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This study presents the development and testing of a novel robotic cell designed for Hot Forging Wire Arc Ad-
ditive Manufacturing (HF-WAAM). The HF-WAAM process integrates hot forging during the material deposition
phase, offering improved dimensional accuracy and mechanical properties compared to conventional WAAM
processes. A key focus of the research is the impact of robot vibration on the quality of the manufactured parts.
Experiments were conducted to analyze process parameters for both WAAM and HF-WAAM, and to evaluate the
effects of torch mounting configurations and work area placement on vibration levels. The results indicate that

torch orientation and the robot’s work area significantly influence the vibration experienced during the HF-
WAAM process, which in turn affects part quality. The study provides valuable insights into refining the HF-
WAAM process for industrial applications, ensuring high-quality part production.

1. Introduction

The Wire Arc Additive Manufacturing (WAAM) process is an additive
manufacturing technique that allows large volume of metallic material
to be deposited layer by layer to form a part [1,2]. This process allows a
part to be manufactured faster than other additive manufacturing pro-
cesses such as Electron Beam Additive Manufacturing (EBAM) [3,4] or
Laser Powder Bed Fusion (LPBF) [5,6]. However, parts manufactured by
WAAM have low dimensional and geometric accuracy [7,8].

Like any other metal additive manufacturing process, WAAM pro-
duces parts with internal and external defects, such as porosity [9], voids
[10], inclusion, crack [11], burn-through, undercutting, spatter,
collapse, unmelted wire, delamination, uneven bead height [12], geo-
metric [13]. The presence of these defects decreases the component
mechanical properties and, in some cases, makes their use in service
unfeasible [14]. To reduce the negative effects of the defects formed, the
use of forging during the additive manufacturing process has been
successfully proposed. Three variants of additive manufacturing pro-
cesses with forging have been proposed namely High Pressure Interpass

Cold Rolling (HPICR) [15], Hot Micro-Rolling (HMR) [16], and Hot
Forging WAAM (HF-WAAM) [17]. The last variant stands out favorably
in relation to the others because forging occurs simultaneously with the
deposition of material, requiring no downtime for cooling the deposited
material nor for carrying out the forging operation, presenting greater
flexibility of adaptation to the parts produced (enabling the manufacture
of parts of greater geometric complexity) and requiring lower forging
loads than the other variants (typically below 100 N) [18].

HF-WAAM is a process that uses a hammer placed inside the
shielding gas nozzle to hot forge the deposited material in the visco-
plastic state, i.e., at temperatures where solid state transformation
induced by simultaneous imposition of deformation and temperature
can occur. This hammer is driven by a pneumatic actuator that controls
the movement of the hammer to forge the material immediately after its
deposition [19].

The WAAM process makes use of automatic systems such as indus-
trial robots [20,21] or Computer Numerical Control (CNC) machines
[22,23] to move the welding torch. Thus, this process can operate
continuously for several hours or days until a part is produced.
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Automatic handling systems ensure that the WAAM process is repeat-
able and allows the production of parts with complex geometries
without the use of supports to hold the part in place [24]. The ability to
eliminate support structures is crucial to the advancement of this tech-
nology, as it substantially reduces the production time of a part. This
results from reducing the amount of material deposited and eliminating
additional post-processing steps to remove the support. Another benefit
of this typology is the reduction of material waste.

It is expected that the use of an industrial robot in the realization of
the HF-WAAM process will bring to this process all the advantages listed
above for the WAAM process and also the possibility of manufacturing
parts of complex geometry whose path made by the welding torch occurs
in three-dimensional space by varying the position of the tool (x, y, z)
and its orientation (Rx, Ry, Rz) [25,26].

In the HF-WAAM process, a hammer forges the just deposited ma-
terial to form a flatter surface, which can be the final surface of the part
or the surface of a layer of material that makes up the part. To achieve
good dimensional accuracy in the final part, it is important for the
hammer to strike the deposited material parallel to a plane that en-
compasses one of the part’s final surfaces (such as the top surface). This
approach helps prevent deformities, excess material deposition, and
facilitating the deposition of molten material to form upper layers of the
part.

The integration of forging with WAAM processes has shown
considerable advancements in the quality of produced parts. Sokolov
et al. [27] demonstrated that combining metal additive manufacturing
with hot rolling reduced residual porosity and refined the microstruc-
ture, leading to enhanced tensile strength and elongation. Similarly,
Duarte et al. [17] developed an innovative WAAM system with in-situ
hot forging that decreased porosity and improved mechanical proper-
ties through localized high-temperature plastic deformation. Zhang
et al. [28] highlighted that compression of Ti-6Al-4 V deposited by
LPBF could decrease porosity by up to 75 % and improve microstructure
homogeneity. Fang et al. [29] reported that WAAM samples with
interlayer hammering exhibited increased yield strength (from 148.4
MPa to 240.9 MPa) and ultimate tensile strength (from 288.6 MPa to
334.6 MPa), alongside significant grain refinement due to continuous
deformation and heat treatment. Ma et al. [30] observed graded
microstructural evolution in Ti-6Al-4 V samples, which influenced the
mechanical properties, revealing higher tensile strength in bonding
zones.

Colegrove et al. [31] emphasized that rolling WAAM steel parts
could reduce distortion and residual stresses while enhancing grain
refinement. Hopper et al. [32] showed that the combination of hot
forging and heat treatment improved the mechanical consistency of AM
316L stainless steel parts by reducing porosity and creating a robust
microstructure. Meng et al. [33] utilized an electro-assisted micro-
forging technique that effectively decreased porosity and simulta-
neously enhanced strength and ductility in Ti6Al4V samples, revealing
mechanisms that healed defects while controlling microstructure
coarsening. Xiong et al. [34] proposed a hammering-assisted hybrid
WAAM process that significantly refined grain size, optimized strength,
and reduced texture anisotropy, finding that a hammering temperature
of 850 °C with 40 % deformation yielded the best results. Xiong et al.
[35] further elaborated on the benefits of using a spherical hammer head
for hot hammering, showing an average grain size reduction from 361
pm to 62 pm and improved yield strength due to combined recrystalli-
zation and crystallization effects.

Honnige et al. [36] discussed machine hammer peening as an
alternative to rolling, which refined the microstructure and reduced
residual stress in WAAM Ti-6Al-4 V walls. Saremi et al. [37] reported
that hot forging of Inconel 718 could minimize defects and achieve
dynamic recrystallization, leading to a fine, isotropic microstructure.
Xiong et al. [38] investigated a trailing hammer peening technique in
WAAM that improved surface hardness by 21.6 % and increased tensile
strength from 560.8 MPa to 661.9 MPa, highlighting the benefits of
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grain refinement and induced dislocation density. Collectively, these
studies underscore that forging techniques, whether applied in-situ or as
post-treatment, can significantly enhance the structural integrity,
reduce porosity, and improve the mechanical performance of WAAM-
manufactured components.

The continuous hitting of the hammer on the deposited material at a
given frequency generates vibrations in the equipment that performs the
HF-WAAM process. This vibration will be more impactful in less rigid
equipment and may affect the HF-WAAM process and the part to be
manufactured. For example, the path described by the tool (welding
torch and hammer) can be affected by vibration causing the tool to
deviate from the desired path. Vibration is characterized by amplitude
and frequency, while amplitude is related to the intensity of the loads
that cause the vibration, frequency identifies the periodicity with which
the vibration occurs allowing the identification of various problems with
industrial equipment, namely industrial robots [39].

Vibration poses some challenges to industrial processes performed
by robots such as machining [40,41], deburring [42,43], and friction stir
welding (FSW) [44,45]. In any of these industrial processes, vibration
combined with high loads jeopardize the potential applicability of the
process. Therefore, these processes require sensorial systems that allow
assisting the industrial robots in the execution of their paths, making the
real paths executed by the robots closer or equal to the ideal/desired
paths [46-48]. The machining [49,50] and deburring [42,51] processes
exhibit high frequency and low amplitude vibrations in the face of
medium intensity loads generated in the process, while FSW process
exhibits low frequency and low amplitude vibrations in the face of high
process loads [52,53]. On the other hand, the HF-WAAM process ex-
hibits low intensity loads and medium frequency vibrations, thus
differing from the previous processes [54].

The aim of this study is to develop and evaluate a novel robotic cell
tailored for HF-WAAM. The research seeks to establish the process pa-
rameters for HF-WAAM and assess the feasibility of using a low-payload
industrial robot to produce high-quality parts. Additionally, the study
aims to investigate the impact of robot-induced vibrations on the
manufacturing process and determine the effects of torch orientation
and work area placement on the quality of the produced parts.

2. Additive manufacturing robotic cell

To achieve the objectives of this study, a robotic cell was built to
perform the HF-WAAM and WAAM processes. The robotic cell was
divided into three subsystems, i.e., the HF-WAAM torch, the torch
movement and WAAM process generation subsystem, and the HF-
WAAM process drive subsystem. In addition, this robotic system was
instrumented with accelerometer sensors to measure vibration in the
robot and the HF-WAAM torch to assess the extent to which vibration
affects the part manufacturing process. The vibration was also evaluated
with a redundant vision system using a high-speed camera for term
comparison and data validation.

2.1. Wire arc additive manufacturing torch

A HF-WAAM torch was developed and built focusing on improving
the HF-WAAM torch proposed in [54]. With the successive use of the
torch proposed in the previous study, several operating problems were
identified, namely instability of the moving parts associated with the
movement of the forging hammer; problems of electrical insulation of
the hammer; and difficulties in changing the wire both in the routing of
the wire inside the torch and too high resistance to move the handle that
fixes the wire to the pulley mounted on the motor shaft.

The torch developed is schematically represented in Fig. 1 and its
composing elements are identified in Table 1. Two pneumatic cylinders
(14), a linear guide (18), a spring (5), a stepper motor (6), a 10 kQ
electrical resistance (21), seven pneumatic fittings, a bearing (8), a
motor shaft coupling (7), a custom hammer (20), and several custom-
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Fig. 1. HF-WAAM torch represented in computer aided design (CAD) drawing.

Table 1
List of constituent components of the HF-WAAM torch. Dimensions not repre-
sented in the Description column are in mm.

Component Description Qt. Identification
Back plate 10 mm thick aluminum plate 1 1
Upper cross plate 6 mm thick aluminum plate 1 2
Lower cross plate 10 mm thick aluminum plate 1 3
Lever Polylactide (PLA) 1 4
Spring Steel 1 5
Stepper motor RS PRO 2.5V, 1.26 Nm 1 6
Pulley gext 15 1 7
Bearing @int 6.35 x @ext 15 1 8
Primary wire guide @int 8 1 9
Secondary wire guide @int 6 1 10
Nozzle support @int 4 1 11
Welding diffusor @int 1.2 1 12
Welding nozzle @int 1 1 13
Pneumatic cylinder @12 x 10 2 14
Spindle @3 2 15
Bakelite plate Bakelite 2 16
Ring nozzle Stainless steel 1 17
Linear guide and carriage 24 x 16 1 18
Spacer @int 6 x gext 8 1 19
Hammer @int 25 x @ext 35 1 20
Electric resistance 10kQ — 25 W 1 21

made mechanical parts were used in the construction of this torch.
Three modifications were made to the torch to facilitate the wire
change. One of the modifications was to increase the length of the lever
(4) by 15 mm, leading to an increase in the effort arm and a decrease in
the force required to move the lever (4). In addition, the length of the
upper cross plate 2 was increased by 20 mm so that the user could rest
his/her fingers on this plate while operating the lever (4), performing
the wire change operation with less effort. The second modification
involved replacing the spring (5) with another one that has a lower
elastic constant, thus needing less force to move the lever (4). The third
modification concerns the introduction of a new part, a secondary wire
guide (10), between the primary wire guide (9) and nozzle support (11)

to facilitate the entry of the wire into the nozzle support (11).

A bakelite plate 16 was introduced between the carriage of the linear
guide (18) and the ring nozzle (17) to allow the up-and-down motion of
the forging hammer (20) and improve the electrical insulation and
stiffness. For the same purpose, another bakelite plate 16 was introduced
between the ring nozzle (17) and the spindles (15). In addition to the
introduction of the bakelite plates 16, the distance between the wire and
the back plate 1 was increased. The distance from the back of the ring
nozzle (17) to the hole was increased by 10 mm, forcing all components
that guide the wire to move forward by 10 mm, readjusting the entire
torch design.

2.2. Torch movement and wire arc additive manufacturing process
generation subsystem (Main hardware)

To perform the HF-WAAM process, it is necessary to move the HF-
WAAM torch along the layers of the part depositing filler material.
Considering the objective of manufacturing highly complex parts, it is
imperative that the equipment maneuvering the torch allows movement
in the three spatial directions (X, Y, Z) and in the three orientation di-
rections (Rx, Ry, Rz). For this purpose, we used a KUKA KR6 industrial
robot of 6 Degrees of freedom (DoF) and a payload capacity of 6 kg. An
OERLIKON CITOWAVE 520 welding machine, employing the Gas Metal
Arc Welding (GMAW) variant, was used to generate and control the
electric arc during the execution of the HF-WAAM process. Thus, the
filler material is properly melted and deposited, and the desired part is
built. To support the parts manufactured by HF-WAAM during their
construction, a table and a support base were also used. They ensure the
correct positioning of a substrate, on which the part is built, and ensure
that it does not move during the process. In addition, the table and the
support base withstand the impact resulting from forging. The robotic
cell is depicted in Fig. 2.

2.3. Wire arc additive manufacturing process drive subsystem

To control the WAAM and HF-WAAM processes, a process drive
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Filler
(D) material

Fig. 2. Robotic cell to perform the HF-WAAM process.

subsystem was incorporated between the industrial robot and the torch.
This subsystem is used to control the forging hammer, electric arc,
shielding gas and wire feed rate. A microcontroller, Arduino UNO, was
introduced between the industrial robot and each respective actuator.
The robot is responsible for controlling the system’s four triggers while
the Arduino interfaces all the hardware elements. A 5/2-way bi-stable
solenoid pneumatic valve and two solid state relays were used to
actuate the two pneumatic cylinders in the torch and consequently the
forging hammer. To control the ignition of the electric arc, an electric
digital output from the Arduino was connected to the welding machine.
The shielding gas was regulated by a manual flow regulator and actu-
ated by a 2/2-way single-stable solenoid pneumatic valve. A stepper
motor driver TB6600 was introduced between the Arduino and the
stepper motor to control wire feed rate. In addition, a push-button panel
was added to the subsystem to serve as a user interface and allow the
user to perform safety instructions and manually control wire feed rate

Microcontroller

Arc, Wire, Gas
and Forging
Triggers #

Robot
Controller

Push-button
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when the system is off. A schematic representation of this subsystem is
shown in Fig. 3.

2.4. Vibration acquisition system

The forging stage of material can produce high vibrations in the torch
and robot, potentially affecting the system’s operation and the quality of
part construction. To investigate this issue, a vibration measurement and
acquisition system was incorporated in the robotic cell, and the data
collected was correlated with the geometry of the built part and with
eventual abnormal events to the functioning of the robotic cell.

The vibration acquisition system is composed by an Arduino UNO
(independent of the previous referred Arduino), four accelerometers
MPU6050 and a computer. The accelerometers were placed on the robot
and the HF-WAAM torch as shown in Fig. 4. Accelerometers 2 and 3 are
positioned in close proximity, just 100 mm apart, and rotated 90° for the
purpose of data verification. The data acquisition rate used was 21 Hz,
the maximum rate imposed by the USB 2.0 communication protocol
used, the size of the data messages, and the communication speed
allowed by the hardware. The accelerometers used have an accuracy of

Acc 4

Acc 1

Fig. 4. Vibration acquisition system and placement of the four accelerometers
on the robotic cell. Acc 1 — Accelerometer 1, Acc 2 — Accelerometer 2, Acc 3 —
Accelerometer 3, and Acc 4 — Accelerometer 4.

Arc, Wire, Gas
and Forging
Triggers

Panel

Fig. 3. Schematic representation of the HF-WAAM process drive subsystem.
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+ 0.05 g (where 1 g = 9,81 m/s?), ensuring reliable and precise mea-
surements of the vibrations during the experiment.

The data captured by this vibration acquisition system consists of
acceleration values of the torch vibration motion. The vibration data
underwent processing, with the first step involving the removal of
gravity acceleration. Subsequently, in the second step, the system
identified the maximum vibration peaks. In a third step, the median of
the maximum acceleration values of the torch vibration motion was
calculated, using a 1 % sample of the maximum values. This data sample
was employed due to the presence of significant noise in the dataset,
effectively attenuating the impact of the noise. The median of the
maximum acceleration values served as a metric for comparing test
results.

A second vibration measurement system was built with a high-speed
camera, Photron Mini WX50, and an optical lens Shneider EMERALD
4.0/80F. This vision system was employed to measure torch vibration
during the forging stage, and the gathered data was compared with data
collected from accelerometer 4. This comparison allowed data produced
by the accelerometers @ to be validated by the double derivate of po-
sition data 7, extracted from data collected by the vision system, with
respect to time using equation (1).

. 0(0T)

a= T (€8]
The vision system operates as follows: the high-speed camera is con-
nected to a computer that stores images, each with a size of 512 x 256
pixels, at an acquisition rate of 10,000 Hz; the captured images show the
vibration movement of a given point on the torch back plate, which is
solid with accelerometer 4, during the forging execution; to highlight
the point of the back plate visualized by the camera, a label was glued on
the back plate to contrast with the torch and the background, thus
facilitating the identification of the point of interest on the image; the
acquired images were processed by purpose-built software to extract the
position data 7 = (x, y, z) of the label over time. The vision system has
an accuracy of + 0.1 mm, ensuring precise measurement of the torch
vibration.

3. Experiments
3.1. WAAM and HF-WAAM tests

To test the HF-WAAM robotic cell and find the HF-WAAM process
parameters that allow the cell to manufacture high quality parts, test
samples were produced in the form of linear walls. The samples were
formed by depositing filler material on a steel substrate, which was
bolted to the base of the table. The substrate used measured 230 x 60 x
8 mm®. Each sample comprises 8 layers of ER316LSi stainless steel, with
the wall length measuring 150 mm. Initially, the WAAM process was
employed to check and fine-tune the parameters that had been previ-
ously optimized in earlier studies [17,55] for creating high-quality parts.
These refined parameters were then applied to the HF-WAAM process,
where additional forging-related parameters were adjusted to further
enhance the quality of the forged samples. During the HF-WAAM pro-
cess for sample production, the first two layers were built using the
conventional WAAM process, while the subsequent six layers were
forged using HF-WAAM.

No forging was used in the first two layers of the samples to prevent
the newly deposited filler material from spreading out on the substrate
due to the rapid solidification caused by the cooler temperature of the
part, which has a higher heat dissipation area compared to the subse-
quent layers. Additionally, the hammer ring strikes not only the freshly
deposited material but also the colder substrate, which provides less
damping, resulting in increased vibrations in the freshly deposited ma-
terial and consequently hindering the bonding between the deposited
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material and the substrate.

The feed wire used was 1 mm in diameter and its chemical compo-
sition is shown in Table 2. The shielding gas used was Argon 99.99 %.
The process parameters wire feed speed (WFS), voltage, current, travel
speed (TS), gas flow rate (GFR), welding control mode, forging fre-
quency, pneumatic cylinder pressure, distance to arc center (DAC —
distance between the center of the wire and the middle diameter of the
hammer) and contact tip to work distance (CTWD — distance between
the end of the contact tip and the base material) were used to produce
the samples, as shown in Table 3.

There is a rationale behind the selection of parameters in the HF-
WAAM process to achieve high-quality parts. Increasing the pneu-
matic cylinder pressure raises the forging pressure, enhancing the
deformation of the deposited layer. This enhanced deformation im-
proves the mechanical properties of the part and reduces porosity.
Furthermore, increasing the forging frequency reduces the forged area
per stroke, resulting in higher stress applied to the material, which
further promotes the deformation of the deposited layer. These carefully
adjusted parameters are essential for improving material consolidation
and ensuring the production of high-quality parts.

3.2. Robot path for part manufacturing

To make a linear wall, the direction of material deposition was
changed between layers using a zig-zag strategy. It started from left to
right, and then went from right to left, as shown in Fig. 5. Between the
deposition of two consecutive layers, a dwell time of 30 s was consis-
tently maintained to ensure that the freshly deposited layer was
adequately solidified. This dwell time was crucial for preventing thermal
accumulation that could lead to excessive heat build-up and residual
stresses, which may compromise the structural integrity and dimen-
sional accuracy of the final part. By allowing the deposited material to
solidify properly, the risk of defects such as warping, incomplete fusion,
and distortion was minimized, leading to improved bonding between
layers and better overall quality of the manufactured component.

Since forging was applied during the HF-WAAM process, the part
under construction and, in particular, the newly deposited layer un-
derwent a size reduction in the forging direction. The hammer’s position
during the forging process was always higher than the deposited layer,
ensuring that the material experienced consistent deformation, as
demonstrated in [54]. To maintain a uniform 10 mm gap between the tip
of the wire and the previously deposited layer during material deposi-
tion, the robot was programmed with one layer at a time in mind. A 10
mm thick Gauge Checker was used to establish this distance, with the
hammer positioned in its retracted state. The Gauge Checker was placed
between the surface of the retracted hammer (defining a plane) and the
highest point of the last deposited layer, ensuring precise and consistent
measurement of the gap.

The distances between the hammer and the previously deposited
layer were defined for each individual layer to account for variations in
height due to the layer’s distance from the substrate. Layers deposited
and forged closer to the substrate could have different heights compared
to those farther away. However, once these distances were determined
for a single part, they remained consistent and could be directly reused
for the production of identical parts. This method eliminated the need
for readjustments while ensuring stable and uniform forging throughout
the process.

3.3. Vibration tests

To study the influence of the distance between the area where a part
is constructed and the robot base, three work areas were defined for part
construction using HF-WAAM. One of the work areas was positioned
1000 mm from the robot base (centered on the first robot joint), while
the other two were situated at distances of 1250 mm and 1500 mm from
the robot base, respectively. This distance was measured along the x-axis
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Table 2
Chemical composition of ER316LS:i filler wire (wt. %).
Element C Mn Si S P Cr Ni Mo Cu
wt. % 0.03 1.0—2.5 0.65—1.0 0.03 0.03 18.0—20.0 11.0—14.0 2.0—3.0 0.75
Table 3
WAAM and HF-WAAM process parameters.
Test WES (m/ Voltage Current Welding control GFR (I/ TS (mm/ CTWD DAC Pneumatic pressure Forging frequency
no. min) w) (A) mode min) s) (mm) (mm) (bar) (Hz)
T1 4 19 120 Normal 25 7 8 - - -
T2 3 19 98-120 Synergic 25 7 10 — - -
T3 3 19 98-120 Synergic 20 6 10 - - -
T4 3 19 98-120 Synergic 15 6 10 - - -
T5 3 19 98-120 Synergic 15 6 10 10 4 8
T6 3 19 98-120 Synergic 15 6 10 15 2.5 8
mounting configuration impacts the HF-WAAM process.
< In order to study how the quality of the parts produced by HF-WAAM
> is affected by the way the torch is mounted on the robot and the type of
> < work area (WA) used, six tests were carried out crossing the variables
< shown in Table 4. Each test was repeated 10 times to ensure the
> repeatability and reliability of the obtained results. This level of repe-
< tition was critical for validating the consistency of the data, assessed
> through measurements using the accelerometers and the vision system.
£ This approach provided comprehensive insights into the dynamic
behavior and quality stability of the production process.
X
y

Fig. 5. Zig-zag strategy used in material deposition.

direction in the robot’s base referential, remaining constant throughout
the part’s construction. Fig. 6 depicts the three work areas (P1, P2 and
P3) within the robot’s domain designated for part construction.

Two ways of mounting the HF-WAAM torch to the robot were
studied. In one way, the torch was mounted perpendicularly to the robot
flange (perpendicular torch mounting — PTM), as shown in Fig. 6. In the
other, the torch was mounted on a bracket along an axis parallel to the
robot flange axis (axial torch mounting — ATM), as shown in Fig. 7. PTM
and ATM are the two most common tool mounting configurations used
in industrial robots. This study aimed to determine whether the type of

Fig. 6. The three work areas used for part construction. P1, P2 and P3 are work
areas 1, 2 and 3, respectively. The torch is mounted perpendicularly to the
robot flange (perpendicular torch mounting — PTM).

3.4. Evaluation of top surface Waviness, geometry and porosity

To ensure the quality and reliability of the HF-WAAM process, the
produced samples were thoroughly evaluated in terms of top surface
waviness, geometry, and porosity. The evaluation of the produced
samples focused exclusively on the effective zone of the part, excluding
the first 5 mm and the last 5 mm of the part, as recommended in [56].
This exclusion is justified by the fact that the initial and final regions of
the part are prone to the formation of a higher number of defects, which
could otherwise bias the results.

3.4.1. Top Surface Waviness

The waviness of the top surface was measured using a Mitutoyo
Digimatic Dial Indicator 2046S. The measurement focused on the
average waviness (Wa) parameter, which quantifies the mean deviation
of the surface profile over a given length. This parameter was chosen to
characterize the overall smoothness of the top layer, providing insights
into the deposition consistency and quality of the final layer.

3.4.2. Geometry Evaluation

The geometry of the top surface was evaluated by calculating the
missing area (Apjiss) between the actual surface of the fabricated part and
the ideal surface of a perfectly prismatic structure. The calculation of
this area is performed based on measurements taken with the Mitutoyo
Digimatic Dial Indicator 2046S. This method provides a precise quan-
tification of geometric deviations, allowing us to assess any material
displacement, deformation, or inaccuracies during the manufacturing
process. An example of the calculated missing area is illustrated in Fig. 8,
highlighting the deviations from the ideal geometry.

3.4.3. Porosity Analysis

Porosity was assessed qualitatively through visual inspection of the
top surface. The number and dimensions of visible pores were examined
and recorded to evaluate surface defects. The porosity was classified into
four categories: No Visible Porosity (no pores visible to the naked eye on
the surface), Low Porosity (few and small visible pores, with minimal
impact on surface quality), Moderate Porosity (noticeable pores of
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Fig. 7. HF-WAAM torch mounted on a bracket along an axis parallel to the robot flange axis (axial torch mounting — ATM).

Table 4
HF-WAAM tests varying the work area and torch mount type. The test abbre-
viations are used to identify the type of test.

Torch mounting Work area
P1 P2 P3
Perpendicular PTM_P1 PTM_P2 PTM_P3
Axial ATM_P1 ATM P2 ATM _P3
Effective length
» _Missing
o area

Fabricated part

Substract

Fig. 8. Schematic representation of the geometric evaluation process, illus-
trating the method used to calculate the missing area (Ap,;ss) between the actual
surface of the fabricated part and the ideal surface of a perfectly pris-
matic structure.

varying sizes, scattered across the surface), and High Porosity (large
and/or dense clusters of pores, significantly affecting surface integrity).

4. Test results and discussion
4.1. Test results for process parameterization

The samples produced with the parameters identified in Table 3 are
shown in Table 5, while the evaluation of the top surface of these
samples is detailed in Table 6. The first four tests (T1, T2, T3, and T4)
were carried out using the WAAM process to establish the parameters
necessary for manufacturing high-quality samples, which had approxi-
mate dimensions of 150 x 4.8 x 11.1 mm?>.

Sample T1 failed during fabrication, as exhibited an insufficient
amount of filler material in the left central area, alongside the presence
of copper in the right area of the final layer — a clear indication that the

Table 5
Test results of samples produced using the parameters identified in Table 3.

Test no. Sample

T1

T2

T3

T4

T5

T6




N. Mendes et al.

Table 6

Evaluation of the top surface of samples produced using the parameters iden-
tified in Table 3. *Sample T1 failed during fabrication, clearly reflecting the
inadequacy of the parameters used. Due to the extremely poor outcome, it was
not considered for top surface evaluation.

Test no. Wa (mm) Anmiss (mmz) Porosity
T1 * * *

T2 2.57 527.85 High

T3 1.16 342.68 High

T4 0.34 137.53 No Visible
T5 0.83 253.42 Low

T6 0.28 94.72 No Visible

welding nozzle had melted during the process. Notably, the WFS
parameter was set at a high value, while the CTWD remained low. Due to
the failure during fabrication, sample T1 was not evaluated further.
Subsequent adjustments to these parameters were implemented in the
production of sample T2.

Sample T2 revealed the occurrence of humping phenomenon,
marked by a high TS. This phenomenon led to the drag of the melt pool
along with the material, resulting in the formation of humps within the
bead at regular intervals during the WAAM process. Additionally, this
sample exhibited high porosity, attributed to an excess of shielding gas.
The Wa of T2 was measured at 2.57 mm, and the Ajss was 527.85 mm?,
indicating poor surface quality and geometric accuracy.

During the production of sample T3, adjustments were made by
reducing the parameters of TS and GFR. Although improvements were
observed, the presence of high porosity in sample T3 indicated an
excessive amount of shielding gas. The Wa of T3 was 1.16 mm, while the
Aniss was reduced to 342.68 mmz, showing significant improvement
compared to T2.

Subsequently, the GFR parameter was further reduced to create
sample T4. Remarkably, sample T4 exhibited a smooth surface with no
visible porosity or excessive deformation, leading to the establishment
of the WAAM parameterization. The Wa of T4 was 0.34 mm, and the
Amiss was further reduced to 137.53 mm?, demonstrating excellent
surface and geometric quality for WAAM-produced samples.

Forging was employed for fabricating samples T5 and T6 to assess
the dynamic load tolerance of the robot while simultaneously enhancing
the quality of the produced samples, which had approximate dimensions
of 150 x 4.8 x 9.4 mm®.

Sample T5 exhibited irregularities on the forged surface, attributed
to the forging hammer being in close proximity to the melting pool —
indicating a potential issue with the DAC being too small. Moreover, a
deficiency of filler material in the final layer deposition resulted from a
robot path correction error, induced by forging forces exceeding the
robot’s capacity. The sample showed low porosity. The Wa of T5 was
measured at 0.83 mm, and the Anjss was 253.42 mm?, reflecting mod-
erate improvement compared to WAAM-produced samples.

In the production of sample T6, adjustments were made by
increasing the DAC to 15 mm and decreasing the pneumatic cylinder
pressure to 2.5 bar. As a result, sample T6 displayed a consistently
forged surface without deviations or material gaps, with no visible
porosity. The increase in DAC and reduction in pneumatic cylinder
pressure effectively mitigated the loads transmitted to the robot,
enabling it to operate without deviating from its trajectory. These pa-
rameters were established based on thermographic images of the WAAM
process, where both the melt pool and the surrounding temperatures
were monitored, as well as from the procedure described in our previous
study [18]. The Wa of T6 was the lowest among all samples, at 0.28 mm,
and the Apis was 94.72 mm?, demonstrating superior surface and
geometric quality.

Comparing sample T4 made by WAAM with sample T6 made by HF-
WAAD, it can be observed that their geometrical characteristics are very
similar. Both samples have the same shape and a similar size, and the
edges of the samples are smooth, indicating that the manufacturing
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processes used were successful in producing consistent results. Addi-
tionally, sample T6 outperformed T4 in terms of both average waviness
(0.28 mm vs. 0.34 mm), missing area (94.72 mm? vs. 137.53 mmz), and
porosity (no visible porosity in both cases). These findings highlight the
benefits of HF-WAAM in producing parts with enhanced quality. Over-
all, these findings demonstrate that HF-WAAM can achieve comparable
or superior results to WAAM, with improved surface finish, geometric
accuracy, and reduced porosity. The refined parameters used to produce
sample T6 proved to be the most suitable for the HF-WAAM process
within the robotic cell and were subsequently applied for conducting
vibration tests.

4.2. Test results for the influence of vibration on the HF-WAAM process

4.2.1. Tests performed with the HF-WAAM torch mounted parallel to the
robot flange axis — ATM

To study the influence of the torch mounting on the robot and the
distance between the robot base and the WA used to build parts, six tests
were performed as described in section 3. The vibration caused by the
forging operation was monitored during the HF-WAAM process in the
construction of parts with a linear wall shape. Fig. 9 shows the vibration
recorded by the four accelerometers during the construction of the third
layer (first layer using forging) of the part fabricated with the torch
mounted parallel to the robot flange axis — ATM using the P1 WA and
the HF-WAAM process parameters used in the T6 test (shown in
Table 3). The results of these six tests are presented in Table 7, using the
median of the maximum acceleration values as the metric. This metric
was employed to mitigate the impact of noise in the acceleration data of
the vibration motion, as visible in Fig. 9. The test results were specif-
ically calculated from vibration data obtained during the construction of
a complete part.

The vibration recorded by accelerometer 4 is higher than the vi-
bration recorded by any other accelerometer. This is because this
accelerometer is located next to the forging hammer and is the farthest
of the four accelerometers from the base of the robot. Because the robot
is an articulated machine, the end-effector region is less rigid than any
other region of the robot. The end-effector region is the region farthest
from the robot base (the robot’s support point) and consists of weaker
links, joints, and motors. On the other hand, the closer you are to the
base of the robot, the larger and more robust the links, joints and motors
that make up the robot, and therefore the greater the rigidity, as shown
by the low vibration values recorded by accelerometer 1. In addition, the
joints of the robot allowed the damping of the vibrations, as shown by
the vibrations collected by the different accelerometers, for example,
between accelerometers 4 and 3. There was a joint between these ac-
celerometers that caused the vibration values recorded by accelerometer
3 to be significantly lower than those recorded by accelerometer 4. In
this case, there was a 74 % reduction in the median of the maximum
acceleration values when the part was built in P1 WA, as shown in
Table 8. This table shows the reduction in vibration along the robot arm
from the torch to the base of the robot. Accelerometers 2 and 3 recorded
very similar vibration values because they were placed very close to
each other on the same link of the robot.

The WA used by the robot to build parts had a large influence on the
vibration of the robot and the HF-WAAM torch. When comparing the
rows in Table 7, it becomes evident that the P3 WA was the least
favorable of the three work areas for performing the HF-WAAM process.
In contrast, P1 WA was the most favorable because the vibration
recorded on the robot and torch was significantly lower.

This behavior was due to the configuration and positioning of the
robot joints which, when the robot was in P1 WA, minimized the
extension of the arm compared to the other work areas. As a result, the
forces and moments supported by the robot joints were minimized.

Taking as a reference the most unfavorable vibration situation, i.e.,
the vibration recorded by accelerometer 4 during the test performed in
P3 WA, which recorded a median of the maximum acceleration values of
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Fig. 9. Vibration recorded by the four accelerometers during the construction of the third layer (first layer using forging) of the part fabricated with the torch
mounted parallel to the robot flange axis — ATM using the P3 WA and the HF-WAAM process parameters used in the T6 test (shown in Table 3): a) Accelerometer 1,
b) Accelerometer 2, c) Accelerometer 3 and d) Accelerometer 4. The y-axes of the graphs represent acceleration (Accel) in units of ’g’ (1 g = 9.81 m/s).

Table 7

Median of the maximum acceleration values of the vibration motion resulting
from HF-WAAM part-construction tests with the torch mounted parallel to the
robot flange axis — ATM, using the three work areas and the HF-WAAM process
parameters previously used in the T6 test (shown in Table 3). Vibration recorded
by the accelerometers. The vibration is expressed in units of °g’ (1 g =9.81 m/
sz).

WA Accelerometer
1 2 3 4
P1 0.04 g 0.13g 0.14 g 0.48 ¢
P2 0.05g 0.15g 0.15g 0.57 g
P3 0.07 g 0.19g 0.22g 0.84¢g
Table 8

Decrease in vibration along the robotic arm relative to the region of the robot
where the greatest vibration was recorded, i.e., in the torch region (acceler-
ometer 4). These results are derived from the information recorded by the
accelerometers.

WA Accelerometer

1 2 3
P1 92 % 72 % 71 %
P2 91 % 74 % 74 %
P3 92 % 78 % 74 %

0.84 g, a decrease in vibration is observed in P1 and P2 work areas with
respect to P3, with a decrease of 43 % and 32 % respectively in the
median of the maximum acceleration values, as shown in Table 9.

Table 9

Decreased vibration in each region of the robotic arm when using P1 and P2
work areas compared to the vibration recorded in the corresponding robot re-
gion when building a part in P3 WA, the one where the highest vibration was
recorded. These results are derived from the information recorded by the
accelerometers.

WA Accelerometer

1 2 3 4
P1 43 % 28 % 38 % 43 %
P2 25 % 20 % 33 % 32%

In general, parts produced in P1 WA (ATM_P1) showed better
dimensional and geometric accuracy, with the top surfaces exhibiting
minimal waviness (Wa = 0.28 mm) and nearly nonexistent local collapse
in the final layer, compared to parts produced in work areas farther from
the robot base, i.e., P2 (ATM_P2) and P3 (ATM_P3), as shown in Fig. 10
and Table 10. Local collapse in the final layer was qualitatively assessed
through visual inspection.

The parts produced in P2 WA (ATM_P2) exhibited some waviness
(Wa = 0.44 mm) and small local collapse in the final layer, while the
Amiss was measured at 148.33 mm?, indicating moderate geometric
deviations. No visible porosity was observed in these parts.

On the other hand, the parts produced in P3 WA (ATM_P3) showed
not only higher waviness (Wa = 0.67 mm) and excessive local collapse
in the final layer on the tops of the parts but also areas of underfill. These
samples had the highest Ap;ss value (201.34 mm?) and exhibited low
porosity, reflecting the poorest dimensional and geometric quality
among the three work areas.

These observations lead to the conclusion that the WA used to build
the parts significantly affected the final quality of the parts produced.
There is a clear relationship between the increasing distance from the
robot base and the decreasing dimensional and geometric accuracy, as
demonstrated by the increasing Wa and Ap,;ss values and the appearance
of porosity in parts produced farther from the robot base.

4.2.2. Tests performed with the HF-WAAM torch mounted perpendicular to
the robot flange — PTM

The second HF-WAAM torch mounting configuration, torch
perpendicular to the robot flange — PTM, was tested in part
manufacturing. All tests performed with this torch mounting configu-
ration in any of the three work areas failed during the production of the
third layer of the part when forging was used. As shown in Table 11, the
vibration levels recorded during the manufacture of the parts were very
high. During part manufacturing in P1 and P2 work areas, the HF-
WAAM process became unstable, leading to arc extinguishment and
preventing deposition of the material in the desired way. This event was
caused by the high amplitude of the vibrations. When a part was man-
ufactured in P3 WA, the farthest from the robot base, the vibration
amplitude and forces were too high for the robot leading it to go into an
emergency stop due to exceeding the maximum allowable torque at the
joint closest to the torch. This joint was the smallest and least robust
joint on the robot and was operating perpendicular to the direction of
the forging force. Comparing the vibration recorded by the
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10 mm,

Fig. 10. Forging surface morphology of the parts produced in: a) P1, b) P2 and c) P3 work areas.

Table 10
Evaluation of the top surface of samples produced using the parameters iden-
tified in Table 3.

Sample Wa (mm) Amiss (mm?) Porosity

ATM_P1 0.28 94.72 No Visible

ATM_P2 0.44 148.33 No Visible

ATM_P3 0.67 201.34 Low
Table 11

Median of the maximum acceleration values of the vibration motion resulting
from HF-WAAM part manufacturing tests with the torch mounted perpendicular
to the robot flange — PTM, using the three work areas and the HF-WAAM process
parameters previously used in the T6 test (shown in Table 3). Vibration recorded
by the accelerometers. The vibration is expressed in units of g’ (1 g = 9.81 m/
s2).

WA Accelerometer

1 2 3 4
P1 0.06 g 0.36 g 0.37¢g 0.85¢
P2 0.08 g 0.40 g 0.43¢g 0.98 g
P3 0.13 g 0.54¢ 0.56 g 1.52g

accelerometers when using the two torch mounting configurations on
the robot flange, shown in Table 12, there was a very significant increase
in vibration of the order of 123 % when using the tool mounting
perpendicular to the robot flange — PTM. The increased vibration levels
in PTM are attributed to differences in force and vibration transfer to the
robot, which affected its dynamic load tolerance. Since the tip of the
robot arm is less rigid, these vibrations and forces can cause significant
deviations from the programmed trajectory, destabilizing the deposition
process.

The robot’s dynamic load tolerance is critical in HF-WAAM appli-
cations, as the forces generated during forging directly impact its path
accuracy. If the robot deviates from its intended trajectory, the deposi-
tion process becomes unstable, leading to inconsistencies in material
deposition and reduced part quality. Based on part manufacturing tests,
we can state that the robotic system is not capable of manufacturing
parts using HF-WAAM under these conditions.

Similar to previously reported tests using the HF-WAAM torch

Table 12

Increased torch and robot vibration when the torch is mounted perpendicular to
the robot flange — PTM versus when the torch is mounted parallel to the robot
flange axis — ATM. These results are derived from the information recorded by
the accelerometers.

WA Accelerometer

1 2 3 4
P1 48 % 168 % 169 % 78 %
P2 54 % 168 % 190 % 72 %
P3 102 % 191 % 155 % 81 %

10

mounted parallel to the robot flange axis — ATM, tests using the torch
mounting configuration perpendicular to the robot flange — PTM
revealed that vibration was more severe in work areas farther from the
robot base. This increase in vibration can be attributed to the reduced
stiffness of the robot arm in extended positions, amplifying cantilever
effects and mechanical stresses. Furthermore, robot vibration was
observed to be greater at the torch and in regions of the robot closer to
the torch, highlighting the sensitivity of these areas to the mechanical
forces and vibrations generated during the HF-WAAM process.

4.2.3. Vibration test results using the vision system

The vision system was used to capture movement of the torch. The
torch was mounted both parallel to the robot flange axis — ATM and
perpendicular to the robot flange — PTM. These measurements were
taken during part manufacturing by HF-WAAM in the three work areas
(P1, P2, and P3), using the HF-WAAM parameters established in the T6
test. Fig. 11 a) illustrates an example of torch movement captured by the
vision system across eight hammering operations, while Fig. 11 b) am-
plifies the details of a specific hammering operation. In this figure, the
different regions are defined as follows: Region I illustrates the hammer
at rest, in contact with the forged workpiece; Region II portrays the
hammer moving away from the workpiece; Region III depicts the
hammer at rest, distant from the workpiece; Region IV shows the
hammer in motion, approaching the workpiece without contact; and
Region V captures the hammer descending to forge the workpiece,
causing material deformation. Additionally, Fig. 11 b) illustrates a po-
sition data adjustment curve generated from vision system recordings,
enhancing accuracy by correcting variations and errors, thereby
providing a refined representation of real-time movement or location.

Figs. 12 and 13 a) depict the velocity and acceleration of the torch
vibration movement during a hammering operation, respectively. These
curves are derived from the first and second derivatives of the adjusted
vibration movement curve shown in Fig. 11 b), collected by the vision
system. The graph represented in Fig. 13 b) illustrates a hammering
operation captured with accelerometer 4. As seen in Fig. 13 b), the data
collected by this device, when compared to Fig. 13 a), does not fully
depict the acceleration pattern due to a lower data acquisition frequency
than that used for the vision system. However, by employing the median
comparison metric of the maximum acceleration values and utilizing a
large dataset, i.e., data related to the construction of a complete part, the
comparative values remain unaffected. Despite the absence of some data
in the acceleration pattern captured by accelerometer 4, it can be stated
that both acceleration patterns obtained by accelerometer 4 and the
vision system exhibit similarities, as evidenced in Fig. 13 a) and b).

The vibration recorded by the vision system was similar to that of
accelerometer 4, as shown in Table 13. This result was expected given
that the vibration collection performed by the vision system focused on
an area close to the location of the accelerometer 4 and exactly on the
component on which this accelerometer was placed.

The vibration data collected from both measurement systems
consistently revealed that P3 WA exhibited the highest levels of vibra-
tion. This finding reaffirmed the sensitivity of this WA to vibration
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Fig. 11. Illustration of torch movement recorded by the vision system: a)
during eight hammering operations; b) amplification of a hammering opera-
tion. The torch was mounted parallel to the robot flange axis — ATM, and the
WA in use was P2. The different regions are defined as follows: Region I il-
lustrates the hammer at rest, in contact with the forged workpiece; Region II
portrays the hammer moving away from the workpiece; Region III depicts the
hammer at rest, distant from the workpiece; Region IV shows the hammer in
motion, approaching the workpiece without contact; and Region V captures the
hammer descending to forge the workpiece, causing material deformation.
Additionally, Fig. 11 b) illustrates a position data adjustment curve generated
from vision system recordings, enhancing accuracy by correcting variations and
errors, thereby providing a refined representation of real-time movement
or location.

during the HF-WAAM process. P2 WA exhibited intermediate vibration
levels, while P1 consistently demonstrated the lowest vibrations, con-
firming a consistent trend between the two measurement systems. These
findings align with the quality assessment of the parts produced in these
work areas, where P1 WA (ATM_P1) showed superior dimensional and
geometric accuracy, including the lowest average waviness (Wa = 0.28
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mm) and missing area (Apiss = 94.72 mm?) with no visible porosity. In
contrast, P3 WA (ATM_P3), which exhibited the highest vibration levels,
also displayed the poorest quality, with the highest Wa = 0.67 mm,
Amiss = 201.34 mm?, and the presence of low porosity.

A notable aspect of the current research was the impact of torch
orientation on vibration levels. When the torch was mounted parallel to
the robot flange axis — ATM, it was evident from the data collected by
both measurement systems that vibration levels were notably lower.
This orientation also resulted in elevated part quality, as reflected in the
low Wa and Ap;ss values for parts produced in this configuration. In
contrast, when the torch was mounted perpendicular to the robot flange
— PTM, higher vibration levels were observed, correlating with reduced
part quality. This demonstrates that torch orientation is a significant
factor influencing vibration and, consequently, the final quality within
the HF-WAAM process.

It is important to highlight that both vibration measurement systems
provided mutually validating results. This mutual validation enhances
the overall confidence in the collected vibration data, confirming the
consistency of the findings across the different systems. This internal
validation of the data adds strength to the research and bolsters the
integrity of the collected information.

The results further demonstrate that the robotic cell is capable of
producing high-quality parts using the HF-WAAM process, provided that
the torch is mounted parallel to the robot flange axis (ATM) and the
work area distance from the robot base is less than 1250 mm, as seen in
P1 and P2 WA. Under these conditions, vibration levels remain low, and
part quality is improved, as evidenced by the superior Wa and Ap;ss
values observed in the samples produced in P1 and P2 WA. These
findings provide valuable insights for refining the HF-WAAM process,
ensuring that the robotic cell can achieve both high-quality parts and
reliable process performance when operating within these parameters.

In summary, while there are minor variations in the vibration data
attributed to differences in measurement tools, the overall consistency
in trends across work areas and the pronounced effect of torch orien-
tation on vibration levels validate the central findings of this research.
Furthermore, the quantitative analysis of top surface waviness, geome-
try, and porosity strongly correlates with the observed vibration trends,
emphasizing the importance of minimizing vibration to achieve elevated
quality parts. These findings provide valuable insights for refining the
HF-WAAM process, leading to enhanced efficiency, reliability, and part
quality in additive manufacturing techniques.

5. Conclusions

This study presented the development and evaluation of an innova-
tive robotic cell for the HF-WAAM process. The research established
refined parameters for both WAAM and HF-WAAM processes, demon-
strating that combining material deposition with hot forging can pro-
duce high-quality parts with improved dimensional accuracy, surface
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Fig. 12. Illustration of torch movement velocity recorded by the vision system during a hammering operation. The depicted curve was obtained through the de-

rivative of the position data adjustment curve represented in Fig. 11 b).
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Fig. 13. Illustration of torch movement acceleration recorded by: a) the vision system; b) the accelerometer 4 during a hammering operation. The presented curve in
Fig. 13 a) was derived through the double derivative of the position data adjustment curve illustrated in Fig. 11 b).

Table 13

Median of the maximum acceleration values of the vibration motion
resulting from HF-WAAM part-construction tests, obtained with the
torch mounted parallel to the robot flange axis — ATM and with the torch
mounted perpendicular to the robot flange — PTM. These tests were
conducted using the same three work areas and HF-WAAM process pa-
rameters as those previously used in the T6 test, as shown in Table 3. The
vibration is expressed in units of g’ (1 g = 9.81 m/s?). These results are
derived from the data recorded by the vision system.

WA ATM PTM
Pl 0.48¢g 0.85¢
P2 0.54 ¢ 0.96 ¢
P3 0.68 ¢ 1.27¢g

uniformity and minimal porosity. Vibration analysis revealed that both
torch orientation and the robot’s work area play a critical role in
influencing the quality of the manufactured parts. The parallel torch
mounting to the robot flange axis (ATM) and the use of work areas closer
to the robot base (less than 1250 mm) were found to result in lower
vibration levels, which directly contributed to the production of parts
with elevated quality, as evidenced by improved top surface waviness
(Wa) and missing area (Ap;ss) values.

Furthermore, the cross-validation of vibration data obtained from
accelerometers and the vision system confirmed the robustness and
consistency of the results. These findings underscore the importance of
optimizing both the robot configuration and process parameters to
minimize vibration and maximize the efficiency, reliability, and overall
quality of the HF-WAAM process in industrial applications. These find-
ings provide valuable recommendations for further improvements and
applications of this additive manufacturing process in industrial
environments.

The limitations of this study include its focus on the fabrication of
relatively simple geometries and single-material parts. Future work will

12

address these limitations by exploring the fabrication of parts with more
complex geometries, the use of different materials, and the deposition of
parallel beads within the same layer. These aspects, which may be
influenced by vibration and the forces exerted on the robot, will be
investigated to expand the applicability and robustness of the HF-WAAM
process in more demanding manufacturing scenarios.
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