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Wire Arc Additive Manufacturing (WAAM) offers significant potential for enhancing steel component production.
This review addresses critical challenges associated with WAAM, including defect formation, process optimi-
zation, and property enhancement. The review categorizes defects, such as porosity, cracks, and lack of fusion,
and correlating them with process parameters including wire feed rate and travel speed, to identify key factors
influencing component quality. The existing literature reveal that porosity can reduce tensile strength by 15-20

% and fatigue life by up to 50 %, while cracks can lead to a strength reduction of up to 30 %. Strategies for
mitigating these defects, including process optimization, post-processing techniques, and emerging technologies,
are discussed. Specifically, strategies to control heat input, reduce residual stresses, and refine microstructure
have been shown to significantly improve build quality, mechanical properties, and overall performance of
WAAM-produced steel component. This review provides valuable insights for industry practitioners for over-
coming existing challenges and advancing the application of WAAM in steel production.

1. Introduction

Additive manufacturing (AM), a revolutionary fabrication process,
has emerged as a powerful tool for creating complex components layer-
by-layer without the constraints of traditional subtractive methods
[1-4]. This technology offers unprecedented design freedom, enabling
the production of intricate geometries and customized parts that were
previously unattainable [5,6]. AM’s potential for rapid prototyping,
repair, and tool manufacturing has garnered significant attention in
various industries [7,8].

The steel industry has embraced AM as a means to enhance product
development, reduce material waste, and improve component perfor-
mance. Mild steel, in particular, has proven to be a suitable feedstock for
AM processes due to its availability, cost-effectiveness, and well-

established material properties. By leveraging AM techniques, the
steel industry can unlock new opportunities for creating high-value
components with tailored properties and complex geometries.

Steel, a ubiquitous ferrous alloy, is renowned for its exceptional
tensile strength, ductility, and cost-effectiveness, making it an indis-
pensable material in engineering applications [9]. Mild steel, a variant
with a low carbon content, offers particular advantages due to its
malleability and the potential for precise microstructure control through
deposition parameters and alloying adjustments [10]. This versatility
has led to its extensive use across sectors such as construction, maritime,
oil and gas, wind energy, and automotive [11-14].

AM technology incorporates components like feedstock, motion
systems, and heat sources to cater to diverse applications [15]. The heat
source in AM can be an arc [16,17], electron beam [18,19], or laser

Abbreviations: AM, additive manufacturing; BJ, binder jetting; BOM, beads overlapping model; BTF, buy-to-fly ratio; CAD, computer aided design; CMT, cold
metal transfer; CMT-PADV, cold metal transfer with monitored short-circuiting; CRM, critical raw material; DED, directed energy deposition; FE, finite element;
GMAW, gas metal arc welding; GPR, Gaussian process regression; GTAW, gas tungsten arc welding; HAZ, heat-affected zone; HHHT, high heat input-high interlayer
temperature; HI, heat input; LHLT, low heat input-low interlayer temperature; MAM, metal additive manufacturing; MBO, multiple-bead oscillation; PAW, plasma
arc welding; PBF, powder bed fusion; PBT, powder-bed technologies; RSM, response surface methodology; SBHH, single-bead high-heat; SBLH, single-bead low-heat;
SEM, scanning electron microscopy; SL, sheet lamination; SLSP, single-layer single-pass; SW, surface waviness; TOM, tangent overlapping model; TS, travel speed;
UTS, ultimate tensile strength; WAAM, wire arc additive manufacturing; WFS, wire feed speed; XRD, X-ray diffraction.
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Fig 1. Classification of MAM according to EN ISO/ASTM 52921 (2015) standard [24].

beam [20-23], while feedstock materials include powder, wire, or sheet
metals [24].

Metal additive manufacturing (MAM) can be categorized as direct
MAM and indirect MAM as presented in Fig. 1 based on EN ISO/ASTM
52921 (2015) standard [24]. Indirect MAM involves applications like
material extrusion, material jetting, and vat photo-polymerization,
which are used to create tools or master patterns for conventional
manufacturing techniques [25]. On the other hand, direct MAM tech-
niques such as directed energy deposition (DED), powder bed fusion
(PBF), sheet lamination (SL), and binder jetting (BJ) directly create final
metal products [26,27]. Indirect MAM is closely associated with tradi-
tional production methods for non-metallic materials [28,29].

Wire Arc Additive Manufacturing (WAAM) is a specialized form DED
that utilizes an electric arc as a heat source to melt and deposit a metal
wire layer-by-layer, creating three-dimensional objects [30,31]. While
the underlying principle of arc welding has been employed for centuries,
the integration of computer numerical control (CNC) technology in
recent decades has transformed WAAM into a sophisticated additive
manufacturing process [32].

A WAAM system typically consists of a controlled motion system, a
power supply for the electric arc, and a wire feed mechanism. The
process begins with a digital design, which is then converted into a series
of cross-sectional slices. Each layer is sequentially deposited by melting
the wire with the electric arc and guiding the molten material onto the
substrate [33,34]. This additive approach enables the creation of com-
plex geometries with intricate details that would be challenging or
impossible to produce using traditional manufacturing methods [15,
35].

WAAM has emerged as a compelling choice for the production of
steel components due to its ability to achieve a balance between high
deposition rates, material versatility, and geometric complexity.
Compared to other AM techniques, WAAM often offers lower capital
investment and operational costs, making it an attractive option for
various industries [36,37].

WAAM allows for a 75 % decrease in critical raw material (CRM)
consumption, as well as a 40 % to 60 % reduction in production times as
compared to machining, according to the component size and geometry
[15,38]. Another benefit of WAAM over other metal additive tech-
niques, including powder-based techniques, is its cheap capital and raw
material costs [39]. When compared to other AM technology such as
powder-bed technologies (PBT), the WAAM process is thought to be
much more appealing and economical. This is demonstrated by the en-
ergy consumption, which is 90 % less than PBT. Further, the cost of
manufacturing, which comprises raw materials cost. Besides, the size of
components, which are not just restricted to celled printing [40,41]. In
the WAAM process, the raw material is deposited at a deposit rate of
approximately 9.6 kg/hr., which is much more than 0.6 kg/hr. reached
through conventional PBT methods. Almost any substance that is
available as welding wire, such as steel, aluminum, titanium, and alloys
based on nickel, may be used in WAAM [42-46].

Table 1
Recently published review articles.
Ref. no. Specific Building Defects  Quality Microstructure
Material Technique improving  and mechanical
properties
[52] Magnesium v v x v
[53] Various v v v x
[54] Various v x x x
[55] Steel, Ni 4 x x v
based alloy,
aluminum,
titanium,
and high
entropy
alloys.
[56] Steel x x x v
[571 Stainless v v x v
steels
[58] Magnesium 4 v x v
alloys
[59] Various v v v x
[43] Various 4 v v x
[60] Nickel v x x v
aluminum
bronze
(NAB)
[61] Magnesium v x x v
alloys
[62] Various 4 v v x
[63] Various v x x v
[64] Aluminum v v v x
[65] 18 % nickel v x v v
Maraging
steels
Current Steel v v v v
Work

WAAM offers the flexibility to fabricate steel alloy parts of various
sizes, depending on the welding equipment [47]. Key parameters such as
electric current, wire feed speed (WFS), and travel speed (TS) can be
precisely controlled in WAAM [48,49], exerting a significant influence
on the microstructure and mechanical properties of the manufactured
steel products [50,51]. Additionally, the proper selection of the building
technique and effective elimination of existing defects are crucial for
achieving high-quality components.

This review aims to comprehensively explore the current state-of-
the-art in Wire Arc Additive Manufacturing (WAAM) for steel alloys.
By analyzing the existing literature, this review seeks to identify and
assesses the primary challenges hindering the widespread adoption of
WAAM in the steel industry. Furthermore, it explores recent advance-
ments and emerging techniques developed to address these obstacles.
Through a systematic investigation of defect types, root causes, and
mitigation strategies, this review provides valuable insights into
enhancing the quality, efficiency, and overall performance of WAAM-



M. Dekis et al.

Wire feeding unit

Shielding gas (CO,)

Workpiece

Results in Engineering 26 (2025) 104657

V-groove

’\ Welding gun

. . O
Welding wire

- X-axis motor
Y-axis motor

Fig. 2. Schematic diagram of the GMAW process [75].

produced steel components (see Table 1).
2. WAAM techniques of steel alloys

WAAM encompasses several techniques for fabricating steel alloys,
including gas metal arc welding (GMAW), gas tungsten arc welding
(GTAW), and plasma arc welding (PAW) [66,67]. These techniques offer
the ability to create large, complex, and high-quality steel components
for various industrial applications. Researchers and manufacturers
continue to explore and improve these techniques to improve the per-
formance and efficiency of steel WAAM. The selection of the appropriate
WAAM process involves considering factors such as welding technique,
process variables, shield gas, wire, and motion [68-71].

The materials employed in WAAM of steel are critical determinants
of the final product’s properties. Primarily, steel alloys serve as the base
material, providing the structural foundation for the component. The
filler wire, typically composed of a similar or compatible steel alloy, is
melted and deposited layer-by-layer to form the desired geometry.
Shielding gases, such as argon or carbon dioxide, are essential to protect
the molten metal from atmospheric contamination, ensuring weld
quality. The selection of these materials is influenced by factors
including desired mechanical properties, corrosion resistance, cost, and
process compatibility. For instance, low-carbon steel wires are
commonly used for general construction applications, while stainless
steel wires might be preferred for components requiring corrosion
resistance [72].

2.1. WAAM techniques utilizing GMAW

GMAW is a core process in WAAM, involving the formation of an
electric arc between a consumable electrode wire and the substrate
metal. Typically, the wire is held at a near-perpendicular angle
(approximately 90 degrees) to the substrate for optimal metal transfer.
In single-wire configurations, torch rotation is generally unnecessary,
enabling unrestricted movement of the deposition head [68,73]. Fig. 2
illustrates a simplified schematic of the GMAW process, highlighting the
key components and their interactions [74].

GMAW encompasses various metal transfer modes, each with
distinct characteristics. Globular transfer is characterized by large,
spherical droplets that detach from the wire end and transfer to the weld
pool. Short-circuiting transfer involves frequent short circuits between
the wire and the workpiece, resulting in small metal droplets. Spray
transfer produces a fine spray of molten metal droplets, suitable for
high-deposition rates. Pulsed spray transfer combines elements of short-
circuiting and spray transfer, offering control over droplet size and

deposition rate. CMT stands for an advanced method of metal transfer
that enhances the GMAW process over short-circuit conditions. It relies
on controlled dip transfer, wherein the wire electrode changes contin-
uously at high frequency after each short circuit event. This controlled
motion allows the previously deposited metal droplet to cool before the
next one is added. CMT’s advantages include rapid deposition rates and
low heat input (HI), making it highly suitable for various AM applica-
tions, particularly for steel components [76-78].

2.2. WAAM techniques utilizing GTAW

To generate the weld deposit in GTAW, a non-consumable tungsten
electrode serves as the heat source, while a separate wire is supplied for
the material deposition. The orientation of the wire feed during the
deposition process significantly influences material transfer and the
quality of the deposition. A mathematical model has been developed to
optimize the location and direction of the wire feed, aiming to achieve
optimal deposition accuracy [79].

The gap between the shielding nozzle and the substrate varies based
on the arc length. To promote effective oxidation-reduction, a gas nozzle
can be utilized to facilitate the development of laminar flow in the
shielding gas [80-82]. This laminar flow plays a crucial role in ensuring
proper shielding during the welding process, contributing to improved
deposition quality and reduced oxidation.

2.3. WAAM techniques utilizing PAW

The PAW within the realm of WAAM represents a notable advance-
ment in the field of additive manufacturing. PAW, characterized by its
concentrated energy and high welding speeds, offers a host of benefits
that can be harnessed to elevate the capabilities of WAAM processes. The
precision and localized energy delivery intrinsic to PAW make it
particularly well-suited for fabricating intricate and intricate structures,
thereby expanding the design possibilities for complex components. The
controlled and concentrated HI of PAW ensures efficient material fusion,
leading to enhanced layer bonding and improved overall part integrity.
By utilizing PAW, the WAAM process gains the advantage of reduced
heat-affected zones and minimized thermal distortion, resulting in
components with improved dimensional accuracy and reduced residual
stresses [59]. This adaptability extends across diverse material types and
thicknesses, further bolstering the versatility of PAW for WAAM appli-
cations. As additive manufacturing continues its trajectory toward in-
dustrial integration, the incorporation of PAW technology holds
immense potential for elevating the precision, quality, and efficiency of
additive manufacturing processes.
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cracks. These defects, as outlined in Table 2, can significantly impact the
material properties and component performance [38,92].

The selection and control of process parameters are critical in miti-
gating defect formation during WAAM. WEFS, a pivotal parameter, in-
fluences HI and material deposition. Excessive WFS can lead to
increased HI, resulting in larger melt pools, higher porosity, and po-
tential hot cracking. Conversely, low feed rates may cause insufficient
HI, leading to lack of fusion and cold laps. TS also significantly impacts
defect formation. High TS can result in shallow penetration, lack of
fusion, and increased porosity, while low speeds may cause excessive HI
and increased porosity. Arc current and voltage directly influence HI and
melt pool size. Excessive values can lead to increased porosity and
reduced mechanical properties, while insufficient values can result in
poor bead formation and lack of fusion. Gas flow rate is essential for
shielding the weld pool. Excessive flow rates can cause rapid cooling and
increased thermal stresses, while insufficient flow rates can lead to
oxidation and porosity. Other parameters such as torch angle and
powder injection also play roles in defect formation. By carefully opti-
mizing these parameters, it is possible to minimize defect occurrence
and enhance the overall quality of WAAM components.

3.5. Residual stress and distortion

Residual stress and distortion are inherent challenges in the WAAM
process, similar to other additive manufacturing and thermomechanical
processes [100]. Residual stress refers to stresses that persist in a ma-
terial even after external forces have been removed, which is responsible
for the distortion and damage of components [101]. The layer-by-layer
nature of WAAM results in a complex thermal cycle with melting,
remelting, and reheating of the material. The non-equilibrium condi-
tions, characterized by rapid cooling rates and thermal gradients, lead to
the presence of residual stresses [102-104]. These residual stresses can
lead to part deformation, layer delamination, reduced geometric toler-
ance, and compromised mechanical properties, including fracture
resistance and fatigue performance [89,105-108]. Managing residual
stresses is crucial for ensuring the quality and performance of WAAM
components [109].

The residual stresses can be assessed using destructive and non-
destructive techniques. Destructive methods, such as ring-core drilling,
serial sectioning, and hole drilling, rely on mechanical stress relaxation.
Non-destructive approaches involve measuring lattice spacing using
diffraction methods, as well as using the speed of sound and Barkhausen
noise techniques [106,110-112].

3.6. Porosity

Porosity refers to the presence of gas trapped in the components
leading to the formation of pores. It is considered another crucial aspect
in WAAM to ensure optimal component quality. The porosity negatively
affects the mechanical characteristics of fabricated components,

including fatigue resistance, anisotropy, oxidation, and corrosion resis-
tance [113,114]. The types and shapes of pores in components can
significantly affect their characteristics. Clusters or irregularly shaped
pores are considered more detrimental to mechanical properties
compared to spherical pores, especially when they are oriented
perpendicular to the loading direction. These types of pores can lead to
reduced strength and structural integrity of the components, high-
lighting the importance of minimizing their presence during the WAAM
process [115-118].

The porosity in WAAM can be categorized into two main types:
material-based porosity and process-based porosity, as shown in Fig. 4.
Material-based porosity is related to the feedstock, which includes the
wire and substrate. Surface contaminants like oils, dust, grafting, hydro-
carbon mixtures, and moisture present in the feedstock can be chal-
lenging to be eliminated. During the process, the molten pool can
quickly absorb these contaminants, leading to the formation of porosity
during solidification [119-121].

Process-based porosity, on the other hand, can result from poor path
design or an unstable deposition procedure. One significant cause of
process-based porosity is the formation of keyholes, which occurs due to
the high energy density during deposition, leading to gas trapping and
localized vaporization. Keyholes are relatively large pores, either hori-
zontally circular and elongated in the building direction or with a
broader top than the bottom [122-124]. Lack of fusion is another form
of process-based porosity that arises from inadequate energy input or
insufficient melt pool penetration into the substrate.

Measurement of porosity/density in wire arc additively manufac-
tured components can be achieved using various methods, including gas
psychometry, hard X-rays at synchrotron facilities, X-ray micro-
computed tomography (u-CT), image analysis of metallographic cross-
sections, ultrasonic pulse-echo velocity measurements, and the Archi-
medes technique. These techniques provide valuable insights into the
porosity and density distribution within the components, aiding in the
assessment of their quality and performance [122,125,126].

To minimize porosity in produced parts through WAAM, innovative
techniques like pulsed GMAW or Cold Metal Transfer with monitored
short-circuiting (CMT-PADV) can be employed. Ensuring the use of
high-quality shielding gas, gas-tight seals, short pipe lengths, and non-
organic pipework during fabrication is crucial. Additionally, using
high-quality feedstock, modifying the profile of the deposited bead,
implementing post-processing heat treatment, and maintaining rigorous
temperature control and monitoring during metal deposition are rec-
ommended steps, all of which come after cleaning the wire and sub-
strate. By adopting these measures, the porosity formed in fabricated
components can be significantly reduced, leading to improved compo-
nent quality and performance [106,127].

Numerous studies [128-133] have explored porosity in WAAM,
using simulations, microstructural analysis, and non-destructive testing
to understand and mitigate it. By linking process parameters, material
properties, and porosity levels, these studies established guidelines for



M. Dekis et al.

Process planning
methods

During deposition

processes Heat input controll

R Cold-working rolling

Defect minimization
methods

Substrate preheating

‘ Post deposition Interpath cooling

processes

Heat treatment

(@)

Results in Engineering 26 (2025) 104657

Fig. 5. (a) Some of employed methods for defects minimization and (b) examples of defects minimization methods [146,147].

minimizing porosity. Such as adding additives like SiC powder [128],
using convolutional neural network algorithm for the purpose of
analyzing volumetric images [130], and oscillating the arc [131].

Porosity remains a critical challenge in WAAM, significantly
impacting component performance. Originating from gas entrapment,
shrinkage, or lack of fusion during the solidification process, porosity
can lead to a reduction in tensile strength by an average of 15-20 %
[134], fatigue life by up to 50 % [135], and ductility by 10-15 % [134].
Studies have shown that porosity levels exceeding 2 % can lead to
catastrophic failure.

3.7. Cracking and delamination

Cracking and delamination are two distinct defects that can occur
during the WAAM process. Cracking during solidification at grain
boundaries refers to the creation of shrinkage during the solidification
stage of weld metal [136-138]. On the other hand, delamination occurs
when the initially deposited layers separate from the baseplate between
two subsequent layers. Both of these defects can compromise the
structural integrity and mechanical properties of the fabricated com-
ponents, highlighting the importance of effective strategies to prevent or
mitigate their occurrence.

Several factors contribute to the occurrence of cracking and delam-
ination. Variations in dissolution or precipitate production, as well as
grain boundary morphology, can lead to grain boundary cracks. Solid-
ification cracks, on the other hand, are caused by obstructions in grain
flow during solidification or high stresses in the molten pool, which are
influenced by the material’s solidification characteristics [139,140].
Cracking may result from factors such as excessive energy supplied to
the material, the nature of solidification, significant solidification
shrinkage, rapid heating below the liquidus temperature, melting of
certain grain-boundary precipitates, and a wide gap between the solidus
and liquidus temperatures of certain alloys [89,139,141,142]. Delami-
nation occurs when the material between layers is insufficiently melted
and cannot be rectified even with post-processing treatment [143].
Understanding and addressing these factors are essential to mitigate
cracking and delamination issues during the WAAM process.

To identify cracking and delamination, both destructive and non-
destructive testing methods are used. Destructive tests involve cross-

sections of the metal, and cracks are examined using scanning electron
microscopy (SEM). Non-destructive testing methods include magnetic
particles, radiography, u-CT, and ultrasonic testing.

Preventing the formation of cracking and delamination is essential to
minimize their negative effects. Steps to prevent these defects include
ensuring compatibility in printing multiples, optimizing scan strategy
and component orientation during construction, reducing aspect ratios
and wall thicknesses, optimizing cooling times, and preheating the
substrates and the chamber [49]. These measures can help reduce the
occurrence of cracking and delamination and improve the overall
quality of WAAM-produced components. By implementing these pre-
ventive measures, the reliability and performance of the fabricated parts
can be enhanced, making them suitable for various industrial
applications.

Cracks, a critical defect in WAAM, significantly impact component
performance. Originating from excessive thermal stresses, material de-
fects, or hydrogen embrittlement, cracks can reduce strength by up to 30
% and drastically affect fatigue life [144]. Their presence acts as stress
concentrators, accelerating crack propagation and leading to premature
failure. A crack density exceeding 1 crack per mm? is often considered
critical, as it renders a component unusable [145]. To mitigate crack
formation, precise control over process parameters, optimization of HI,
and careful material selection are essential. Post-processing techniques
like stress relief and heat treatment can also contribute to crack
prevention.

3.8. Methods of minimizing defects associated with WAAM of steel

The selection of the production method is pivotal in achieving the
desired properties of the fabricated component. While WAAM has
emerged as a promising technique for producing various metallic com-
ponents, especially steel, it is still susceptible to defects that require
further investigation. To address the defects outlined in the previous
section, a combination of in-process and post-process strategies can be
implemented. Fig. 5. illustrates a comprehensive overview of these
methods.

For instance, process parameters such as WFS, TS, and arc current
can be optimized to control HI and melt pool dynamics, thereby
reducing porosity and lack of fusion. Post-process treatments like heat
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Fig. 6. Various forming appearances with different combinations of process parameters (a) an incomplete fusion of weld toe, (b) excellent appearance (c) over-

flowing, and (d) hump and scallop [97].

treatment and stress relief can mitigate residual stresses and improve
mechanical properties. By employing a multi-faceted approach, the
occurrence of defects can be significantly reduced, leading to enhanced
component quality and reliability.

3.9. Defects minimization methods during the deposition process

In this section, we delve into various methods employed to address
defects in the deposition of steel components using the WAAM process.
These methods encompass process planning techniques, HI control, and
cold-working rolling. Process planning involves accurate slicing ap-
proaches and mathematical models to optimize process factors and
predict layer thickness and yield strength. HI control ensures proper
energy supply to the material, while cold-working rolling reduces re-
sidual stresses and improves mechanical properties. These techniques
play a crucial role in enhancing the quality and performance of WAAM-
produced steel components.

3.9.1. Process planning methods

Process planning in WAAM involves a sequence of strategic decisions
with considerable impact on quality, efficiency, and success. Precise
planning and optimization enhance part quality, reduce defects, and
optimize the potential of this advanced manufacturing technique.

In WAAM of steel components, the initial step includes creation of 3D
Computer Aided Design (CAD) model using software such as Unig-
raphics and SolidWorks or scanning existing models with 3D scanners
[148] These models are converted into machine code through solid,
surface, and mesh technologies. Accurate slicing techniques play a
pivotal role in managing deposition impacts and defects reduction.
Advanced algorithms are vital for achieving high-quality WAAM. Uni-
directional slicing divides CAD models into uniform thickness layers,
influencing part dimensions and computation time [14,149,150].
Alternatively, multi-directional slicing segments models into 2.5D layers
with constant or variable thickness [151].

Critical to WAAM process planning is selecting the optimal build
direction. This parameter impacts thermal history, residual stresses, and
mechanical properties of final parts. Optimization of build orientation
mitigates distortion, enhances material properties, and attains desired
performance attributes [152-154].

Process planners determine optimal layer thickness and deposition
strategy for each build layer [76,155]. Thicker layers speed up the
process but may raise defect and residual stress risks. On the other hand,
thinner layers offer finer resolution but extend build times. Layer
thickness’s impact on quality and properties has been studied [156].
Prudent layer thickness and deposition pattern selection strikes a bal-
ance between speed and quality.

Mathematical models predicting layer thickness and yield strength
were used to optimize WAAM, factoring droplet transfer mode, electric
arcing mode, WFS, current intensity, and material deposition rate [101,
157,158]. Models link single and multi-bead geometries to process pa-
rameters. For instance, Suryakumar et al. developed a multi-bead
deposition model considering material overflow between paths, pre-
dicting layer thickness and yield strength, and optimizing parameters for
higher yield strength and lower HI [159].

Additionally, Xiong et al. compared various profile models for weld
beads under different welding conditions, with the arc model showing
greater accuracy for certain ratios of WFS to TS, and the parabola model
being more suitable for other ratios [160]. Ding et al. introduced the
"tangent overlapping model" (TOM), using parabola, cosine, and arc
functions, which demonstrated higher efficiency compared to conven-
tional flat-top overlapping models [151]. Li et al. developed the Beads
Overlapping Model (BOM) and its enhanced version (E.BOM) to reduce
surface roughness and prevent internal defects in WAAM-produced
components caused by the spread of melted weld beads due to surface
tension in the weld pool [161]. To enhance production and building
quality in the multi-variable WAAM process, Gaussian Process Regres-
sion (GPR) has been employed as a reliable method for optimization.
This approach has led to an improved buy-to-fly ratio (BTF), contrib-
uting to more efficient and higher-quality production of WAAM com-
ponents [162,163].

Managing cooling strategies is vital to control thermal gradients,
residual stresses, and distortion [164,165]. Techniques like inter-layer
or inter-pass cooling regulate temperature and solidification. Cooling’s
impact on stress and distortion reduction has been studied. Skillful
cooling optimization prevents defects and maintains material unifor-
mity [166]. Incorporating advanced simulation and optimization tools
into planning enhances effectiveness. Models predict thermal behavior,
residual stresses, and distortion. Simulation tools optimize parameters
iteratively, reducing trial and error [162,167,168].

Selecting base materials [169], filler wires [170], and shielding gases
[171,172] is essential. Compatibility, melting points, and mechanical
properties are key considerations. Material selection impacts micro-
structure and mechanical properties. Effective support structures pre-
vent distortion and enhance stability. Strategic support design improves
accuracy and reduces post-processing [173-175].

WAAM'’s success hinges on process planning. Optimizing build di-
rection, layer thickness, scan paths, cooling, and materials improves
quality, reduces defects, and enhances efficiency. Simulation and
research findings enhance planning, ensuring WAAM fully delivers rapid
manufacturing’s benefits.
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3.9.2. Heat input control

The HI is a crucial factor in the design of welding techniques [176]. It
is defined as the measurement of the total delivered energy per unit
length of the weld [177]. HI plays a significant role in determining the
grain size in the heat-affected zone (HAZ). In general, low HI is preferred
in welding as it provides finer microstructure, reduces stress, and min-
imizes distortion, which is commonly used for industrial applications.
However, WAAM’s main advantage lies in its high deposition rate and
efficiency, which requires a higher HI rate, impacting the printing
quality [47,178].

To ascertain an appropriate HI that fulfills WAAM criteria without
inducing excessive heating that may negatively affect component
properties, the following equation is utilized, denoted as HI (J/mm):

V xI

HI =
TS

x 11 x 0.06 €y

Where V, [, and TS represent voltage in volts, current in amperes, and
travel speed of the welding torch in meters per minute, respectively. n
denotes the efficiency of the welding process, and HI is directly influ-
enced by these process parameters. Each arc welding method has
different efficiency ratings, and to facilitate comparison, all efficiency
variables are related to the efficiency of submerged arc welding, with a
unit conversion factor of 0.06 [179].

The examination of sample properties and their alterations under
various HIs revealed significant insights [97]. Exploratory trials were
conducted to establish connections between process parameters and
single-layer single-pass (SLSP) outcomes. This investigation classified
forming quality into four distinct types, area A: Low current, high de-
posit velocity - unstable arc, incomplete melting, poor surface quality as
depicted in Fig. 6-a, where area C: Low deposit velocity, high current -
excessive HI, pool overflow, bead wrinkles Fig. 6-c, area D: High deposit
velocity, high current - irregular SLSP width and height changes, humps,
and scallops due to strong arc force and droplet impact Fig. 6-d whereas
area B represents the best building quality at optimum parameters. The
relationship between HI in WAAM and the WFS in relation to deposited
velocity on the substrate plate determines the wire feed to deposited
velocity ratio, which escalates with higher HI.

In a multi-objective optimization approach, researchers focused on
Bainite steel additive manufacturing used the Box Behnken design of
response surface methodology (RSM) to establish a welding design
matrix for trials [180]. Low heat input-low interlayer temperature
(LHLT) and high heat input-high interlayer temperature (HHHT) sce-
narios were explored, showing that increased heat input and interlayer
temperature didn’t notably impact the number of layers but did influ-
ence overall passes and as-deposited austenite fraction [181]. Utilizing
CMT-based WAAM technology, varying heat inputs through adjustments
in WFS and TS led to changes in effective wall width, layer thickness,
height, and width-to-height ratio [182,183]. These findings underscore
the impact of bead geometry, interlayer temperature, solidification rate,
WEFS, TS, and HI on the macroscopic macrostructure, with reduced HI
favoring precision and deposition speed, and all variables contributing
to optimizing bead geometry [178].

Effective HI management is crucial in WAAM. HI significantly im-
pacts the HAZ grain size and overall component properties. Low HI
promotes fine microstructures, residual stresses reduction, and minimal
distortion, which fits with industrial needs. However, WAAM’s advan-
tage lies in its rapid, efficient deposition, necessitating higher HI that
can affect manufacturing quality. Achieving an appropriate balance
between HI, process parameters, and desired component properties is
crucial for optimizing WAAM outcomes.

Precise heat control is paramount in WAAM to achieve desired mi-
crostructures and mechanical properties. Rapid solidification rates and
thermal gradients inherent in the process significantly influence phase
transformations, grain growth, and residual stress formation. By
manipulating HI through parameters such as WES, TS, and arc current, it
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is possible to control the cooling rate and solidification path.

A slower cooling rate, achieved by reducing TS or increasing HI, can
promote the formation of coarser grains, leading to increased toughness
but potentially reduced strength. Conversely, rapid cooling rates can
result in finer grains, enhancing strength but potentially compromising
ductility. The formation of specific phases, such as martensite or bainite,
is also influenced by cooling rate.

Residual stresses, arising from thermal gradients, can significantly
impact component distortion and fatigue life. By optimizing HI and
cooling conditions, it is possible to minimize residual stress formation.
Techniques like preheating and post-weld heat treatment can further aid
in stress relief.

3.9.3. Cold work rolling

Cold work rolling serves as an effective method for relieving tension
in steel components, applicable to both thin steel sheet welds and steel
WAAM. Inter-pass rolling has demonstrated its ability to refine grain
structure, mitigate distortion, and reduce residual stresses [83,101,184].
A technique involving layer-wise rolling of steel WAAM components has
been explored, using profiled or slotted rollers to counteract defects.
While both rollers diminished distortion and surface roughness, the
slotted roller exhibited superior performance, resulting in decreased
residual stresses and enhanced grain refinement [185]. A hybrid depo-
sition and micro-rolling method was innovatively used to address deep
penetration and temperature gradient-related issues, achieving surface
flattening and uniform deformation [186]. Additionally, the impact of
post-deposition side rolling on surface waviness (SW) was investigated,
showing that increased rolling loads decreased SW, minimizing stress
concentration and enhancing fatigue life [187].

Cold work rolling offers potential for enhancing steel WAAM com-
ponents, including residual stresses reduction, distortion control,
porosity minimization, microstructural enhancement, and improved
geometry. However, application scope may be limited to specific de-
signs, considering research mainly focuses on basic geometric pieces and
inter-pass rolling might extend lead times and potentially impact
WAAM’s rapid deposition advantage [188].

The impact of cold work rolling on steel structures manufactured by
WAAM is discussed by Liu et al. [189]. They underlined that cold work
rolling induces plastic deformation, refining grain structures and elim-
inating residual stresses, enhancing mechanical properties like hardness,
tensile strength, and fatigue resistance. The process fosters dislocations
and sub grains within the microstructure, bolstering strength mecha-
nisms. The findings obtained by Wang et al. [190] show that cold work
rolling increases dislocation density and forms dislocation walls, trig-
gering strain hardening and higher yield strength. Grain structure
refinement increases grain boundaries, obstructing dislocation motion
and enhancing strength.

Excessive cold work rolling presents challenges as intense plastic
deformation, when controlled, refines grain structures and improves
properties; however, excessive strain accumulation can lead to defects,
heightened dislocation density, localized stress, and microstructural
instabilities [191]. Despite these challenges, over-cold work rolling can
also customize WAAM deposit microstructure and properties. Controlled
rolling parameters, such as reduction ratio and annealing conditions,
mitigate excessive deformation. Optimization of cold work rolling can
achieve desired microstructural features while avoiding detrimental
outcomes.

Over cold work rolling’s impact on WAAM deposits is complex.
Excessive plastic deformation potentially improves properties but in-
troduces challenges like defects and instabilities. Balancing optimized
properties and avoiding negatives is vital. Understanding deposited
material behavior is key for successful implementation.
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Fig. 7. (a) water path cooling, (b) pressured air cooling, and (c) aerosol cooling [164].

3.10. Defect minimization post-printing process methods

3.10.1. Substrate preheating

Substrate preheating stands as a pivotal technique in WAAM,
elevating the base material temperature before additive layer deposi-
tion. This strategy exerts profound influence on microstructural evolu-
tion, thermal behavior, residual stresses, and mechanical properties of
components, all while enhancing final product quality and additive
manufacturing efficiency. By addressing challenges linked to heat stress
and thermal gradients during additive deposition, substrate preheating
mitigates uneven thermal distribution, gradients, and resultant material
stresses stemming from localized heating and cooling cycles induced by
welding arc HI. Elevating the base material’s initial temperature
through preheating effectively narrows the temperature difference be-
tween the molten weld pool and the substrate, further enhancing the
overall effectiveness of the WAAM process.

Crucial to substrate preheating is the interplay between preheating
temperature and solidus temperature. Optimal preheating conditions
strike a delicate balance between promoting favorable microstructural
changes and preventing undesired phase transformations. Leveraging
advanced computational tools, such as finite element analysis and ma-
chine learning algorithms, researchers identify precise preheating pa-
rameters that maximize benefits while minimizing drawbacks. These
tools provide valuable insights, offering valuable guidance to ensure
optimal substrate preheating and its positive impact on the additive
manufacturing process.

Substrate preheating effectively addresses heat stress and component
cracking in WAAM [101,143]. Bai et al. [192] explored induction heat
coils” impact on the weld pool, observing reduced residual stresses and
uniform HI via simulations and experiments. In GMAW-based AM, Xiong
et al. [193] used 3D finite element modeling to analyze thermal
behavior, identifying optimal preheating temperatures (400-600°C)
that mitigate thermal stress and cracking. Wu et al. [194] utilized ma-
chine learning to predict residual stress effects, underscoring substrate
preheat temperature’s significance among process parameters. Their
study highlighted preheating-solidus temperature interplay in

influencing residual stresses.

Substrate preheating emerges as a vital technique in WAAM, offering
enhanced component quality, curbing residual stresses, and improving
mechanical properties. By strategically raising the base material’s tem-
perature, manufacturers can optimize the microstructural evolution and
thermal behavior of fabricated components, ultimately enhancing their
overall performance and efficiency.

3.10.2. Inter-path cooling

Inter-path cooling in WAAM involves the deliberate implementation
of cooling mechanisms between adjacent deposition layers. As the weld
pool solidifies from its molten to solid state, controlled cooling moder-
ates thermal gradients, ensuring gradual cooling of the deposited ma-
terial. This approach prevents abrupt thermal contraction, curbing
associated residual stresses stemming from rapid cooling rates. A key
advantage is its efficacy in averting excessive heat accumulation,
particularly in multi-layer builds. In the absence of proper cooling
measures, cumulative HI from successive paths can lead to localized
overheating and heightened thermal gradients, potentially inducing
distortion or defects in the final part. Techniques like directed air or
water cooling keep material temperature within a desirable range,
safeguarding mechanical properties and structural integrity. Cooling
strategies can vary, involving adjustments to process parameters, tra-
verse speed, or external cooling mechanisms. Selection depends on
factors like deposited material, deposition rate, and part geometry.
Computational simulations and modeling predict temperature distribu-
tion and optimize cooling methods for specific applications [47,195].

Extensive research has delved into understanding how inter-pass
temperature impacts component attributes in the WAAM process. This
variable significantly influences metallurgical properties, molten pool
dimensions, structural defects, and the risk of thermal overheating in
components [196]. Maintaining meticulous control over inter-pass
temperatures is essential to prevent cracking and achieve the desired
grain structure formation. Optimal inter-pass temperatures typically
range from 50 to 120°C, contingent upon material properties and
experimental setups [164,197-199].

PPTITUY
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Fig. 8. X-Ray CT photographs for (a-b) 30 s dwell time wall and (c-d) 60 s dwell time wall [200].
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Fig. 9. (a) optical microscope (OM) image, (b) scanning electron microscope (SEM) image, (c) Cr EDS elemental maps, and (d) Fe EDS elemental maps [207].

In a comparative study [164], diverse cooling methods were inves-
tigated, including aerosol, high-pressure air, and water bath cooling (as
illustrated in Fig. 7). These approaches exhibited substantial reductions
in cooling rates and durations compared to the reference uncooled weld.
Water bath cooling emerged as the most effective method, while
high-pressure air cooling faced constraints due to disturbances in the
shielding gas cloud, limiting its application until after welding layer
deposition. Conversely, aerosol cooling displayed promise, causing
minimal interference with the shielding gas cloud and enabling in situ
application during deposition. An intriguing proposition involved
combining high-pressure air cooling with aerosol cooling to minimize
process idle time and influence phase change behavior.

An alternative inter-pass temperature control approach was pursued
[146], involving the use of an IR pyrometer to remotely measure the
final layer’s temperature. By pausing deposition after each layer,
inter-pass temperature was maintained below a predefined threshold,
with cooling facilitated through water and high-pressure air systems.
This approach achieved a consistent inter-pass temperature of 150°C
during deposition, enhancing dimensional accuracy of printed items
compared to other methods.

The effect of inter-pass cooling periods on the microstructure of
stainless steel (SS308L) walls produced using WAAM was examined
[200]. In experiments utilizing unidirectional depositing techniques,
two SS308L walls were fabricated with inter-pass cooling durations of
60 and 30 seconds between successive layers. X-ray CT scans of pro-
duced samples (as shown in Fig. 8) revealed no signs of severe defects
like macro porosity or cracks. Notably, different inter-layer idle periods
yielded no observable discrepancies in microstructure development
between the constructed walls.

To evaluate air jet impingement cooling’s effectiveness during
WAAM [201], a hybrid numerical-experimental approach was
employed. Finite Element (FE) heat transfer analysis provided temper-
ature distribution insights during deposition. This study demonstrated
air jet impingement cooling effectively reduced substrate temperatures
across studied setups, consistent with previous findings [202]. Although
extending the idle period from 30 to 120 seconds during air jet
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impingement testing yielded no further substrate temperature re-
ductions, adopting a 10-second idle period revealed partial temperature
decrease in the substrate. This suggests air cooling efficiency is
process-dependent and influenced by jet conditions and workpiece size.

Optimal inter-pass temperature control is vital for enhancing WAAM
component quality, impacting metallurgical properties and structural
integrity. Maintaining suitable inter-pass temperatures, around 50 to
120°C, prevents cracking and promotes desired grain structures.
Methods like water bath and aerosol cooling improve cooling rates,
while remote temperature measurement and control enhance consis-
tency. Microstructure studies and air jet cooling evaluation highlight the
significance of controlled cooling in WAAM.

3.10.3. Heat treatment

In the WAAM approach, post-process heat treatments play a pivotal
role in diminishing residual stress, controlling hardness, and enhancing
material strength [203-205]. The choice of appropriate heat treatment
procedure hinges on factors like temperature, deposited material, and
the specific AM technique employed. Inadequate heat treatment may
escalate the risk of cracks upon mechanical loading [205,206]. None-
theless, suitable post-process heat treatments have exhibited substantial
enhancements in mechanical strength, particularly notable in steel al-
loys [127]. The ensuing sections will delve into the direct influence of
heat treatment on the mechanical properties of WAAM products.

Achieving near-flawless bead geometry in WAAM products mandates
meticulous optimization of torch tool paths and process parameters.
Tackling these optimization challenges entails considerations of factors
such as HI, WFS, TS, current, and voltage’s impact on material proper-
ties, alongside inter-pass temperature and path planning’s effects on
deposition characteristics. A comprehensive understanding of the
interplay between build attributes and process parameters is essential
for curbing defects, mitigating surface irregularities, and alleviating
residual stresses in WAAM components.

The integration of post-process heat treatments enhances the me-
chanical properties of WAAM components, while the pursuit of near-
flawless bead geometry demands a meticulous optimization approach
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Fig. 10. (a) as- fabricated sample low magnification OM, (b) melt pool center higher magnification SEM, (c)fusion boundary higher magnification SEM, (d, e)
normalized sample microstructure, and (f, g) hardened (water-quenched) sample microstructure [208].

to overcome challenges and ensure the quality and reliability of the
manufactured parts.

Post-processing treatments are critical for addressing residual
stresses, improving mechanical properties, and enhancing surface
quality in WAAM components. Heat treatment, including stress relief
annealing, normalizing, and tempering, is commonly employed to refine
microstructure, reduce residual stresses, and improve toughness. How-
ever, these processes can be time-consuming and energy-intensive,
particularly for large components. Additionally, the selection of appro-
priate heat treatment parameters is crucial to avoid detrimental effects
on mechanical properties.

Surface finishing techniques such as grinding, polishing, and shot
peening are employed to enhance dimensional accuracy, surface finish,
and fatigue resistance. Grinding and polishing can remove surface ir-
regularities and improve aesthetic appearance but may introduce
additional defects if not performed carefully. Shot peening is a more
efficient method for inducing compressive residual stresses, improving
fatigue life, and enhancing corrosion resistance. However, the equip-
ment and expertise required for shot peening can increase costs.

Other post-processing techniques, such as laser peening and hot
isostatic pressing (HIP), offer additional benefits. Laser peening can
introduce compressive residual stresses to improve fatigue life, while
HIP can consolidate porosity and refine microstructure. However, these
techniques are generally more expensive and require specialized
equipment. The choice of post-processing technique depends on factors
such as component geometry, material type, desired properties, and cost
constraints. A comprehensive evaluation considering effectiveness, cost,
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and applicability to various steel alloys is essential for optimizing
component performance and providing practical guidance to industry
practitioners.

4. Effect of defects minimizing methods on properties of steel
parts fabricated by WAAM

Process parameters significantly influence defect formation in
WAAM. WFS and TS are critical factors. A 10 % increase in WFS can lead
to a 15 % increase in porosity [134], while a 20 % increase in TS can
decrease porosity by 66 % [1], also, the both UTS and average hardness
increased by 10 % highlighting the complex interplay between these
parameters. Arc current also influences porosity and lack of fusion.
Optimizing these parameters is crucial for minimizing defects and
achieving desired component quality. Understanding these relationships
is essential for developing robust process control strategies.

Fig. 9 provides a comprehensive view of the microstructure and
mechanical properties of 420 martensitic stainless-steel components
produced using the WAAM process under varying conditions [207]. The
microstructure analysis of the as- fabricated sample reveals intriguing
features, including a relatively limited volume fraction of retained
austenite and inter-dendritic §-ferrite embedded within the un-tempered
martensitic matrix. Additionally, the as- fabricated sample exhibits a
modest volume percentage of retained austenite.

Upon subjecting the material to an austenitizing treatment at
1150°C, a remarkable increase in microhardness is observed, reaching a
value of (670 + 4 HV). This elevation signifies the achievement of a fully
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Fig. 11. Optical micrographs of the printed WAAM ER70S-6 alloy, taken at various magnifications (a) and (c) for the final construction; (b) and (d) for the in-

termediate build [153].

martensitic microstructure characterized by a higher carbon content
after the quenching process. In comparison, the microhardness of the as-
printed sample stands at (550 + 12 HV).

Remarkably, the tensile strength of the material subjected to the
1150°C austenitizing treatment experiences a significant boost, reaching
a value of (UTS of 1903 + 12 MPa). This represents a substantial
enhancement over the tensile strength of the as- fabricated sample,
which records (UTS of 1151 4+ 9 MPa). However, this increase in
strength comes at the expense of reduced ductility, evident in the limited
elongation of approximately ~1.7 % observed in the 1150°C-treated
sample.

Subsequent tempering treatments result in a decrease in micro-
hardness values. Notably, the microhardness values observed after
tempering at different temperatures—T600, T500, T400, T300, and
T200—stand at (300 + 1 HV), (490 + 7 HV), (550 + 7 HV), (440 + 4
HV), and (460 + 3 HV), respectively. These values are in contrast to the
microhardness of (670 + 4 HV) achieved through the A1150 austeni-
tizing treatment.

Upon a thorough analysis, the researchers identify the optimal
tempering temperature as T400, which provides a well-balanced set of
mechanical properties. Specifically, the T400 tempering treatment
yields an elongation of (11.8 + 1 %), a UTS of (1442 + 5 MPa), and a
microhardness value of (550 + 7 HV). Notably, alternative tempering
temperatures either result in inadequate strength or contribute to brit-
tleness within the material. This detailed investigation underscores the
significance of tempering temperature in tailoring the mechanical
characteristics of WAAM-produced 420 martensitic stainless-steel
components.

WAAM-fabricated 420 martensitic stainless-steel parts show
enhanced strength post-austenitization at 1150°C, albeit with reduced
ductility. Subsequent tempering, especially at T400, yields a balanced
mechanical profile. Optimal properties include 11.8 % elongation, 1442
MPa UTS, and 550 HV microhardness. Tempering at other temperatures
results in inadequate strength or brittleness. These findings highlight the
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importance of precise processing control to tailor desired attributes of
WAAM steel components.

To shed light on the influence of heat treatment on the microstruc-
ture and mechanical properties of WAAM-produced steel components,
Vahedi Nemani et al. [208] conducted an investigation. This study
focused on ER70S-6 steel components and involved the application of
two distinct heat treatment cycles - hardening and normalizing. Fig. 10
illustrates the as-printed, normalized, and hardened sample’s micro-
structure. The normalizing heat treatment played a crucial role in
eliminating unstable constituents within the material, ultimately facili-
tating the development of a uniform ferritic/pearlitic microstructure. On
the other hand, the hardening heat treatment induced a combination of
distinct microstructural phases, leading to a notable enhancement in
both hardness and overall strength of the material. The primary
microstructure in the as-printed WAAM-ER70S-6 component consisted
of polygonal ferrite grains. A smaller volume fraction of lamellar pearlite
was present within these grains and along melt pool boundaries. Addi-
tionally, a heat-affected zone with coarser polygonal ferrite grains
formed adjacent to each deposited track due to the layer-by-layer
deposition process. Utilizing the GTAW technique on the same mate-
rial reveals distinct microstructural shifts based on the build direction
[153]. The upper layers displayed a notable blend of acicular and
polygonal ferrite in Fig. 11, showing minimal secondary pearlite phase
and no pore defects. This transformation from polygonal to acicular
ferrite was attributed to a faster cooling rate at the final construction
surface. Conversely, the middle build wall exhibited a small amount of
pearlite phase in a lamellar arrangement along primary ferrite grain
boundaries, set within a matrix of fine polygonal ferrite that’s charac-
teristic of this welding method. Following normalizing treatment,
meta-stable elements (AF and B) were eliminated from the microstruc-
ture, leading to a more uniform HAZ with a ferritic/pearlitic micro-
structure at the melt pool center. Conversely, the hardening treatment
changed the as-printed microstructure into AF, B, and P phases.

Microhardness distribution varied across zones for both as-
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Fig. 12. (a, b, and c) Optical microstructure of the as-printed samples at top, middle, and bottom areas respectively, (d, e, and f) optical microstructure of ho-
mogenized at 1200°C for 1h at top, middle, and bottom areas respectively, (g, h, and i) optical microstructure of homogenized at 1200°C for 2h at top, middle, and
bottom areas respectively, and (j, k, and 1) optical microstructure of homogenized at 1200°C for 3h at top, middle, and bottom areas respectively [209].

fabricated and heat-treated samples. The as-printed sample had a
microhardness of 160 + 7 HV, while the normalized sample exhibited a
microhardness of 154 + 1 HV, similar to the as-printed melt pool center.
In contrast, the hardened sample displayed significantly higher micro-
hardness (260 + 3 HV) due to the presence of AF, B, and P phases.
Tensile strengths for vertical and horizontal orientations were
approximately 500 MPa for the as-printed sample, with distinct ductility
anisotropy (12 + 3 % vertical, 35 + 2 % horizontal). After hardening
heat treatment, tensile strengths increased to 624 + 13 MPa (horizontal)
and 640 + 14 MPa (vertical), accompanied by a slight reduction in
ductility. Normalized samples exhibited slightly lower tensile strength
(~465 MPa) and a minor decrease in microhardness compared to the as-
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printed sample, with minimal variation in elongation—29 + 2 % in the
vertical and 34 + 3 % in the horizontal orientations.

The heat treatment effectively alters the microstructure and me-
chanical properties of WAAM-produced steel components, offering in-
sights into potential strategies for tailoring material characteristics
according to specific application requirements.

To delve into the impact of heat treatment on WAAM-produced steel
components, Li et al. [209] conducted a study focusing on P91 steel
samples. Through their investigation, significant improvements were
observed in both hardness and microstructure following homogeniza-
tion at 1200°C (Fig. 12). The transformation of &-ferrite to lath
martensite led to heightened hardness and increased strength compared
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Fig. 14. X-ray diffraction (XRD) of both cooled and uncooled samples [211].

to the as-printed sample. Subsequent aging at 760°C, however, induced
a reduction in hardness due to microstructural evolution, notably the
precipitation of M23C6, which resulted in material softening. None-
theless, the heat-treated sample showed improved ductility and tensile
strength, rendering it a viable choice for specific applications.
Conversely, the as-printed sample displayed exceptional ultimate tensile
strength and yield strength, making it suitable for applications requiring
elevated strength.

Ahsan et al. [210] explored heat treatment effects on BAMS samples,
encompassing austenitic stainless steel and low-carbon steel. Their
investigation highlighted a specific heat treatment condition — 950°C for
1 hour - yielding substantial enhancements in mechanical properties
(Fig. 13). Microstructural changes, including ferrite-to-ferrite-bainite
and austenite transformation, played a pivotal role in augmenting
elongation, ultimate tensile strength, and yield strength. These findings
underscore the strategic utilization of heat treatment to tailor the
properties of BAMS components, aligning with specific requirements.

These studies underscore the pivotal role of heat treatment in
shaping the microstructure and mechanical properties of WAAM com-
ponents. Well-optimized heat treatment processes hold the potential to
elevate performance and mechanical traits, positioning WAAM as a
versatile and promising manufacturing method across diverse applica-
tions. Armed with an understanding of heat treatment’s influence,

Table 3
Rolling Effect on Mechanical properties.

designers and engineers can judiciously select appropriate conditions to
achieve desired material attributes, thus maximizing the performance of
WAAM-produced components.

Investigations into the influence of various inter-pass cooling
methods on the microstructure and mechanical properties of steel
samples produced using the wire WAAM process have been extensively
studies [146,164,211]. These thorough analyses consistently reveal that
there are negligible discrepancies observed in both the microstructural
characteristics and mechanical responses between samples subjected to
different cooling techniques.

Detailed X-ray diffraction (XRD) assessments confirm that both the
cooled and uncooled samples exhibit congruent phase compositions,
with major peaks corresponding to y-austenite and d-ferrite. Addition-
ally, the XRD analysis elucidates that the predominant peak of
y-austenite in the diagonal (D) sample corresponds to (111), whereas for
the transverse (T) and longitudinal (L) samples, it corresponds to (200)
for both cooled and uncooled specimens as shown in Fig. 14.

Focusing specifically on the diagonal sample (D), the outcomes of
tensile tests reveal that the ultimate tensile strength (UTS) of the cooled
samples is reported as 608 + 77 MPa, while the UTS of the uncooled
samples is 602 + 41 MPa [211]. These implies that the cooling tech-
niques employed during inter-pass intervals have limited influence on
the tensile response of components manufactured through the WAAM

Authors & Ref. Filler Wire Rolling load Mechanical properties
As-deposited Rolled
UTS (MPa) %Elongation Hardness (HV) UTS (MPa) %Elongation Hardness (HV)
[186] Bainite steel 5 kN 1258 11.0 Not-mentioned 1275 17.4 Not-mentioned
[187] ER70S-6 50 kN 402 + 2.0 28+1 186 + 2.0 546 + 3.0 32+2 219 £1.5
75 kN 552 £ 1.0 25+2 225+1
160 kN 600 + 3.0 22 +2 233 +£1.5
[213] Maraging steel 50 kN 1118 £ 94 11.7 £ 0.8 322 1138 +£ 118 9.2+ 45 351
75 kN 1152 + 127 9.9 + 3.7 406
[212] ER70s-6 136 N 480 MPa 37.6 Not-mentioned 530 MPa 38.2 Not-mentioned
[185] ER70S-6 25 kN Not-mentioned 185 Not-mentioned 195
50 kN 226
75 kN 260
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Fig. 15. SEM images (a) as-deposited (b) at 50 kN rolling load (c) at 75 kN rolling load (d) at 160 kN rolling load [187].

process.

The collective evidence from these investigations, along with XRD
analysis and tensile test results, robustly indicate that the adoption of
different inter-pass cooling methods during the wire WAAM process
does not lead to significant deviations in the microstructural attributes
and mechanical properties of steel samples. This further suggests that
the specific cooling methodologies studied in these analyses exert only
minimal impact on the overall tensile behavior of components manu-
factured using the wire WAAM technique.

Numerous scientific investigations [185-187,212,213] have pro-
vided compelling evidence regarding the profound impact of cold
working rolling on the mechanical properties of components produced
by WAAM, as highlighted comprehensively in Table 3.

In an insightful study [187], distinct rolling loads (50 kN, 75 kN, and
160 kN) were meticulously examined to discern their influence on
hardness. The outcomes revealed a distinct trend wherein higher rolling
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loads, exemplified by the 160 kN condition, induced a substantial
elevation in hardness levels, yielding a prominent 25.26 % enhancement
(233 + 1.5 HV) compared to the as-deposited counterpart (186 + 2.0
HV). This marked elevation in hardness is attributed to the phenomenon
of work-hardening, arising from intensified dislocation density resulting
from the augmented rolling load. Furthermore, the microstructural
analysis of the rolled samples unveiled a discernible reduction in the
average size of elongated grains (8.6 um for the 160 kN sample in
contrast to 14.5 um for the as-deposited specimen) as shown in Fig. 15.
This microstructural refinement is accredited to the accumulation of
dislocations at the lath martensite interface, contributing to the
observed enhancement in hardness [214,215].

Evidently demonstrated in Fig. 15, the pivotal role of rolling in
mitigating SW holds profound implications for the mechanical perfor-
mance of WAAM deposits. Notably, the application of a rolling load of
160 kN yielded a remarkable 55.5 % reduction in SW, coinciding with a
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Fig. 16. (a) Effect of notch radius on SW (b) Effect of SCF on SW in rolled and as-deposited conditions [187].
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Fig. 17. OM image of samples (a) P1 and (b) P2 along building direction [216].

substantial 49.25 % augmentation in UTS. Equally noteworthy, a rolling
load of 75 kN led to a discernible 27 % reduction in SW, accompanied by
a substantial 37.5 % increase in UTS.

The incorporation of cold working rolling technique shows signifi-
cant potential in enhancing mechanical properties. Table 3 illustrates
that elevated rolling loads correlate with increased microhardness and
average UTS, attributed to heightened dislocation density and induced
work-hardening. Moreover, rolling implementation yields smaller
average grain sizes compared to as-deposited samples, further ampli-
fying mechanical enhancements.

The strategic integration of cold working rolling into the WAAM

17

process emerges as a promising approach, clearly demonstrating the
potential to elevate mechanical properties such as hardness, UTS, and
YS, thereby enhancing the overall performance and quality of produced
WAAM components. Fig 16

The manipulation of welding parameters, such as WFS and TS, wields
significant influence over HI, as denoted by Eq. (1). This, in turn, imparts
a noticeable impact on the mechanical characteristics of the deposited
specimens. In situations where HI is elevated, there is a corresponding
rise in heat accumulation. Consequently, hardness values and strength
diminish due to the absence of bainite formation [216]. However, this
elevation contributes to enhanced ductility, attributed to an increased
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Table 4
HI effect on mechanical properties.

Authors &
Ref.

Filler
Wire

Optimizing
methods and
parameters.

Mechanical properties

Hardness
(HV)

UTS %
(MPa) Elongation

Yildiz et al. ER120S-
[179] G

Controlling
WES/TS
parameter or
HI
Single-bead
low-heat
(SBLH) /
WEFS/TS=10 /
HI=339J/
mm
Single-bead
high-heat
(SBHH) /
WEFS/TS=20 /
HI= 559 J/
mm
Multiple-bead
oscillation
(MBO) / WFS/
TS=10 / HI=
361 J/mm
Controlling
the in-volume
HI Hlzp

The
overlapping
deposition
strategy Hlsp
= 48.67 J/
mm®

The
oscillating
deposition
strategies
Hlzp = 67.17
J/mm3
Depositing at
different TS
Sample P1 /
TS= 3.9 mm/s
/ HI=511J/
mm

Sample P2 /
TS=9 mm/s /
HI= 221 J/
mm

Different arc
modes

Speed cold (S- 578.76
C) welding +
processes 30.458
sample
Speed arc (S-
A)welding
processes
sample

986 +
38

16.6 = 0.8 330 £19

955 +
49

20.1 +2.6 318 £18

994+6 24208 295+ 11

Aldalur et
al [218]

ER70S-6

H 498
+838

H36+3.5 Top163
Centre
146
Bottom

144

V501
+2.87

V32+11

H 478
+ 6.41

H38+ 2.6 Top 154
Centre
136
Bottom

135

V474
+0.94

V36 +22

(Rodrigues ER110S-
et al. G
[216] H 750

V795

H19.6
V 25.6

229-320

H 700
V749

H17.1
VvV 19.9

247-311

Wu et al.
[217]

316L
stainless
steel Not-

mentioned

174.9

607.2
+44.87

Not-
mentioned

177.4

formation of ferrite content [179].

On the contrary, the augmentation of TS leads to a reduction in HI,
transitioning from 511 J/mm at 3.9 mm/s to 221 J/mm at 9 mm/s,
which also leads to an accelerated solidification rate. This phenomenon
results in a decrease in equiaxed grain size and a decline in volume
fraction, as detailed by Rodrigues et al. [216]. The iterative process of
reheating and thermal accumulation induces the development of coarser
grain size along the build direction. As the material cools from high
temperatures, the transition from austenite to ferrite occurs. This
transformation involves the creation of allotriomorphic ferrite at the
boundaries of the earlier austenite grains. Subsequently, nucleation of
side-plate ferrite may start at interfaces between austenite and ferrite,
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extending into non-transformed austenite grains. Various forms of
ferrite formation, including allotriomorphic, side-plate, acicular, and
bainitic ferrite, are influenced by factors such as material microstruc-
ture, specific inclusions, cooling rate, and local thermal conditions as
depicted in Fig. 17.

Consequently, this culminates in a decrease in hardness from 320 to
229 HV for sample P1 and from 311 to 247 HV for sample P2, as indi-
cated in Table 4. Particularly, the initial deposited layers exhibit
improved hardness owing to rapid cooling facilitated by efficient heat
dissipation from the substrate [217]. This transformative effect is visu-
ally depicted in Fig. 18, wherein the grain size transitions from coarser
in the upper and middle sections to comparatively finer grains in the
lower regions of the sample.

As per Table 4, sample S-C exhibits a recorded tensile strength of
578.76 + 30.458 MPa, while sample S-A achieves a tensile strength of
607.2 + 44.87 MPa. Although the tensile properties of sample S-A are
commendable, a significant anisotropy of up to 13.3 percent is evident,
highlighting a discernible divergence in properties across different
orientations.

The manipulation of welding parameters in WAAM has a substantial
impact on material properties. Varying welding parameters, like WFS
and TS, profoundly affect HI, influencing material properties. Increased
HI reduces hardness and strength, favoring ductility via higher ferrite
content. Enhanced TS yields finer grain and reduced hardness. This
underscores the crucial role of precise parameter control to meet the
requirements of diverse applications.

5. Developments and innovations

The evolution of WAAM is intrinsically linked to advancements in
materials science. The development of novel alloys specifically engi-
neered for additive manufacturing has expanded the application hori-
zons of this technology. These alloys often exhibit superior properties
such as enhanced strength-to-weight ratios, improved corrosion resis-
tance, and tailored thermal expansion coefficients. For instance, high-
strength low-alloy (HSLA) steels with optimized compositions have
shown promise in WAAM for structural applications. Additionally, the
incorporation of microalloying elements can refine microstructure and
enhance mechanical properties [219].

Beyond alloy development, the quality of feedstock materials has
also undergone significant improvements. The availability of high-
purity metal wires with consistent chemical composition and reduced
impurity levels has contributed to enhanced process stability and
component quality. Moreover, the development of clad wires, incorpo-
rating multiple materials within a single wire, offers opportunities for
creating functionally graded materials and complex components with
varying properties. These advancements in materials science are
essential for realizing the full potential of WAAM and expanding its
industrial applications.

Significant strides have been made in refining WAAM processes to
enhance efficiency, quality, and productivity. The development of
hybrid processes, combining WAAM with other additive or subtractive
techniques such as laser or powder bed fusion, has expanded the fabri-
cation envelope, enabling the creation of complex components with
tailored properties. For instance, laser-assisted WAAM can improve melt
pool dynamics, reduce porosity, and enhance metallurgical bonding.

Automation and robotics have revolutionized WAAM operations.
The integration of industrial robots with advanced motion control sys-
tems has enabled precise and rapid deposition of materials, increased
production rates and reducing labor costs. Additionally, the use of
collaborative robots (cobots) has enhanced human-machine interaction,
facilitating flexible and adaptable manufacturing processes [220].

In-situ monitoring and control systems have emerged as critical
components of modern WAAM systems. Sensors for temperature, melt
pool dimensions, and acoustic emissions provide real-time process
feedback, enabling adjustments to process parameters to prevent defects
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Fig. 19. Various WAAM applications.
and maintain consistent quality. Closed-loop control systems can auto- to the maturation of WAAM as a viable manufacturing technology.
matically correct deviations from desired process conditions, ensuring The integration of advanced software and modeling tools has
optimal performance. These process innovations collectively contribute significantly contributed to the progress of WAAM. Sophisticated
19
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simulation software enables researchers and engineers to virtually pre-
dict process behavior, optimize parameters, and minimize defects. These
tools can simulate thermal gradients, fluid flow, and solidification pro-
cesses, providing valuable insights into the underlying mechanisms of
WAAM. Additionally, the development of design software specifically
tailored for WAAM-specific geometries has facilitated the creation of
optimized components. These software packages consider factors such
as build orientation, support structures, and material distribution to
ensure manufacturability and part performance. By leveraging these
software advancements, the WAAM industry can enhance design effi-
ciency, reduce prototyping costs, and accelerate product development
cycles [70,221].

6. Applications and case studies

WAAM has demonstrated significant potential across various sectors,
with the steel industry being a prime beneficiary as indicated in Fig. 19.
From large-scale infrastructure to complex components, WAAM has
shown its versatility. In particular, the energy sector has leveraged
WAAM for the fabrication of turbine components, pressure vessels, and
repair of critical equipment [86]. The transportation industry has
explored its application in producing automotive and aerospace parts,
capitalizing on its ability to create complex geometries. Additionally, the
construction industry has shown interest in using WAAM for the pro-
duction of steel structures and components, offering potential benefits in
terms of construction speed and material efficiency [222].

Several case studies highlight the successful application of WAAM in
the energy sector. For instance, researchers have developed large-scale
turbine components using WAAM, demonstrating the technology’s po-
tential for reducing manufacturing costs and lead times. Repair of
damaged turbine blades through WAAM has also been explored, offering
a cost-effective alternative to traditional repair methods. he automotive
industry has investigated WAAM for producing complex components
such as chassis parts and engine blocks. Aerospace manufacturers have
explored the use of WAAM for fabricating large-scale structural com-
ponents, taking advantage of the technology’s ability to create complex
geometries with internal channels for cooling or wiring.

WAAM has shown promise in the construction sector for producing
customized steel reinforcement bars, bridge components, and building
facades. Case studies have demonstrated the potential for rapid con-
struction and reduced material waste through the use of WAAM.

7. Conclusions and future work
7.1. Conclusions

Wire Arc Additive Manufacturing (WAAM) holds significant promise
for producing steel components, offering advantages in design flexi-
bility, rapid prototyping, and material efficiency. However, challenges
such as porosity, lack of fusion, and residual stresses persist, necessi-
tating careful process control and post-process treatments. Achieving
optimal component quality requires a comprehensive understanding of
heat transfer, material behavior, and defect formation mechanisms.
Recent advancements, including hybrid processes, in-situ monitoring,
and advanced materials, have shown potential for addressing these
challenges. To fully realize WAAM’s potential, continued research and
development are crucial to optimize process parameters, enhance
microstructure control, and expand the range of producible components.

7.2. Future work

The future of WAAM in steel manufacturing holds immense promise.
As research and development continue, we can anticipate significant
advancements in materials, processes, and applications. Emerging
technologies such as artificial intelligence and machine learning will
play a pivotal role in optimizing process parameters, predicting

20

Results in Engineering 26 (2025) 104657

component properties, and accelerating product development.
Furthermore, the integration of WAAM with other manufacturing pro-
cesses, such as forging and casting, will create hybrid approaches with
enhanced capabilities. The potential for producing large-scale, complex
steel structures with tailored properties through WAAM is particularly
exciting. As the technology matures, it is expected to become increas-
ingly integrated into the manufacturing landscape, contributing to sus-
tainable and efficient production processes.
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