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ABSTRACT

The additive manufacturing of Maraging Steels using Directed Energy Deposition Arc
(DED-Arc) offers significant potential for producing high-strength and tough components
making it attractive for aerospace and tooling applications. However, their precipitation hard-
ening nature and high alloy content make them extremely sensitive to thermal cycles, leading
to heterogeneous microstructures and anisotropic properties, which limits industrial adoption.

In this work, a Design of Experiments (DoE) method was applied to optimize deposition
parameters (voltage, wire feed speed, and travel speed) based on arc stability, checked through
voltage signal analysis. After optimization, a conventional aging heat treatment (480 °C for 5
h) was performed to promote precipitation hardening. Mechanical properties were assessed
through uniaxial tensile testing, complemented by optical microscopy and fractography.

The optimized process parameters yielded an arc stability of up to 96%, enabling con-
sistent, defect free deposits. As-built samples exhibited anisotropy, with vertical specimens
outperforming horizontal ones in strength and ductility. Aging treatment significantly im-
proved mechanical properties and reduced anisotropy, with mean ultimate tensile strength
reaching 1650 MPa. Microstructural analysis revealed a martensitic matrix with reverted aus-
tenite and precipitation hardening after aging.

These results demonstrate that the combined optimization of deposition parameters and
standard aging treatment enables the production of high-performance maraging steel com-

ponents using the DED-Arc process.

Keywords: DED-Arc, Maraging Steel, Deposition Parameters, Heat treatment, DoE
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RESUMO

A fabricacao aditiva de acos Maraging com o processo Directed Energy Deposition Arc
(DED-Arc) tem grande potencial para a produgdo de componentes com elevada resisténcia e
tenacidade, sendo uma atrativa para aplicagbes aeroespaciais e de moldes. No entanto, a sua
natureza de endurecimento por precipitacao e o elevado teor de liga tornam estes acos
extremamente sensiveis a ciclos térmicos, conduzindo a formacdo de microestruturas
heterogéneas e propriedades anisotropicas, o que limita a sua adogao industrial.

Neste trabalho, aplicou-se a metodologia de Design of Experiments (DoE) para otimizar
os parametros de deposicdo (tensdo, velocidade de alimentagdo e de avango), com base na
estabilidade do arco elétrico, avaliada através da analise do sinal de tensdo. Apds a otimizagao,
realizou-se um tratamento térmico de envelhecimento convencional (480 °C durante 5 h) para
promover o endurecimento por precipitacdo. As propriedades mecanicas foram avaliadas por
ensaios de tragdo uniaxial, complementados por microscopia otica e fractografia.

Os parametros otimizados permitiram atingir estabilidade do arco de até 96%, obtendo
depdsitos consistentes e isentos de defeitos. As amostras “as-built” apresentaram anisotropia,
com provetes verticais exibindo melhores valores de resisténcia e ductilidade que os
horizontais. O envelhecimento melhorou significativamente as propriedades mecanicas e
reduziu a anisotropia, atingindo resisténcia a tracdo média de 1650 MPa. A analise
microestrutural revelou matriz martensitica com austenite revertida e endurecimento por
precipitagao.

Os resultados demonstram que a combinagao entre a otimizacdo dos parametros de
deposicdo e o tratamento térmico de envelhecimento padrao permite produzir componentes

de aco maraging de elevado desempenho pelo processo DED-Arc.

Palavas chave: DED-Arc, Aco Maraging, parametros de deposi¢do, tratamentos térmicos, DoF
XV
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1 INTRODUCTION

1.1 Motivation

Additive Manufacturing (AM) has been revolutionizing the manufacturing industry, in-
troducing a new way to produce components. This technology, compared to conventional pro-
cesses, allows shorter production time, greater design freedom and reduction of waste mate-
rial, in specific applications, this is not universally true across all manufacturing scenarios.

Directed Energy Deposition (DED) has gained prominence for producing large scale com-
ponents, due to its high deposition rate and lower operational costs compared to other addi-
tive manufacturing technologies such as Powder Bed Fusion (PBF).

UTP A 702 is a promising material for DED application, this maraging steel offers high
mechanical strength, toughness and good response to heat treatments, making it ideal for
military, aerospace and mold industries. Despite these advantages, high alloy steels, including
maraging steels, are generally sensitive to thermal cycles which leads to microstructural inho-
mogeneities and variations in mechanical properties. To ensure DED-produced maraging steels
achieve the performance levels required for industrial applications these challenges need to be
addressed.

Post-processing heat treatments are essential in maraging steels to induce precipitation
hardening and achieve maximum strength. However, these treatments do not eliminate micro-
structural or compositional inhomogeneities inherent to the DED process, nevertheless, is rel-
evant to study this post-processing aging treatment because of the material’s strengthening
mechanism.

Considering the demand for maraging steels, by advancing knowledge in this field DED
can become a competitive alternative to conventional manufacturing methods of maraging

steels, paving the way for more efficient industrial production.



1.2 Objectives

This thesis aims to investigate the Directed Energy Deposition Arc (DED-Arc) for the fab-
rication of Maraging steel UTP A 702, with a particular emphasis on optimizing deposition
parameters through a statistical Design of Experiments (DoE) methodology. The optimization
focuses on enhancing process stability and reliability, which are critical for achieving consistent
and defect free components.

Following the deposition process, a post-processing aging heat treatment is applied to
evaluate its influence on the microstructure and mechanical properties of the fabricated sam-
ples. The characterization of the material, both in the deposited and aged conditions, is carried
out through uniaxial tensile testing, optical microscopy, and fractographic analysis. These
methods aim to determine the suitability of the applied heat treatment and assess the overall

feasibility of producing high-performance UTP A 702 components via DED-Arc.

1.3 Document organization

The document is organized in the following way:

e Chapter 1 - Abords the motivation that led to the development of this work and
the goals that we intend to achieve.

e Chapter 2 - The result of the literature review, with focus on DED of Maraging
steels and heat treatments.

e Chapter 3 - Describes the material used, experimental procedure and methodol-
ogy.

e Chapter 4 - Presents and discusses the experimental results, including response
surface analysis, statistical evaluation (ANOVA), optimization of deposition pro-
cess parameters and concludes with the mechanical and microstructural charac-
terization of the produced samples.

e Chapter 5 - Presents the key findings of this study and proposes directions for

future research.



2 FUNDAMENTALS AND LITERATURE REVIEW

2.1 Additive Manufacturing

Additive Manufacturing (AM) technologies have become a prominent topic in the man-

ufacturing and engineering sectors, such as the automotive, aerospace, defense and medical
industries [1]. Unlike traditional manufacturing, AM forms components through a layer-by-
layer deposition process, where materials are heated to a molten state and deposited along a
predetermined path to achieve the desired shape [2].
The major advantage of additive manufacturing is its ability to produce complex shaped parts
with high accuracy without relying on cutting tools, fixtures, dies, or the complex processes
required by traditional machining, allowing the conservation of raw materials and reducing
processing cycles [3]. Additionally, its manufacturing process can be adjusted as needed ena-
bling its automation, conceptualization, and distribution[2].

However, AM still faces limitations, from both technological and economic points of view.
Challenges like surface finishing, the build space of the machines (particularly relevant to PBF),
the high marginal cost of production and in, some technologies, the quality of the produced
parts [4].

Initially, AM was primarily used to produce prototypes for validating aesthetic aspects
and later for testing the functionality of parts [4]. However, breakthroughs in both the process
and the materials used have expanded its applications, enhancing the quality and functionality
of the parts produced [5]. Although, AM research focuses on fabricating complex-shaped metal
parts, particularly using materials that are difficult to process, in industrial applications it is
involved in the production of relatively simple shapes [4].

To standardize terminology, AM technology is categorized into various types based on
the heat source and the methods of material supply [2]. The Table 2.1 presents the seven cat-
egories for AM technologies according to the ISO/ASTM 52900:2021 standard [6].



Table 2.1 - Additive manufacturing process categories according to 1ISO 52900:2021 [6]

Categories

Definition

Binder Jetting

Process in which a liquid bonding agent is selectively de-

posited to join powder materials

Directed Energy Deposition

Process in which focused thermal energy is used to fuse ma-

terials by melting as they are being

Material Extrusion

Process in which material is selectively dispensed through a

nozzle or orifice

Material Jetting

Process in which droplets of feedstock material are selec-

tively deposited

Powder Bed Fusion

Process in which thermal energy selectively fuses regions of

a powder bed

Sheet Lamination

Process in which sheets of material are bonded to form

a part

Vat Photopolymerization

Process in which liquid photopolymer in a vat is selectively

cured by light-activated polymerization




2.2 Additive Manufacturing of Metals

The additive manufacturing of metals can be classified into four categories, as presented

in the Figure 2.1 [3]. This classification considers the type of deposited material.

AM Categories for metals

|
v v ! v

Powder Bed Fusion Directed Energy ) . -
Binder Jetting (B Sheet Lamination (SL
(PBF) Deposition (DED) Jetting (B) GU
y 4 X
Material; Material; Material: Material:
Metal Powder Metal Powder Metal Powder Metal Laminate
Metal Wire Metal Foil
Direct Metal N Laser Engineered Ly Power Bed and +| Laminated Object
Laser Sintering Net Shaping Inkjet 3D Printing Manufacturing
Selective Laser y| Directed Light Ulrasonic
interi Fabrication
Sintering Consolidation
Electron Beam N Laser
) Melting "] consolidation
Selective Laser Electron Beam
o ) »
Melting 4 Freeform
Fabrication
Wire Arc Addictive
—P .
Manufacturing

Figure 2.1 - Categories of AM for metal materials [3]

Powder Bed Fusion (PBF) and Directed Energy Deposition (DED) are the most notable
among these categories. PBF processes can produce components with high geometrical accu-
racy, but with expensive equipment, materials, operation costs and lower building rates when
compared to other metal AM processes. Furthermore, the material used is metal powder, which
poses health risks to workers requires a system to control the hazardous environment [3]. Ad-
ditionally, the process is prone to the formation of defects such as pores, which can compro-
mise the structural integrity of the parts [5].

DED utilizes a laser, electron beam, or electric arc to generate a melt pool into which
feedstock material is continuously supplied. For laser and electron beam systems, material
transfer occurs via surface tension and melt pool bridging, rather than discrete droplet

5



formation. Compared to PBF it has lower resolution and it also requires post machining, but it
achieves a higher material deposition rate and is more cost effective to produce large metallic
components. Moreover, if metal wire is used as feedstock rather than metal powder, we elim-
inate the need for a recycling system and reduce the raw materials cost, as show in Table 2.2
[3].

Table 2.2 - Approximate cost of different metal materials in wire and in powder, in 2015 [3]

Feedstock Ti-6Al-4V Inconel 718 Inconel 625 Stainless Steel 316L
Wire (€/kg) 144 70 59 14
Powder (€/kg) 336 96 96 48

Other additive manufacturing processes, such as binder jetting (BJ), uses a water-based
liquid binder that is added to the powder to form layers, besides metals it can handle a wide
variety of polymers. It still faces challenges related to the strength and final density of the part,
requiring post-process treatments to improve mechanical properties [7].

The Sheet Lamination (SL) process combines additive and subtractive techniques to cre-
ate parts layer by layer, these layers are joined by a thermal adhesive, through the application
of heat and pressure. This technology has several advantages, such as low cost, no need for
post processing or support structures, no thermal deformation and can produce large parts.
However, this method leads to waste of material, poor surface resolution and difficulty in cre-
ating internal cavities [7].

Since Directed Energy Deposition (DED) enables the reduction of waste, the production
of complex geometries without an increase in costs and doesn't require tooling, becoming a
viable option for the industry [8]. The use of an electric arc as a heat source attracts more
attention, due to the efficiency and cost advantages when compared to other heat sources
previously mentioned. Economically, when arc power is used as the heat source, its cost is
typically around 1/10 of a laser transmitter and 1/30 of an electron beam generator. From the
point of view of efficiency, laser-based AM are not a good choice to produce high reflectivity
metal alloys, since a laser has a low energy absorption rate and electron beam-based AM needs
to work in a vacuum space, limiting the product size and increasing the difficulty of operation
[3].



2.3 Directed Energy Deposition-Arc

2.3.1 Process Fundamentals

Directed Energy Deposition-Arc (DED-Arc) employs an electric arc as the heat source and
solid wire as the feedstock material, it is commonly referred as WAAM (Wire Arc Additive Man-
ufacturing) within the scientific community [9]. This method sacrifices precision and geometric
complexity compared to laser-based powder additive manufacturing, but offers broader ap-
plications, lower costs, and the capability to produce large parts. Moreover, it enhances raw
material utilization and reduces the product manufacturing cycle [8]. It can deposit titanium-,
nickel-, and iron-based materials, besides stainless steel with a high deposition rate, compared
to other AM processes [10].

This AM technology has evolved from traditional welding processes, including deposition
welding, relying on fundamental concepts of automatized or robotized welding processes.
DED-Arc can be characterized based on the heat source into Gas Tungsten Arc Welding
(GTAW), Gas Metal Arc Welding (GMAW), and Plasma Arc Welding (PAW) [11]. Figure 2.2 shows

these processes, the gas supplied is Argon.

Tungsten electrode

Pm\a "
+
Workpiece I
(a) GMAW (b) GTAW

Tungsten electrode

Cooling
water

N
Pm\ﬂ

Nozzle

(c) PAW

Figure 2.2 - Fundamental features of GMAW, GTAW and PAW processes [3]



Gas Metal Arc Welding (GMAW), is the most used process in DED-Arg, it is a fusion-based
arc welding process where the arc is established between the tip of a consumable wire and the
workpiece under the protection of an inert or active shielding gas that also protects the weld
pool and adjacent material [5], an automatic feeding system is incorporated to transport the
consumable metal wire, which is typically positioned perpendicular to the substrate. GMAW
offers high melting efficiency and deposition rates, that range from 15 to 160 g/min and can
weld the most commercially important metals, including copper, aluminum, and stainless steel.
However, GMAW-based DED-Arc usually suffers from poor arc stability [3], and generates weld
fumes and spatter due to the electric current passing through the feedstock [9].

Gas Tungsten Arc Welding (GTAW) produces high-quality welds by using an open arc
between a non-consumable tungsten electrode and the workpiece. It generates no slag or
spatter, requires minimal post-weld cleaning, and can be easily applied in all welding positions
[3], but the deposition rates are significantly lower that GMAW-based DED-Arc [9]. Plasma Arc
Welding (PAW) is similar to GTAW, but its arc is constrained by a nozzle, resulting in a more
focused arc. This increases arc stability, improves heat transfer efficiency, and enhances welding
speeds [3]. The Heat Affected Zone (HAZ) of PAW beads is narrow and thin, allowing for better
control of the weld geometry [5], it can also weld most refractory metals used in industrial
applications [3].

GTAW-based and PAW-based systems require a separate wire feed system, which al-
lows for flexible wire feed directions and positions, such as back feeding, side feeding, and
front feeding. On the other hand, in GMAW-based systems, the welding torch and wire are
coaxial, simplifying path generation and robot programming [3].

In the pursuit of a more stable process, a variant of GMAW, known as cold metal transfer
(CMT) has developed. It is an advanced material transfer process, with a deposition type based
on a short circuit, that controls molten metal deposition, with reduced heat input, in which an
incorporated control system detects when the electrode wire tip contacts the molten pool and,
using a servomotor, retracts the wire in a push-pull electromechanical process, to control the
droplet transfer, nevertheless, GTAW and PAW offer higher arc stability due to their controlled
energy input and arc characteristics [5]. CMT offers advantages such as reduced spatter and
lower heat input, making it suitable for thin-walled components. However, for thicker sections,
CMT may be prone to lack of fusion defects, and its applicability must be evaluated case-by-

case [3].



2.3.2 Process Parameters and Deposition Strategies

This section addresses the process parameters that significantly impact the properties
of components manufactured by DED-Arc. To fully optimize the utilization of a manufacturing
process a meticulous selection and implementation of a combination of process parameters
and deposition strategies need to be addressed [12].

In GMAW, the process parameters that significantly affect the outcome are wire diam-
eter, wire feed speed (WFS), travel speed (TS), arc current and voltage (V), contact tip to work
distance (CTWD), shielding gas and torch angle [12], the effect of the parameters are presented
in Table 2.3.

The characteristics and the quality of the deposited structure are directly related to the
heat input. As excessive heat input results in the remelting of the layers previously deposited,
deteriorating the macrostructure and bead geometry, on the other hand, low heat input en-
sures a uniform deposition and reduces porosity, by lowering the droplet temperature and gas
solubility in the melt pool, however in the case of thick components, higher heat input may be
necessary to ensure proper fusion and avoid defects [13]. Heat input also influences the melt
pool size, with lower values producing smaller width-to-height ratios due to the rapid solidifi-
cation, while higher values increase fluidity and, consequently, the molten pool extension. The
process parameters that influence the heat input are arc current, arc voltage and travel speed
(TS), with studies showing that the WFS/TS is the most critical parameter when controlling heat

input. Additionally, variations in the heat input induce changes in the microstructure [14].



Table 2.3 - Relationship matrix between parameters and the finished product performance (adapted from [12])

Performance
Structural Surface Substrate Residual )
Integrity Finish  Warping Stress Porosity  Cracks  Hume
Parameters
Type of Heat | Strong Weak No effect No effect Strong No Strong
Source effect
Type of Wire | Strong Strong  Strong Weak Strong Strong No
Material effect
Wire Feed Strong Strong  Strong Strong Strong Strong  Weak
Speed
Travel Speed Strong Strong  No effect No effect Weak Strong  Strong
Voltage (V) Strong Strong  Strong Strong Strong Strong No
effect
Current (A) Strong Strong  Strong Strong Strong Strong  Strong

The welding shielding gas is an important parameter, since it affects bead geometry,
process stability, transfer mode and weld appearance [15]. It is typically supplied through the
welding torch, allowing the protection of the molten material from contamination, preventing
defects such as cracking, porosity, inclusions and the formation of oxides. Gas composition
significantly influences the process, it impacts the microstructure of components and the sta-
bility of the welding arc. In reactive materials, insufficient oxide in the melt pool can cause arc
wandering, because the arc shifts towards the substrate to locate new oxides, leaving a sput-
tering zone. To address this challenge an oxidizing-doped shielding gas is used, allowing an
increased travel speed, improved penetration and a reduced surface tension of the molten
metal [13]. The flow rate is another critical factor, a higher flow rate leads to poor penetration
due to turbulence, which also traps atmospheric gases resulting in the increase of the porosity
on the final part. Recent innovations, such as inert chambers and flexible tent shielding were
introduced to manage turbulence, enhance surface finish and deposition efficiency [12].

The type of wire is a crucial factor thar affects the structural integrity and quality of the
parts produced. The wire diameter plays a significant role in determining the heat input, dep-

osition rate, overall quality of the deposited bead and the width of the molten pool. Moreover,
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the quality of the wire is critical, variations in wire size, imperfections or defects can lead to
voids or porosity [12].

Key welding parameters (introduced previously) are directly related to arc stability,
making it a critical factor in achieving high-quality parts, as it governs the consistency of metal
transfer, bead formation and overall weld integrity. Stable arcs ensure uniform heat input, con-
trolled droplet detachment and reduced spatter, essential for process efficiency and defect
prevention [16].

Moreover, a crucial aspect to manufacturing suitable parts, made by DED-Arg, lies is the
design of an efficient deposition strategy. For single-pass multilayer deposits, toolpath plan-
ning is critical, a unidirectional toolpath causes material accumulation at starting points,
whereas bidirectional balances deposition and uneven material deposition. Combinations of
wire feed speed and travel speed can also mitigate material defects in unidirectional deposition
[12]. In multi-layer and multi-bead deposits, proper overlap distances (hatch distance) are es-
sential to avoid defects like valleys between beads, geometry accuracy and good surface finish
[15]. So, deposition strategies like oscillation, parallel and weaving are implemented, as illus-
trated in Figure 2.3.

These strategies define the toolpath, the start and end positions for each layer, inter layer
waiting time and heat management [17]. The oscillation strategy causes excessive heat buildup,
leading to shrinkage, oxide formation, element loss, and gas trapping. The parallel strategy
reduces heat accumulation by letting adjacent beads cool as the torch alternates positions. The
weaving strategy combines parallel deposition with a linear weave, creating wider, flatter beads
instead of tall, narrow ones. To achieve a uniform single-pass bead, precise torch programming

is required [17].
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Figure 2.3 - Deposition Strategies: a) Oscillation, b) Parallel, c) Weaving [12]

<)

In DED-Arc, metal transfer occurs mainly through three conventional modes: spray, glob-
ular and short-circuit [18], but more advanced deposition modes are utilized, for tool steels
DED-Arc processes are CMT, low spatter control (LSC) and pulsed synergic (PS). The CMT pro-
cess has already been presented in section 2.3.1. LSC is a dip transfer process based on short-
circuit, this is, just before breaking the short circuit bridge the current is reduced, which causes
high arc stability and low spatter generation [18], [19]. The waveform of CMT and LSC process

can be observed in Figure 2.4.
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Figure 2.4 - Waveform of a) CMT and b) LSC [20]

The PS uses lower average current, due to the current pulse. During the lower period
the current pulse is kept at lower levels to keep the wire material, but maintaining the electric
arc, then the peak current is increased above the transition current to promote the transfer of

a metal drop that is shed in the phase where the current is lowered [21], as presented in

Figure 2.5.
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Figure 2.5 - The shape of the current and droplet in pulsed transfer mode [4]

A study showed that additive manufacturing of AISI H13 steel, a hot work tool steel, via
DED-Arc was viable using CMT, LSC, and PS modes, all producing defect-free deposits. LSC and

CMT exhibited similar arc voltage and current values, while PS displayed oscillations, resulting
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in lower current and higher voltage. Among the modes, LSC had the lowest energy consump-
tion, PS generated the highest substrate temperatures and deposited the least metal, and CMT

produced the largest deposit dimensions [19].

2.4 Direct Energy Deposition - Arc of Maraging Steels

Due to the lack of information about the material in study, UTP A 702. This section
focuses on Maraging Steels because of the similar mechanical properties and chemical com-

position [22], [23]. Information about the material in study is presented in section 3.1 .

2.4.1 Process Overview

In a previous study [24], has used a filling material of 18Ni (350) Maraging Steel as a wire
with a diameter of 1.2 mm. It was manufactured with a thin wall part 160 mm in length, 90 mm
in height and 9 mm in thickness by GMAW-based DED-Arc. The optimized process parameters
were as follows in Table 2.4. To ensure that the height at both ends of the wall were equal, an
alternating direction deposition mode and an elevation of 2.0 mm of the torch after the dep-
osition each layer was used. The temperature between layers was controlled at 150 °C (+ 10°C)

though air cooling. The shielding gas used was pure Argon (Ar) with a flow rate of 25 L/min.

Table 2.4 - Process Parameters [24]

Current (A) Travel speed (mm/s) Wire Feed Speed (m/min) Heat Input (J/cm)
133 35 4.2 7980

2.4.2 Microstructure

The microstructure of metals is the arrangement and organization of phases, grains,
and precipitates at the microscopic level, which directly affects the mechanical and behavioral
properties of materials [5]. The microstructure of metals processed by DED-Arc is significantly
influenced by variations in thermal cycles and process parameters, changing the solid phase
transformations and grain morphology. To optimize the production of Maraging steels via
DED-Arg, it is essential to understand their solidification behavior and phase transformations,
which differ from other alloys due to their unique precipitation hardening mechanism [11].
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In steel components fabricated by DED-Arc, the microstructure differs from those pro-
duced by conventional methods, with DED parts consisting predominantly of low-angle co-
lumnar grains due to the large heat input and slow cooling rates during layer deposition. The
high thermal gradients and interlayer heat accumulation can lead to the formation of oxide
inclusions, while solidification occurs entirely in the austenitic mode. Upon cooling, a portion
of this austenite transforms into lath martensite, whereas some retained austenite remains at
room temperature due to local variations in composition and cooling rate [25].

The grain structure is strongly influenced by the thermal gradient and build direction,
The main factors that influence cooling are the solidification rate (SR) and the local temperature
gradient (TG). A higher TG/SR ratio leads to the formation of columnar crystals, while a lower
one leads to the formation of equiaxed grains [2], [11].

However, even for grains with the same crystal structure, their morphology, orientation
and size may vary, due to the thermal history of the process. As presented in Figure 2.6, this
heterogeneity in the microstructure of maraging steel is evident along the build height. It orig-
inates from the high heat input and repeated reheating between layers, which govern the local
solidification rate and the extent of epitaxial growth from previously deposited material. Solid-
ification occurs entirely in the austenitic mode, with epitaxial columnar grains growing along
the primary heat extraction direction. During subsequent cooling, most of the austenite trans-
forms into lath martensite, while a small fraction remains as retained austenite due to nickel
enrichment and the relatively slow cooling rates inherent to the DED-Arc process [25], [26].

In the bottom and middle regions, repeated reheating promotes epitaxial grain growth
and partial remelting, producing coarse columnar grains and inter-dendritic segregation of
alloying elements such as Ni, Mo, and Ti. These regions consequently exhibit a higher fraction
of retained austenite and a coarser microstructure. In contrast, the top region, which solidifies
directly without subsequent reheating, develops a finer cellular or dendritic morphology with
lower austenite content. This vertical gradient in grain size and phase distribution, clearly illus-
trated in Figure 2.6, is characteristic of the DED-Arc process and has been consistently reported
for 18Ni maraging steels [11], [25]. Therefore, the resulting deposited microstructure consists
predominantly of lath martensite, with smaller fractions of retained austenite and fine interme-
tallic precipitates. These features distinguish DED-Arc maraging steels from conventionally pro-
cessed counterparts, which typically exhibit a more homogeneous microstructure after heat

treatment [27].

15



w— Delta ferrite by : 3 ""M(C) (I Nambor frcticn)

e Martensite lath

013

005
0.02 B 002 0.02

0.0
o ) & o o o )
& & T\* Q‘ O

¥ & & \S' FFHy
Grain size (um)

%
£

(d1)

Point 1 _ é}f

Point 2

Point 3

Figure 2.6 - The morphology, orientation and size of grains of DED-Arc maraging steel, (a) grain morphology, (b)
grain orientation, (c) grain size, (d1) macroscopic morphology, (d2) low magnification of middle region, (d3) high

magnification view of the layer boundary [11]
Despite the growing number of studies addressing the relationship between processing
parameters, microstructure, and mechanical performance, there is still a lack of literature on
the Direct Energy Optimization (DEO) principles and their specific application to DED processes.

This gap limits the systematic understanding and optimization of process variables that govern

heat input, thermal gradients, and subsequent microstructural evolution.

16



2.4.3 Mechanical Properties

Components produced through Directed Energy Deposition with Arc (DED-Arc) exhibit
a heterogeneous microstructure, which promotes anisotropy in their mechanical response.
Wang et al. [27] investigated the fabrication of 18Ni (350) maraging steel using DED-Arc and
reported pronounced directional dependence of mechanical properties. The as-deposited
specimens demonstrated higher ultimate tensile strength and yield strength along the build
direction compared to the horizontal orientation. This anisotropic behavior was attributed to
the alignment of elongated columnar grains and to local chemical segregation retained within
the lath martensitic microstructure. Consequently, such microstructural features significantly
influence hardness, ductility, and the overall mechanical performance of DED-Arc fabricated

parts. The mechanical properties of the 18Ni (350) is represented in the Figure 2.7.
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Figure 2.7 - Mechanical properties of 18Ni (350) maraging steel fabricated by DED-Arc under different heat treat-
ments: (a) Tensile and Yield Strength; (b) Elongation; (c) Vickers Hardness; (d) Stress - Strain curves (as-deposited)
[27]

Despite the growing number of studies addressing the relationship between processing
parameters, microstructure, and mechanical performance, there is still a lack of literature on

the Direct Energy Optimization (DEO) principles and their specific application to DED processes.
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This gap limits the systematic understanding and optimization of process variables that govern
heat input, thermal gradients, and subsequent microstructural evolution.

To mitigate anisotropy and improve homogeneity, studies have investigated post-dep-
osition heat treatments and thermomechanical strategies such as inter-pass rolling and hot

forging, as discussed in chapter 2.5 and chapter 2.6.

2.4.4 Defects

The DED process presents similar defects to those observed in conventional welding,
such as porosities, lack of interlayer adhesion, cracks, delamination, residual stress and distor-
tions [28].

The successive expansion and contraction from thermal cycles causes the accumulation
of residual stress remaining in the part after cooling and can lead to distortions. Affecting the
materials mechanical strength and dimensional accuracy. The optimization of deposition pa-
rameters and deposition strategies, such as starting the deposition from the outside and end-
ing at the center, helps minimize this defect. When the accumulation of residual stress between
layers exceeds the materials yield strength or chemical variations during solidification, it can
lead to the formation of cracks. Delamination, on the other hand, results from partial fusion
between layers or inadequate thermal control. These two defects can be mitigated with the
preheating of the substrate, adjusting heat input and the use of contamination free materials.
The contamination of the material and the absorption of atmospheric gases, particularly hy-
drogen, leads to the formation of porosities during solidification, negatively impacting the me-
chanical properties. Proper cleaning of the feedstock and correct use of shielding gas are es-
sential to reduce porosity, process parameters like WFS and TS have minimal influence [28],
[29].

The presence of these defects in maraging steels, as observed in the Figure 2.8, result in
a brittle fracture mode characterized by cleavage fracture and intergranular cracking. The pres-
ence of these brittle fracture features suggests a weak grain boundary cohesion, due to ele-
mental segregation or insufficient diffusion between layers. In the section 2.6 the changes on
defects after heat-treatments are addressed [27]. Another approach to minimizing defects in
DED is the use of the Hot Forging variant, which applies forging in the fusion zone, promoting

pore collapse and reducing their severity [28].
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Figure 2.8 - Typical defects on the fracture surface of the as-deposited maraging steel: a) Crack; b) Oxide Inclu-
sions [27]

2.5 Process Variants

Parts made by DED, experience significant residual stresses, deformations, large grain

sizes and anisotropy, to address these issues post processes are employed [11].

2.5.1 Interpass cold rolling and hot forging

Cold rolling consists of the use of a rolling machine to apply loads to plasticly deform
the deposited structure, while the sample is clamped in a rigid structure. As each new layer is
deposited, it is allowed to cool to room temperature before being rolled at high pressure. This
process induces local plastic deformation, which in turn increases the dislocation density and
a significant reduction in grain size [11]. The reheating of the rolled layer in the subsequent
layer deposition also induces grain refinement [13]. The temperature during the rolling pro-
cess, is an important factor, the residual heat of the component in the forming process pro-
motes elongation of the material due to the thermal connectivity, which is conducive to im-
proving the flatness and surface roughness of the weld surface and increasing productivity
[11].

Following the process of rolling surges the hot forging, it consists of a hammer placed
inside the gas nozzle, which is activated by vibrating actuator, operated electromagnetically or
mechanically, as illustrated in Figure 2.9. It is designed to utilize the viscoplastic deformation
of materials at high temperatures to increase strength, reduce residual stress, refine the micro-

structure and close voids [13], [30].
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Figure 2.9 - Schematic representation of forging area in HF-WAAM: (a) isometric (3D); (b) top view (2D) [13]

The position and geometry of the vibrating hammer has more than one alternative,
such as a hammer with circular geometry positioned outside the torch, a hammer with a circular
crown geometry or using the external cylinder protecting the torch as a hammer [31].

The Table 2.5 shows the process parameters necessary to parameterize this process in

an efficient way.

Table 2.5 - Hot Forging Parameters [31]

Parameters Forging Forging Forging Step Distance from the
force (N) Frequency (Hz) (mm/cycle) hammer axis to the

electric arc (mm)

There is a relation between the forging step, FS, forging frequency, f, and Travel Speed,
TS, equation 2.1. If this relationship is not met, areas of deposited material may remain without

proper forging [31].

:60 XTS [mm] 2.1

FS
f ciclo

Duarte et al. [32] investigated the use of /n-situ hot forging on a part of CuAL8 Alloy
fabricated by DED. The hot forging system developed in this study features a pneumatic actu-
ator with a circular hammer, that deforms the material after the deposition. This process oper-
ates at high temperatures, approximately 750 °C, allowing for dynamic recrystallization, which
refines the grain structure and improves isotropy. This research demonstrates that hot forging
is a superior alternative to cold rolling, since it enables the refinement of the microstructure,
enables recrystallization and stress relief without the limitations of cold rolling, such as requir-

ing high loads, excessive strain hardening or crack formation.
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2.6 Heat Treatments

Post-process heat treatments have a wide role DED-Arc in enhancing material strength,
reducing residual stress and improving the microstructure. The choice of heat treatment is
dependent on the material, manufacturing process, working temperature and heat treatment
conditions [11].

Solution annealing is a key step in the heat treatment of maraging steels, particularly for
those produced by additive manufacturing, as it eliminates chemical segregation and restores
a uniform martensitic structure. Studies by Kan et al. [33] and Conde et al. [34] demonstrated
that heating the alloy to temperatures above the Ac; point results in complete austenitization,
which dissolves segregation of alloying elements such as Ni, Ti, and Mo that form during so-
lidification. Upon cooling, this homogeneous austenitic phase transforms into a fine, uniform
martensitic matrix. Kan et al. showed that a treatment at 840 °C for one hour followed by air
cooling effectively removed inter-dendritic and cellular segregation, promoted recrystallization
into equiaxed prior-austenite grains, and reduced retained austenite to less than 3%. However,
also noted that such extensive homogenization reduces the solute enrichment responsible for
stabilizing austenite, leading to a predominantly martensitic structure after cooling. Overall,
the literature indicates that solution annealing above Ac; is essential for achieving a homoge-
neous and stable martensitic matrix, providing the structural and compositional foundation for
subsequent aging or tempering treatments.

During aging heat treatment, the low-carbon lath martensite becomes thinner while the
austenite phase increases, transforming from elongated dendritic shapes into more equiaxed
structures. This transformation is driven by elemental segregation, which promotes austenite
reversion. At the same time, martensite that was not fully stabilized during the solution treat-
ment undergoes a reverse transformation into austenite, further elevating the overall austenite
content. Moreover, aging enables the precipitation of strengthening phases, such as NisTi,
NisMo, and Fe,Mo, from the martensite matrix, however, in DED-Arc fabricated samples, this
precipitation is often non-uniform due to prior thermal cycles and inherent microstructural
heterogeneity. Although the aging treatment significantly increases microhardness, the im-
provements in ultimate tensile strength and yield strength are marginal compared to the as-
deposited state. More importantly, the marked reduction in elongation indicates that while the
reverse transformation and precipitate formation enhance hardness, they may also lead to em-
brittlement. Consequently, the modest gains in tensile strength are offset by a substantial loss

in ductility, highlighting the need to optimize aging treatments to achieve a more favorable
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balance of strength and ductility in DED-Arc produced materials [22], [26]. The Figure 2.10

shows this microstructure, after solution annealing and aging.

Figure 2.10 - Microstructure of the maraging steel produced by DED-Arc of a solution and aging-treated part, a)
Top; b) Middle and c) Bottom region [24]

In a study with maraging 300 steel, a material with similar chemical composition to the
UTP A 702 [34], [35], produced via Selective Laser Melting (SLM), has studied in order to un-
derstand the martensite to austenite reversion through a solution annealing and isothermal
tempering, to improve the ductility and toughness of the produced part. The homogenization
treatment was conducted at 820 °C for one hour, followed by air cooling. During the temper-
ing, the Transformation Induced Plasticity (TRIP) is responsible for inducing the martensite to
austenite reversion, this occurs when the material is heated between the Ac1 (temperature at
which ferrite starts to transform into austenite) and Ac3. The tempering has performed with a
soaking time of 2200 seconds, a 500 °C/s heating rate, a cooling rate of 5°C/s and at three
different temperatures 610°C, 650°C and 690°C. The study concluded that isothermal temper-
ing at 610°C to 650°C offers an optimal balance between austenite formation and thermal
stability, as shown in Figure 2.11, with higher temperatures inducing low austenite stability

after cooling [34].
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Figure 2.11 - Microstructures of AM maraging 300 steel after: a) SLM deposition, b) homogenization at 820°C for
one hour, ) tempering at 610°C [34]

During the annealing treated state, the fracture mode transitions from brittle cleavage
to ductile dimple rupture, characterized by the presence of micro-voids that grow forming
deep dimples on the fracture surface. After aging, the fracture surface presents shallow dimples
alongside cleavage steps indicating a combination of ductile and brittle failure mechanisms.
The presence of cleavage steps suggests a localized brittle fracture due to stress concentrations
around the hard precipitates [27].

If lower hardness and improved toughness is required, the temperature during the ag-

ing temperature can be increased, as represented on Figure 2.12 [36].
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Figure 2.12 - Effect of Aging Temperature on the Hardness of Maraging Steel [36]
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3 EXPERIMENTAL PROCEDURE

3.1 Material

The material used was the UTP A 702, a Maraging Steel classified under material number
1.6356 according to EN standards [35]. This material has high strength and toughness, being
used for aerospace, military, aeronautical and nuclear industries, besides this it is used to repair
and renovate mold parts of high-pressure casting procedures [37], [38] . In the as-deposited
state the material is machinable, with the subsequent artificial aging optimizing its strength

and hardness, with the following chemical composition expressed in Table 3.1 [35].

Table 3.1 - Chemical composition, in mass percentage of UTP A 702 [35]

C [%] Al[%] Mo [%] Fel[%] Ni[%]  Co [%] Ti [%]
0.02 0.1 4.0 Balance 18.0 12.0 1.6

Maraging steels possess unique thermal and physical characteristics that set them apart
from conventional high-strength steels. Their high martensite start and finish temperatures
allow complete transformation to a soft and ductile martensite upon air cooling, providing
good machinability and workability prior to aging. Due to the chemical and metallurgical
equivalence between UTP A 702 and 18Ni-350, the standard heat treatment applied to 18Ni-
350 was adopted, therefore an aging treatment at a temperature of 480 °C for 5 hours followed
by air cooling was applied [23]. This treatment induces precipitation of nanometric intermetallic
compounds (NisTi, NisMo, Fe;Mo), which raises yield strength while maintaining excellent di-
mensional stability. In addition, maraging steels show protective oxidation behavior, with thin
adherent oxide layers forming at intermediate temperatures, and corrosion resistance superior
to most low-alloy steels [23], [37].

Although Maraging steel is not a stainless steel, the Schaeffler diagram was used to
approximate phase formation due to its widespread application in alloys with similar elements.

However, it is important to note that this diagram does not account for solidification modes

25



and only predicts room-temperature microstructures. It predicts the phase formation by eval-
uating the chromium equivalent (Crgq) and nickel equivalent (Nigq) of the material composi-
tion, representing the effects of alloying elements that promote ferrite and austenite formation,
respectively. The Chromium and nickel equivalent are calculated with the equations 3.1 and 3.2
[39].

Crgq = %Cr + %Mo + 1.5 X %Si + 0.5 X %Nb + 2.0 X %Ti 3.1

Nigq = %Ni + 30 X %C + 0.5 X Mn + 30 X %N 3.2

Considering the chemical composition of UTP A 702 in Table 3.1, the Crgq and Nigq are
7,2 % and 18,6 %. In Figure 3.1 can be observed that the expected microstructure is a combi-

nation of austenite-martensite.
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Figure 3.1 - Schaeffler Diagram [40]

3.2 Design of Experiments

With the purpose to optimize the parameters of the DED-Arc process, statistical analysis
is used. Being a multi-variable process, a combination of parameters needs to be manipulated
effectively, with the goal of minimizing trial-error experiments and enable systematic pre-plan-

ning [12]. The Design of Experiments (DoE) methodology is used to estimate the optimal range
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of process parameters, which is obtained through a mathematical correlation between the pro-
cess parameters and the deposited single-layer output variables [41].

The response surface methodology (RSM) is a statistical technique that uses multivariate
quadratic regression equations to solve multivariate problems, where linear and nonlinear in-
teractions are expected, like DED-Arc. These equations model the functional relationship be-
tween process variables and performance or quality measurements. RSM is applied to analyze
the impact of independent process variables and their effects on the response and the relation
between the independent process variables and the responses are visually represented
through three-dimensional surface plots [41].

To generate a quadratic model from a response surface design the central composite
design (CCD) method is used. This type of planning consists of a factorial planning 2¥ with ng
experiences, 2k axial or star points, n¢ center points, being k the number of process variables
considered:

e np = 2Kpoints correspond with the vertices of a cube k-dimensional cube,
(X1, X2, oy X)) = (£1,£1, ..., £1);
e 2k points, designated star points, corresponding with the vertices of a k-dimen-
sional star, (+«,0, ...,0), (0, +¢, ...,0), ..., (0,0, ..., +a);
e n¢ =1 central points, (x4, x5, ..., x¢) = (0,0, ...,0);
The total number of experiments is obtained by equation 3.3:
N = ng+ 2k + n¢ 3.3

The central composite design (CCD) is divided into three types, Circumscribed (CCC),
Inscribed (CCl) and Face-Centered (CCF), based on the disposition of the star points as show
in Figure 3.2.
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Figure 3.2 - Types of Central Composite Design [42]

For this work the planning used is the Circumscribed Central Composite Design (CCC),
because it allows us to address a broader domain of the planning space and is a rotatable
planning. The planning is rotatable when the points are rotated relatively to the center and
their distribution remains unalterable, leading to more reliable and consistent predictions
across the design space [42].

To create the necessary curvature for modeling quadratic responses each factor requires
five levels, being —a, —1,0, 1, +a. The distance between the center and the star points is +a,

and is this distance that makes the planning rotatable, a is obtained with equation 3.4 [42].
a= (nF)1/4- 34

The responses are expressed as mathematical functions, where the process parameters

are the constituent factors, as denoted in equation 3.5 [41].

Responses = f(x1,X5,Xx3) 3.5

A second-order polynomial equation is used to represent the response function, as-
suming that a quadratic regression model can predict the response variable. The equation from
the RSM is presented in equation 3.6 . The variable k denotes the number of process variables,
Bo the intercept and B;, B;; and f;; the coefficients regarding the linear, quadratic and interac-
tion factors, respectively. The np coefficients are estimated with the equation 3.7 [41], [42].

k k k k
Y = .BO +Zﬁixi +Z,b’iixi2 +Zz,8ijxixj + ¢ 36
i=1 i=1

T >

k+1)k+2
np = S D0+ 37
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An ANOVA analysis is introduced to the quadratic model to evaluate the statistical sig-
nificance of response, with the analysis results presented in an ANOVA table (Table 3.2). It
begins by calculating the total sum of squares (SST), which measures the overall variation in
the data. This total variation is then divided into the sum of squares due to regression (SSR),
which quantifies the variation explained by the model, and the sum of squares due to error

(SSE), which represents the unexplained variation ( Equations 3.8, 3.9 and 3.10) [42]:

N
> 3.8
SST = ) (Y, —7)?
N
o _ 7 3.9
SSR= ) (9, -1)?
N
> 3.10
SSE= ) (Y, —T,)?

The variables are the observed response value in each experiment Y, the arithmetic
mean of the responses Y and the value predicted by the model .

By comparing these components, ANOVA uses the F-test to determine whether the
model’s predictors have a significant effect on the response variable. The F-value is calculated
as the ratio of the mean square regression (MSR) to the mean square error (MSE) (equations
3.11 and 3.12). Under the null hypothesis, where none of the predictors contribute meaning-
fully, the MSR and MSE are expected to be similar, resulting in an F-value close to 1. However,
if the F-value is significantly higher than the critical value from the F-distribution, it suggests
that the variability explained by the model is substantially greater than what would be expected

by chance, leading to the rejection of the null hypothesis [42].

SSR
— 3.1
MSR = ———
(B —-1)
SSE
_ 3.12
MSE =y

The p-value which ranges from 0 to 1, is derived from the F-test, measures the proba-

bility that the observed difference among group means occurred purely by chance. A low p-

value, typically below 0.05, provides strong evidence against the null hypothesis, indicating

that at least one predictor has a statistically significant effect on the response variable. Con-

versely, a high p-value suggests that any observed differences are likely due to random varia-
tion.

Pareto charts are often used to display the estimated effects of factors on the response,

each bar corresponds to an effect size, sorted in descending order of magnitude, and a
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reference line that is drawn to mark statistical significance. This chart quickly identifies the most
influential terms (those crossing the significance line), indicating the factors or interactions that
are most important [43]. Just as the ANOVA table, residual plots are used to diagnose the
model adequacy [43], and common residual graphs include:
e Normal probability plot of residuals that checks the normality assumption of er-
rors.
e Residuals versus fitted values, check the constant variance and model form. In a
good model the residual vs fitted values shows a random scatter around zero.
e Residuals versus run order, checks independence and if any factors were missed,
the plotted graph should show no trend.
e Histogram shows the frequency of the residuals.

Additionally measures such as R? and adjusted R? help assess the model's goodness of
fit by indicating the proportion of the total variance that is explained by the model, the adjusted
R? adjusts R® for the number of predictors in the model, penalizing if insignificant variables are
added to the model. The predicted R? is a metric of a model's predictive power on new data,
uses the Prediction Residual Sum of Squares to statistically predict responses for new experi-

mental points [41], [42], [43].
Table 3.2 - ANOVA Table (adapted from [42])

Source of Sum of Degrees of Mean F- Value
variation squares Freedom Squares
Regression SSR nf—1 MSR MSR/MSE
Error SSE N —nf MSE
Total SST N-1

After the statistical model is completed, verification tests are performed to make a final
analysis of the goodness of fit and the model predictive power [42].
These steps together provide a rigorous framework for determining whether the factors

under study have a genuine impact on the outcome.

3.3 Deposition Process Optimization

Maraging steels are sensitive to processing conditions, so optimization has taken into
account to achieve defect free parts, reliable mechanical properties, while ensuring dimen-

sional accuracy and process stability.
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For the development of this work the DED-Arc machine developed by DEMI was used,
see Figure 3.3 . This machine consists of a 3 axis CNC machine with a working volume of 2.10
x 1.50 x 1.25 m where a Promig NG 450W torch is attached. The welding system works with an
OERLIKON power source, model C/ITOWAVE Il 520and an OERLIKON control unit, model DMU
W500. The experiments were conducted in manual mode, both Wire Feed Speed (WFS) and
Voltage were manually defined, while the current fluctuated according to the transfer charac-

teristics.

Figure 3.3 - DED-Arc machine

The wire manufacturer recommended M12, M13, M20 or M21 Shielding gas, according
to the EN ISO 14175 [35]. Considering this information a M20 welding gas, Arcal Speed with
composition of 92% Ar + 8% C0, and flow rate of 13 L/min was used.

In the conditions applied throughout this work, the transfer process was predominantly
characterized by short-circuiting, a mode that generally occurs at relatively low voltage and
current ranges, with the waveform analysis confirmed the predominance of this mode. This
mechanism can be described in two main phases: the arcing period, during which a droplet
forms at the wire tip, and the short-circuit period, when the droplet is transferred to the base
metal upon contact. These cycles give rise to synchronized fluctuations in voltage and current,
as illustrated in Figure 3.4. It should be noted, however, that depending on the specific combi-
nations of process parameters (e.g. current, voltage, and wire feed speed), other transfer
modes may also have taken place [16]. Nevertheless, short-circuit transfer was the most fre-
quently observed and therefore served as the basis for the considerations developed in this

work
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Figure 3.4 - Short Circuit waveforms [16]

The heat input during the metal transfer can be calculated using the equation 3.13,
where U is the voltage (V), | the current (A), TS the travel speed (mm/min) and n the efficiency
of the GMAW welding process, that was considered 0.8 [4].
=751 () *P
Before performing the Design of Experiments, preliminary tests were carried out, the tests

HI

used mild steel substrates with 200 x 60 x 8 mm, every substrate had the same dimensions, to
avoid different heat dissipation conditions. Beyond that, substrates with and without a clean
surface were used to test the influence of impurities on the material deposition.

Firstly, using wire ER80S-G single bead samples with two layers were made, the lengths
of the walls were fixed at 80 mm, a standoff distance of 14 mm and wide parameters of WFS,
TS and voltage. Considering the samples made with these parameters and the bibliographic

research done, the range of parameters to be used in the DoE were obtained. The parameters

are in the Table 3.3.
Table 3.3 - Range of parameters used on the DoE

WES TS Voltage

2,5 - 5,0 m/min 240 - 420 mm/min 18-22V

Secondly, using the parameters from the previous table, samples were made with the
material in study (UTP A 702) using the same wall length, shielding gas, substrate dimensions
and standoff distance as the previous test. Preliminary visual inspection of the weld beads
showed surface discoloration typical of oxidation at welding temperatures (~1400 °C). How-
ever, this does not necessarily indicate that maraging steel is especially prone to oxidation, as

such reactions occur in most alloys under similar thermal conditions. In maraging steels, surface
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oxides mainly consist of Fe- and Ni-rich compounds, and their presence alone does not imply
reduced weld quality or corrosion resistance [44]. Nevertheless, to reduce the extent of surface
oxidation and minimize potential contamination from the substrate, the experimental proce-
dure was adjusted: prior to material deposition, the substrates were sanded to remove surface
impurities, and the shielding gas was changed to pure argon with a flow rate of 18 L/min to
improve protection of the molten pool.

With the goal of optimizing the parameters of deposition a Design of Experiments was
carried out using the methodology of the chapter 3.2 and the statistical software Minitab. The
DoE planning consists of three factors, Wire Feed Speed (WFS), Travel Speed (TS) and Voltage,
these parameters were selected because they are the main factors governing the balance be-
tween heat input, deposition rate and arc stability. Among the possible output variables, arc
stability was selected as the primary response variable, due to its critical role in ensuring con-
sistent metal transfer and overall process reliability. Each parameter has five factor, to properly
model quadratic relationships, this way using the statistical model from the DoE we obtain the
values of the parameters that allow us to obtain the higher arc stability. With the goal of in-
creasing precision and estimating experimental error three replicates are used. This way, per
replicate, the design planning has eight cube vertices, six star points and six central points, with
20 unique experiments required, equaling in total 60 experiments.

The experiments were randomized, on Minitab, to prevent systematic errors and time-
based biases, ensuring statistical validity. In this manner, the 60 runs were carried out as pre-

sented on Table 3.4. The square brackets represent the coded units.
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Table 3.4 - Experimental Planning parameters

Run TS WEFS Vv Run TS WEFS \
1 240 [-1] 5 [1] 18 [-1] 16 240 [-1] 2,5 [-1] 22 [1]
2 330 [0] 3,8 [0.04] 20 [0] 17 240 [-1] 5[1] 22 [1]
3 420 [1] 2,5 [-1] 18 [-1] 18 330 [0] 3,8 [0.04] 20 [0]
4 240 [-1] 2,5 [-1] 18 [-1] 19 330 [0] 1,6 [-1.72] 20 [0]
5 330 [0] 59 [1.72] 20 [0] 20 330 [0] 3,8 [0.04] 20 [0]
6 420 [1] 5 [1] 22 [1] 21 420 [1] 5[1] 18 [-1]
7 330 [0] 3,8 [0.04] 20 [0] 22 240 [-1] 51[1] 22 [1]
178,6 23 330 [0] 3,8 [0.04] 20 [0]
8 3,8 [0.04] 20 [0]
[-1.68222] 178,6
24 3,8 [0.04] 20 [0]
481,4 [-1.68222]
3,8 [0.04] 20 [0]
[1.68222] 4814
25 3,8 [0.04] 20 [0]
10 330 [0] 3,8 [0.04] 16,6 [-1.7] [1.68222]
1 420 [1] 5[1] 18 [-1] 26 330 [0] 3,8 [0.04] 20 [0]
12 330 [0] 3,8 [0.04] 23,4 [1.7] 27 330 [0] 3,8 [0.04] 20 [0]
13 330 [0] 3,8 [0.04] 20 [0] 28 240 [-1] 2,5 [-1] 22 [1]
14 330 [0] 3,8 [0.04] 20 [0] 29 330 [0] 3,8 [0.04] 20 [0]
15 420 [1] 2,5 [-1] 22 [1] 30 330 [0] 3,8 [0.04] 20 [0]
Run TS WEFS \Y Run TS WEFS \Y
31 240 [-1] 5 [1] 18 [-1] 178,6
3,8 [0.04] 20 [0]
32 420 [1] 2,5 [-1] 18 [-1] [-1.68222]
33 330 [0] 1,6 [-1.72] 20 [0] 47 240 [-1] 5[1] 18 [-1]
34 420 [1] 5 [1] 22 [1] 48 330 [0] 3,8 [0.04] 23,4 [1.7]
35 330 [0] 59 [1.72] 20 [0] 49 330 [0] 1,6 [-1.72] 20 [0]
36 330 [0] 3,8 [0.04] 23,4 [1.7] 50 330 [0] 3,8 [0.04] 20 [0]
37 420 [1] 2,5 [-1] 22 [1] 51 330 [0] 3,8 [0.04] 20 [0]
38 330 [0] 3,8 [0.04] 16,6 [-1.7] 52 330 [0] 3,8 [0.04] 16,6 [-1.7]
39 240 [-1] 2,5 [-1] 18 [-1] 53 420 [1] 5[1] 22 [1]
40 330 [0] 3,8 [0.04] 20 [0] 54 330 [0] 3,8 [0.04] 20 [0]
41 330 [0] 59 [1.72] 20 [0] 55 240 [-1] 5[1] 22 [1]
42 420 [1] 5 [1] 18 [-1] 56 240 [-1] 2,5 [-1] 22 [1]
43 330 [0] 3,8 [0.04] 20 [0] 57 330 [0] 3,8 [0.04] 20 [0]
44 420 [1] 2,5 [-1] 18 [-1] 481,4
58 3,8 [0.04] 20 [0]
45 420 [1] 2,5 [-1] 22 [1] [1.68222]
59 240 [-1] 2,5 [-1] 18 [-1]
60 330 [0] 3,8 [0.04] 20 [0]
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The arc stability was measured in a similar manner to the study made by A. Rocha [28].
The voltage and current acquisition system consisted of a Hall effect probe, a voltage divider
and a signal acquisition board, brand D/G/LENT model Analog Discovery 2. The Hall probe
detects the magnetic field generated by the current flowing through the cable, the voltage
divider, connected in parallel, works with a positive crocodile connected to the torch and a
negative crocodile to the weld table, using resistors to scale down high voltage to a lower one.
The DIGILENT acquires the input signals, with acquisition rate of 10 kHz, ensuring sufficient
resolution to capture short-circuit events and voltage fluctuations (this frequency was chosen
based on prior studies and hardware capabilities) that are converted into digital data (wave-
forms) to be analyzed. The system is calibrated with compensation factors of 149.4586 for cur-
rent and 30.8745 for voltage.

The arc stability was evaluated based on the period between successive short-circuit
cycles identified in the voltage signal of the welding process. The Arc Stability Index (S) was
then calculated using Equation 3.14 where the T and the S; are the mean and standard devia-
tion of the short circuit period, respectively. The closer the arc stability index is to 100 % the

stabler the electric arc [28]. The code developed in Python, is provided in Appendix A.

$=100 x(1-3) (%) 3.14

The code takes a text file as input, containing time data for voltage and current measured
during the welding experiments, reading it skipping comments or headers and scaling the sig-
nals based on the calibration constants. Using the voltage signal, it detects the start of the arc
by finding the first voltage value that exceeds the defined threshold, the time axis is shifted to
this arc start with t = 0. To reduce interference from noise, the input signals are passed through
a 50 Hz notch filter, and the waveforms are plotted with all significant voltage dips, these rel-
evant dips occur when the voltage drops below a specified threshold and are spaced apart by
minimum time interval to avoid detecting multiple hits on one dip. With the goal of obtaining
precise measurements of arc stability between different processes, the code selects the first 30
dips after 2.5 s from the start of the arc and calculates the time intervals between them.

The outputs are arc stability index, mean period, standard deviation of dip intervals and
a waveform showing the dips used on the Arc Stability Index calculation, as observed on Figure

3.5.
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Figure 3.5 - Voltage Waveform: a) Significant Voltage Dips (Run 4), b) voltage dip at instance t= 5.9 s

Due to the results explained in the Chapter 4, the arc stability was evaluated again, but
in this case, the analysis was based on the signal amplitude rather than on the period between
short circuit cycles. This method to measure the arc stability is grounded and empirically sup-
ported by previous works, such as Suban and Tusek [45]. The authors highlight that one of the
most effective methods to evaluate a welding process stability is the statistical analysis of volt-
age and current signals in the time domain. Measuring the fluctuations in these signals is a
reliable way to assess consistently the arc behavior, with greater fluctuations (higher standard
deviations) interpreted as indicators of instability. The arc stability index (S) is determined from
the voltage signal using equation 3.15, where g, represents the standard deviation of the volt-
age and yy, the mean voltage of the signal. Producing lower stability values for unstable arc
and higher values for stable ones.

$=100 x (1 —%) (%) 3.15
14

In their experimental setup, authors emphasize the importance of preprocessing raw data
using low pass filters in order to reduce high-frequency noise [45].

The data was analyzed using the code on Appendix B, followed by the DOE (equal to the
short circuit period-based analysis). After this stage the most appropriate deposition parame-

ters for the established objectives were determined.

3.4 Mechanical and Microstructural Characterization

To assess the mechanical properties and the microstructure of the material deposited
using the process parameters determined with the DOE, uniaxial tensile testing and metallo-

graphic analysis were performed to confirm if the new deposition parameters achieved the
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desired mechanical properties, relationship between the microstructure and mechanical prop-
erties and evaluate the Heat treatment effects.

The uniaxial tensile tests were conducted on a StepLAB EAO5, static testing machine, with
a load cell that allows a maximum static force of 15.00 kN [46]. The tests were performed at
room temperature and with a displacement speed of 0,017 mm/s.

For the uniaxial tensile testing, samples were made following the ISO 6892-1:2019 [47].
The specimen dimensions were adjusted from the standard to align with the capabilities of the
available tensile testing equipment and the constraints dictated by the sample size

Following the previously mentioned sample standard, the sample has the dimensions

shown in Figure 3.6.

23,00 10,00

oo'e

052

00'e

Figure 3.6 - Uniaxial tensile test specimen’s dimensions

The tensile test specimens were produced from two walls, made using the same opti-
mized deposition parameters, the use of distinct walls allowed us to evaluate the reproducibil-
ity of the process by checking if the samples yield consistent mechanical properties. If variabil-
ity arises, because we have samples from two builds we can identify whether the variability is
random or build-specific. Both walls were made using one welding bead, the first wall was
made with a length of 170 mm and 80 mm of height, see Figure 3.7. The second wall was made
with a length of 210 mm and 80 mm of height, the reason for a higher length than the second

wall was the need to produce more tensile samples.
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Figure 3.7 - Wall 1 (Deposited State): a) Front view; b) Top view

After being deposited, the walls were face-milled on a manual milling machine and cut
on a band saw to ensure flatness on the wall sides. This process is followed by the rectification
of these parts on a conventional flat grinding machine to ensure surface finishing and a uniform

specimen thickness of 2.0 mm, the Figure 3.8 shows the parts after this process.

Figure 3.8 - Machined Walls to produce tensile samples, blues line is the border between substrate and deposited
material: a) Wall 1; b) Wall 2

The samples were machined from these walls using a HAAS Super Mini Mill 2 machining
center, were machined 19 samples being removed 9 vertical samples (along the build direction)
and 10 horizontal samples (along the deposition direction). Extracting both vertical and hori-
zontal samples is important to evaluate if the anisotropic nature of additive manufacturing
leads to the mechanical properties being direction dependent due to the layer-by-layer depo-
sition [30]. The machined samples are shown in Figure 3.9. This is followed by cutting the sam-

ples from the building wall and sanded.
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Figure 3.9 - Location and direction of samples on the machined walls: a) Samples Wall 2; b) Samples Wall 1

Then to test the heat treatment, we separated 8 samples (4 vertical and 4 horizontal) to
test the influence of the post process treatment. Before realizing the uniaxial tensile testing,
the samples were identified, sanded and measured, this information is organized in the Table
3.5.
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Table 3.5 - Samples used on the uniaxial tensile test

Number Direction Thickness (mm) Width (mm)
2 Vertical 2,10 2,50
6 Horizontal 2,08 2,54
7 Horizontal 2,10 2,50
10 Vertical 2,14 2,52
Without heat 11 Vertical 2,14 2,50
12 Vertical 2,14 2,48
treatment 13 Vertical 2,14 2,54
15 Horizontal 2,16 2,56
17 Horizontal 2,12 2,46
18 Horizontal 2,06 2,48
19 Horizontal 1.84 2,52
1 Vertical 2,10 2,56
3 Vertical 2,10 2,56
4 Horizontal 2,08 2,52
With 5 Horizontal 2,10 2,50
heat treatment 8 Vertical 2,20 2,56
9 Vertical 2,12 2,52
14 Horizontal 2,30 2,54
16 Horizontal 2,10 2,54

A Hitachi SU3800 Scanning Electron Microscope (SEM) was used to analyze the fracture
surfaces of the specimens subjected to uniaxial tensile testing. Gaining insights into the fracture
mode, presence of microstructural defects and the correlation between mechanical perfor-
mance and microstructure.

To study the microstructure of the samples, a new wall was fabricated, and a section was
cut from the center of the deposited wall using a band saw. We produced two samples, one
with and one without heat treatment, these were embedded in epoxy resin, rectified and pol-
ished using sandpaper with gradually finer grain sizes, from P80 to P2500, followed by a BUEH-
LER diamond paste. To observe the microstructure, the samples were contrasted with an acidic
solution, the solution consisted of Nital 3% in volume, 97% Etanol and 3% Nitric Acid, the

samples were immersed during 5s.
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The microscope Leica DM/ 5000 M was used to observe the samples. Images were taken
in 3 zones of interest, this is the upper, middle and lower location of the samples. This approach
ensures a comprehensive understanding of how grain morphology, phase composition and
potential defects evolve along the building direction. Different grades of magnification were

used to observe the overall build structure and grain morphology.
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4 RESULTS AND DISCUSSION

4.1 Response Surface Analysis

In the following section, the fitted response surface models are presented and ana-
lyzed. This includes model adequacy checking, analysis of variance (ANOVA), significance of
regression coefficients, and the generation of response surface and contour plots. Finally, the
optimal conditions predicted by the model are discussed.

Firstly, the Model Fit and Significance of the method that uses the short circuit period to
measure the arc stability of the deposition process was analyzed, using the ANOVA table (Table
4.1), with SS being the Sum of Squares and MS the Mean Square. The overall Model F-Value
of 8.11 (p<0.0001) means that the regression model explains a significant portion of the vari-
ation in the arc stability, this value lets us reject the null hypothesis that all the factors have
zero effect, confirming that the model is statistically significant in establishing a correlation
between the input variables and output responses. Therefore, the independent variables (WFS,

TS, V) influence the arc stability of the process [41] .

Table 4.1 - ANOVA Table for short circuit period based Arc Stability

Source DF SS (Ad)) MS (Ad)) F-Value P-Value
Model 9 3641.22 404.58 8.11 0.0
Linear 3 876.08 292.03 5.85 0.002
Travel Speed (mm/min) 1 3.7 3.7 0.07 0.786
Wire Feed Speed (m/min) 1 810.4 8104 16.25 0.0
Voltage (V) 1 62.72 62.72 1.26 0.268
Quadratic 3 2512.44 837.48 16.79 0.0
Travel Speed? 1 1.38 1.38 0.03 0.869
Wire Feed Speed? 1 2453.57 2453.57 49.19 0.0
Voltage® 1 76.88 76.88 1.54 0.22
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Two-Factor Interaction 3 198.08 66.03 1.32 0.277
Travel Speed x Wire Feed

Speed 1 21.49 21.49 0.43 0.515
Travel Speed x Voltage 1 173.83 173.83 3.49 0.068
Wire Feed Speed x Voltage 1 2.76 2.76 0.06 0.815

Error 50 2493.9 49.88
Lack of Fit 6 986.4 164.4 4.8 0.001

Pure Error 44 1507.5 34.26

Total 59 6135.12

Having a statistically significant model the next step is to analyse the goodness of fit. The
lack of fit is significant (F=4.80) with the probability of this magnitude arising from random
variation is 0.1%, meaning that the residual error (discrepancy between observed and predicted
values) is larger than would be expected from pure experimental noise and that the quadratic
model does not capture all the structure data [41].

The model summary (Table 4.2) , shows this lack of fit. Resulting in a high residual error
of 7.06242, the actual values deviate from the predicted values by +7.06 units of the response
variable, and low prediction capability with predicted R? only 38.65%, thus the model isn't fitted

enough to optimize the deposition process.

Table 4.2 - Model Summary table for short circuit period-based Arc Stability

S R2 R2(a)) R2(pred)
7.06243 59.35% 52,03% 38,65%

The short-circuit period method did not provide reliable results for UTP A 702. The events
occurred in a discrete and unpredictable behavior, producing significant scatter and non-line-
arity in the data, which led to the lack of fit observed in the ANOVA analysis. This behavior is
linked to the distinctive thermal and physical characteristics of maraging steels and the sto-
chastic behavior of short-circuits during droplet detachment that causes abrupt voltage and
current fluctuations. Its high sensitivity to heat input, uneven thermal gradients along the dep-
osition path, and heat buildup in the contact tip of the torch alter wire melting behavior and
destabilize the arc. As a result, short-circuit patterns varied irregularly between runs, reducing

measurement consistency and limiting the suitability of this method for DOE optimization.
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These behaviors could potentially be accounted for in the model if additional variables,
such as heat accumulation in the contact tip or variations in surface tension were measured
and included as independent factors in the Design of Experiments [48].

The arc voltage was chosen to measure the arc stability; it is a continuous signal that
accurately reflects the dynamic behavior of the arc, including arc length, plasma conditions,
and transfer mode. The mean voltage gives a simple baseline of the arc’s operating level, while
the standard deviation measures how much the voltage departs from that baseline, dips caused
by short circuits. These two easy to compute statistics together capture both the typical arc
condition and its variability, making them practical inputs for a normalized stability metric and
suitable response variables for response surface methodology [45].

The DOE was performed for this method, with the following ANOVA Table presented in
Table 4.3. The overall model has F=28.18 (p<0.001), confirming that the model is highly signif-
icant and a large fraction of the arc stability behavior can be explained by the model. Regarding
the model fit, the lack-of-fit test has F=0.80 with p=0.577 indicating that the model doesn't
show a significant lack of fit due to pure error. The model summary (Table 4.4), gives us that
the 83% of the variability in arc stability is explained by the model, the model is not overfitted
with adjusted R? 80.57% and is robust enough to predict the arc stability for new parameter
settings.

Overall ANOVA suggests a good model, that is statistically significant and has a low lack
of fit.

Table 4.3 - ANOVA Table for voltage based Arc Stability

Source DF SS (Ad)) MS (Ad)) F-Value P-Value
Model 9 411.355 45.706 28.18 0.0
Linear 3 356.888 188.963 73.34 0.0
Travel Speed (mm/min) 1 5.118 5.118 3.16 0.082
Wire Feed Speed (m/min) 1 148.367 148.367 9147 0.0
Voltage (V) 1 202.833 202.833 125.04 0.0
Quadratic 3 9.271 3.090 1.91 0.141
Travel Speed? 1 3.112 3.112 1.92 0.172
Wire Feed Speed? 1 5.152 5.152 3.18 0.081
Voltage® 1 0.004 0.004 0.00 0.963
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Two-Factor Interaction 3 40.815 13.605 8.39 0.0
Travel Speed x Wire Feed
Speed 1 5413 5413 3.34 0.074
Travel Speed x Voltage 1 0.191 0.191 0.12 0.733
Wire Feed Speed x Voltage 1 35.212 35.212 21.71 0.0
Error 50 81.105 1.622
Lack of Fit 6 7.957 1.326 0.80 0.577
Pure Error 44 73.148 1.662
Total 59 492.460
Table 4.4 - Model Summary table for voltage based Arc Stability
S R2 R2(a)) R2(pred)
1.27362 83.53% 80.57% 75.60%

The ANOVA results support the model's structure by identifying which factors mean-
ingfully influence arc stability. Wire feed speed, voltage, and their interaction stand out as the
most statistically significant, while all other terms, like travel speed, quadratic effects, and the
remaining interactions, do not meet the significance threshold. This indicates that, within the
experimental range, arc stability responds primarily to linear changes in WFS and voltage, and
that these two variables must be adjusted in tandem to achieve optimal performance.

The lack of statistical significance for travel speed suggests that its influence on arc be-
havior is minimal. Likewise, the non-significance of the quadratic terms implies a predominantly
linear relationship between the inputs and the response, with no strong evidence of curvature
in the response surface.

As a result, the model could be reduced to include only significant terms, while retaining
the model’s predictive power. In practical terms, this means that process optimization efforts
for arc stability in DED-Arc should focus on the coordinated control of wire feed speed and

voltage, as illustrated by the Pareto chart in Figure 4.1.
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Figure 4.1 - Pareto chart of Standardized effects

The residual analysis shown in Figure 4.2, supports the adequacy of the regression
model used to describe the arc stability. The normal probability plot of the residuals falls ap-
proximately along a straight line, the plotted residuals closely follow the reference line, with no
systematic curvature or substantial deviations. This strongly indicates that the normality as-
sumption is satisfied, which validates the use of parametric inference methods such as p-values
and confidence intervals. Complementing this, the histogram of residuals is relatively symmet-
ric and centered around zero, forming a bell-shaped pattern characteristic of a normal distri-
bution, reinforcing the conclusion that the residuals can be considered approximately normal.
For the plot of residuals versus fitted values, although the overall distribution of residuals is
relatively balanced around the zero line, there are slight clusters of residuals at specific ranges
of fitted values. These clusters may suggest mild heteroscedasticity or local patterns not fully
captured by the model. However, the clustering is not severe and does not display any system-
atic trend such as funnel shapes or curvature, which would indicate more serious violations. As
such, the assumption of constant variance is mostly acceptable. Finally, the residuals versus
observation order plot are randomly distributed over the run order, without visible trends or
cycles. This indicates that the residuals are independent and unaffected by the experimental

sequence [43].
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Figure 4.2 - Residual Plots for Arc Stability

All four diagnostic plots support the validity of the regression model. The residuals are
approximately normally distributed, exhibit constant variance, are independent, and show no
signs of model misspecification.

To evaluate the effects of the process parameters, surface plots illustrated in Figure 4.3
are generated through Response Surface Methodology (RSM), illustrating the interaction be-
tween two parameters simultaneously while holding constant the third constant (TS = 330
mm/min, WFS = 3.75 m/min, Voltage = 20 V).

In the plot of TS versus WFS (Figure 4.3.a), arc stability displays a nonlinear trend, with a
noticeable curvature indicating interaction between the two parameters. Stability tends to im-
prove at moderate values of both TS and WFS, suggesting the existence of an optimal combi-
nation that balances deposition rate and arc behavior.

The plot of TS versus voltage (Figure 4.3.b) reveals that arc stability generally increases
with higher voltage. This trend is explained by the phenomenology of arc behavior: higher
voltage increases arc length and reduces short-circuit frequency. A longer arc promotes uni-
form heat input, smoother droplet detachment, and consistent energy transfer to the weld
pool, which collectively reduces fluctuations and enhances arc stability.

Finally, the WFS versus voltage plot (Figure 4.3.c) demonstrates a strong positive corre-

lation between both parameters and arc stability. Higher values of WFS and voltage result in
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significantly improved arc behavior. This is likely due to enhanced metal transfer modes and
reduced arc wandering, due to the increase in arc length when the arc is sufficiently powered,
and consistent material feed.

These plots collectively highlight the importance of parameter interactions in influencing
arc stability, the trends observed support the need for a multivariable optimization strategy.

The contour plots can be observed in Appendix C.
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Figure 4.3 - Surface Plots of Arc Stability with process variables: a) Effect of TS and WFS on Arc Stability, b) Effect
of TS and Voltage on Arc Stability, c) Effect of WFS and Voltage on Arc Stability

The optimization phase was carried out using the Response Optimizer tool in Minitab.
It uses a numerical optimization algorithm that evaluates the fitted model equation, in this case
searched for parameter values that would maximize the response, arc stability. Equation 4.1
shows the fitted model equation, following the general second order polynomial (equation

3.6), enabling the identification of both individual and combined effects.

Arc Stability = 115.3+0.0001-TS —14.19 - WFS—-0.78 -V — 0.0000332 - TS2
+0.213 - WFS2 — 0.0022 - V2 + 0.00422 - TS - WFS + 0.00050 - TS 4]
-V+0.484-WFS -V
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The optimization identified the ideal parameter configuration as indicated on Table 4.5,
with a composite desirability score of 1.000 that confirms that the optimization precisely met
the defined objective of maximizing arc stability. The model predicted an arc stability value of
96.28, with a 95% confidence interval ranging from 92.99 to 99.58. The 95% prediction interval,

accounting for variation in future runs, extends from 92.11 to 100.46.

Table 4.5 - Optimized Deposition Variables

TS WEFS Voltage
481.4 mm/min 5.9 mm/min 234V

In practical terms, within the studied variable domain, the optimized settings provide a
reliable starting point, with joint control of wire feed speed and voltage essential for maximiz-

ing arc stability while travel speed may be treated as a secondary factor.

4.2 Uniaxial Tensile Testing

Additively manufactured components often exhibit anisotropic properties, meaning their
mechanical behavior differs between the vertical and horizontal directions. This anisotropy is
largely driven by the heterogeneous microstructure along the height of the wall. In most cases,
vertical specimens show lower mechanical strength than horizontal specimens, as their loading
axis is perpendicular to the deposition direction, resulting in a greater number of interlayer
boundaries within the gauge length [29], [30]. But studies conducted with maraging steel 18Ni-
350 [23], [27], showed that the vertical values of UTS, YS and elongation are higher than the
horizontal values.

Ultimate tensile strength (UTS) and elongation to fracture were measured and the re-
sults presented in Table 4.6, this table includes only the valid results obtained from the uniaxial
tensile tests to see the remaining the Appendix E can be consulted. The fractured samples can

be observed on Appendix D.
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Table 4.6 - Results from the uniaxial tensile tests performed in samples made by DED-Arc

o Sample ) Heat
Direction UTS (MPa) Elongation (%)
number treatment
10 1230 5.8
11 1380 1366 7.3 6.6 Without
13 1490 6.8
Vertical

1 1650 8.0
3 1650 1613 84 8.5 Aging
8 1540 9.0
19 1190 5.6
7 1290 1253 57 59 Without
15 1280 6.3

Horizontal
5 1700 12
14 1650 1686 12 10.2 Aging
16 1710 6.5

The fracture at the gauge marks was likely caused by the overtightening of the me-
chanical grips to prevent slippage during loading. Excessive clamping force can create stress
concentrations that promote premature fracture near the gauge mark, this can be exacerbated
by slight misalignment during gripping. A suitable solution includes the use of hydraulic grips
that allows uniform clamping pressure through the test without inducing localized stress and
increasing the gauge-shoulder transition radius to reduce geometric stress concentrations.

We had outlier results in samples 17 and 18, whose UTS and elongation values deviated

from the dataset mean. The most probable cause is localized microstructural defects associated
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with the DED-Arc process, such as inclusions or lack of fusion, likely resulting from fluctuations

in wire positioning or brief process interruptions during deposition.
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Figure 4.4 - Overview of mechanical properties of samples with standard deviation

In the as build condition, the ultimate tensile strength (UTS) ranged between 1253 MPa
(Horizontal build) and 1366 MPa (Vertical build). Elongation to fracture, under these conditions,
varied between 5.85% in the horizontal direction and 6.6% in the vertical direction. Following
the prescribed aging heat treatment, all mechanical properties showed a notable increase. The
UTS rose to 1686,7 MPa (Horizontal) and 1613,3 MPa (Vertical), elongation values also im-
proved, reaching 10.17% for the horizontal build direction and 8.5 % for the vertical build di-
rection. These values are organized in Figure 4.4.

The mechanical properties, in the as build state are according to the literature, these
properties are explained by the direction of dendrite and intergranular structure in the vertical
direction, with loading forces parallel to this direction being resisted by both dendrite and
intergranular structure, in perpendicular loads the inter granular region acts as a weakened
region and fractures prematurely [23], [27].

The increase in UTS and elongation is attributed to the tempering of the martensitic
matrix and the precipitation of nanoscale intermetallic phases, which relives internal stresses
while providing additional precipitation strengthening.

After aging, the horizontal samples exhibited higher elongation than the vertical ones,
showing that columnar grain structures and interlayer interfaces produce pronounced build
direction anisotropy. Aging induced a fine dispersion of Ni-Ti and Mo rich intermetallic pre-
cipitates that increased strength by precipitation hardening while creating localized nanoscale

heterogeneities, consequently, vertical oriented samples, whose loading axis intersects
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elongated grains and numerous layer boundaries, are more susceptible to loss of ductility. Niu
et al. [49] directly demonstrated rapid Ni-Ti co-clustering and the subsequent formation of
NisTi accompanied by Mo rich nanoparticles during aging raised UTS in all orientations while
producing local brittle sites that triggered early crack initiation and lower elongation in me-
chanically critical orientations. Applying a prior solution treatment would reduce columnar het-
erogeneity and layer related defects, thereby diminishing the difference between vertical and
horizontal specimens.

Representative stress-strain curves for specimens in both transverse and longitudinal ori-

entation, in the as build condition and heat treated, are shown on Figure 4.5.

L Yolow - Vertical As Bult
I G - Horizontal Aged
I Red - Vertical Aged

UTS (MPa)

/

Figure 4.5 - Uniaxial tensile stress-strain curve for the UTP A 702 WAAM Samples in horizontal and vertical orien-

Strain

tation, as built and aged condition.

4.3 Microscopic characterization

The performance of DED-Arc maraging steels is greatly determined by their microstruc-
ture. As discussed in the literature review, the combined effects of rapid solidification, thermal
cycling, and subsequent aging processes leads to the evolution of features such as martensitic
laths, reverted austenite, and nanoscale precipitates, which in turn controls the balance of
strength and toughness.

The Figure 4.6 shows the microstructure of DED-Arc produced parts at different locations
along the built direction. In the bottom region of the deposited wall, the microstructure con-

sists of coarser columnar grains, aligned predominantly with the build direction. Within these
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grains, the matrix is composed of lath martensite, interspersed with noticeable pools of re-
verted or retained austenite between grain boundaries and inter-dendritic areas. The middle
region has columnar grains, but the grains appear finer and more elongated, still oriented
along the built direction. The microstructure is again dominated by martensite, with reverted
austenite pockets at inter dendritic areas, but with finer grains reflecting the lower thermal
cycles that occurred in comparison to the bottom zone. The top region presents a markedly
different morphology. Here, the microstructure is composed of, less columnar, fine dendritic
grains. The matrix is almost entirely lath martensite, with only a very small fraction of retained
austenite visible and shows less contrast after etching. Compared to the lower regions, the

microstructure is significantly more uniform and has smaller feature sizes [26], [33], [50].
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Figure 4.6 - Microstructure of as built samples: a) Top at 200 um and 50 um, b) Middle at 200 pm, c) Bottom at
200 um and 50 pum, d) higher magnification (50 um) microstructure at the middle.

These variations arise from the thermal history related to the DED-Arc process. At the
bottom, the repeated reheating from subsequent passes promotes epitaxial grain growth,
causing coarse columnar grains to extend upward through multiple layers. The thermal cycling
also enriches inter-dendritic regions in nickel, stabilizing austenite at high temperature and

allowing partial reversion upon cooling. Together, these effects are accountable for coarse
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scale and larger fractions of reverted austenite at the base. In the middle section, the grains
still grow epitaxially, but the reheating intensity is reduced compared to the bottom. As a result,
grains remain elongated but at smaller dimensions. The presence of austenite pockets contin-
ues, though to a lesser degree than in the bottom region [33], [50].

At the top, despite the general trend of slower cooling with increasing part height, the
absence of reheating from subsequent layers allows the last deposited material to cool con-
tinuously without remelting. This rapid, uninterrupted solidification promotes the formation of
finer dendritic structures compared to the reheated lower regions. The lack of prolonged re-
heating or significant solute redistribution limits the stabilization of reverted austenite, explain-
ing why this region contains the lowest fraction of austenite and the most homogenous mar-
tensitic structure [26].

Analyzing the microstructure after aging treatment, see Figure 4.7, the martensitic matrix
is strengthened by the precipitation of nanoscale intermetallic precipitates (non-visible), while
reverted austenite nucleates at lath and grain boundaries, visible in detail in Figure 4.7d), es-
pecially in the lower and middle regions where thermal cycling was more intense. Compared
to the as-built state, the martensite laths appear coarser, along with fractions of reverted aus-
tenite that increased after aging. Overall, the aged condition microstructure consists of a mar-
tensitic matrix with reverted austenite and strengthening precipitates (not visible), the presence

of precipitates is still related to the DED-Arc process [26], [27], [33].
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Figure 4.7 - Microstructure of aged samples: a) Top at 200 um and 50 pm, b) Middle at 200 um, c) Bottom at 200

pum and 50 pm, d) higher magnification (50 um) microstructure at the middle.

From the microstructure of aged samples, we can conclude that aging heat treatment
slightly reached the over-aged condition. During direct aging, the martensitic matrix under-
went tempering, characterized by stress relief and diffusion of alloying elements that promote
the formation and coarsening of intermetallic precipitates. As result, the shape of the cellular
grains became more regular and the thickness of cellular boundaries widened. A slight increase
in average grain size was also observed, associated with the limited growth of martensitic laths
during diffusion and the increased presence of reverted austenite. This over-aging leads to a
reduction in strength and hardness but an increase in elongation, toughness, and impact en-
ergy when compared with normally aged samples. To mitigate over-aging, the duration or

temperature of the aging treatment should be reduced [33], [37], [51].

4.4 Fractography

The fracture surfaces of samples submitted to the uniaxial tensile test were inspected
using a Scanning Electron Microscope (SEM), as observed on Figure 4.8. To observe the re-

maining samples, see the Appendix E.
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Figure 4.8 - Fracture surface of tensile samples at low magnification: a) Sample 13, b) Sample 7, ¢) Sample 8, d)

Sample 5

Fracture surfaces of both heat-treated and as-deposited specimens exhibit a moderately
ductile fracture. SEM fractography at low magnification revealed a rough and fully dimpled
central region, indicating void nucleation and growth, with small and relatively flat shear lips
in the outer region with only smaller voids, indicating limited but existing plastic deformation
before failure. In short, the fracture surface is characterized by micro void coalescence dimples
with shallow shear lips. As presented in the literature, fracture mechanics normally begin with
the nucleation of voids at stress concentrators like inclusions or precipitates. As the tensile load
increases, these voids are reported to grow and progressively link with neighboring voids, lead-
ing to the formation of internal cracks that contribute to the development of shear bands,
particularly at the edges. In the central region, the growth and coalescence of voids are said to
result in the characteristic dimpled morphology. Final fracture is understood to occur when the
coalescing voids and shear bands merge into a continuous crack [52], [53].

To quantify the fracture surface morphology, the software "/mage/" was used to deter-
mine the size of the dimples observed in the SEM images at Figure 4.9. A set of ten randomly

chosen dimples was analyzed by measuring their width, providing a representative distribution
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of the fracture features. From this analysis, it was determined that the mean dimple width for
Sample 5 was 6.079 £+ 0.736 um, while for Sample 7 the average width was slightly smaller, at
4,210 + 0,601 pm.

In Figure 4.9b), the fracture surface of the as built maraging steel, sample 7, is shown in
greater detail. The surface is dominated by a dimpled morphology with irregular size and dis-
tribution, characteristic of micro void nucleation and coalescence. The dimples are relatively
shallow and non-uniform, suggesting that voids initiated at inclusions or fine precipitates
within the martensitic matrix. Their limited growth is attributed to the high density of nucleated
dimples, which generate a state of near-isostatic stress that restricts further cavity expansion.
This is an indication of a ductile fracture mechanism, though not a fully developed ductile
response, which is consistent with the moderate plasticity typically reported for as-built DED-
Arc maraging steels [26], [53], [54].

Upon aging, Figure 4.9.a), presents a ductile fracture surface characterized primarily by
micro-void coalescence, yet with noticeable heterogeneity in dimple size and shape. The dim-
ples are generally larger and deeper than those observed in the as-built condition, see Figure
4.9.b), which is consistent with the precipitation of intermetallic compounds during aging, that
serve as void nucleation sites [23], [49]. This morphological inconsistency can be attributed to
the absence of a preceding solution annealing treatment, which plays a critical role in dissolv-
ing segregation and homogenizing the matrix before aging. Without this step, residual den-
dritic structures and segregation zones from the as-deposited condition may remain, resulting
in a non-uniform distribution of strengthening precipitates during aging, consequently irreg-
ular features are formed, indicating localized variations in mechanical properties [26], [27].

Despite the microstructural inconsistencies, the fractured surface of the aged sample
clearly exhibits a ductile failure mode, with no evidence of cleavage planes, intergranular crack-
ing, river patterns, or quasi-cleavage facets, all of which are indicators of embrittlement or
severe over-aging. However, the dimples are large and heterogeneous, suggesting that while
precipitation hardening occurred, the absence of a prior solution annealing treatment limited
microstructural homogenization and the presence of larger dimples reflects a condition close

to overaging [27], [52], [54].
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Figure 4.9 - Fracture surface of horizontal tensile samples at high magnification: a) Sample 5 (heat treated), b)
Sample 7 (as built)

Comparing horizontal (Sample 5) and vertical (Sample 8) DED-Arc maraging steel sam-
ples (see Figure 4.8), notable differences in fracture surface morphology were observed, directly
linked to the build orientation and microstructural anisotropy. For the vertical sample (Sample
8), with tensile load is applied perpendicular to the deposited layers, cracks propagate between
the layers, following the weaker interlayer boundaries. This results in a rougher, more tortuous
fracture surface, exacerbated by the alignment of columnar grains and residual stress anisot-
ropy, which collectively promote void nucleation and irregular crack paths. In contrast, the hor-
izontal sample (Sample 5), with the tensile load applied parallel to the deposited layers, exhibits
cracks propagating predominantly along the layers, producing a relatively flatter fracture sur-
face. Because the crack path in this orientation does not cross multiple layer interfaces, the
influence of process-induced anisotropy on fracture behavior is significantly reduced [26], [27],
[52].
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5 CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This work had as its primary purpose the optimization of DED-Arc for a Maraging steel

UTP A 702 and the assessment of post-process heat treatment. Based on the experiments and

characterization carried out in this thesis, it is possible to conclude the following:

The short-circuit period was found to behave in strongly stochastic way, resulting
in statistically significant effects but poor predictive fit. The voltage amplitude
method is a more reliable choice for DoE.

Arc Stability was found to be the most dependent on wire feed speed (WFS) and
voltage, whereas travel speed was not significant.

Response surface plots reveal the interplay between heat input and deposition
rate, indicating the need for multivariable optimization, with the regression model
predicting the optimal parameters of TS = 481.4 mm/min, WFS = 5.9 mm/min, V
= 23.4 'V, that maximize the arc stability index at 96.3%.

In the as-built condition, vertical samples showed higher strength and ductility
(UTS = 1366 MPa, Elongation = 6.7%) than horizontal samples (UTS = 1253 MPa,
elongation = 5.9%).

Direct aging heat treatment improved strength and ductility, for vertical samples
UTS = 1613.3 MPa, Elongation = 8.5% and for horizontal UTS = 1686.7 MPa, Elon-
gation = 10.17%.

For the deposited wall, the microstructure varied along the build height. The base
contained coarse columnar martensite with retained austenite, the middle
showed finer martensite laths and some austenite and the top exhibit fine den-
dritic martensite with little austenite.

Some over-aging was observed, as it led to the increase in size of martensite

grains and quantity of reverted austenite.
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e After aging, there was an increase in reverted austenite especially at bottom and
middle regions, coarsened martensite laths and wider grain boundaries. The over-
all matrix remained martensitic with dispersed precipitates and reverted austenite
in grain boundaries and inter dendritic areas.

e Fractography indicated predominantly ductile failure across all conditions, con-
firmed by a dimpled morphology and void nucleation at precipitates or inclu-
sions. The increase in dimple size compared to the as built samples is consistent
with the strengthening and growth of precipitates that serve as void nucleation
sites.

e The lack of solution annealing before aging contributed to the heterogeneity in
the microstructure. Without this step there was an uneven distribution of precip-

itates during aging, explaining the irregular dimple sizes.

5.2 Future Work

Some improvements and proposals for future work are suggested in this section.

Most of the articles used as references in the development of this work address additive
manufacturing of maraging steels with a focus on DED-Arc using GTAW and DED-Arc using
CMT technology, so it is proposed to study these processes for maraging steels, for example
using CMT to investigate the manufacturing of large-scale components, Cold Metal Transfer
typically provides much lower and better-controlled heat input, reduced distortion, low spatter,
improved deposition efficiency and easier dimensional control which benefits productivity and
reduces post-processing. Expected CMT-deposited UTP A 702 should show reduced anisot-
ropy, lower fraction of retained/reverted austenite throughout the build and aged samples,
lower scatter between specimens, and reduced residual-stress—driven distortion. The DED-Arc
with GTAW could be used for smaller, higher-quality parts for aerospace or military sectors.

The use of Design of Experiments (DoE) can be further studied, there is a lack of scientific
publications that address this topic. It was concluded that the deposition of maraging steels
evolves a larger factor of welding parameters, so it's proposed a two-step approach for the
DoE of this process. An initial screening stage using fractional factorial to screen the most
influential welding parameters and a second approach using the same methodology was
demonstrated in this study.

Additionally, it’s recommended to improve the experimental setup by employing higher

performance equipment and study the impact of different heat treatments, such as solution
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annealing and aging treatment at different temperatures and holding times and the method

of cooling, like air cooling or furnace cooling.
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APPENDIX

Appendix A

Code used on the arc stability using the short-circuit period method.

import os
import numpy as np
import matplotlib.pyplot as plt

from scipy.signal import iirnotch, filtfilt
# Configuration

FILE_PATH = r'C:\Users\Asus\Desktop\Tese\Dados_LAb\Exper_4\UTPA_702_n47.txt'
FS = 10000 # Sampling rate [HZ]

VOLTAGE_SCALE 30.8745

CURRENT_SCALE 149.4586

V_THRESHOLD =9 # Voltage dip detect threshold [V]
MIN_SEPARATION_MS = 25 # Minimum ms between dips [ms]
ARC_START_THRESHOLD = 10.0 # V threshold for arc start detection

T_START =25 # start counting dips 4.5 s after arc-start

N_CYCLES =30 # number of dips to use for ASI (pick 20..50)
NOTCH_FREQ = 50.0

Q_FACTOR =30.0

def notch_filter(signal, fs=FS, notch_freq=NOTCH_FREQ, g=Q_FACTOR):

Apply a 50 Hz notch filter to 'signal’ (1D numpy array).

nyquist = 0.5 * fs
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w0 = notch_freq / nyquist
b, a = iirnotch(w0, q)
return filtfilt(b, a, signal)

def load_signal_data(filepath):

Load a whitespace-delimited text file that has (time, voltage_raw, current_raw),
ignoring lines that start with '#' and stopping at a header line beginning with 'Time".

Returns three numpy arrays: time (s), voltage (scaled), current (scaled).

if not os.path.isfile(filepath):
raise FileNotFoundError(f'Data file not found: {filepath}")

time_list = []
voltage_list = []
current_list =[]
with open(filepath, 'r') as f:
# Skip comments until we see a line starting with 'Time' (case-insensitive).
for line in f:
if line.Istrip().startswith('#"):
continue
if line.strip().lower().startswith('time"):
# Found the header; now break to start reading numeric data

break

# Now read the actual numeric data lines:
for line in f:
cols = line.strip().split()
if len(cols) >= 3:
# First column = time (s), second = raw voltage, third = raw current
time_list.append(float(cols[0]))
voltage_list.append(float(cols[1]) * VOLTAGE_SCALE)
current_list.append(float(cols[2]) * CURRENT_SCALE)
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return (
np.array(time_list),
np.array(voltage_list),

np.array(current_list)

def detect_voltage_dips(voltage, v_threshold=V_THRESHOLD, min_separa-
tion_ms=MIN_SEPARATION_MS):

Return the indices (into 'voltage') where voltage < v_threshold,
but enforce at least min_separation_ms between consecutive indices.
dip_idxs = np.where(voltage < v_threshold)[0]
if dip_idxs.size == 0:
return np.array([], dtype=int)

min_sep_samples = int((min_separation_ms / 1000.0) * FS)
selected = [dip_idxs[0]]
for idx in dip_idxs[1:]:
if idx - selected[-1] > min_sep_samples:
selected.append(idx)

return np.array(selected, dtype=int)

def plot_signal(time, signal, title, ylabel, color="tab:blue"):

Plot 'signal’ vs. 'time' (both 1D arrays), draw a vertical line at t=0,

and label axes.

plt.figure(figsize=(10, 4))

plt.plot(time, signal, color=color, linewidth=1)

plt.axvline(0.0, color="gray’, linestyle="--', label="Arc Start (t=0)")
plt.title(title)

plt.xlabel("Time since weld start (s)")

plt.ylabel(ylabel)
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plt.legend()
plt.grid(True)
plt.tight_layout()
plt.show()

def plot_events(time, signal, event_idxs, title):

Plot 'signal’ vs. 'time', and mark points at indices 'event_idxs' with red 'x'.

plt.figure(figsize=(10, 4))
plt.plot(time, signal, label="Voltage (Filtered)", color="tab:blue")
if event_idxs.size > 0:
plt.plot(time[event_idxs], signal[event_idxs], 'rx', label="Detected Dips’)
plt.title(title)
plt.xlabel("Time since weld start (s)")
plt.ylabel("Voltage (V)")
plt.legend()
plt.grid(True)
plt.tight_layout()
plt.show()

# Main processing

def main():
# 1) Load raw data

time_raw, voltage_raw, current_raw = load_signal_data(FILE_PATH)

# 2) Find arc-start index (first sample above ARC_START_THRESHOLD)
arc_idxs = np.where(voltage_raw > ARC_START_THRESHOLD)|[0]
if arc_idxs.size == 0:
raise RuntimeError(
"No arc-start detected. "
"Either the file has no samples above ARC_START_THRESHOLD, "
"or ARC_START_THRESHOLD is too high."
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)
i0 = arc_idxs[0]
t0 = time_raw[i0]
print(f"Arc start detected at index {i0}, t0 = {t0:.6f} s (V={voltage_raw[i0]:.2f} V)")

# 3) Shift time so thatt0 — 0
time = time_raw - t0
voltage = voltage_raw.copy()

current = current_raw.copy()

# 4) Notch-filter both channels
voltage_filt = notch_filter(voltage)

current_filt = notch_filter(current)

# 5) Detect ALL dips (below V_THRESHOLD) in the filtered voltage
all_dip_idxs = detect_voltage_dips(voltage_filt)
all_dip_times = time[all_dip_idxs]

# 6) Keep only dips after T_START
mask_after_start = (all_dip_times >= T_START)

dips_after_start = all_dip_times[mask_after_start]

# 7) Ensure we have at least N_CYCLES dips
if dips_after_start.size < N_CYCLES:
raise RuntimeError(
f"Only {dips_after_start.size} dips found after {T_START:.2f} s; "
f"cannot compute ASI with N_CYCLES={N_CYCLES}"

# 8) Truncate to exactly N_CYCLES dips
dips_to_use = dips_after_start[:N_CYCLES]

# 9) Compute the intervals (in seconds) between those N_CYCLES dips ( => N_CY-
CLES - 1 intervals)
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intervals = np.diff(dips_to_use)

mean_T = np.mean(intervals)

std_T = np.std(intervals, ddof=1)

asi = 100.0 * (1.0 - std_T / mean_T) if mean_T != 0 else 0.0

# 10) Print ASI results

print("\n--- Arc Stability Index (ASI) ---")

print(f" Using first {N_CYCLES} dips after {T_START:.2f} s:")
print(f" Mean Period :{mean_T * 1000.0:.2f} ms")
print(f" Std Dev Period : {std_T * 1000.0:.2f} ms")
print(f* ASI - {asi:.2f} %")

# 11) Save the N_CYCLES dip-times to a text file
np.savetxt(

"detected _events.txt",

dips_to_use,

fmt="%.6f",

header="Event times (s since arc-start)"

# 12) Plot 1: Full filtered voltage vs. time, marking all dip locations

plot_signal(time, voltage_filt, "Full Voltage (50 Hz Notch)", "Voltage (V)")

# We'll also mark *all* dips for visualization:
if all_dip_idxs.size > 0:
plot_events(time, voltage_filt, all_dip_idxs, "All Detected Dips (Filtered Voltage)")

# 13) Plot 2: Zoom-in on [T_START .. (time of Nth dip + 10 ms)], marking exactly the
chosen N_CYCLES dips

t_plot_start = T_START
t_plot_end = dips_to_use[-1] + 0.010 # 10 ms margin past the last chosen dip

# Mask for that window:
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mask_plot = (time >= t_plot_start) & (time <= t_plot_end)
time_win = time[mask_plot]

volt_filt_win = voltage_filt{mask_plot]

# Find the indices *within* 'time_win' that correspond to 'dips_to_use'.
# We'll simply take each dip time, find the nearest sample index in the full 'time’
array,
# then check if it lies inside [t_plot_start, t_plot_end], and convert to the local
'time_win' index.
chosen_dip_idxs_in_win = []
for dip_t in dips_to_use:
# find the global index in 'time' closest to dip_t:
global_idx = np.argmin(np.abs(time - dip_t))
if t_plot_start <= time[global_idx] <= t_plot_end:
# now find where that sits in the sliced window:
local_idx = np.where(mask_plot)[0].tolist().index(global_idx)

chosen_dip_idxs_in_win.append(local_idx)

chosen_dip_idxs_in_win = np.array(chosen_dip_idxs_in_win, dtype=int)

plot_events(
time_win,
volt_filt_win,
chosen_dip_idxs_in_win,
f"Voltage Dips Used for S (First {N_CYCLES} Dips After {T_START:.2f} s)"

if _name__=="_main_"
main()
Appendix B

Code used on the arc stability using the short-circuit voltage method

import numpy as np

import matplotlib.pyplot as plt
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from scipy.signal import butter, filtfilt

import seaborn as sns # for histogram visualization

H e

FILE_PATH = r'C:\Users\Asus\Desktop\Tese\Dados_Lab\Exper_1\UTPA_702_n40.txt'
FS = 10000 # Sampling frequency (Hz)

T START =5 # Start time for slicing (s)

T_END =10 # End time for slicing (s)

VOLTAGE_SCALE = 30.8745 # Scale factor for voltage

CUTOFF_FREQ = 500 # Low-pass filter cutoff (Hz)

FILTER_ORDER =4 # Filter order

H o

def lowpass_filter(data, fs, cutoff, order):
nyq = 0.5 *fs
normal_cutoff = cutoff / nyq
b, a = butter(order, normal_cutoff, btype="low', analog=False)

return filtfilt(b, a, data)

def load_signal_data(filepath):
time, voltage =[], []
with open(filepath, 'r') as f:
for line in f:
if line.Istrip().startswith('#"):
continue
if line.strip().startswith('Time"):
break
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for line in f:
cols = line.strip().split()
if len(cols) >= 2:
time.append(float(cols[0]))
voltage.append(float(cols[1]) * VOLTAGE_SCALE)

return np.array(time), np.array(voltage)

def slice_interval(time, voltage, t_start, t_end):
mask = (time >=t_start) & (time <= t_end)

return time[mask], voltage[mask]

def compute_voltage_based_stability(voltage):
mu_v = np.mean(voltage)
sigma_v = np.std(voltage)
if mu_v!=0:
return 100.0 * (1 - sigma_v / mu_v), mu_v

return None, mu_v

def plot_voltage_signal(time, voltage):
plt.figure(figsize=(10, 4))
plt.plot(time, voltage, label="Voltage")
plt.axvline(T_START, color="green’, linestyle="--', label="Start’)
plt.axvline(T_END, color="red’, linestyle="--', label="End")
plt.title("Voltage Signal")
plt.xlabel("Time (s)")
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plt.ylabel("Voltage (V)")
plt.legend()

plt.grid()
plt.tight_layout()
plt.show()

def plot_voltage_histogram(voltage):
plt.figure(figsize=(6, 4))
sns.histplot(voltage, bins=50, kde=True)
plt.title("Voltage Distribution™)
plt.xlabel("Voltage (V)")
plt.ylabel("Frequency")
plt.tight_layout()
plt.show()

def main():
# Load and filter
time, voltage = load_signal_data(FILE_PATH)
voltage = lowpass_filter(voltage, FS, CUTOFF_FREQ, FILTER_ORDER)

# Plot raw & filtered window

plot_voltage_signal(time, voltage)

# Slice by time

time_win, volt_win = slice_interval(time, voltage, T_START, T_END)

# Histogram for distribution check

plot_voltage_histogram(volt_win)

# Compute ASI and mean voltage

asi, mean_voltage = compute_voltage_based_stability(volt_win)
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if asi is not None:
print(f"Arc Stability Index (Voltage-Based): {asi:.2f}%")
print(f"Mean Voltage: {mean_voltage:.2f} V")

else:

print("Cannot compute ASI (mean voltage = 0)")

" H ",

if _name__ =="_main
main()
Appendix C
DoE Contour plots for voltage based arc stability
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Appendix D

Uniaxial tensile samples after fracture
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Appendix E
Results from the uniaxial tensile test
Sample
Number Direction UTS YS Elongation
2 Vertical 1340 360 0.095
Without 6 Horizontal 1370 388 0.097
Heat 7 Horizontal 1290 508 0.057
treatment 10 Vertical 1230 392 0.058
11 Vertical 1380 652 0.073
12 Vertical 1330 460 0.061
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13 Vertical 1490 457 0.068
15 Horizontal 1280 383 0.063
17 Horizontal 845 360 0.04
18 Horizontal 925 456 0.038
19 Horizontal 1190 377 0.056
1 Vertical 1650 943 0.080
3 Vertical 1650 874 0.084
4 Horizontal 1450 710 0.083
With
5 Horizontal 1700 901 0.12
Heat
8 Vertical 1540 720 0.09
treatment
9 Vertical 1620 844 0.093
14 Horizontal 1650 696 0.12
16 Horizontal 1710 750 0.065
Appendix F

Fracture surfaces analyzed on SEM

SU3800 10.0kV 6,5mm L-X147 SE
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