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For decades, aluminium has been used in lightweight structures and throughout history it has
been proven as the best material in many applications. Traditionally aluminium has been
manufactured by casting, as sheet metal, welding of plates and by machining. These produc-
tion methods have substantial manufacturing limitations and possess far less flexibility com-
pared to additive manufacturing methods.

Due to reducing material costs and manufacturing of complex geometry parts are getting
more relevant, near-net-size stock is getting more important. The key benefit of directed
energy deposition (DED) method lies on the fact that the amount of useless material in the
final part or stock material can be reduced, potentially even eliminated altogether. This is
very advantageous due to the process being capable of creating features that would be im-
possible or at least very difficult to make by machining from a solid piece of material or
forming by other means.

In this work DEDs subcategory arc-DED is researched trough practical experiments and
available literature. In arc-DED process a welding robot, not in any way different to a normal
welding robot utilising MIG (Metal Inert Gas) welding process is used to build up material
directly to the build plate simply by welding. Arc-DED can be used with a vast range of
material, in theory the only material limiting factor being the weldability and availability of
the material. While many common materials are used for this process already, this Thesis is
going to be focused mainly on aluminium as the material used.
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Alumiinia on kdytetty kevyissi rakenteissa jo vuosikymmenien ajan, ja se on kautta historian
osoittanut olevansa paras materiaali moneen sovellukseen. Perinteisesti alumiinia on
valmistettu valamalla, levymateriaalista muokattuna, levystd hitsaamalla ja palasta
koneistamalla. Lisddvdlld valmistuksella on perinteisiin tuotantomenetelmiin verrattuna
huomattavasti vihemmin valmistusrajoituksia ja merkittdvisti enemmin suunnittelun
joustavuutta.

Materiaalikustannusten vidhentdminen ja monimutkaisten geometrioiden valmistuksen
yleistyessd, ldhes nettokokoiset materiaaliathiot ovat entistikin merkityksellisempié.
Suorakerrostusmenetelmidn (DED:n) tirkein etu on siind, ettd hyddyttdomdn materiaalin
midrdd lopullisessa osassa tai materiaaliaihiossa voidaan vdhentdd, mahdollisesti jopa
kokonaan eliminoida. Tdmi on erittdin edullista, koska prosessilla pystytddn luomaan
piirteitd ja muotoja, joita olisi mahdotonta tai ainakin erittdin vaikeaa tehdd koneistamalla
kiintedstd materiaalikappaleesta tai muovaamalla muulla tavalla.

Tédsséd tyossd tutkitaan DED:n-alakategoriaa valokaarisuorakerrostusta (arc-DED). Kaari-
DED-prosessissa kiytetddn hitsausrobottia, joka ei vilttdméttd eroa milldéin tavalla
normaalista MIG-hitsausprosessia (Metal Inert Gas) kdyttdvéstd hitsausrobotista. Robottia
kdytetddn materiaalin kerryttimiseen suoraan rakennelevyyn yksinkertaisesti hitsaamalla.
Kaari-DED-prosessia voidaan kéyttdd kaikenlaisten materiaalien kanssa, teoriassa ainoa
materiaalia rajoittava tekijd on materiaalin hitsattavuus ja sen saatavuus. Vaikka monia
yleisid materiaaleja kaytetddnkin tissd prosessissa, tdssd opinndytetydssd keskitytddn
pédasiassa alumiiniin kdytettynd materiaalina.
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SYMBOLS AND ABBREVIATIONS

Roman characters

Ct cooling time S

I current A

T temperature °C,K
U voltage A"

\Y% volume m’, 1

Greek characters

AX horizontal deviation mm

AZ  vertical deviation m
Abbreviations

AM Additive Manufacturing
CAD Computer Aided Design

CFD Computational Fluid Dynamics
CMT Cold Metal Transfer

DED Directed Energy Deposition
EDM Electric Discharge Machining
FFF Filament Fused Fabrication
MIG Metal Inert Gas

PBF Powder Bed Fusion

WFR Wire Feed Rate



XRF

X-ray Fluorescence
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1 Introduction

In this chapter, directed energy deposition (DED) and other 3D-printing methods are intro-
duced and discussed broadly from the applications and feasibility point of view. Additionally
some reasons for selecting a 3D-printing processes as the used manufacturing method are

discussed.

Among with these subjects, the research questions, research goals, research limitations and

research methods are discussed.

1.1 Research background and problem

High performance and highly optimized products are getting increasingly more common and
the requirements for manufacturing along with them. Some shapes and features that are de-
sirable in parts optimization are near impossible to create with already available production

methods, hence new production methods are needed.

Where there is a manufacturing method for these demanding parts already available in a
form of PBF (powder bed fusion), it is rather inconvenient for large parts due to its produc-
tion limitations and low production rate (50g/h). DED (Directed Energy Deposition) is op-
timal for these larger parts due to the production range of the system and the deposition rate
of up to 9 kg/h using MIG (Metal Inert Gas). Deposition rate depends on the deposited ma-
terial and process parameters. (Duarte, Miranda & Santos 2019, p. 1-5 ; Evans, Wang, Qin,
He, Shepherd & Ding 2022, p. 1506-1522.)

Along with increase of smart end-products, increases the need for smarter material supply
chains (Wurst, Steinhoff, Mozgova, Hassel & Lachmayer 2022, p. 2-8). Due to arc-DED
utilizing wire as its feedstock, it has potential to simplify the whole supply chain by remov-
ing the need for variety in stock size and/or large amounts of material waste. When a variety
of stock size can be substituted by a single material stock in the form of wire, the supply
chain can be made simple, efficient and flexible compared to a traditional supply chain where
varying product dimensions require either variation in stock dimensions or large amounts of

wasted material due to oversized material stock.
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When producing products of a larger size, the material stock acquisition can be proven dif-
ficult due to large stock producers being sparce and at times the lead times for production
are very long. Hence industries are gradually moving into Additive manufacturing for rea-
sons like design flexibility, material economy, and economical low-volume manufacturing.

(Kanishka and Acherjee 2023, p. 220-283.)

Additionally, many of the material stock producers are located far away from the rest of the
production, resulting in the raw stock being transported, possibly even substantial distances.
Transporting of multi-ton pieces of metal is not only costly it is wasteful since in many
applications a lot of material is going to get removed in machining, meaning that useless

material is being transported. (Wurst et al. 2022, p. 2-8.)

A production facility utilizing wire feedstock can produce a near-net size material stock that
can be post processed with little-to-no roughing involved eliminating the lead-time for ma-
terial stock and long roughing cycle-time. These benefits give DED products short order-to-
delivery time. (Varis 2024.)

Near-net-size stock also simplifies the supply chain by quite a margin, due to the material
being transported is going to be either wire, the near-net-size stock or the final product, re-
sulting in less weight being transported. Due to the material stock being able to be produced
close by to a machine centre and the end user, the life cycle and transportational emissions
of the part could be reduced. This is one of the reasons why some companies select additive

manufacturing. (Bergstrom 2024.)

As for the research problem, this research is conducted due to there being so little infor-
mation available about the direct depositing process of aluminium. Due to the lack of public
information, the applications for the process in the industry, especially in Finland are very

few and rare.

As for what is the meaning of this research, it was conducted so that there would be infor-
mation available for those who are thinking about taking up the process. In this research
some grounds on what the process is capable of, what it requires, and some starting param-
eters are given so someone interested in the process could have somewhere to base their

testing on.
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1.2 Research questions and goals

As for the research questions, the following questions are answered in this work:

1. How does directed energy deposition process of aluminium differ from directed en-
ergy deposition of other common materials, such as steels.

2. What kind of limitations does aluminium pose for the DED process.

3. Is aluminium arc-DED process suitable for industrial use and for what kind of prod-

ucts could be produced with it.

1.3 Research limitations and methods

This work is limited to the usability aspect of the process and while the quality of the pieces
produces in the experimental testing is conducted with means of macroscopic, X-ray and
XRF (X-ray fluorescence) analysis, no further material quality assessment is conducted in
this work. While the programming of the process is very important and relevant, it is dis-
cussed to a limited degree. While the work itself discusses DED of aluminium in general,

testing is conducted only with 5754 grade aluminium.
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2 Directed Energy Deposition process

In this chapter, the wire-fed arc-DED 3D-printing manufacturing method is explained and
the printability and feasibility of aluminium is assessed. Further on the apparent process

limitations are discussed.

2.1 Arc-DED

Arc-DED or as sometimes called Wire Arc Additive Manufacturing (WAAM) is a manufac-
turing process where a material, in wire form, is melted with an electric arc and deposited
on a wanted surface, that being first a build plate and later previously deposited material.
Arc-DED is exceptionally suitable for production of large, near-net-size parts with complex
geometries, strongly supported by the fact that its deposition rate is from 4 kg/hr to 9 kg/hr
(Evans et al. 2022, p. 1506-1522), supported by testing conducted in this research. This fur-
thermore is made possible by the fact that the system used is practically a normal Metal Inert
Gas (MIG) welding robot which naturally has the required power wire feeding and shielding

gas system along with a flexible and large production envelope.

Arc-DED is also capable of having a very large material deposit rate compared to powder-
based 3D-printing methods. Wire fed methods also have a vast advantage in material avail-
ability both in price and size options. Also due to the process utilizing MIG process as its
deposition method, it can deposit material in nearly any position due to the magnetic pinch
effect caused by the electric arc. Position welding has been proven adequate by the industry
decades ago and due to the mechanism being the same in arc-DED and in MIG, they should

function the same way.

While the MIG process allows for a large variation in level height variation, where the gas
shielding was the only limiting factor (possible torch distance from 8mm to even 30mm
without major problems on aluminium), the distance should be kept shorter for better gas
coverage and more stable result. Surface level variation, which causes torch distance devia-
tion, is usually a result of uneven material deposition rate, caused by heat input, deviating
movement speed or dissipation (uneven cooling) but these are in the end a result of improper

(or limited) process control and/or parameters.
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When a wall thickness larger than one achievable with a single bead is required, the bead
can be widened by changing process parameters, adding passes or by weaving the pass, out
of these options adding weld passes is the most reliable and stable one due to the added heat
input and complexity from increasing process parameters and adding weaving respectively.

(Varis 2024.)

When the system is simple and utilizes welding station systems the adaptive process param-
eters are very limited and the use of seamlessly adaptive process parameters cannot be used,
limiting the features that the parts can have. The process itself is also a limiting factor of the
product itself especially in one-off production when new there is multiple different variables
in materials and part features due to there being process parameter limitations concerning
the arc stability, effect of heat-input, bead width and height, layer fusion and weld quality,

more of which are discussed more in parametric tests section of this paper.

In one-off production, fixing small mistakes and imperfections manually by operator is more
feasible than making a program so that the machine would make the fix, for example a small
pinhole or lack of fusion in the weld start would be most feasibly fixed by the operator by

removing the faulty area and filling it by welding with manual machine. (Varis 2024.)

2.1.1 DED manufacturing procedure

As any modern parts development, so too starts the manufacturing process of 3D-printed
parts from a 3D-model. Due to the high freedom-of-design of 3D printing processes algo-

rithmic designs may be used in addition to what can be considered traditional designs.

After the 3D-model is created the work paths or machine program is made. The machine
program consists of all the commands that are fed into the welding robot and the power
supply when manufacturing the part. These commands are movement commands and other
commands like arc initiation and termination commands. The way these programs are made
differs quite a bit between the software used. In FFF (fused filament fabrication) and PBF
printing the programs are so well optimized that the work paths can be created just by in-
serting a surface model of the part to the software and selecting correct options from the
menu, or at least some kind of result can be achieved. While this kind of programming is

completely possible for DED printing, it is at least not very available to this date. Some work
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around this by using machinery that can input G-code and use a CAM (Computed-Aided

Manufacturing) software to create the work paths.

Creation of the work paths requires a lot of understanding of the details and specifics of the
process to make them work in use. Due to the work paths being a key part of the process,
using non-proprietary software to create paths that can directly cause problems in the process
itself just by having features that are not compatible with what is tried to do with it. Using a
software that is not meant for 3D printing is not only manual due to all the problems caused
by the software not having correct options and requiring workarounds. Due to the programs
having possibly thousands of movements and points, creating programs with a sub-optimal

software can be very time consuming. (Varis 2024.)

During the programming phase of the workflow the program should be simulated to avoid
crashing or any other unwanted movements. Often, the software used for creating the pro-

gram has built-in simulation options that can be used for simulating the program.

After the work paths have been imported to the robot, the base plate or an existing material
stock or base part when making a hybrid part, can be loaded into the machine, positioned
and secured in place. While positioning the part, possible search function is also used to
synchronize machines and possible remote-control systems coordinate systems to the real

world positions.

When the job itself is setup, the cycle can be started. Due to there being many possibilities
for mistakes, such as incorrect power supply settings, incorrect material setup or program-
ming error just to list a few, the process should be supervised at least when running the cycle
for the first time to prevent quality problems, unwanted movements or crashing. While sim-
ulation can eliminate significant amount of errors, conducting a so-called dry run, running
the program without the electric arc on, will make sure that no errors remain in the program.
It is generally a good rule to supervise the process regardless due to the possibility of unex-
pected events happening to the process or the machine itself that can cause major damage to

the product, and machine, in turn causing longer lead time and expenses.

When the program has finished the part should be ready to be removed and or left to cool
down. After cooled and inspected the part can be post processed, which may include heat
treatment, machining and cleaning before the part itself being removed from the build plate.

Removal from the build plate can be done in many ways depending on the part and mainly
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its size and shape. Some parts may be turned down from the connection, while some might

be separated via a saw or EDM (Electric Discharge Machining).

The printed part or structure detail can, and often is machined to final dimensions. Machining
can be naturally done in any stage of the production and to nearly any part imaginable. Doing
it before removing the part from the plate might in some cases be beneficial due to the plate
working as work holding for the different machining processes done, due to the surface of
the 3D-printed part being unstable and often dimensionally not accurate enough for using
them as work holding, the build plate can work as an intermediate work holding surface.
While the surfaces as is after welding are not suitable for work holding, using printed work

holding features allows for near limitless work holding solutions.

When DED is conducted onto an existing part of material stock, similar to repair welding,
the parts are often machined afterwards. This is very efficient due to the pre-existing material
stock reducing the cycle time from the DED process and in some cases provides a strength

or tolerance critical features to the part.

2.1.2  Applications

Due to AM being quite expensive compared to available traditional manufacturing methods,
the process is often selected when the performance or production time improvement is
wanted (Bergstrom 2024). While the process itself is more expensive, if the part optimisation
and optimized stock size can lower other production expenses, the final part could be cheaper

than one produced by traditional means.

Arc-DED can be used to produce practically any kind of shapes and features, with certain
limitations such as workflow, accessibility, resolution, strength, material and size limita-
tions. Wire-fed DED methods can produce large scale parts with large overhangs and multi-
plane features partly due to its ability to have an unilinear operation workflow dissimilar to
a PBF-process where the workflow is limited due to unidirectional slicing capability, mean-
ing that in DED processes part features facing differing directions can be created after some
shape is printed past the features location for example a perpendicular outlet can be printed
in the middle of a tapered pipe after the whole pipe has been printed. (Varis 2024 ; Bergstrom
2024.)
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One significant benefit of additive manufacturing processes is that multiple features can be
created onto one part, reducing amount of parts in the assembly that formerly existed due to
manufacturability limitations. Additionally, these features can be directly added to a material
stock for example profile stock that could then work as a frame structure for the part. This
would not only reduce the number of parts, but it would also dramatically increase the level

of automation of that part. (Katajasalo 2024.)

Additionally large casted parts can be directly replaced by products made by DED due to its
quality being better than the one of castings. Having a higher quality material allows for

lighter structure and less limitations in the geometry of the part. (Katajasalo 2024.)

One good example of an industrial application where casting was replaced with arc-DED is

Migal.co’s car knuckle assembly as seen in Figure 1.

Figure 1. Migal car knuckle, MA-5183 (Migal.co 2024).

Ideal products for arc-DED are once with internal, complex details, large dimensions or rel-
atively low thicknesses. These features elaborate the unique capabilities of the process. The
process ability to reduce unused material in the form of near-net-size stock will give a vast
advantage when the other options would be machining from a large billet, casting or creating
multiple smaller subassemblies with hybrid manufacturing methods. Or when the part needs
internal features like cooling channels, there really is no other approach other than casting
that can create similar features, even then the castings will have lover resolution, limited

material properties, quality and limitations in the internal features.
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A good example of a part that is well parametrizable, utilizes the near net size stock principle,
combines different parts into a one-piece-design and could utilize an existing part as base
material is AIT’s DEDAIuS projects implementation of the process into rim production the
result of which is shown in Figure 2. Normally rims are produced from two or three parts or
by casting/forging. In this case the hub could be a machined part, simplifying the manufac-

turing process.

Figure 2. AIT, DEDAIuS WAAM rim (AIT 2024).

While the DED processes cannot produce similar surface texture and quality as PBF, which
is found problematic in the industry (Bergstrom 2024), they can produce parts with practi-
cally unlimited size with only changes to the robot itself while PBF system needs to change
the powder feed system and needs a completely new enclosure. Additionally, if a PBF sys-
tem would be upscaled, the whole printing area would have to be filled to match the size of

the part produced and filled completely, which in turn will be very expensive.

Comparably, there is a larger risk of microstructural lack of fusion in PBF, resulting in worse
layer adhesion compared to direct depositing. While in DED the material spending longer
time in liquid form might subject it to defects like hydrogen pores, in PBF un-optimal pa-
rameters can cause non-uniform layer adhesion and lack of fusion results in lower local ma-

terial density. (Gui, Aoyaki & Chiba 2023, p. 1-12.)
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While PBF produces finer surface quality and better dimensional accuracy, in larger parts
production DEDs production speed, deposition rate and low material cost are quite signifi-
cant and hence DED is seen as more suitable in many applications (Bergstrom 2024). Addi-
tionally the surface can be machined were needed, reducing the need for a perfect surface

quality from the process.

2.2 Aluminium in arc-DED

While aluminium is found problematic in welding due to hot cracking and hydrogen getting
enclosed into the molten pool, the fact that in additive manufacturing the part consists com-
pletely of the material deposited, reducing the imperfections caused by the potential incon-

sistent quality of the base material. (Mathers 2002, p. 10-85.)

In contrary to steels, to weld aluminium without a pulsed process generally requires hot arc
when welding with a MIG-process. Hot arc results in spray transfer of the filler material.
This is made possible by the process being electrode positive. The problem of using spray
transfer in DED is that it requires very high power density, which would accumulate a lot of

heat into the part.

When low energy density is desired a pulsed power delivery is used due to it being able to
penetrate trough aluminium’s natural oxide layer and having low energy density. Options
for aluminium MIG process are a pulse power program and CMT (cold-metal-transfer),
which is a wire oscillation process developed by Fronius International. While they were not
compared in this work, literature found that parts where CMT process was used displayed
higher amounts of dissolved hydrogen compared to pulsed-MIG process. Additionally weld-
ing parameters, interpass temperature and cooling time were in key role in pore formation in

aluminium parts produced with arc-DED. (Derekar, Addison & Joshi 2020, p. 311-331.)

It is well known that aluminium has relatively high heat conductivity, this has a noticeable
effect on the process when comparing to steel derivatives that have very localized heat ac-
cumulation. While it is true that aluminium conducts heat much better than steels, its lower
melting temperature subjects it to losing its stability if heat accumulates within the material.
This effect can be seen in the part as increased wall thickness and lower vertical development

(bead width and height) on continuous multiple-pass parts.
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The loss of stability is not a root problem of the process, more than it is a result of incorrect
process parameters (Varis 2024). The sample from Figure 30 was made with 21 continuous
passes with only 30 seconds between cycles, which was adequate cooling time for the first
50 mm or so, where the heat could dissipate into the build plate but when there is more
deposited material between the base plate and the working area, heat conductivity is less
efficient and hence heat build-up (see Figure 30, left part, Figure 3). After some distance all
the heat put into the part has to conduct trough the deposited material, lowering the cooling

rate of the system.

Aluminium has solidification shrinkage around 5% compared to 3% in steels (Mathers 2002,
p. 10-85). This would otherwise result in larger residual stresses and deformations during
the process, but it seems that the heat from the further process could work as heat treatment
for the material deposited before, relieving it of any stresses caused by solidification shrink-

age.

EI]I]D C|

( LuUT
Unlverslly ‘"JOU C’ University

Figure 3. temperature of DED and base material, A: start, B: pass 4

Due to there being very limited amount of public research available for assessment, manu-
facturing trials were conducted to find out if the process is usable with aluminium as the

deposited material and further on to assess its feasibility.

One of the limiting factors in the use of aluminium in arc-DED is the lack of available man-

ufacturers in the Nordic countries (Bergstrom 2024).
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2.2.1 Characteristics of 3D-printed aluminium

As aluminium is rarely used in its natural form, it is more often than not used as alloy with
a significant alloy material amount to improve the materials characteristics. While a large
amount of aluminium alloys are weldable, some are completely un-weldable and even those
that are weldable to some extent, are not well suitable for DED processes. Aluminium allows
are differentiated according to their main alloying compounds according to SFS-EN 573-1
standard. The 5000-series aluminium grades, alloys with magnesium as the main alloying
compound, are very common in welded aluminium structures due to their excellent welda-
bility, high strength and quality characteristics when considering other aluminium alloy

grades.

According to Martin (2017, p. 1), “the vast majority of the more than 5,500 alloys in use
today cannot be additively manufactured because the melting and solidification dynamics
during the printing process lead to intolerable microstructures with large columnar grains

and periodic cracks.”

Aluminium’s properties are excellent for many applications, and it can be found in many
products as a substituting material with different correspondingly different structure. Alu-
minium is generally used due to it having relatively good strength to weight properties, it

being economical and available, it is corrosion resistant and near completely recyclable.
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3 Materials and process testing

To verify the manufacturing properties of the material assessed, an experimental section is

conducted in this study. In this chapter the experimental methods are elaborated.

3.1 Experimental testing

In this work AIMg5, a 5000-series aluminium alloy 5754 is deposited on a 450 x 200 x 20
mm, 5083 plate with different welding parameters and work paths to find out the possible
parameters and limitations of the process. Tests included in this work include parameter
testing with bead-on-plate experiments, parallel welding tests, overhang tests and multiple-
pass vertical buildup tests. These tests should provide good insight into how the process

behaves and what offsets should be used in programming of the parts.

All practical experiments were conducted on a Motoman EA1900 robot with an MT1-turn-
ing table with a Kemppi AX Pulse+ 500A welding unit using Kemppi’s Alu-pulse program.
Parameters used were Kemppi’s welding systems suggestions with minor modifications. The
program for the experiments were done with Visual Components OLP, from where the robot
program code was post-processed and uploaded to Motoman NX100 robot controller The

setup used is shown in Figure 4.

Figure 4. Experimental DED system setup used
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During DED experiments the parameters that we manipulated were the welding current,
voltage, wire feed-rate, weld distance and movement speed. During tests where multiple
passes were deposited side by side to one another the distance between passes was one pa-
rameter manipulated. Experimental tests conducted in this thesis included bead on plate test-

ing, multiple adjacent passes, vertical buildup, overhang and infill tests.

3.2 Bead on plate

Bead on plate testing is used to for finding out the behaviour of the process, features and
quality of the material deposited. In this work, bead on plate testing was used to find out
parameters that yield good bead characteristics, low dilution and highest possible deposit

rate.

Assessing the real heat input of the process and its effect on the deposited material is difficult
in bead on plate tests due to the arc duration being unrealistically short and the base plate
conducting the heat faster than the part would realistically conduct, especially at later parts

of the process.

Testing was conducted with multiple 100 mm welds with increasing welding speed, wire
feed, parameters are reported in Table 1. Note that limited amount of parameters were listed,
mainly the ones found suitable during testing, though many of the unlisted parameters were
usable but some of them had stability problems or unfavourable weld profile (width and
height). Additionally, movement speeds and weld profile dimensions are given as a scale (in
Table 1 and Table 5), this was due to a repeatable behaviour that was found during the tests,
when the movement speed increases, the height and width decrease. To simplify testing pro-
cess different welding currents and voltages were not tested for a given wire feed, addition-
ally gas flow rate, torch distance, travel and tilt angle was kept fixed. Values were 16 1/min,

17 mm and 0° respectively. One sample plate of bead on plate tests can be seen in Figure 5.
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Table 1. Bead on plate parameters

WFR m/min Movement speed mm/s 1[V] U[A]
5.5 25-35 16.8 115
7.0 25-50 17.2 130
8.5 35-50 18.3 140
9.5 35-50 19.7 157
10.6 40-60 20.6 174
11.5 40-70 21.0 195

Figure 5. bead on plate test setup

3.3 Multiple adjacent passes

In multiple adjacent passes tests straight welds are done side by side to each other with a
known distance (stepover) between the welds. Multiple passes tests should be done for all
selected welding parameters that are going to be used in layering or in features with more
than one weld pass forming the shape. Multiple passes tests are conducted to calibrate the
distance between welds to find the operational window of the possible distance values that

yield a sufficient result.

According to Baffa, Venturini, Campatelli & Galvanetto 2022, the optimal stepover should
be 50 to 70 percent of the weld bead which is very logical, due to the optimal result having

the smallest possible surface deviation between the welds. Exceptionally for faster
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movement speed and lower wire feed parameter welds the operational window of the param-
eter is very small and any deviation from the optimal distance will result in defects like pits

and arc-instability. (Baffa et al. 2022, p. 545-552.)

The process of finding the optimal distance between welds was conducted in two parts, first
a sweep program, a program of 20 welds with increasing distance between welds is con-
ducted. The sweep starts from 0.7mm of stepover and ends with welds at a distance of 7 mm
from each other. Where the welds near in the beginning overlap a lot and cause arc instabil-
ity, the welds in the end separate completely and form a groove between one-another. Pa-

rameters that resulted in acceptable surface quality are listed below in Table 2.

The goal of this test is to assess changes in the result when the welding parameters are
changed due to arc behaviour changing along with the bead characteristics. A narrower bead
welded fast has the least time and energy to form into the small corner formed by the pass
before it, having the lowest possibility to form an even surface whereas a wider bead welded
with a slow speed is more likely to form into the corner created by the shape set by the
previous weld, forming a good surface. In other words, the slower the welding speed, larger
the arc and wider the bead larger the operational window in this test. An example of a sweep

test can be seen in Figure 6.

Figure 6. multiple passes test, increasing distance

As it can be seen from the sweep test and Figure 6, the operational window where the two

welds line up well and form a stable surface is quite small. Even within the range where the
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welds stay attached, the quality of the produced surface can be enhanced by optimizing the

distance between the welds called stepover, this is noted as AX in Table 2. And the result of

test 2 in Figure 7.

Table 2. multiple adjacent passes testing parameters

Test No. WFR m/min Movement U[V] 1[A] AX
speed mm/s
1 7 25 17.2 130 2.25-2.4
2 8.5 30 18.3 140 2.5-2.55
3 10.6 50 20.6 174 2.6-2.7

Figure 7. test 2, multiple passes test constant distance

3.4 Printability tests

While in the FFF community has standardized some printability and calibration tests, there

is no standardized tests for DED. Even though the tests conducted before in this study show

that the process is fundamentally working, they do not take into account the different cases

in which the process might be used. Those cases are vertical buildup, where a profile is

repeated to build up material, infilling, where a contour is filled with material in a layer like

fashion, overhangs, where a feature deviates from the horizontal footprint of the profile,

unsupported features and off axis features, where a feature is added on already deposited

material on a different position (for example a conduit in a side of the main body of the part).



26

In this study, only vertical buildup (Figure 8), overhang test (Figure 9) and infilling (Figure

10) were conducted due to programming limitations during the testing phase of this research.

Vertical builup tests were conducted to see what kind of quality can the process achieve and
how does the process behave overall. In vertical buildup tests parts 1, 2 and 3 were produced
with the parameters mentioned in Table 3. In vertical buildup tests all the geometrical and
process parameters were same troughout the test expect the changing heigh, which is

determined by the vertical buildup amount, change of which is noted as AZ.

Table 3. vertical buildup parameters

Part WFR Movement | U[V] | 1[A] AZ Cts Continuous
No. m/min speed mm passes
mm/s

1 7.0 40 17.2 130 0.45 30 1

2 10.6 50 21.0 174 1.20 30 10

3 10.6 50 21.0 174 1.20 100 4

4 10.6 50 21.0 174 1.20 100 6

5 8.5 35 18.3 140 1.80 30 4

Vertical buildup tests were conducted as single pass wide layers (part 1-3) three pass wide
layers (part 4) and two pass wide layers (part 5). Additionally, short tests with three passes

forming a layer were conducted with the same parameters successfully.

Figure 8. vertical buildup test
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Overhang tests were performed to find out how much can the welds deviate from the
centerline of the previous layer/weld. This information is crusial when parts produced that
do not consist completely of vertical buildup, meaning nearly all 3-dimensional parts, are to
be printed. During testing horizontal deviation was manipulated and movement speed was
changed for a selected WFR and power supply parameters. Parameters used in overhang

testing were listed in Table 4 and example work path in Figure 9.

Figure 9. overhang test work path preview

In Table 4, the horizontal offset which forms the overhang is marked with AX. Additionally
as it can be seen from the Table 4 and Figure 18, test No. 1 parameters absent. Test No.1 had
multiple smaller tests that were used at first, but this was found inadequate due to the test
height being too short, and horizontal deviation from the start centreline too little to display

whether the parameters were correct.

Table 4. Overhang test parameters

Test No. WFR m/min | Movement U[V] I1TA] AX mm
speed mm/s
2 8.5 25 18.3 140 1.0
3 8.5 30 18.3 140 1.0
4 8.5 35 18.3 140 1.0
5 8.5 25 18.3 140 0.8
6 8.5 30 18.3 140 0.8
7 8.5 30 18.3 140 0.4
8 8.5 30 18.3 140 0.6
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When parts have overhangs that are larger than the process can produce with part in vertical
orientation, the part has to be oriented so that the deposition direction is vertical and
unidirectional with gravity. In theory by angeling the torch, larger overhang could be made
due to the arc being focused on the deposited material where a vertical torch might forcus
the arc on the edge of the material. While the different torch orientations were not tested in
this thesis, the results of the overhang tests conducted seem to indicate that the overhanging
edge melts under the arc, looses integrity and droops down. When the torch is vertical, the
edge is focused more by the are compared to what it would be when the torch is in an angle

or when the part is oriented so that material is deposited as if the material were vertical.

The information about the maximum overhang that can be achieved is important due to there
being some systems that have no external axises, limited reach or otherwise limited print
strategies caused by the hardware used. In a case where the system is limited to vertical base
orientation, the part features that have overhang larger than the maximum achievable in
vertical orientation have to be changed to accommodate the system limitations or printed in

another setup where the part is in more favorable orientation.

Infill tests are conducted to assess how the process can be utilized in production of parts with
filled volume. There are multiple ways to make infill into the parts, one being the one utilized
in this work which offsets the external feature until the set contour is filled. Other common
infill methods are 2D-pattern infilling, where a shape is repeated within the part until the
area is covered and 3D-pattern infill, which is common in FFF and PBF printing when the
internal volume is not completely filled. In 3D-pattern infilling a 3D matrix is created to fill
parts of the volume inside the 3D contours set by the external faces of the part. An example

of offset contour infilling is displayed in Figure 10.

Figure 10. test 3, oval infill
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While 2D-pattern infilling is used in the industry, incomplete filling is still rare in DED.
Generally, the incomplete filling pattern infills are excluded due to they being computation-
ally challenging and the need for 3D infilling is not seen feasible, due to the parts being
optimized by removing excess material externally, making the infilling obsolete. (Varis

2024.)

3.5 Metallographic and metallurgical assessments

To assess material quality of the deposited parts different kinds of metallographic and met-
allurgical assessment should be done to know whether the material suffices in applications
it is going to be used in. Hence the parts created in this work are assessed by macro structural
analysis to see the amount of dilution and to assess the weld profile, XRF (X-ray fluores-
cence) analysis to assess the materials chemical consistency and X-ray analysis to assess

porosity and other internal quality features.

3.5.1 Macrostructural analysis

In macrostructural analysis a small sample piece is taken and etched to reveal the different
macrostructural features like layer fusion, weld profile and dilution. Aluminium differs to
steels and other metallic materials in the etching process. Macrostructural analysis can also
be used to analyse the part for defects, though it is unfavourable method due to the area that
can be assessed is limited to the cross-sectional area of the part at a single point whereas X-

ray and ultrasound analysis can assess the whole part.

3.5.2 X-ray analysis

As mentioned before, X-ray analysis as conducted to assess general material quality within
the part. Produced oval parts were cut into two flat plates that were then assessed on the X-
ray machine. During the process the part is subjected to strong radiation that penetrates
trough the material and then hits a digital panel. From the result, areas with less material
pass radiation with less interference, resulting in a dark area in the shape of the detail with

less material on the picture.
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3.5.3 Material consistency analysis

The XRF material consistency analysis is conducted to find out the extent that the material
consistency changes during the process. In the analysis, a small test piece is cut off from the
deposited part and thoroughly cleaned on the assessed surface, due to the process releasing

magnesium dust on top of the surface which would cause a faulty reading on the surface.

In this study the XRF test was conducted by cutting an excess 20 x 50 x 4mm piece off a
print for assessment. One side was milled flat and other side left as-printed. From these two

sides, two measurement points were selected either side as per Figure 11.

Figure 11. XRF measurement points



4 Results and analysis

In this chapter results of the experimental tests conducted in this thesis are presented and

evaluated.

4.1 Printing tests

During the experimental trials different parameters were used, and the resulting weld bead
was measured. Used parameters were elaborated on in Table 1 and the resulting weld profile
is reported bellow in Table 5. Weld profile parameters are marked as W and H (width and
height respectively). The profile width is measured from the root of the weld and height from

the top of the bead.
Table 5. Bead on plate results
WFR m/min Movement speed W mm H mm
mm/s

5.5 25-35 4.3-4.5 0.6-0.4

7 25-50 5.0 0.9-0.6

8.5 35-60 4.5-4.1 1.3-0.8

9.5 35-60 4.3-4.8 1.4-0.9

10.6 40-60 5.6 1.2-0.9

11.5 40-70 5.6-4.5 1.4-1.0
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One of the test platters of bead on plate can be seen in Figure 12. While the lowest possible

heat input is important to the process, having as large deposition rate as possible is also

desirable for many applications so when the results from bead on plate results were assessed

these two factors were compared together.
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Figure 12. Bead on plate results

As mentioned before, during vertical buildup tests five parts were created, they are numbered

in chronological order. The results of these tests are shown in Figures 14 trough 18.

As it can be seen from figure of part 1 (Figure 13), the wall thickness is constant and the
general quality of the part is good. One immediately noticeable defect of the part is unwanted
material at the start points. These were further on refined upon in later parts. Additionally it
noted that after few layers were deposited the height that every bead adds reduces more by
a small margin. Further on the amount that one bead builds up the material does not vary

notably after the change after the few centimetres off the plate.

Figure 13. part 1, A: right, B: front, C: left side views
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As it can be seen from result of part 2 (Figure 14) the surface is uneven and the wall thickness
is quite large. This is most likely caused by the heat building up due to the lack of cooling.
Previous tests and preliminary testing for the long continuous print cycle indicated far less
heat buildup problems, but as stated before when the problems with heat building up start to

show up later in the program when distance from the base plate increases.

Figure 14. part 2, A: right, B: front, C: left side views

After the somewhat failed result of part 2, the part was run again with shorter continuous arc
time and longer cooling period, additionally temperature between cycles was measured and
cooling time was adjusted so that the inter-pass temperature was around 200°C. These
changes improved the quality by a large margin, the surface was smoother and the wall
thickness was closer to the value achieved in bead on plate tests. Part 3 results can be seen

in Figure 15 and 17.

Figure 15. part 3, A: right, B: front, C: left side views
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Figure 16. Part 3, Left side cut

After success in building up single weld thick parts making of thicker, multiple bead thick

parts was conducted, these were the parts 4 and 5 which of part 5 is seen in Figure 17.

Both parts 4 and 5 were printed successfully and the weld centreline distance found in mul-
tiple parallel pass testing was found good for the application. At least with that value the

resulting external profile is very similar to the one achieved with a single bead.

Somewhat unexpectedly the surface quality of the part 5 is better than the others, but in the
area where the weld path intersects itself, the wall thickness has a small deviation which

could with further optimization be eliminated.



35

Figure 17. part 5, A: front, B: right

As it can be seen from Figure 18, the achieved overhang angle was not very high and the
failure seems to be caused by loss of integrity in the overhanging edge. During testing lower
heat input parameters seems to be working better than higher heat input parameters and
longer cooling times seemed to make for a better result compared to tests where cooling time

was shorter.

Figure 18. Overhang tests
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4.2 Metallographic and metallurgical assessment

As mentioned before, parts produced in experimental testing were further assessed by means

of metallographic and metallurgical testing.

Although macrostructural analysis in this thesis is limited due to time limitations, the first
conducted vertical buildup tests were assessed, and the following results were obtained.

Macrostructural evaluation results can be seen in Figures 19 and 20.

Figure 19. macrostructural analysis 1

Figure 20. macrostructural analysis 2

As it can be seen from the macrostructural analysis figures, the first one (Figure 19) has far
more layer shift and unevenness in the outer edge and fusion line. The first sample was made

with higher heat input and deposition rate with the same travel speed.
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In the second figure (Figure 20) the effect of heat accumulation and heat dissipation is no-
ticeable when the first beads are compared to the rest of the stack. Additionally, some po-

rosity is displayed in the first beads and once later on in the stack.

Below in Figures 21 to 26 X-ray results from parts 1, 2 and 4 are shown.

AbimERERNY BN E

Figure 23. part 2, side 1



38

Figure 24. part 2, side 2

As it can be seen from X-ray analysis of part 2, there is some imperfections in the layer line
between the program cycles. This might be partly due to the material thickness being lower
at those points due to the part cooling between the multiple passes and the material heating
up and losing integrity during the multiple consecutive passes in the program. From the fig-

ures it is easy to see the stable material thickness in the start (left side of the Figure 25).

Figure 25. Part 4, side 1

Figure 26. Part 4, side 2
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As for the material consistency analysis, any material is expected to change its chemical
composition during welding and aluminium is no exception. In the testing samples that were
taken from printed 5754-aluminium pieces no significant change was found in the material
composition apart from the process slightly reducing the amount of magnesium when com-
pared to the wires claimed material consistency. Measurement in this work was taken from
a machined surface, so there is a possibility for the material to be depleted of its alloying
elements internally. Deposited material density can be seen from the attached material con-

sistency analysis result.
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5 Discussion

The results of this study indicates that aluminium arc-DED is very capable and ready for
industrial use when DED specific slicing process is further developed. Feasibility of the pro-
cess is determined by the parts produced with it. Due to low resolution the process cannot
produce small and intricate parts with normal welding wires and feasible production effi-
ciency meaning that the process is at its best when producing large parts with details that

would not be otherwise feasible to be produced.

5.1 Arc-DED system challenges

During the process testing trials multiple system related challenges arose. Some of the chal-
lenges were system control related, others were mechanical problems related to the MIG

system being pushed beyond its designed capacity.

The most notable mechanical system problem that was encountered during testing was re-
lated to the wire feed system of the robot. During longer programs the wire conduit that
guides the wire from the spool to the wire feed motor got clogged with aluminium shavings
and dust, restricting the movement of the wire and hence overloading the wire feed motors,

this can be seen in Figure 27.

Figure 27. wire feed system buildup
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Also during longer programs the power nozzle wore loose due to a large amount of wire
running through it, causing the wire to come out of the nozzle in an angle, causing arc sta-
bility problems as seen in Figure 28. The exit angle seemed to continue the arc in the torch

causing the problem to occur in the side of the part that the exiting wire turns into.

Figure 28. rough surface caused by stability errors

In some work paths where a circle movement changes to a line, the Yaskawa control system
misinterpreted which resulted in an unwanted curved work path. If the process were not to
be unsupervised this could result in major problems. When the work path utilizes external
axis, similar misinterpretations could result in the robot crashing into the build plate or the

part.

continuity errors then again might cause hot cracks on the part as seen in Figure 29. One
notable problem with the process is that to initialize the arc on aluminium pulse MIG pro-
grams a so-called hot start is used, during which elevated arc power is used in short succes-
sion. By itself hot start does not pose a problem, but it introduces unknown variables that are
hard to manipulate and result in a larger (occasionally lower) deposit rate in the imminent
start, in turn resulting in a ball like detail (or a cavity) higher (or lower) than the built up
material. Additionally, these inconsistencies cause arc continuity errors when the work path

crosses them again. These
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Figure 29. hot cracking in the starting layer

Hot cracking is also imminent where the work path intersects itself. These intersections are
also hard to model and calculate to the program due to the work paths working with centre-
line distances and the weld intersection happening at the edge of the weld. The value obtain-
able by multiple passes testing can be used and in theory they should be exactly usable, but
in practice the arc wonders and trails, causing the exact value to be off. The possibility for
lack of fusion is further on elevated when a larger part is manufactured and or the weld

passes get to cool down in the areas where the passes intersect.

As mentioned in the results chapter, the X-ray analysis shoved noticeably large number of
defects in the areas where heat accumulation was imminent. Both parts 2 and 3 had excellent
material thickness stability and internal quality at the start, but part 2 which had very little
cooling and longer continuous cycle time compared to part 3 started developing material
thickness variation very early and probably due to that experienced internal defects much

more often. This change in material thickness can be seen in Figure 30.

Figure 30. Part 2 wall profile
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It is still unclear what caused the later part o part 3 to develop internal defects after a few
day pause in the process. It is expected that the part cooled down completely, but measure-
ments during testing indicate that the part reached the same interpass temperatures as in the
early stages of the part, before it started developing defects. Additionally, no noticeable dif-

ference in the process was apparent between the stages of production.

While the results that testing yielded were better quality than originally expected, they ex-
perienced same enclosed porosity and cracking as specified in a literature work by Derekar
et al. 2020. Results of conducted tests also support the conclusion that higher heat input with

adequate cooling time results in lower amounts of pores.

5.1 Apparent process limitations

From testing it can be stated that the process is in itself directly usable, if the apparent limi-
tations do not pose a problem. Those apparent limitations are related to the inaccuracy of the
process, lack of measurement data or feedback and system limitations in programming

stages.

As for the problems caused by the inaccuracy of the process. As it is stated previously in this
work, the arc behaviour is somewhat inconsistent and the weld bead can differ from re-
quested by a small margin depending on multiple things like substrate temperature, substrate
shape, work path shape, movement speed and power supply parameters. This inaccuracy

reduces the resolution of the process and the surface quality of the parts produced.

It should be noted that the arc behaviour, parameters and the substrate properties are all
related to each other and to assess changes of one parameter, all the variables should be

noted. Typical arc instability behaviour can be seen in Figure 31.

Figure 31. defects caused by arc instability
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As it can be seen from the as-welded figures of this work (for example Figure 17) the process
releases significant amount of fumes and powder during the process. According to the ma-
terial consistency analysis, the powder consists mainly aluminium and magnesium. Among
with the safety concerns for the operator, the powder rises questions for the machine longev-
ity if there would be open sliding surfaces. Among with these concerns, the powder poses
problems to the system when enclosed gas chamber is thought. Trivial solution for powder

and fume emissions is a strong gas extraction system.

It was noted early on that even though the oxide layer on the build plate was removed with
a wire brush and the build plate was thoroughly cleaned the arc initiation on the bare plate
was much more inconsistent compared to initiating on warmed up deposited material. This
might be due to the oxide layer developing very quickly to the plate and the little heat helping

the arc to initiate.

As it can be seen from X-ray analysis of part 1 the area of the part on the right, right edge
being the start and left edge being the end, the internal quality is excellent until the point
where the figure darkens. Interestingly the change of day is visible from the figure as a line
where the figure changes shade to dark. Along with the colour (also meaning density or
thickness due to this being X-ray measurement) the amount of internal defects increased

drastically, practically the defects started after that point.

The reason for the quality problems in part 1 is unclear. Due to the material at the restart (the
dark line) having little to no porosity, temperature related problems caused by the restart can
be ruled out. No changes were made to the system or the setup apart from the ambient con-

ditions at the robot station.

As it can be noted from the results of the material consistency analysis, the process has a
depleting effect on the materials alloying material percentage. This should be taken into ac-
count when a specific material consistency is required. Additionally, while testing conducted
in this work did not assess whether the material consistency is even throughout the depth of
the material, a general hypothesis is that the consistency varies across the thickness of the

material.
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5.2 Arc-DED process improvements

While having the system practically identical to a welding robot would make it very con-
venient when the system is also used for welding work, there is definitely performance/effi-
ciency gains available in station improvements some of which can be installed so that it does
not interfere with normal operations of the system, whilst some are more structural changes
like gas lenses or skirts, which takes up room around the welding torch, can make the use of

the robot harder.

While aluminium DED is far less limited by heat input compared steel DED, the process is
limited due to heat accumulation, when trying to achieve longer continuous arc-time, adding
cooling to the system to the system would possibly even drastically improve the productivity
due to it reducing heat deformation. Cooling could be implemented in a few different ways

such as air blast, localized suction or cooled baseplate. (Varis 2024)

DED is very fast-moving process so assuring a good gas shielding can be quite difficult
especially if the shape is thin walled where the gas has no surface to lay on to. Using least
possible gas naturally reduces the cost of production so having some sort of gas guidance
parts in the system will not only ensure a better quality part but improves the cost efficiency

in larger scale production.

As seen in Figure 28, a small change in wire exit angle can cause significant defects during
the process. The exit angle could be reduced with a straight torch and a wire straightening

rolls.

Some of the difficulties of the process are partly due to difficulty of control of the articulating
robot whereas the simpler geometry of gantry style robots could make for more accurate
movement which would at least eliminate movement instability as a variable when encoun-

tering problems like arc instability.

Due to the process being quite simple in terms of automation in its bare form, implementing
computer vision or constant heat measurement system to the process would unlock higher
level of automation and quality control. Even if the buildup values (vertical and horizontal)
were to be known, the accuracy of the process without feedback is so low that the operator
will have to manually assess whether the set vertexes or dimensions are achieved and adapt

the program to suit that. Additionally, program would have to be adapted for any change in
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the buildup rate or parameters. Temperature measurement would ensure a correct interpass

temperature and make educated guesses of interpass cooling times obsolete.

Based on the discussed topics, the future research topics should be studied: Automation of
arc-DED process for process and quality control. Algorithmic and adaptive work path crea-
tion for articulating robots. Optimal power mode for aluminium arc-DED. Arc-DED system
hardware optimisation for production efficiency. Metallurgical analysis of directed energy

deposited aluminium.
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6 Conclusions

While testing conducted in this paper is very limited, the results show such potential that it
could be considered as directly implementable in production. The quality of the prints was a
lot better than anticipated and the remaining defects would fulfil requirements of some stand-
ards. With further optimization, the amount of defects could be further reduced. At best the

process can produce near-flawless material quality.

This thesis was set to solve the research problem with defined research questions. The an-

swers for the research questions, based on the results of the thesis, can be stated as follows:

How does directed depositing process of aluminium differ from directed depositing of other

common materials?

While the system and the workflow for other common metallic materials are very similar,
differing only by some of the hardware, the process itself poses some differences in the pro-
cess parameters and material process limitations. For example, the possible deposition rate
seems to be higher on aluminium, or at least parameters available for steels were of signifi-
cantly lower deposition rate. The higher deposition rate is supported by the high heat con-
ductivity and dissipation compared to steels, meaning that in larger part production, where
the dissipation area is large, aluminium processes can utilize larger deposition rate with less

problems with heat buildup compared to steels.

Aluminium deposited parts did not seem to have nearly the same amount of deformation

caused by material contracting when cooling compared to steels.

It was also noted that the operational window of parallel line distance is smaller on alumin-

tum compared to steels. Which most likely is caused by the loss of arc stability.

Due to the different properties of aluminium DED and the parts it produced with it, the future
development and parts optimisation could differ a bit compared to steels due to the longer
possibly continuous arc time achievable with aluminium. For example, in details that are

fatigue critical the amount of starts and stops should be minimized, which is found difficult
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in steels parts production. Longer continuous arc time has also other metallurgical and struc-

tural benefits which should be further researched.

What kind of limitations does aluminium pose for the process?

While aluminium works very alike to other materials, its inherit material characteristics
makes it different to deposit by arc. Primary difference in arc-DED is in the power supply
and the arc due to aluminium requiring a pulse arc to melt trough the oxide layer. This means

that systems without a suitable power source are incapable of using aluminium.

Due to aluminium’s low melting temperature compared to its oxides melting temperature, it
is very clear that the operational window for interpass temperature is more limited compared
to steel processes, excluding temperature sensitive grades, due to aluminium losing integrity

when heat accumulates.

Is the process suitable for industrial use and for what kind of products could be produced

with it?

Aluminium arc-DED is suitable for industrial use with further development in products
where the automation, dimensional and material quality requirements are fair and possible

defects are acceptable. With further development more critical applications can be assessed.

As is, without any major development aluminium arc-DED could replace some non-critical
manufacturing processes like casting. In applications where the possible surface quality in-
consistencies are found problematic, the surface quality can be improved by machining but
only if access to the surface is not covered by some other detail in the part. Additionally,
some features can be machined before the features are covered by further details when using

a non-sequential workflow.
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Appendix 1. Material chemical composition analysis results

oLt

Si %
0.286

0.0892 0.0123

¢ University

Name Class

Al WAAM 1 Alloy_LE_FP

Element Al % Mé %
94.525 4.863

+ 0.1378

Name Class

Al WAAM 2 Alloy_LE_FP

Element Al % M§ %
94.243 5.187

* 0.1373 0.0856

Name
Al WAAM pinta 1

Element Al %
83.280
* 0.1649
Name
Al WAAM pinta 2
Element Al %
85.832
* 0.1674
Element Mo %
0.001

* 0.0005

Class

Alloy_LE_FP
Mg %
15g.842
0.1552

Class

Alloy_LE_FP
Mg %
15360
0.1514
Co %

0.001
0.0008

S
0.321
0.0142

Si %
0.270
0.0113

i %

Si %
0.291
0.0148

Date
25/03/2024
Mn % Cr%
0.157 0.140
0.0056 0.0073
Date
25/03/2024
Mn % Cr%
0.148 0.144
0.0055 0.0074
Date
25/03/2024
Cr% Mn %
0.197 0.183
0.0091 0.0067
Date
25/03/2024
Mn % Fe %
0.184 0.157
0.0070  0.0049

Time

16:20:07
5% Cd %
0.022 0.005
0.0017 0.0015
Time
16:21:56
% Ni %
6 0.002
15 0.0005

Time
16:24:14

S %
0.016
0.0019

Fe %
0.154
0.0047

Time

16:25:48
Cr% S %
0.149
0.0089

0.011
0.0019

25/03/2024 - Page 1

Duration
60s
Ni %
0.002
0.0005
Duration
60s
Duration
60s
Co % Ni %
0.003 0.003
0.0009 0.0006
Duration
60s
Cd % Ni %
0.008 0.005
0.0019  0.0007



