimizing process
parameters and utilizing innovative materials to achieve
superior mechanical properties and surface finishes.

Despite significant advancements in WAAM of stainless
steel, research on SS309L fabricated using WAAM remains
limited, particularly concerning the systematic optimization of
bead geometry and its correlation with mechanical, microstruc-
tural, and physical properties. Previous studies have primarily
focused on tensile properties and microstructural analysis,
without addressing comprehensive process parameter optimiza-
tion to enhance deposition quality. While RSM has been
successfully applied in optimizing other stainless steel grades,
no prior research has utilized these techniques specifically to
improve the bead geometry of SS309L. Additionally, the FEA
validation of mechanical behavior in WAAM-fabricated
SS309L remains unexplored, limiting the ability to establish a
predictive framework for stress distribution and deformation
behavior. Another significant research gap is the lack of
physical property evaluations, particularly density and porosity
measurements, which are crucial for ensuring the structural
integrity of WAAM-produced SS309L components. Further-
more, compression testing has not been extensively explored
for WAAM-fabricated SS309L, leaving a gap in understanding
how WAAM-induced thermal cycles influence compressive
strength and deformation characteristics.

This research aims to fill these gaps by applying RSM on
bead geometry optimization, which ensures functionalized
deposition characteristics without generating defects. Unlike
previous studies on WAAM, which have primarily focused on
experimental investigations, this research integrates FEA
simulation to validate the optimized WAAM parameters. This
approach enables the accurate prediction of stress–strain
distribution and mechanical performance for different build
sections. Furthermore, this study is the first to conduct
comprehensive physical property analysis, including density
and porosity measurements, on WAAM-fabricated SS309L,
ensuring structural integrity and suitability for industrial
applications. Additionally, the research performs the first
known compression test on WAAM-fabricated SS309L, pro-
viding valuable insights into compressive strength, material
deformation, and structural stability under load.

The novelty of this study lies in its multifaceted approach,
integrating process optimization, mechanical testing,
microstructural analysis, FEA validation, and physical property
assessment. This makes it the first comprehensive study on
SS309L WAAM, offering critical insights into optimizing
WAAM-fabricated stainless steel components. The findings of
this research have significant implications for aerospace,
marine, energy, and industrial applications, where high
mechanical integrity, low porosity, and optimized strength are
crucial for performance and durability.

2. Materials and Methods

2.1 Materials

In the present work, the GMAW-based WAAM technique
was employed to construct a wall on an SS316L substrate plate
(dimensions 200 9 200 9 20 mm) using SS309L wire with a

diameter of 1.2 mm. Table 1 shows the elemental makeup of
the SS309L metallic wire and SS316L substrate plate.

2.2 Wire Arc Additive Manufacturing Process

SS309L structures were built utilizing a GMAW-WAAM
technique. Precision deposition was achieved using a CNC-
operated Panasonic YD-350GR3 power source coupled with a
TA1400 6-axis robotic arm (Fig. 1b). Supplied at a steady flow
rate of 15 liters per minute (L/min), the 99.99% pure argon
shielding gas used during welding ensured a stable arc and
helped to prevent oxidation (Ref 1).

2.3 Experimental Design and Input Parameters

Systematic variation in the process parameters allowed RSM
to maximize bead width (BW) and bead height (BH). The
selected parameters include welding current, voltage, and travel
speed, as these are critical to controlling the deposition
characteristics of WAAM. The ranges for these parameters
were chosen based on a combination of literature studies,
preliminary experiments, and the need to optimize the mechan-
ical and microstructural properties of the WAAM-fabricated
SS309L. Table 2 lists the main input parameters and their
respective ranges (Ref 32).

Based on the Design of Experiments (DOE) methodology
(Ref 33, 34), twenty-seven trial runs were conducted. During
each run, single weld beads of approximately 140 mm in length
were deposited, as depicted in Fig. 1(b). Using a digital caliper,
bead width (BW) and bead height (BH) were measured three
times within the stable area of each weld bead, and the average
results are compiled in Table 3. These variations in parameters
were designed to capture the effects of each on the bead
geometry and to optimize the deposition characteristics without
generating defects.

2.4 Multi-Layer Wall Fabrication

Multi-layer walls were constructed using the chosen values,
following the identification of the ideal parameters from the
single-pass experiments. The walls consisted of ten layers
(Fig. 2), laid out in an alternating pattern to minimize distortion
and ensure consistent heat distribution. Between layers, a 40-
second cooling time was used to help appropriate heat drainage.
The distance between the contact tip of the welding torch and
the workpiece was kept constant at 12 mm throughout the
fabrication process.

Table 1 Chemical Composition of SS309L Wire and
SS316L Substrate Plate (Ref 24, 31)

Element SS309L wire, wt.% SS316L substrate, wt.%

Fe Balance Balance
Cr 22.0-24.0 16.0-18.0
Ni 12.0-15.0 10.0-14.0
Mn £ 2.0 £ 2.0
Si £ 1.0 £ 1.0
C £ 0.08 £ 0.03
P £ 0.045 £ 0.045
S £ 0.03 £ 0.03
Mo … 2.0-3.0
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2.5 Mechanical and Microstructure Characterization

The fabricated material is further machined to meet ASTM
criteria, physically and microstructurally defining the produced
material. ASTM criteria for mechanical and microstructural
characterization guided the machining of the created material.
Tensile test specimen preparation followed ASTM E8, and
compression test specimen preparation followed ASTM E9. To

Fig 1 (a) WAAM Equipment (b) Single weld

Table 2 Different Levels of Input Parameters

Input parameters Level 1 Level 2 Level 3

Current, A 100 125 150
Voltage, V 10 15 20
Travel speed, m/min 0.1 0.2 0.3

Table 3 The bead width and bead height measurements

Experiment number Current, A Voltage, V Travel speed, m/min BW, mm BH, mm

1. 100 10 0.1 3.61 3.18
2. 100 10 0.2 3.11 2.91
3. 100 10 0.3 2.74 2.41
4. 100 15 0.1 4.21 2.96
5. 100 15 0.2 3.93 2.65
6. 100 15 0.3 3.81 2.18
7. 100 20 0.1 4.85 2.67
8. 100 20 0.2 4.54 2.24
9. 100 20 0.3 4.22 1.95
10. 125 10 0.1 4.56 4.21
11. 125 10 0.2 4.15 3.95
12. 125 10 0.3 3.65 3.52
13. 125 15 0.1 5.18 3.92
14. 125 15 0.2 4.84 3.56
15. 125 15 0.3 4.75 3.25
16. 125 20 0.1 6.12 3.61
17. 125 20 0.2 5.65 3.15
18. 125 20 0.3 5.43 2.91
19. 150 10 0.1 4.03 3.65
20. 150 10 0.2 3.56 3.28
21. 150 10 0.3 3.12 2.95
22. 150 15 0.1 4.68 3.54
23. 150 15 0.2 4.33 3.22
24. 150 15 0.3 4.21 2.76
25. 150 20 0.1 5.48 3.22
26. 150 20 0.2 5.12 2.75
27. 150 20 0.3 4.85 2.45
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acquire a mirror surface, first, samples were polished using
abrasive sheets of grit levels ranging from 120 to 16,000, then
fine polishing using a diamond polishing agent (2 lm particle
size) (Ref 35). These were etched in 10 mL of Nitric Acid
(HNO2), 20 mL of Hydrochloric Acid (HCl), and 30 mL of
distilled water for 60 seconds to expose the microstructure of
the specimens. (Ref 36).

2.6 Physical Characteristics

The Archimedes apparatus consists of a weighing machine
and a workpiece holding mechanism. Initially, the samples
10 mm9 10 mm9 2 mm were cleaned using a sonication
technique. Those samples were submerged in acetone and then
set in a sonicating device for fifteen minutes. Every sample had
mass noted on two separate media: air and water. Equation (1)
and (2) allowed density and porosity to be computed from these
measured values (Ref 37):

Densit ðqeÞ ¼
Wa � qwð Þ � ðWw � qaÞ

ðWa �WwÞ
ðEq 1Þ

Porosity ¼ ðqthÞ � ðqeÞ
ðqthÞ � ðqaÞ

� 100% ðEq 2Þ

where Wa—the weight of the specimen in air, Ww—the weight
of the specimen in water, qw—density of water (1 g/cm3),
qa—density of air (0.001225 g/cm3), qe—Density of Sample.

2.7 Numerical Analysis of Mechanical Properties

The mechanical behavior of the WAAM-fabricated SS309L
was examined using FEA in COMSOL 5.6. Boundary condi-
tions were defined by fixing one side of the model, which was
designed using AutoCAD 2024 and imported into COMSOL
for simulation (Ref 38, 39). A uniform force was then applied
to the opposite side to replicate real-world loading conditions.
The model was divided into three independent regions (top,

middle, and bottom) to capture the material property variations
across the structure. Material properties such as Young�s
modulus (193 GPa), Poisson�s ratio (0.3), and density values
were integrated into the simulation based on experimental
measurements. Specifically, the density values were 7.65 g/cm3

for the top section, 7.83 g/cm3 for the middle section, and
8.45 g/cm3 for the bottom section. These properties were
critical for accurately predicting the stress–strain response,
deformation characteristics, and overall mechanical perfor-
mance of the WAAM-constructed SS309L under tensile and
compressive loading.

2.8 Response Surface Methodology (RSM) for Bead
Geometry Optimization

RSM is a statistical and mathematical method used to
establish relationships between multiple input variables and
response variables, revealing optimal processing conditions
(Ref 40-42). The design process was then performed using
Design Expert 13 software, utilizing the Optimal Design (User-
defined) model (Ref 43). With this model, experimental points
are allowed to be flexible, but data collection and analysis are
efficient (Ref 44-46). RSM was used to develop a predictive
model by systematically varying the input process parameters,
current, voltage, and travel speed, based on which the optimal
deposition conditions were determined (Ref 47). The approach
improved predictions of bead geometry accuracy and also
provided valuable insights into enhancing WAAM process
stability and mechanical performance.

3. Result and Discussion

3.1 Optimization of Process Parameters to Enhance
the Bead Geometry

3.1.1 Design of Experiment for WAAM Process Param-
eters. RSM was used to structure the DOE with an Optimal
Design (User-Defined) model in Design Expert 13 software
(Ref 48-50). Current (A), voltage (V), and travel speed (m/min)
varied at three levels, which are the key input parameters
considered for the WAAM-fabricated SS309L structures. A
total of 27 experimental runs involved the deposition and
characterization of single weld beads in terms of BW and BH.
The experimental trials aimed to systematically evaluate the
relationship between process parameters and weld bead geom-
etry, thereby developing an empirical model to predict and
optimize bead characteristics. In Table 3, all 27 experiments are
tabulated, including measurements of bead width and height
from the trials, as well as the results these trials yielded.

3.1.2 Analysis of Variance (ANOVA) for BW
and BH. The ANOVA table (Table 4) for BW illustrates
the statistical significance of the developed response model in
predicting variations in BW based on WAAM input parameters.
The F-value (187.39) and p value (< 0.0001) confirm that the
model is highly significant. Among the individual process
parameters, voltage (B) has the highest contribution of 60%,
followed by travel speed (C) at 11% and current (A) at 6%,
indicating that voltage is the most influential factor affecting
bead width. The quadratic term A2 (current squared) also has a
significant contribution of 22%, signifying that the nonlinear
effect of current impacts the bead width. Interaction terms AB

Fig 2 WAAM-fabricated wall
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(current 9 voltage), AC (current 9 travel speed), and BC
(voltage 9 travel speed) show negligible influence, as their p
values are more significant than 0.05, indicating they are
statistically insignificant. The model’s R2 value (0.99) suggests
that the input parameters can explain 99% of the variation in
BW, while the adjusted R2 (0.9847) and predicted R2 (0.9748)
indicate the model�s high accuracy in predicting BW responses.
The ANOVA table for BH follows a similar trend, with the
overall model being statistically significant (F-value: 192.66, p
value < 0.0001). In some cases, such as with the voltage-
parameter interaction (p-value = 0.071), the p value exceeds
0.05, suggesting that this factor may not significantly affect the
response variable within the level of confidence used. This
could be due to experimental variations, other dominant
parameters influencing the response, or the complexity of the
interaction. However, it is essential to consider the trends
indicated by the analysis and the context of the overall
experimental setup, as these results may still provide valuable
insights. Among the primary parameters, travel speed (C)
contributes the most (29%), followed by voltage (B) at 17%
and current (A) at 15%, highlighting that travel speed plays a
dominant role in determining bead height. The quadratic term
A2 (current squared) also significantly affects BH with a 39%
contribution, suggesting that the current�s nonlinear influence
on BH is substantial. Unlike BW, where voltage has the highest
effect, BH is more sensitive to variations in travel speed and
current. The interaction terms AB, AC, and BC remain
statistically insignificant, as indicated by their high p values
(> 0.05). The model’s R2 value (0.9903), adjusted R2 (0.9852),
and predicted R2 (0.9755) confirm its strong predictive
capability, ensuring reliable estimation of bead height under
different WAAM process conditions.

3.1.3 Contour Plot Analysis for Interaction Effects.
The contour plots (Fig. 3) illustrate the interaction effects of
process parameters Current (A), Voltage (V), and Travel Speed
(m/min) on BW and BH in the WAAM-fabricated SS309L
structure. The contour plots in Fig. 3(a) show that voltage (B)
has a more pronounced effect on BW and BH compared to
current (A). As the voltage increases from 10 to 18 V, the
bandwidth increases due to a more significant heat input, which
enhances material fluidity and allows for wider bead formation.
However, BH initially increases and then decreases, indicating
that excessive voltage results in excessive melting and spread-
ing rather than height build-up. The desirability plot suggests
an optimal region around 125a and 15v, where both BW and
BH are balanced, resulting in stable deposition. The contour
plots in Fig. 3(b) reveal that travel speed (C) has a significantly
greater influence on BH than current (A). At lower travel
speeds (0.1 m/min), the material deposition per unit length is
higher, leading to an increase in BH. As travel speed increases,
bead height decreases due to reduced material accumulation.

On the contrary, current has an impact on the BW of a bead
by widening the bead surface area with increased current. It is
shown in the desirability plot that for bead geometry which is
more or less optimum all the three factors’ target values are
52 m, 130A, and 0.2 m/min; the optimum bead geometry is
thus achieved by setting moderate values of current (120-130A)
and travel speed (0.2 m/min). A strong effect of voltage (B)
interaction with travel speed (C) on BW and BH is shown in
Fig. 3(c). Bead width increases at higher voltages and lower
travel speeds, where more heat is input and a longer time is
available for melting to occur. However, at higher travel speeds,
BW decreases due to reduced deposition per unit length. The

BH contour plot reveals that the bead height decreases with
increasing travel speed, indicating that fast motion of the probe
results in less material accumulation, a desirable region for
stable WAAM deposition at approximately A travel speed of
14-16 V and 0.2-0.25 m/min is displayed on the desirability
plot, where the balancing of BW and BH is shown to be
required for good deposition. For this, contour analysis reveals
that voltage is the primary parameter influencing BW. How-
ever, travel speed is responsible for the BH. Taking advantage
of the nonlinear interaction effects, it is clear that proper
parameter optimization is necessary to maintain uniform bead
geometry, thereby eliminating dilution or fusion defects in
WAAM-fabricated structures.

3.1.4 Residual and Model Validation Analysis. The
residual and model validation analysis for BW demonstrates
the effectiveness and reliability of the developed RSM model in
predicting bead geometry for WAAM-fabricated SS309L
structures (Ref 51, 52). The standard probability plot
(Fig. 4a) confirms that the residuals (errors between actual
and predicted values) follow a normal distribution, ensuring
that the fundamental assumption of normality is met, which is
crucial for statistical modeling. The residuals versus run plot
(Fig. 4b) indicates that the residuals are randomly distributed
around the zero line, without any discernible pattern, signifying
that the model does not suffer from systematic errors or bias.
The predicted versus actual plot (Fig. 4c) shows a strong
correlation, with data points closely following the diagonal line,
suggesting that the model provides highly accurate predictions
of bead width based on the WAAM input parameters.
Additionally, the histogram of the BW distribution (Fig. 4d)
illustrates a symmetric spread of frequencies, reinforcing the
assumption that the data are typically distributed and well-
represented. Collectively, these validation plots confirm that the
RSM model is statistically sound, well-fitted, and highly
effective in optimizing and predicting BW variations in
WAAM-fabricated SS309L structures, making it a reliable tool
for process optimization.

The residual and model validation analysis for BH confirms
the accuracy and reliability of the RSM model in predicting BH
for WAAM-fabricated SS309L structures. The standard prob-
ability plot (Fig. 5a) shows that residuals follow a normal
distribution, ensuring statistical validity. The residuals versus
run plot (Fig. 5b) exhibits a random scatter around the zero line,
indicating the absence of systematic errors. The predicted
versus actual plot (Fig. 5c) demonstrates a strong correlation,
with data points closely following the diagonal, confirming the
high accuracy of the model. The histogram (Fig. 5d) further
supports the normality of the data, displaying a well-balanced
frequency distribution of BH values. These validations confirm
that the BH model is statistically sound and practical in
predicting and optimizing bead height for WAAM processing.

3.1.5 Optimization of Process Parameters for Maximiz-
ing BW and BH. The optimization of BW and BH in the
WAAM-fabricated SS309L structure was conducted using
RSM, achieving a high desirability of 0.953 (Fig. 6). The
optimal parameter settings identified were a current of 129.569
A, a voltage of 18.6382 V, and a travel speed of 0.1 m/min.
This combination ensures maximum material deposition while
preventing excessive heat accumulation. The higher voltage
contributes to a broader bead width by increasing energy input,
leading to better fusion and spreading. At the same time, the
low travel speed enhances bead height by allowing sufficient
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material accumulation per unit length. The optimized results
yielded a bead width of 5.81931 mm and a bead height of
3.75655 mm, confirming that the chosen parameters effectively
enhance bead geometry. Finally, utilizing these optimized
settings yields a well-balanced process for WAAM of SS309L
and allows for uniform deposition and stable weld formation
while improving the structural integrity of the fabricated
components.

Having optimized these parameters, a final wall structure
comprising 10 layers was fabricated to evaluate its mechanical
and microstructural behavior. This multi-layer deposition
ensures uniform material distribution and provides a realistic
representation of WAAM-fabricated components, facilitating a
thorough study of their mechanical strength and microstructural
properties. The optimized settings thus provide a process with a

good balance for the WAAM of SS309L, resulting in uniform
deposition, stable weld formation, and enhanced structural
integrity of the fabricated components.

3.2 Microstructure Analysis of the Fabricated SS309L Wall

The analysis of the microstructure of the SS309L wall
fabricated by WAAM reveals significant variations in grain
morphology and phase distribution across different build
regions due to varying cooling rates and thermal exposure.
The top section (Fig. 7a) exhibits a refined microstructure,
primarily composed of austenite (c-phase) with dispersed
skeletal ferrite, a result of rapid cooling and reduced thermal
accumulation. The fine grains in this region indicate a high
solidification rate, which enhances hardness and tensile

Fig 3 Contour plot analysis of interaction effects
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strength, making it suitable for high-strength applications in
industries such as aerospace and energy. In contrast, the middle
section (Fig. 7b) features a columnar dendritic structure with
vertically aligned dendrites, indicative of a moderate thermal
gradient (Ref 49). This structure, comprising a mixture of
austenite and ferrite phases, provides a stable mechanical
performance, striking a balance between strength and ductility.
The bottom section (Fig. 7c) shows a coarser microstructure,
approximately three times larger in grain size, primarily
consisting of skeletal ferrite and retained austenite, due to
slower cooling and prolonged thermal exposure during succes-
sive layer deposition. This coarser-grain structure leads to
improved ductility and toughness, making the bottom section
more suitable for applications requiring resistance to deforma-

tion, such as in components subject to high-impact or cyclic
loading (Ref 53).

The XRD analysis (Fig. 7d) further supports these obser-
vations, showing characteristic peaks of austenite (c-phase) and
ferrite (d-phase) at various crystal planes. The top region
exhibits stronger austenitic peaks, indicating a higher presence
of retained austenite resulting from rapid solidification. In
contrast, the bottom area has a higher ferrite content, which
correlates with coarser grains resulting from prolonged thermal
exposure. These microstructural variations heavily influence the
mechanical properties of the fabricated structure. The refined
grain structure at the top enhances hardness and tensile
strength, whereas the coarser grain structure at the bottom
offers better ductility and toughness (Ref 54). These

Fig 4 Residual and model validation analysis for the BW model
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microstructural differences highlight the importance of control-
ling thermal cycles during WAAM to tailor material properties
for specific industrial applications, such as high-strength
components at the top and tough, deformation-resistant parts
at the bottom.

3.3 The SEM and EDS Analysis

SEM and EDS analysis (Fig. 8) reveals high microstructural
and compositional variations in the WAAM-fabricated SS309L
structure across the top, middle, and bottom sections, resulting
from differing levels of heat exposure and cooling rates during
the deposition process, layer by layer. Grain morphology and
phase distribution are seen on SEM images, and EDS spectra
track the elemental composition of each section.

The SEM image in the top section shows a generally fine
dendritic structure with well-developed cellular boundaries (see
Fig. 8a). This finer microstructure is attributed to the rapid
cooling rate at the surface, where heat dissipation into the
surrounding environment occurs more efficiently (Ref 49). The
presence of skeletal ferrite and austenite phases is visible, with
a high Ni and Cr content promoting the stability of austenite.
The EDS analysis (Fig. 8a1) confirms the composition, with
64.23% Fe, 23.81% Cr, and 11.79% Ni, ensuring corrosion
resistance and mechanical strength. The Mo content (0.13%) is
minimal, indicating reduced carbide precipitation. The middle
section (Fig. 8b) presents a coarser dendritic microstructure,
indicating a moderate cooling rate compared to the top region.
This region experiences repeated heating and cooling cycles as
new layers are deposited above it, leading to the development
of both skeletal ferrite and retained austenite phases (Ref 55).

Fig 5 Residual and model validation analysis for the BH model
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The EDS results (Fig. 8b1) show 61.93% Fe, 31.62% Cr, and
5.79% Ni, with an increased Cr content contributing to
enhanced corrosion resistance. Additionally, the Mo concen-
tration (0.63%) is slightly higher, influencing the stability of the
ferritic phase. The bottom section (Fig. 8c) shows coarsened
dendritic formations and irregular grain morphology, primarily
due to prolonged thermal exposure and reheating from the
continuous deposition of upper layers. The grain growth in this
region is more pronounced, leading to a structure dominated by
ferrite with retained austenite. The EDS analysis (Fig. 8bc1)
confirms that the bottom region contains 61.63% Fe, 24.81%
Cr, and 13.28% Ni, with the highest Ni content, which
enhances austenite stability and toughness. The Mo content
(0.25%) remains moderate, contributing to localized carbide
formation. Finally, it is concluded that the microstructure and
composition of SS309L are influenced by the thermal cycles of
WAAM (Ref 56). The top region exhibits improvement in
mechanical strength due to the finer grains. Still, the bottom
section, due to the coarser grains, has a lower impact on the
ductility and toughness. The technology strikes a balance
between phase stability and mechanical performance in the
middle region. It is found that microstructural control, achieved
through the optimization of WAAM parameters, is crucial for
obtaining the desired mechanical properties and corrosion
resistance of SS309L additive-manufactured components.

3.4 Grain Structure Analysis

A grain structure analysis of a WAAM SS309L wall was
conducted from the bottom, middle, and top sections through
Electron Backscatter Diffraction (EBSD) to understand grain

morphology, orientation distribution, and grain size variations
along the build direction. The IPF maps (Fig. 9a, b, and c) for
the bottom, middle, and top sections show distinct variations in
grain morphology. The bottom section exhibits coarse,
equiaxed grains, indicating slower cooling rates and prolonged
thermal exposure due to successive layer deposition. In
contrast, the middle region exhibits a transitional grain
structure, characterized by a mix of columnar and equiaxed
grains, which results from intermediate cooling rates and heat
accumulation from adjacent layers. The top section demon-
strates fine columnar grains, formed due to rapid solidification
at the surface, where heat dissipation is more efficient. The
grain refinement at the top contributes to enhanced mechanical
strength compared to the bottom region, where larger grains
may reduce strength and increase ductility (Ref 57).

The pole figures (Fig. 9d, e, and f) provide insights into the
crystallographic texture of the WAAM-deposited SS309L wall.
The intensity distributions suggest variations in texture strength
across different regions. The bottom section exhibits the highest
texture intensity (max = 5.623), indicating a strong preferred
orientation resulting from extended thermal exposure and
slower cooling rates, which allowed grains to grow in specific
orientations. The middle section shows a moderate texture
intensity (max = 4.935), reflecting a balanced grain growth
influenced by directional heat flow. The top section exhibits the
lowest texture intensity (max = 3.893), confirming the presence
of finer grains with a weaker preferred orientation, which is
attributed to rapid cooling and inhibits grain growth in the
dominant crystallographic direction.

The grain size distribution histograms (Fig. 9g, h, and i)
further highlight the grain evolution along the build height. The

Fig 6 The optimization of BW and BH
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bottom section has the largest average grain size (269.54 lm),
indicating prolonged grain growth due to heat accumulation
from continuous layer deposition. The middle section shows a
reduced average grain size (151.32 lm) due to a balance
between heat input and cooling rates. The top section exhibits
an average grain size of 195.67 lm, which is larger than the
middle section but smaller than the bottom, reinforcing the
effect of rapid solidification at the final deposited layers. The
histograms of grain size distribution, on the other hand, show
that the middle and the top sections have a more uniform grain
size distribution. In contrast, the bottom section has a wider
range of grain sizes, implying non-uniform heat dissipation.
Finally, the grain structure analysis verifies the considerable
variation of grain morphology, texture, and size in the SS309L
wall fabricated using WAAM. Strong texture orientation exists
within the coarsest grains present in the bottom region, which
causes ductility and lower ductility. It has a balanced
microstructure in the middle section that gives an appropriate
compromise between strength and toughness. It has finer grains
on the top section with a weaker texture, which provides
mechanical strength due to the heat rate. These findings are
found to be significantly influenced by the solidification
behavior as well as the thermal gradients in WAAM. They

are dependent on optimum process parameters to obtain a
defect-free, uniform microstructure.

3.5 Mechanical Test Analysis

3.5.1 Tensile Test Analysis. Results from the tensile test
of the WAAM-fabricated SS309L wall (Fig. 10) indicate
consistently high variations in the yield stress, ultimate tensile
strength (UTS), and elongation at fracture between the top,
middle, and bottom portions due to microstructural variation
associated with thermal cycles and cooling rates during the
deposition process.

In the top section, the yield stress is the highest because the
grains are smaller in size. It is difficult to deform plastically;
this is also because the material was rapidly cooled, resulting in
finer grains. It is the middle section with a yield stress of
423.82 MPa, and finally, at the bottom, where coarser grains
formed due to increased time at elevated temperature. The case
with the UTS follows the same trend, with the top section
having the highest UTS (561.81 MPa), the middle section
(545.32 MPa), and the bottom section (469.73 MPa), which is
caused by grain coarsening and increased ferrite content,
resulting in a lowering of tensile strength. Although it shows an
inverse trend concerning elongation (%), the bottom section,

Fig 7 Microstructure analysis at (a) top (b) middle (c) bottom portion and (d) XRD analysis
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which has the highest elongation (45.6%), is more ductile
compared to the middle (41.8%) and top (41.2%) sections.

The stress–strain diagram of SS309L at WAAM (Fig. 11)
illustrates that the material showed an increase in strength as
fine grains were obtained at the top section, while showing less
ductility. Black in the middle section provides high strength and
ductility, while the bottom section has the highest elongation,
but the lowest strength due to the coarse grains. These
variations suggest the thermal effects of WAAM on the
modified mechanical properties along the build direction. It
implies that while the top section supports higher strength
stemming from fine-grained microstructure, it is at the expense
of ductility. In contrast, the bottom section has better toughness

in return for smaller tensile strength. It is a suitable compromise
in the area of mechanical performance because the middle
section is balanced between strength and elongation. The
findings show that thermal changes in the WAAM have a
dramatic impact on the mechanical properties, and process
optimization is a key factor in realizing the required strength,
ductility, and structural integrity in stainless steel components.

The compression test findings of the WAAM-fabricated
SS309L wall indicate (Fig. 12) variations in yield stress and
final compressive strength among the top, middle, and bottom
portions, attributable to disparities in microstructural evolution
and thermal exposure throughout the additive manufacturing
process. It has the highest yield stress (369.23 MPa) at the top

Fig 8 The SEM analysis of portion at (a) top (b) middle (c) bottom and EDS analysis (a1) top (b1) middle and (c1) bottom
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section, 358.7 MPa at the middle section, and 354.24 MPa at
the bottom section. The yield stress is therefore similar to this
trend; the top section property corresponds to the grain
refinement at the top from rapid cooling to increase mechanical
strength, while the lower section exhibits slightly less yield
stress due to coarser grains formed during prolonged heat
accumulation. In the same way, the ultimate stress values do not
vary significantly in any of the sections, with the middle section
showing the most significant stress (984.22 MPa), the top and
bottom have (983.6 MPa) and (978.95 MPa), respectively. The
slight variation in ultimate stress shows that the compressive
load-bearing capability of the SS309L fabricated via WAAM is
strong across the build direction. The middle region has a well-
balanced grain structure to optimize strength and ductility. The
lower ultimate stress at the bottom is attributed to higher ferrite
content and larger grain structures that can decrease strength
but improve deformation capacity. Overall, the results corrob-

orate that both relevant mechanical properties of WAAM
SS309L-fabricated components are excellent and are enhanced
by grain refinement at the top and the middle section, where the
top addition zone shows higher yield stress. In contrast, the
middle section offers the best balance between strength and
plastic deformation resistance.

3.5.2 FEA Simulation Analysis. The von Mises stress
distribution in the WAAM-fabricated SS309L tensile specimen
has been evaluated to determine the result through FEA using
COMSOL Multiphysics. Under applied tensile loading, the
stress concentration and deformation behavior are obtained
from the simulation results. The maximum deformation occurs
in the central gauge region (Fig. 13a) where the maximum
stress concentration (5.59 9 108 N/m2) is found in the top
section. The high stress is in part due to the fine-grained, high-
strength microstructure at which expense ductility is lost. As

Fig 9 Grain structure analysis (a-c) inverse pole figure (IPF) maps, (d-f) pole figures, and (g-i) grain size distribution histograms
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seen in the middle section (Fig. 13b), a little less peak stress
(5.35 9 108 N/m2) is reported, which might suggest an equal
state of strength versus deformation. Moderate stress distribu-
tion is obtained due to the compromise between strength and
elongation, as a result of the grain structure and phase
distribution in the middle region. The von Mises stress of this
bottom section (Fig. 13c) (4.6 9 108 N/m2) is also the lowest
from the coarser grain structure and such a high ferrite fraction,
as it does not provide hardness but does give ductility and low
tensile strength. It further confirms the experimental results
with the top section having the highest stress and lowest
elongation, the middle section having the balanced stress and
elongation, and the bottom section having the highest elonga-
tion and lowest stress. This FEA analysis is used to validate the

tensile behavior of WAAM-fabricated SS 309 l and to show
how thermal effects and microstructural variations affect tensile
strength.

The FEA compression test simulation of WAAM-fabricated
SS309L shows von Mises stress distribution under a 49,008 N
load. The top section (Fig. 14a) exhibits the highest stress
(9.71 9 108 N/m2) due to its fine-grained structure, enhancing
strength but limiting deformation. The middle section
(Fig. 14b) has a slightly higher peak stress (9.78 9 108 N/
m2), offering a balance between strength and ductility. The
bottom section (Fig. 14c) shows the lowest stress
(9.6 9 108 N/m2) due to coarser grains and higher ferrite
content, improving ductility but reducing strength. The results
confirm that microstructural variations in WAAM significantly
impact compressive performance, with the top section provid-
ing higher strength, the middle offering stability, and the
bottom enhancing deformation resistance.

3.5.3 Validation of Experiment Results with FEA Anal-
ysis. A strong correlation is shown between experimental and
numerical (FEA) results for tensile and compression testing of
WAAM-fabricated SS309L, therefore verifying the depend-
ability of the FEA model. In tensile testing (Table 5), the
maximum experimental stress values for the top, middle, and
bottom sections were 561.81, 545.32, and 469.73 MPa,
respectively. In comparison, the corresponding FEA-predicted
values were 559, 535, and 460 MPa. The slight variation
between experimental and numerical values (�2-3%) is
attributed to microstructural heterogeneity, residual stresses,
and minor imperfections in experimental conditions.

In compression testing (Table 6), the experimental maxi-
mum stress values for the top, middle, and bottom sections
were 983.6, 984.2, and 978.95 MPa. In comparison, the
numerical values were 971, 978, and 600 MPa, respectively.
Even fewer variances (�1-2%) in the compression findings
indicate that the FEA model accurately predicts the material’s
compressive behavior. The congruence between the experi-

Fig 10 Tensile test results

Fig 11 Stress–strain diagram for tensile test
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mental and numerical data ensures that the FEA model
accurately reflects the mechanical behavior of WAAM-fabri-
cated SS309L, thereby confirming its suitability for predicting

stress distribution and optimizing WAAM process parameters
for enhanced structural performance.

During the validation of the FEA model against experimen-
tal data, slight discrepancies of approximately 2-3% were

Fig 12 Compression test results

Fig 13 FEA findings for tensile testing simulation outcomes: (a) top, (b) middle, and (c) bottom
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observed between the experimental and simulated stress values
for both tensile and compressive testing (Tables 5 and 6). These
minor variations can be attributed to factors such as microstruc-
tural heterogeneity, residual stresses, and minor experimental
imperfections. However, the overall trend and mechanical
behavior predicted by the FEA model closely match the
experimental results. The slight differences are considered
acceptable, and they do not undermine the reliability or
accuracy of the FEA model in predicting the mechanical
performance of WAAM-fabricated SS309L.

3.5.4 SEM Analysis of Tensile Fractured Surfaces
for WAAM-Fabricated SS309L. The SEM analysis of the
fractured tensile specimens of the WAAM-fabricated SS309L
wall provides insights into the fracture mechanisms and
ductility variations across the build direction. The micrographs
reveal dimpled fracture surfaces, characteristic of ductile
failure, where material deformation occurs before fracture due
to the nucleation, growth, and coalescence of voids.

In the top section (Fig. 15a), the SEM image displays
numerous fine and deep dimples, indicating high plastic
deformation before fracture. The smaller dimple size and
higher density suggest that the fine-grained microstructure in
this region enhances strength, leading to localized plastic
deformation. This correlates with the higher tensile strength but
lower elongation observed in the experimental results, as the
material absorbs significant stress before failure but exhibits
limited ductility. The mixed-mode fracture surface is shown for
the middle section (Fig. 15b), with moderate dimple size and
distribution. Indeed, this implies a compromise between
strength and ductility as a stable thermal gradient characterizes
the middle region during the WAAM process. Here, in this
region, the grain structure is of both columnar and equiaxed
grains, leading to balanced fracture behavior in which void
formation and coalescence are more uniform. Figure 15(c)
shows the bottom section (with larger and deeper dimples,
implying higher ductility) than the other two regions. This
region has a coarser microstructure and higher ferrite content to
permit more considerable plastic deformation before failure.
(Ref 58, 59). The higher experimental elongation values
confirmed that when subjected to strain energy, the bottom
region absorbs more strain energy before fracture and is thus
more resistant to brittle failure. Finally, the SEM fracture
analysis reveals that the microstructure significantly influences
the fracture behavior of WAAM-fabricated SS309L. Finer
grains result in the top section fracturing with little plasticity;

Fig 14 FEA findings for compression testing Simulation outcomes: (a) top, (b) middle, and (c) bottom

Table 5 Comparison of simulation and experimental
values for the tensile test

Sl. no. WAAM SS309L

Maximum stress, MPa

Experimental Simulation

1 Top 561.81 559
2 Middle 545.32 535
3 Bottom 469.73 460

Table 6 Comparison of simulation and experimental
values for the Compression Test

Sl. no. WAAM SS39L

Maximum stress, MPa

Experimental Simulation

1 Top 983.6 971
2 Middle 984.2 978
3 Bottom 978.95 960
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the middle section exhibits the same balance of ductility
response; and the bottom section has the highest ductility and
most prominent dimples. The mechanical property trends
observed through tensile testing are validated by these findings,
which demonstrate that thermal effects and grain evolution play
essential roles in WAAM structures.

3.6 Physical Property Analysis of WAAM-Fabricated
SS309L: Density and Porosity

The density and porosity measurements of the WAAM-
fabricated SS309L were taken in the top, bottom, and middle
sections to verify material integrity and structural uniformity.
The density values are presented in Table 7, and the porosity
percentage at different build heights is presented in Table 8.

The values indicate that it increases gradually from the top
to the bottom section. The densities are in ascending order from
the bottom section (8.451 g/cm3), the middle section (7.836 g/
cm3), and again the top section (7.652 g/cm3). The phe-
nomenon is attributed to the effect of thermal cycles and
deposition sequence in the WAAM process. In deposition, the
bottom layers are subjected to repeated multiple reheating
cycles by the subsequent layers to achieve better material
consolidation, minimal void formation, and higher densifica-
tion. A very slight density variation is introduced due to

incomplete fusion and microvoid formation in the top layers,
which cool more rapidly.

This observation is supported by the porosity analysis of the
sections (Table 8), where the top section has a porosity of
0.0075, the middle section is 0.0076, and the bottom section is
0.0081%. This slight increase in porosity at the bottom section
likely results from increased heat input and prolonged thermal
exposure, which may have led to gas entrapment and microvoid
formation during the solidification process. Compared to all the
sections, the porosity levels are very low, suggesting high-
quality deposition and fewer defects. Therefore, the density and
porosity results indicate that the WAAM SS309L structure
remains intact; the densities are higher at the bottom due to
thermal effects, and there is slightly higher porosity resulting
from gas entrapment. This emphasizes the need to optimize
process parameters so that heat input, deposition rate, and
cooling mechanism can be controlled to achieve uniform
density and minimal porosity in additively manufactured
stainless steel components.

Fig 15 Tensile test fractured surface morphology (a) top (b) middle, and (c) bottom
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4. Conclusions

WAAM-fabricated SS309L stainless steel has been thor-
oughly analyzed, revealing significant variations in strength,
ductility, grain structure, and density along the build direction.
This analysis confirms that thermal cycling plays a pivotal role
in shaping the microstructure of the fabricated wall, thus
influencing its mechanical behavior. The fine-grained
microstructure in the top section leads to the highest yield
strength (435.63 MPa) and ultimate tensile strength
(561.81 MPa). In contrast, the bottom section, with a coarser
grain structure and higher ferrite content, exhibits slightly lower
tensile strength (469.73 MPa UTS) but improved elongation
(45.6%). Compression testing further supports these observa-
tions, showing a higher compressive strength in the top section
(983.6 MPa) compared to the bottom section (978.95 MPa),
illustrating the tradeoff between strength and ductility.

SEM and EBSD analyses reveal grain refinement at the top
and coarser columnar grains at the bottom, attributed to
prolonged thermal exposure during layer deposition. XRD
analysis confirms a higher austenite content in the top region,
which enhances strength, while the bottom region exhibits
increased ferrite content, improving ductility. Fractography
analysis of tensile specimens also highlights that the top section
exhibits increased strength with reduced plasticity, as indicated
by finned fracture surfaces. In contrast, the bottom section
shows larger dimples, signifying enhanced ductility and energy
absorption. The numerical simulations, conducted through
FEA, align closely with the experimental results for both
tensile and compressive tests, validating the accuracy of the
model. The FEA simulations confirm that the top section
experiences greater stress, while the bottom section demon-
strates higher deformation capacity.

Density and porosity measurements revealed the highest
density of 8.451 g/cm3 at the bottom, which is attributed to
reheating that facilitated material consolidation. In contrast, the
top section exhibited a lower density of 7.652 g/cm3 due to
rapid cooling. The mechanical performance and microstructural
stability of WAAM-fabricated SS309L indicate a strong
balance, with the top section being suitable for high-strength
applications and the bottom section excelling in toughness and
ductility. These findings suggest that WAAM can be effectively
used to fabricate stainless steel components for advanced
engineering applications, offering enhanced structural integrity
and performance. The validated FEA model offers a depend-

able framework for optimizing WAAM processes and predict-
ing mechanical behavior, thereby ensuring efficient and high-
performance component manufacturing. Future research can
build upon these findings to refine process parameters, reduce
defects, and further enhance the structural integrity of parts
fabricated through WAAM.
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Middle 0.0076 0.0003 ± 0.0003
Bottom 0.0081 0.0004 ± 0.0004
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