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(ENGLISH)

The objective of the following work is to analyze the feasibility of extreme high-
speed laser material deposition advanced manufacturing process (EHLA) for the
repair of E355 steel components. The verification is carried out by the deposition
of materials in powder form with similar mechanical properties to the steel base.
The selected powder materials to be deposited are low carbon AlSI 430L ferritic
stainless steel, heat treatable and low alloy steel AISI 4340 and case hardening
steel 16MnCr5. A series of experiments are conducted in order to achieve the
best-adapted combination of process parameters (laser power, mass flow of
powder, speed of rotation of the piece and feed forward of the contribution
among others) to achieve a low porosity, defect-free bonding and crack-free for
the deposition of consecutive layers with a final thickness of 10 mm. Tensile
specimens are sampled from repaired layers to analyze the static mechanical
properties to evaluate whether the repair by these materials meet the quality
requirement.

(DEUTSCH)

Gegenstand der folgenden Arbeit ist eine Machbarkeitsanalyse eines
Hochgeschwindigkeits-LaserauftragsschweilBverfahrens zur Reparatur von E355
Stahlkomponenten. Zur Uberprifung werden metallische Pulver verwendet, die
hinsichtlich ihrer Eigenschaften identisch zum Basismaterial sind. Die
ausgewahlten Pulver sind ein nichtrostender, ferritischer AISI 430L Stahl mit
einem niedrigen Kohlenstoffgehalt, sowie ein hitzebestandiger, niedriglegierter,
nichtrostender AISI 4340 Stahl, als auch ein geharteter 16MnCr5 Stahl. Das
Experiment besteht aus einer Reihe von Versuchen zur Ermittlung der
bestmoglichen Prozessparameter (Laserleistung, Pulvermenge,
Rotationsgeschwindigkeit des Gegenstandes, Vorschub), um eine geringe
Porositat, keine  Schweil3fehler und Risse, fur die nachfolgenden
Auftragsschichten bis zur finalen Starke von 10 mm, zu gewahrleisten.
Darauffolgend werden diese Proben in einem Zugversuch hinsichtlich ihrer
statisch-mechanischen Eigenschaften analysiert, um abschlieBend eine Aussage
treffen zu kénnen, ob die Reparatur durch diese Materialien den Anforderungen
gerecht werden.
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El objetivo del siguiente trabajo es analizar la viabilidad del proceso avanzado de
fabricacion de deposicion de material laser de alta velocidad para la reparacién
de componentes de acero E355. La verificacion se llevard a cabo mediante la
deposiciéon de polvos metalicos con propiedades mecanicas similares a la base de
acero. Los polvos seleccionados son acero inoxidable ferritico AISI430L con bajo
contenido de carbono, acero AlSI4340 tratable térmicamente y de baja aleacion
y acero de cementacion 16MnCr5. El proceso consistird en la realizacion de una
serie de experimentos con el fin de lograr la combinaciéon de parametros de
proceso (potencia del laser, flujo masivo de polvo, velocidad de rotacion de la
pieza y avance de la contribucién entre otros) que mejor se adapten y den baja
porosidad, sin defectos de unién y sin grietas para la deposicion de capas
consecutivas de 10 mm de espesor final. Las muestras se usaran para crear
muestras de traccion para analizar las propiedades mecanicas estaticas del
material proporcionado y para concluir si la reparacién por estos materiales
cumple con los requisitos.
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Figure 2 Effect of laser power and powder mass flow on layer properties

[10, 25, 26, 27, 28].

Figure 3 Repair of Blade Tips using LMD [18].

Figure 4 Schematic process principle of EHLA process [2].

Figure 5 Schematic diagram of EHLA’s most important process parameters.
Figure 6 CAD drawing and manufacturers EHLA system from HORNET [2]. 1
Figure 7 Schematic representation of EHLA working distance and powder

o0 ul kW

focus. 12
Figure 8 Summary of the Experimental Method Phases. 13
Figure 9 Sample preparation sketch. 15
Figure 10 Schematic representation of the process during the ND. 16
Figure 11 Schematic representation of same direction and zig-zag build-up
strategies. 17
Figure 12 Sample manufacturing scheme and DIN 50125 B 4x20 tensile sample
dimensions. 20
Figure 13 E.II-12 metallography: 2400 W laser power and 0.3 mm/u feed
forward. 22
Figure 14 E.Il-17 metallography: 2400 W laser power and 0.25 mm/u feed
forward and 0.23 mm ND. 23
Figure 15 E.II-22 metallography: 5 layer deposition in zig-zag configuration

0.3 mm/u feed forward, 2400 W and 0. 3 mm ND. 23
Figure 16 E.I-13 metallography: 2200 W laser power and 0.35 mm/u feed
forward. 24

Figure 17 E.IlI-10 metallography: 1800 W and 0.25 mm/u feed forward. 25
Figure 18 E.IlI-17 metallography: 1800 W, 0.25 mm/u feed forward and 0.08

mm ND. 26
Figure 19 E.III-18 metallography: 1800 W, 0.25 mm/u feed forward and 0.1
mm ND. 27
Figure 20 E.III-19 metallography: 1800 W, 0.25 mm/u feed forward and 0.12
mm ND. 27
Figure 21 E.llI-2 1metallography: 2000 W, 0.25 mm/u feed forward and 0.15
mm ND. 27
Figure 22 EDX measurements of 16MnCr5 powder with chemical composition
in different spectrums. 28
Figure 23 EDX measurements of 16MnCr5 powder with chemical composition
in different spectrums. 29
Figure 24 SEM pictures of the 16MnCr5 powder particles with different
magnifications: a) 200X, b) 400X, ¢) 1.00kX and d) 2.00kX. 29
Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser Vl

material deposition for additive manufacturing or repair applications

ESCUELA

DE INGENIERIA DE BILBAO



eman ta zabal zazu

>

Universidad Euskal Herriko

del Pais Vasco Unibertsitatea

Edurne Montes Martinez

BILBOKO

INGENIARITZA ESKOLA

Figure 25 E.II-23 metallography: continuous deposition process, 2400 W laser

power, 0.3 mm/u feed forward and 0.3 mm ND. 30
Figure 26 E.II-23: sample preparation a), edge crack metallography b), inter
grain crack metallography ¢) inter grain phase metallography d). 31
Figure 27 E.II-23: EDX analysis with component mass percentage comparison
between different spectrums. 32
Figure 28 E.II-23: EDX analysis with component mass percentage comparison
between different spectrums. 33
Figure 29 E.II-23:EDX analysis with component mass percentage comparison
between different spectrums. 33
Figure 30 E.II-23: local micro hardness test to detect the nature of the grain
boundary phase. 34
Figure 31 E.Il-23: micro hardness measurement location. 35
Figure 32 E.II-23: micro hardness profile measurement. 35
Figure 33 E.I-17 temperature evolution. 36
Figure 34 E.I-17 metallography: 2200-2000 W laser power, 0.35 mm/u feed
forward and 0.12 mm ND. Right part. 37
Figure 35 E.I-17 metallography: 2200-2000 W laser power, 0.35 mm/u feed
forward and 0.12 mm ND. Left part. 37
Figure 36 E.I-17 microstructure: substrate (a), interface (b) and layer (c). 38
Figure 37 E.I-17 micro hardness measurement location. 39
Figure 38 E.I-17 micro hardness profile measurement. 39
Figure 39 Edge growth due to high temperature and process geometry

nature. 40
Figure 40 Cross-section and porosity analysis in the ROl of 4340 (10 mm)
without cooling. 41

Figure 41 Temperature evolution during EHLA without cooling layers 1-35. 41
Figure 42 Temperature evolution during EHLA without cooling layers 36-70. 41
Figure 43 Microstructure pictures: substrate (a), interface (b) and layer (c) of the

4340 10 mm build-up. 42
Figure 44 Micro hardness measurement location in the 4340 10 mm build-

up. 43
Figure 45 Hardness profile of the deposition without cooling for 4340

(10mm). 43
Figure 46 Tensile samples of 4340 after break. 44
Figure 47 4340 10 mm build-up with no cooling stress-strain curve. 45
Figure 48 Schematic representation of the Argon cooling system used during
EHLA process. 46
Figure 49 Evolution of the build-up of 4340 (10 mm) after 25, 50 and final 80
layers. 46
Figure 50 Temperature evolution during EHLA with cooling layers 1-45. 47

Figure 51 Temperature evolution during EHLA with cooling layers 46-85. 47
Figure 52 Microstructure pictures: substrate (a), interface (b) and layer (c) of the
4340 10 mm build-up with cooling. 48

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser V”
material deposition for additive manufacturing or repair applications

ESCUELA

DE INGENIERIA DE BILBAO



eman ta zabal zazu

>

Universidad Euskal Herriko

del Pais Vasco Unibertsitatea

Edurne Montes Martinez

BILBOKO

INGENIARITZA ESKOLA

Figure 53 Hardness measurement position of the deposition with cooling for

4340 (10mm). 49
Figure 54 Hardness profile of the deposition with cooling for 4340 (10mm). 49
Figure 55 Tensile samples of 4340 after break. 50
Figure 56 4340 10 mm build up with cooling stress-strain curve. 51
Figure 57 Porosity analysis 10 mm 430L build-up laser power reduction: a) left
part and b) right part. 52
Figure 58 Porosity analysis 10 mm 430L build-up laser power reduction: left
part and right part. 53
Figure 59 Temperature evolution during the 430L SS (10 mm). maximum
temperature: 395.5 °C. 53
Figure 60 Crack propagation in 430L (10 mm) intercrystalline main crack across
layer with crack branches and intergranular cracked edges. 54
Figure 61 temperature evolution during the 430L SS (3 mm) - layer by layer.
Max temperature: 209.6 °C. 55
Figure 62 Crack cross section etched with V2A Beize. 55

Figure 63 Microstructure left side of the crack with different magnification
factors: 10 x (a), 20 x (b), 50 x (c) and 50 x with inter-grain deposits
measurements (d). 56
Figure 64 Microstructure right side of the crack with different magnification
factors: 10 x (a), 20 x (b), 50 x (c) and 50 x with inter-grain deposits
measurements (d). 56
Figure 65 Microstructure non crack affected area with different magnification
factors: 10 x (a), 20 x (b), 50 x (c) and 50 x with inter-grain deposits

measurements (d). 57
Figure 66 SEM images with different magnifications of the brittle crack 430L
(10 mm). 58
Figure 67 EDX analysis of crack-free sample 430L (10 mm) build up with
component mass percentage comparison between different spectra. 59

Figure 68 EDX analysis of crack-free sample 430L build up with component
mass percentage comparison between different spectra — grain and grain

boundary. 59
Figure 69 EDX analysis of crack-free sample 430L build up with component
mass percentage comparison between different spectra. 60
Figure 70 Hardness measurement position of the deposition with cooling for
430L (10mm). 61
Figure 71 Hardness profile of the deposition with cooling for 430L (10mm). 61
Figure 72 30mN, Etched 2 - 45s micro hardness local measurements. 62
Figure 73 Tensile sample of 430L with cooling after break. 62
Figure 74 430L 10 mm build up with cooling stress-strain curve. 63

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser V”I
material deposition for additive manufacturing or repair applications

ESCUELA

DE INGENIERIA DE BILBAO



eman ta zabal zazu

>

Universidad Euskal Herriko

del Pais Vasco Unibertsitatea

Table Index

Edurne Montes Martinez

BILBOKO

INGENIARITZA ESKOLA

Table 1 Nominal chemical composition of metal powders used in this study (wt.

%) [29,19]. 7
Table 2 Nominal chemical composition of E355 cold drawn tubes used in this
study (wt. %) [9]. 7
Table 3 General mechanical properties of annealed 4340 steel as reference

[19]. 8
Table 4 General mechanical properties for grade 430L stainless steel [20]. 8
Table 5 General mechanical properties of Soft annealed 16MnCr5 as reference
[19]. 8
Table 6 Process parameters for 430L and 4340. 14
Table 7 Process parameters for the 16MnCr5. 14
Table 8 Parameter set of E.II-12, laser power and feed forward with porosity
and bonding analysis. 22

Table 9 Thickness measurements of E.II-12: (2400 W laser power and 0.3 mm/u
feed forward) and calculation of the ND from the max. thickness and min.

thickness values. 23
Table 10 E.II-22 thickness measurements: 2400 W laser power, 0.3 mm ND and
0.3 mm/u feed forward with the corresponding deviation. 24
Table 11 E.I-13 thickness measurements and process parameters. 24
Table 12 E.I-13 ND calculation. 24
Table 13 E.I-15 and E.I-16 process parameters. 25

Table 14 E.I-15 and E.I-16 thickness measurements: 2200 W laser power, 0.15
mm and 0.2 mm ND and 0.35 mm/u feed forward with the corresponding

deviation. 25
Table 15 E.III-10 process parameters and thickness measurements. 26
Table 16 E.III-17, E.lI-18 and E.III-19 porosity and thickness measurements with
the corresponding deviation. 27
Table 17 E.ll-23 thickness measurements: 2400 W laser power, 0.3 mm ND and
0.3 mm/u feed forward with the corresponding deviation. 30
Table 18 E.I-17 process parameter. 36
Table 19 E.I-17thickness measurement: 2200-2000 W laser power, 0.12 mm
ND and 0.35 mm/u feed forward with the corresponding deviation. 37
Table 20 Sample dimensions and tensile test results for 4340 10 mm without
cooling. 45
Table 21 Sample dimensions and tensile test results for 4340 10 mm with
cooling. 50
Table 22 Sample dimensions and tensile test results for 430L 10 mm with
cooling. 63
Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser |x

material deposition for additive manufacturing or repair applications

ESCUELA

DE INGENIERIA DE BILBAO



eman ta zabal zazu

>

Universidad Euskal Herriko
del Pais Vasco Unibertsitatea

Abbreviations and symbols

BILBOKO

INGENIARITZA ESKOLA

ESCUELA

DE INGENIERIA DE BILBAO

ABBREVIATION MEANING
AM Additive Manutacturing
LMD Laser Material Deposition _ -
EHLA Extreme High-Speed Laser Material Deposition
SS Stainless Steel
3D Three-dimensional
HAZ Heat Affected Zone
D Internal Diameter
SEM Scannlngl electron microscope
EDX Energy-dispersive X-ray spectroscopy
SYMBOL UNIT MEANING
dc mm] Workln%.dlstance
ND mm| Nozzle displacement
LT mm] Layer thickness ‘
R.0,2 MPa] Yield strength at 0.2% deformation
m MPa| Tensile stren?th _
A %] Percentage elongation at break
Z %] Percentage reduction of area
do mm] Test piece diameter
So mm?2] Test piece section
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1 Introduction
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Since 2014, extreme high-speed laser deposition (EHLA) as a new process based
on laser material deposition (LMD) has been successively developed by the joint
research group of Fraunhofer-Institute of Technology and RWTH Aachen
University. EHLA is flexible and of economic advantage for saving both the laser
energy and the additive material and is suitable for coating, repair and additive
production [1].

Before EHLA came out, coating of large-scaled workpiece to protect the surface
against corrosion could be achieved by conventional processes like thermal spray
and hard chromium plating. However, these processes have shortcomings, such
as high energy consumption, formation of unwanted by-products like hexavalent
chromium and loose non-metallurgical bonding. In thermal spray, only half of
the material can be can be deposited on workpiece as a coat. The coat is porous,
so the process have to be repeated several times. In contrast to thermal spray,
more than 90 percent of the material used in EHLA can be deposited to form a
non-porous and metallurgical bonded coat which is able to provide a long-term
protection [2].

Unlike in conventional LMD processes, added powders in EHLA will be melted by
the laser beam before their have reached the workpiece surface. This means that
the powders are in a liquid state when they drop into a molten pool, so that the
coat will be more homogeneous and the remelted layer in substrate will be
thinner. Therefore, the thickness of the coat will not be in millimetre range but
only need to be several ten to hundred micrometre. The EHLA process not only
can be used for steel coating, but is also suitable for the additive manufacturing
of other materials like aluminium alloys with a productivity increase of 100 to
250 times [2].

Nevertheless, as EHLA is a newly developed technology focusing mainly on
coating, very little research about the application of EHLA in repair has been
done. In this study, powder materials of AISI 4340 steel, 430L stainless steel and
16MnCo have been used to research the repair quality of parts of E3555
construction steel with the focus on the evaluation of the process strategy and
the obtained static mechanical properties.
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2.1 Laser Material Deposition (LMD)

2.1.1 Process Principle

Figure 1 Schematic
process principle of
conventional LMD
process [2].

Edurne Montes Martinez

LMD (also termed as direct energy deposition) is an additive manufacturing (AM)
process in which metallic powders are fed towards a substrate into a molten
pool, which is created by the heating of a laser beam whose power usually can
be varied from 500 W to 4000 W. The powders are carried by an argon flow
and fed coaxially with the laser beam through a movable nozzle. The injected
material, which is melted and deposited, is metallurgically bonded to the
substrate with almost 100% density. Because the heat affected zone (HAZ) is
very small and the solidification is very fast, a fine microstructure is generated
replying the properties of the wrought or cast material or even exceeding them.
Normal characteristics of LMD are thickness > 500 pm, surface rates in the range
of 10-50 cm2/min and typical deposition speeds <2 m/min. In Figure 1 there is a
schematic diagram of the process principle of LMD [2].

Conventional LMD -
- | \\ B [/
° °

Powder e ° .
L] ° ® L]
] * o
Laser beam ———e—b7—e Melt pool
Layer

Substrate =

HAZ

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser

material deposition for additive manufacturing or repair applications

ESCUELA

DE INGENIERIA DE BILBAO



eman ta zabal zazu

BILBOKO
INGENIARITZA ESKOLA

z 5 : ESCUELA
Universidad Euskal Herriko DE INGENIERIA DE BILBAO

del Pais Vasco Unibertsitatea

2.1.2 Most important parameters of LMD

The main process parameters of the LMD process are laser power, deposition
speed, and powder mass flow. These parameters and the various combinations
of them can directly affect porosity, track geometry and powder efficiency
[10, 25, 26, 27, 28]. The most important effects are shown in Figure 2.

Figure 2 Effect of
laser power and
powder mass flow on

layer properties |_a ser
[10, 25, 26, 27, 28].
Power

Increase effect: Increase effect:

e Decrease of track porosity ® Poor cross sectional

* Smoother transition porosity
between substrate surface s |ncrease of deposition Rate
and track surface s Dacrease of powder

s Constant deposition Rate efficiency
{until certain Threshaold)

s Constant powder efficiency
{urtil certain Threshold)

Decrease effect: Decrease effect:
® Poor cross sectional s Decrease of track porosity
poraosity * Smoother transition

between substrate surface
and track surface

2.1.3 LMD in repair applications

LMD is one of the well-known AM technologies for processing metallic materials
and is suitable for the repair of large-sized parts made of high-value materials.
Load-bearing components, which are often exposed to high-level and alternative
loads, are critical, because any deep cracks and wear failure would lead to
catastrophic damages [3, 4]. The maintenance of such components, for example,
damaged rails with cracks, through traditional ways will cause a high material
wastage, because the entire parts need to be replaced. Using AM, or more
precisely laser cladding, instead of the replacement of the entire damaged part,
the damaged area can be firstly cut off and a wide number of materials can be
then locally deposited in the damaged area to do the repair or even, improve the
wear and fatigue resistance and significantly increase the performance of the rail
and the lifetime [5]. As for the aeronautical sector, the maintenance is highly
important not solely from an economic point of view, but also because of the
safety demands [6]. As titanium is one of the most widely used materials for

Edurne Montes Martinez Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
material deposition for additive manufacturing or repair applications
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Figure 3 Repair of
Blade Tips using
LMD [18].

aeronautical applications because of its advantages [7] or due to its high
environmental impact during its life cycle [8].

Unlike conventional surface cladding processes such as thermal spraying, plasma
spraying and arc welding, in LMD the HAZ is small and the geometrical accuracy
is high. This fact lets LMD be a more efficient technology to realize a low-cost
repair of damaged high-value components [11]. Figure 3 shows a repair of blade
tips using LMD technology.

r' T —,9

2.2  Extreme high-speed laser material deposition process (EHLA)

2.2.1 Introduction

Developed initially to obtain good coating properties of large components, by
the Extreme high-speed laser material deposition process (EHLA), the LMD
process is optimized to achieve coating in reduced times. In EHLA a deposition
speed up to 200 m/min and a surface rate up to 500 cm?/min can be achieved,
100 times faster than in conventional LMD process and with an achievable
reduction time up to 50%. This also enables a significant reduction of the layer
thickness, approximately to 10-250 ym [2].

2.2.2 Process principle

Edurne Montes Martinez

As in LMD, the interaction time between the powder particles and the laser beam
is relatively short. Because the material is directly injected into the melt pool, the
amount of energy which is absorbed by the powder is smaller than that absorbed
by the component surface. The strength of EHLA process lies in the reduction of
the time needed for melting the powder particles and therefore the time required
for the formation of the fused bond. The solution adopted is to deposit a higher
amount of energy into the powder mass flow melting the particles before
reaching the substrate, and, consequently, liquid material falls into the melt pool
instead of solid material requiring smaller HAZ what leads in less laser energy
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Figure 4 Schematic
process principle of
EHLA process [2].

Euskal Herriko

BILBOKO

INGENIARITZA ESKOLA

absorbed by the substrate and less time needed for the generation of the
deposition. This is realized by making the focus of the powder stream, a little
above the substrate. This point is called a working point and is located
approximately 1 mm above the substrate surface. The working distance (dL) can
be changed by the carrier and shielding gas flow. Hence using EHLA the HAZ
shrinks by a factor of one hundred: from between 500 - 1000 ym in conventional
LMD, down to just 5 - 10 uym [2]. A feed rate of 25-200 m/min, which is
100 times faster than the conventional LMD is obtained during the rotation of
cylindrical components in EHLA process. That is what makes EHLA a suitable AM
process for the coating of large cylindrically symmetric components. In Figure 4
there is a schematic diagram of the process principle of EHLA [2].

R\ ¥/,

EHLA

Powder ——e

Laser beam
Melt pool
e Layer

Ll

Melt pool Substrate

HAZ

2.2.3 Most important parameters of EHLA

Edurne Montes Martinez

EHLA works with the same parameters as conventional LMD: deposition speed
[m/min], powder mass flow [g/min] and laser power [W]. Furthermore, for
defining the processing of cylindrical parts in EHLA, another parameter, would
be the deposition speed on the surface of the piece, should be taken into
consideration. Figure 5 shows the most important process parameters from EHLA
process.
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Figure 5 Schematic
diagram of EHLA's

most important

process parameters.
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2.3 Selection of powders and substrate

Edurne Montes Martinez

The powders selected for repair are low alloyed AISI 4340 (FeNiCrMnMoC),
ferritic stainless Steel (SS) of low carbon content AISI 430L, and case hardening
steel DIN 16MnCr5. The manufacturer of AISI 4340 and AISI 430L powders by
gas atomization is the house Sandvik Osprey Ltd in which due to the spheroidal
nature of gas atomized powders the particles have good flow, high packing
density and low surface oxide levels which make them ideal for AM [29]. The
chemical composition provided by Sandvik Osprey Ltd is listed in Table 1. The
DIN 16MnCr5 manufacturer is TLS Technik GmbH & Co. Spezialpulver KG, the
powder is also manufactured by gas atomization and the spherical particles have
a diameter distribution from 20 ym — 50 pm. The chemical distribution is also
shown in Table 1 [19]. As substrates, seamless steel tubes of E355 from Benteler
Steel/Tube GmbH are used. The delivery condition of the tubes is cold drawn
(+C) with no final heat treatment. The dimension of the tube is 50.00 mm
external and 40.00 mm internal diameter. The chemical composition of the E355
tube is shown in Table 2. Longitudinal tensile tests at room temperature (RT)
according to the DIN EN ISO 6892-1:2016 were carried out by Benteler
Steel/Tube GmbH with specimen dimensions of 12.64 x 5.00 stating that the
tensile strength (Rm) is 828 MPa and 12.0 % elongation (A5) [9].
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Table 1 Nominal chemical composition of metal powders used in this study (wt. %) [29,19].
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Chemical composition (nominal), wt. %

Alloy Fe C Cr Ni Mo Si Mn S P

4340 Bal. 0.38-0.43 0.7-0.9 1.65-2.00 0.2-0.3 0.15-0.35 0.6-0.8 0.03 0.03

430L Bal. 0.03 16.0-18.0 N/A N/A 1.0 1.0 0.03 0.04

16MnCr5 | Bal. 0.14-0.19 0.8-1.1 N/A N/A 0.4 1.0-1.3 0.035 | 0.025
Table 2 Nominal chemical composition of E355 cold drawn tubes used in this study (wt. %) [9].

Chemical composition (nominal), wt.%

Material Fe C Al Nb Si Mn S P

E355 Bal. 0.175 0.028 0.012 0.18 1.33 0.004 | 0.013

Edurne Montes Martinez

The mechanical and physical properties are intrinsically related to the
manufacturing process used. Therefore the ones obtained by EHLA are expected
to differ from those obtained by the traditional subtractive methods. However,
in order to have a general knowledge about the values of these materials, in
Table 3, Table 4 and Table 5 the common mechanical and physical properties of
the AISI 4340, AISI 430L and DIN 16MnCr5, respectively, are presented [19,20].
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Table 3 General mechanical properties of annealed 4340 steel as reference [19].
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The mechanical properties of annealed AISI 4340 alloy steel

Tensile Strength [MPa] 745
Yield Strength [MPa] 470
Elongation at break [%] 22
Hardness Rockwell B [HR B] 95

Brinell [HB] 217
Reduction of area [%] 50

Table 4 General mechanical properties for grade 430L stainless steel [20].
The mechanical properties of AISI 430L stainless steel
Tensile Strength [MPa] 483
Yield Strength [MPa] 310
Elongation at break [%] 22
Hardness Rockwell B [HR B] 85
Brinell [HB] 193
Reduction of area [%] N/A
Table 5 General mechanical properties of Soft annealed 16MnCr5 as reference [19].

The mechanical properties of DIN 16MnCr5
Tensile Strength [MPa] 550
Yield Strength [MPa] 420
Elongation at break [%] 21
Hardness Rockwell B [HR B] 84
Reduction of area [%] 62.64

Edurne Montes Martinez
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2.3.1 Application of the powders in LMD

Edurne Montes Martinez

The selected powders have performed different functions in the LMD studies
carried out so far. Case hardening steel 16MnCr5 has been used mainly as a
substrate for LMD operations. LMD with continuous powder supply may be used
advantageously to produce wear resistant hard material dispersion coatings,
especially on small functional areas or complex shaped parts as gears. 16MnCr5,
generally used for gear manufacturing, is a material that during its useful life will
suffer much wear due to friction. For this reason, the LMD studies carried out
with this material are mainly based on the deposition of ceramics such as ZrO,,
Al20s;, and TiO;, or of hard-phase particles that increase their useful life [30-32].
430L, also used in coating applications, is generally used reinforced by ceramic
phase [33,34], but also has been proved to be useful in processes of producing
3D functionally objects due to its corrosion-resistant properties and good
interlayer adhesiveness but generally mixed to enhance its properties [35,36]. The
AlISI 4340 is a high strength steel used widely in aircraft critical applications such
as landing gear. Several studies have been done with AISI 4340 steel powder
about hardness improvement [37, 39], the microstructural features involved
[38, 39], and the effect of LMD on fatigue properties [40]. The results obtained
in these studies show an optimistic outlook for the future use of AISI 4340 by
means of LMD as a potential repair technology for aerospace applications [41].
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3 Objective

Edurne Montes Martinez

The objective of this thesis is to analyze the possibility of using Extreme High-
Speed Laser Material Deposition (EHLA) process for the repair of E355 steel parts
by depositing materials with the potential to achieve similar mechanical
properties. The selected powders are ferritic stainless steel (SS) AlSI 430L with
low carbon content, low alloy iron-based metal powder AISI 4340 and case
hardening steel DIN 16MnCr5. A series of experiments with different
combinations of process parameters are carried out. The difficulty of using EHLA
to repair parts of E355 is to achieve the same or even better static mechanical
properties of the deposited area compared to the original state at the same
position. Therefore, it is necessary to carry out tensile tests of the build-up
material to verify that whether the static mechanic properties achieved are equal
to those of the base material, or even improved. To obtain tensile samples from
the build-up material, it is necessary to produce layers with a thickness of at least
8 mm (10 mm will be used to have a greater margin of action). The samples are
mechanized according to DIN 50125-B. There is a challenge obtain a layer
thickness of millimeters in EHLA process, which is initially designed for coating
because the strategy must be adjusted during the building process.

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
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4 Design of Experiments

4.1 System set-up

Figure 6 CAD
drawing and
manufacturers EHLA
system from
HORNET [2].

Edurne Montes Martinez

Figure 6 shows a technical drawing of the used High-Speed LMD system from
Hornet Laser Cladding B.V in Fraunhofer ILT. The system is basically based on a
retrofitted conventional lathe and is designed especially for rotationally
symmetrical components with a maximum diameter of 300 mm, a maximum
clamping length of 1500 mm and a maximum weight of 1000 kg. The workpiece
is clamped by means of a three-claw chuck. The maximum rotation speed which
can be achieved during cladding is 2000 rpm. The operation is controlled by
CNC. The axes can be moved in the X- (up/down) and Z- (left/right) direction via
a control panel, the Y (forth/back)-axis displacement can be controlled manually
with a set screw. However, the Y-axis will remain in the position zero in
experiments, which matches the axis of the working piece.

LMD powder nozzle

Control € <=
panel v

1500 mm
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Figure 7 Schematic
representation of
EHLA working
distance and powder
focus.
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The laser head, which consists of optics and a powder nozzle, can be titled
manually from 60° downward to -30° upward. As beam source, a diode laser
DL 040 HQ from Coherent is used and the maximum laser power is 4000 W with
a focusing optic PHFQ-H1-C. The connection to the system is achieved through
a 600 pum length optic fiber for a typical focus at 2:1 imaging. Additionally, a
powder feeder GTV PF 2/2, of the company GTV VerschleiBschutz GmbH, is
connected to the system. The volume of the feeder is 1.5 L with a powder
capacity of 6.5 kg.

For the horizontal processing, corresponding to the surface of the tube, the level
is set up as 90 ° with a coupling cube. A continuously coaxial powder nozzle is
used for feeding the filler material, each one of the metallic powders in the case
of study. The set working distance is 10 mm from the component surface so that
the powder focus (working point) is positioned approximately 1 mm above the
component surface. This distance can be varied via carrier gas and shielding gas.
Figure 7 shows a schematic representation of the working distance and the
powder focus of the EHLA process. The adjustment of the flow rate of argon
shielding gas is controlled manually in experiment.

MNozzle head

Laser beam

~_ o
Zoom top
£
E "
S | /R Powder + carrier gas
—
, Shielding gas
[
\ T
Substrate N !
e

Zoom top
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4.2 Experimental method

The procedure to be followed in this experimental work consists in the realization
of four work phases and one final analysis as shown in Figure 8 for 430L. Said
phases are the same for all the powders. However, taking into account the
different behavior of each one of them, the process parameters used in each of
the materials will be different to obtain the best results of deposition in each
case.

ND* calculation
according to the
first experimental
phase results.

Send best build-
Build-up up for tensile

strategy tests

Laser Pawer
Feed forward

*ND = Nozzle displacement
Figure 8 Summary of the Experimental Method Phases.
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First Experimental Phase: process configuration for one layer deposition

BILBOKO
INGENIARITZA ESKOLA

ESCUELA
DE INGENIERIA DE BILBAO

The First Experimental Phase is consisting of the deposition of 10 mm length
layers on the substrate tube with various combinations of laser power and feed
forward. The rest of the process parameters are selected according to the general
conditions of EHLA as a process to obtain layer build-ups. These process
parameters are the same for 430L and 4340 and they are gathered in Table 6.
For 16MnCr5, as the results obtained will show in the chapter
5.1.3 DIN 16MnCr5, is necessary to increase the peripheral speed of the tube in
20 unities to obtain results that can be compared to the other two materials. This
new process parameter combination is shown in Table 7.

Table 6 Process parameters for 430L and 4340.

Perivheral speed Conveyor plate Powder Carrier Shielding Laser beam
FEm/min]p speed mass flow gas flow gas flow diameter
[U/min] [g/min] [I/min] [I/min] [mm]
30 3 18.67 5.5 10 1.2
Table 7 Process parameters for the 16MnCr5.
Perivheral speed Conveyor plate Powder Carrier Shielding Laser beam
FEm/min]p speed mass flow gas flow gas flow diameter
[U/min] [g/min] [I/min] [I/min] [mm]
50 6 18.27 6 10 1.2

Edurne Montes Martinez

The analysis of the layer is carried out making a cut perpendicular to the layer
build-up in order to obtain an image of the cross-section. The samples then are
cut and embedded in a Bakelite sample as shown in Figure 9. Then, the
embedded samples went through a process of fine grinding and polishing until
the surface roughness (Ra) was reduced to 1 pum. The images of each cross-
section are taken with the Microscope Axio Imager Objective A-Plan with
different magnifications for later analysis of the layer thickness obtained in each
of the different configurations of laser power and feed forward. In addition, the
presence or absence of pores and the correct adhesion between layer and
substrate were checked.

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
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Figure 9 Sample
preparation sketch.
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Sample 1 {4 experiments)

Sample 2 (4 experiments)

Samples
embedded in
Bakelite

The series of experiments in the first experimental phase have the objective to
determine the combination of the laser power and the feed forward with the
aim to low porosity and defect-free bonding with the substrate.

All the images corresponding to each one of the experiments are summarized in
Annex | for the 4340, Annex Il for the 430L and Annex lll for the DIN 16MnCr5
at the end of this document according to the following nomenclature: Figure —
Roman number of the corresponding Annex — number of the metallography. So
the first metallography of 4340 material whose combination of parameters
correspond with 1800 W of laser power and 0.2 mm/U of feed forward would
be expressed as Figure | — 1. Additionally, all the results from the measures,
temperature, deviation and correct bonding are summarized in the
corresponding Annexes and only the results which were used in the following
phases are being shown in the main documentation.

Starting from the thickness of the layer measured in each of the experiments,
the nozzle displacement (ND) in the radial direction X necessary for the
deposition of consecutive layers was calculated for the Second Experimental
Phase. The lower and upper margins of the ND which are established correspond
with the minimum and maximum value of the thickness of the layer deposited
respectively. Using values contained between these two margins reduces the
tendency to accumulate errors in the successive deposition of layers. As the
objective was to have the same ND as deposited layer thickness (LT) to have a
constant working distance of 10 mm between the nozzle tip and the surface:

LT =~ ND

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
material deposition for additive manufacturing or repair applications
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Figure 10 Schematic
representation of the
process during the
ND.
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Figure 10 depictures a schematic representation of the front view of the process
during the ND, where the fill forms are the position of the nozzle and layer
achieved for the first layer and the stripped ones the ones for the second.

. Beginning layer 2

. Beginning layer 1

10 mm
10 mm
ND

LT

Layer 1

Substrate

4.2.2 Second Experimental Phase: process configuration for five consecutive layer
deposition

Edurne Montes Martinez

The second experimental phase consists in the deposition of five consecutive
layers of material in order to verify that no large deviations occur between the
actual thicknesses obtained (LT) and the theoretical thickness calculated from the
ND used. In addition, the existence or not of pores in the build-up was checked
through the metallography of the build-up cross sections and the best build-up
strategy was analyzed.

The build-up strategy determinates another process parameter which can be
modified in the EHLA process: the thermal times. Two different type of time
intervals are distinguished: the time elapsed between consecutive layers or the
inter-layer time interval, and time elapsed between consecutive deposits over (or
adjacent to) a common co-ordinate/point in space — the intra-layer time interval.
The inter-layer time is dependent on the orientation of the part, more or less
constant, while the intra-layer time depends on the laser tracks employed. In the
Second Phase the time interval which was modified was the intra-layer time, thus
the time between two consecutive layers using two different build-up strategies:
same direction build-up and zig-zag build-up. Both configurations are depictured
in Figure 11.

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
material deposition for additive manufacturing or repair applications

ESCUELA

DE INGENIERIA DE BILBAO



eman ta zabal zazu

>

BILBOKO
INGENIARITZA ESKOLA

ESCUELA

Universidad
del Pais Vasco

Euskal Herriko
Unibertsitatea

Positions nozzle
head beginning
each layer

DE INGENIERIA DE BILBAO

Same Direction strategy S Zig-Zag strategy
mlp- |/lovement head every layer hez:(llhegl:::ng

Beginning layer 1
Beginning layer 2

Substrate

2 Beginning layer 3 S
fa) Beginning layer 4 o
prd L rd
Beginning layer 5
[a) a
= z
o  Layer 5 | > | = 5 Jl Layer 5 } > |-
% % H a) 4—|Layer4 | H
Layer 3 jm > | |5 Layer 3 » |-

LT

LT

Figure 11 Schematic representation of same direction and zig-zag build-up strategies.

4.2.3 Third

For determining which build-up strategy is the most suitable one the experiments
are carried out only for the 430L. The criterion to evaluate the best strategy is to
compare the geometry of the build-up as well as the thermal history of the same
in each case.

Experimental Phase: process analysis for continuous depositions of 3 mm

thickness

The objective of the Third Experimental Phase is the control and monitoring of
the temperature in the process as a preliminary test before the final build-up of
10 mm by building a preliminary test sample of 3 mm.

4.2.4 Fourth Experimental Phase: metallographic analysis and mechanical properties

Edurne Montes Martinez

The Fourth Experimental Phase consists in the deposition of blocks of five
consecutive layers in order to obtain a thickness of build-up sufficient to be able
to manufacture tensile samples for the measurement of the static mechanical
properties achieved by EHLA process.

The knowledge of the strength that a material has is one of the bases of
knowledge for the correct design, production quality control and life prediction
of industrial plants. Standards for tensile testing were among the earliest
standards to be published and the development of such Standards continues

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser

material deposition for additive manufacturing or repair applications



eman ta zabal zazu

>

Universidad Euskal Herriko

del Pais Vasco Unibertsitatea

Edurne Montes Martinez

BILBOKO

INGENIARITZA ESKOLA

today. The DIN EN ISO 6892 standard specifies the tensile test method of metallic
materials and defines the mechanical properties that can be determined at room
temperature. The tensile test consists in applying an increasing tensile load on
normalized tensile pieces, usually until their breakdown. Meanwhile, the values
of load and deformation at each moment of the process are recorded in the so-
called Strain-stress curves. The tensile pieces are clutched so that they are axially
aligned to minimize the possible bending effect. Products that can be tested with
this standard include metal sheets, plates, cables, rods, and tubes. The general
specifications regarding tensile test piece dimensions are given in the DIN EN ISO
6892-1 standard. In a tensile test various mechanical properties can be
determined according to DIN EN ISO 6892 Standard. The most important ones
are:

e Young's Modulus of Elasticity ('E’): quantifies the measure of how much
a structure will elastically deform when loaded. A low modulus means
that a material will be flexible, a high modulus a material that will be stiff
and inflexible.

e Poisson’s coefficient ('0’): quantifies the ratio between the longitudinal
elongation and the shortening of the transversal lengths to the direction
of the force.

e Proportionality limit: top value below which the elongation s
proportional to the applied load.

e Yield Strength at 0.2% deformation (as ‘Re’): It is the maximum load
applicable without permanent deformations in the material.

e Tensile strength (‘Rm’): stress corresponding to the maximum load (Fm).

e Percentage elongation after fracture (‘A’): permanent elongation of the
gauge length after fracture, expressed as a percentage of the original
gauge length (Lo).

e Percentage reduction of Area (as ‘Z'): maximum change in cross-sectional
area which has occurred during the test expressed as a percentage of the
original cross-sectional area (So).

The dimension and size of the round tensile samples are specified in the DIN
50125. Due to the nature of the EHLA process and in order to be able to
manufacture the tensile samples with the thinnest build-up possible, the
dimension of tensile samples selected for the analysis of the static mechanical
properties of the deposited material are DIN 50125 Form A and DIN 50125 Form
B. In order to be able to measure these properties with a minimum of material
expense, the DIN 50125-B form was selected, which requires less total length,
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therefore less length to deposit, less waste of material and hence, shorter
manufacturing time. From this test type, the smallest dimensions are chosen for
the same reasons: DIN50125 — B4 x 20. The dimensions of the samples are
summarized in the sketch of depictured in Figure 12.

Figure 12 shows the dimensions of the sample in accordance with the DIN50125
— B4 x 20 standard along with a distribution scheme of the 5 tensile samples that
will be taken from each of the build-ups. As it was observed, to obtain an M6
for the tensile sample a build-up of at least 10 mm is necessary. This brings a
safety margin of approximately 66.67% with respect to the true measures
required. In regard to the necessary layer length to obtain the 41 mm, it is
established between 65-70 mm. The need for this fact shall be expressed later in
this document. The samples were manufactured and the tensile test performed
by the company wbm, Priflabor GmbH.
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Figure 12 Sample manufacturing scheme and DIN 50125 B 4x20 tensile sample dimensions.
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5 Results

5.1 First Expe

Edurne Montes Martinez

rimental Phase: process configuration for one layer deposition
AISI 4340

For the AISI 4340, in this first experimental phase, a series of 14 experiments are
carried out with different process parameter configurations. In the experiments,
the laser power will be increased by 200 W from 1600 W to 2200 W in order to
see the relation of the variation of the parameters laser power and feed forward
in the quality of the layer. With each of the powers, 4 different feed forwards
are used: 0. 2 mm/u, 0. 25 mm/u, 0.3 mm/u and 0.35 mm/u. The parameters set
for each experiment is shown in Table I-1 in Annex | at the end of this document
with their corresponding metallography (Figures | -1 to 14). The peripheral speed,
powder mass flow, carrier gas flow, shielding gas flow and laser beam diameter
are kept constant for all experiments and their values are shown in Table 6 of
section 4. 2. 1 First Experimental Phase.

AISI 430L

For 430L low-carbon stainless steel, 12 experiments are carried out. The
approach for arranging the experiments is the same as the one used in the
AISI 4340, the laser power is increased 200 W from 1800 W laser power until
the securing of a no-defect bonding and a low porosity cladding. This goal is
achieved with laser powers of 2400 W. For each one of the laser power, 3
different feed-forwards are used: 0.2 mm/u, 0.25 mm/u and 0.3 mm/u. The
combination of process parameters of these 12 experiments is shown in Table-Il 1
in Annex Il at the end of this document with their corresponding metallography
(Figures Il -1 to 12). The remaining process parameters are shown in Table 6.

DIN 16MnCr5

With regard to DIN 16MnCr5, in this first experimental phase, a series of
17 experiments are carried out. initially proposed under the same dynamics as
for the AISI 4340 and 430L.However, it is verified in the course of the
experiments that the desired objectives of low porosity and no-defect bonding
cannot be obtained by means of the variation of the laser power and feed
forward, so the perimeter speed and the powder mass flow must be varied too
in order to obtain comparable results. The 17 experiments carried out are listed
in Annex lIl with their corresponding metallography (Figures Il 1 -17). The process
parameters used in each of the experiments (Table Ill - 1) and the results of the
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layer thickness measurements for each of them (Table Il - 2) are also given in this
Annex.

5.2  Second Experimental Phase: process configuration for five consecutive layer
deposition

AISI 430L

After the analysis of the 12 experiments carried out in the first phase, it is
concluded that the parameter set which gives lower porosity and defect-free
bonding is the one corresponding to experiment 12 (E.II-12). In E.lI-12, the feed
forward and the laser power are the 0.3 mm/u and 2400 W respectively as is
shown in Table 8. Figure 13 shows a metallography of the built-up cross-section.

Table 8 Parameter set of E.II-12, laser power and feed forward with porosity and bonding analysis.

Figure | Laser power Feed Bonding | Porosity
I - [w] forward oK? [%]
[mm/u]
12 2400 0.3 Yes <0.1

295,12 pm 261,23 um
1 mm

280,91 pm 216,42 ym- 241 56 ym -

Figure 13 E.II-12 metallography: 2400 W laser power and 0.3 mm/u feed forward.

For the continuous build-up, the NDs needed are calculated from the layer
thickness measurements of E.ll-12 as shows Table 9, and the same direction
deposition strategy is analyzed. The process parameters remain the same as in
Table 8.

It is observed that under this strategy the volume achieved has a non-symmetric
shape due to the existence transient instability period at the beginning of each
layer. This shape can be appreciated from Figure 1I-13 to Figure Il — 18. The
process parameters used for these experiments are summarized in the Table Il -
2. Figure 14, which corresponds to the experiment 17 (E.I-17), represents an
example of this phenomena. The process parameters for the E.Il 17 are: 2400 W,
0.3 mm ND and 0.25 mm/u feed forward. The rest of the process parameters are
the same as in the E.II-12.

Edurne Montes Martinez Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
material deposition for additive manufacturing or repair applications
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Table 9 Thickness measurements of E.II-12: (2400 W laser power and 0.3 mm/u feed forward) and calculation of the ND from the max.
thickness and min. thickness values.
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Figure Max. ND | Theoretical Min. ND | Theoretical Distance Average
Il - thickness | [mm] height 5 thickness | [mm] height 5 peak valley | thickness
[pm] layers [um] layers [pm] [pm]
[mm] [mm]
12 295,12 0,3 1,5 216,42 0,2 1,0 78,7 255,77

2 mm

Figure 14 E.II-17 metallography: 2400 W laser power and 0.25 mm/u feed forward and 0.23 mm ND.

In order to avoid this transient instability and obtain more symmetrical build-up
volumes, a zig-zag deposition strategy is chosen. Furthermore, taking into
account the results obtained with same direction strategy, it is concluded that
those experiments with 0.25 mm/u feed forward are dispensable since they do
not provide insight into the influence of the feed forward in the build-up. The
zig-zag strategy experiments are summarized also in Table Il -2 and the
corresponding metallography are the ones from Figure Il 19 to Figure I-22.

It is established through the zig-zag strategy that the volume obtained is, in fact,
more symmetrical and the transitory period at the beginning of each layer is
avoided. The parameter set which gives less porosity and defect- free bonding is
the one of experiment 22 (E.II-22) with 0.3 mm/u feed forward, 2400 W laser
power and 0.3 mm ND. The metallography of E.II-22 is shown in Figure 15. The
thickness measurements are gathered in Table 10 with the corresponding
deviation of the real thickness achieved and the theoretical one expected from
the ND calculations. As can be appreciated, the build-up shows no bonding
defect between the substrate and added material and a level of porosity < 0.1 %
of the volume in all the cross-section area.

2 mm

Figure 15 E.II-22 metallography: 5 layer deposition in zig-zag configuration 0.3 mm/u feed forward, 2400 W and 0. 3 mm ND.

Edurne Montes Martinez
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Table 10 E.II-22 thickness measurements: 2400 W laser power, 0.3 mm ND and 0.3 mm/u feed forward with the corresponding deviation.

FIGURE Laser

Feed ND Max. Min. Distance Average Expected Deviation
II- power forward [mm] thickness thickness peak valley thickness height [%]
(W] [mm/u] (um] [um] [um] [um] [mm]
22 2400 0.3 0.3 1176.83 1110.38 66.45129 1135.74 1.5 24
AISI 4340

The parameter set which gives lower levels of porosity and bonding defects is
the one corresponding to the Experiment 13 (E.I-13), process parameters in Table
11. E.I-13 metallography is shown in Figure 16 (Figure I-13) with the matching
thickness measurements. The needed NDs for the continuous build-up are
calculated according to these measurements from the minimum and maximum
values. Table 11 and Table 12 show the thickness measurements and the ND
calculation respectively.

\

Figure 16 E.I-13 metallography: 2200 W laser power and 0.35 mm/u feed forward.

Table 11 E.I-13 thickness measurements and process parameters.

FIGURE | Laser Feed Max. Min. Distance Average | Bonding | Theoretical height 5 layers
- power | forward | thickness | thickness | peak valley | thickness oK? [mm]
Wl | [mm/u] [um] [um] [um] [um]
13 2200 0.35 178 150 28 168.67 Yes 0.84

Table 12 E.I-13 ND calculation.

Edurne Montes Martinez

Corresponding ND | Theoretical height 5 layers
thickness [mm] [mm]
[um]
150 0.15 0.75
178 0.2 1
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The zig-zag strategy is the only one used for the reason extrapolated from the
experiments carried out with 430L. Table 13 shows the process parameter set
for the second phase. Their corresponding metallography are the Figure | — 15

and the Figure | - 16.

Table 13 E.I-15 and E.I-16 process parameters.

Figure | Laser power | Feed forward ND
| - [W] [mm/u] [mm]
15 2200 0.35 0.15
16 2200 0.35 0.2

As both E.I-15 and E.I-16 present high deviation between the real thickness and
theoretical one as Table 14 shows, for the Third Experimental Phase a 0.12 mm
ND is used, which leads to a theoretical height of 0.6 mm with an expected
deviation lower than 10%.

Table 14 E.I-15 and E.I-16 thickness measurements: 2200 W laser power, 0.15 mm and 0.2 mm ND and 0.35 mm/u feed forward with
the corresponding deviation.

Figure Feed ND Max Min Valley Average Theoretical Deviation
|- forward [mm] thickness thickness peak thickness height [%]
[mm/u] [um] [um] [um] [pm] [mm]
15 0.35 0.15 543 477 66 519.17 0.75 31
16 0.35 0.2 590 489 101 563.83 1 44

DIN 16MnCr5

The process parameter set which has lower porosity levels, lack of cracks and no
defects in the bonding area is the one corresponding to the Experiment 10 (E.llI-
10) whose metallography can be seen in Figure 17 below.

Figure 17 E.llI-10 metallography: 1800 W and 0.25 mm/u feed forward.

Edurne Montes Martinez
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Table 15 shows its process parameter combination for E.IlI-10. From the thickness
measurements obtained the ND needed is calculated. For this operation, as for
the other materials, the minimum and maximum values of the thickness are used.
Taking into account that the minimum thickness of the layer is 57 um and that
the maximum of 167.5 um, with an average thickness of 109.6 um (Table 15),
the NDs used are: 0.08mm, 0.Tmm and 0.12mm.

Table 15 E.III-10 process parameters and thickness measurements.

FIGURE Laser Feed Max. Min. Distance Average Expected Deviation
- power forward thickness thickness peak valley thickness height [%]
(W] [mm/u] (um] (um] (um] (um] [mm]
10 1800 0.25 167.74 57.01 28.67 109.3 0.55 24

In spite of the good results gotten in E.lI-10, the results obtained in the
deposition of 5 consecutive layers with the NDs calculated according to the
criteria used with the rest of the materials are unacceptable. For this three NDs
configurations, the pore percentage in the build-up is too high as Figure 18,
Figure 19 and Figure 20 show. This pictures correspond to Experiment 17, 18
and 19 respectively (E.IlI-17, E.II-18, and E.NI-19). In addition, the deviation
between the real thickness obtained and the theoretically expected is too high
(Table 16) which in prolonged processes would lead to a collision of the nozzle
with the constructed volume producing the collapse of it. The deviation is smaller
as the ND in the radial direction grows, which leads to think that with bigger ND
the deviation will be lower fulfilling equality of LT=ND. In the same way, to
reduce the possibility of the appearance of pores, the laser power is increased
first to 2000 W and then to 2200 W.

Figure 18 E.llI-17 metallography: 1800 W, 0.25 mm/u feed forward and 0.08 mm ND.
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Figure 19 E.IIl-18 metallography: 1800 W, 0.25 mm/u feed forward and 0.1 mm ND.

Table 16 E.III-17, E.II-18 and E.IlI-19 porosity and thickness measurements with the corresponding deviation.

Figure 20 E.III-19 metallography: 1800
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W, 0.25 mm/u feed forward and 0.12 mm ND.

ND Porosity Expected Real Deviation
[mm] [%] thickness after 5 layers | thickness after 5 layers [%]
[mm] [mm]
0.08 1.13 0.4 0.81834 104.585
0.1 2.13 0.5 0.83633 67.266
0.12 2.81 0.6 0.87363 45.605

Despite the increase of both the ND, now 0.15 mm, and the laser power, the
results obtained are still unacceptable. For 2000 W power, the percentage of
pores is still high (Figure 21) while if the power is increased by another 200 W,
even though the pores disappear, the temperature reached in the process is so
high that the nozzle is at risk of being damaged because the powder burns. In
total 6 experiment are carried out to try to avoid the burning of the powder
varying the carrier gas flow which controls the velocity of the particles. The
augmentation of this flow implies that the time the particles are in the laser beam
diameter is less, so to have the same amount of melted material we need higher
laser powers. The correspondent metallography of this 6 experiments
(Figures Il - from 21 to 26) and process parameter combination, thickness
measurements, deviation and porosity levels (Table -3 and Table Il - 4) are
summarized in Annex lIl.

Figure 21 E.IIl-2Tmetallography: 2000 W, 0.25 mm/u feed forward and 0.15 mm ND.

Edurne Montes Martinez

It is therefore concluded that the presence of pores does not result from a poor
selection of the ND parameter, nor from an insufficient laser power. As said, the
experiments are carried out with an increase of the laser power of 200 W in each
case until the danger of damaging the nozzle is reached. Therefore, there is no
possibility to avoid pores by adjusting the process parameters as in the 430L and

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
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Figure 22 EDX
measurements of
16MnCr5 powder
with chemical
composition in
different spectrums.
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4340. This points to problems inside the powder, so an EDX analysis of the
powder is performed.

The EDX analysis verified that powder has a high contamination content of
ceramic elements. In the measurement points, apart from elements inherent of
the 16MnCr5, Aluminum, Zirconium and Oxygen can be found in high levels.
There is not an obvious causality, but there is a possible correlation between the
appearance of ceramic and the bad weldability. In order to verify this correlation,
more experiments are needed. Nevertheless, the current state of this material
makes it unsuitable EHLA applications. The EDX results are shown in Figure 22
and Figure 23 with their correspondent chemical composition in the spectra
signposted.

[
|
\

)
Spektrum 1

200 pm

Al

| results in mass%

Process option: All elements analyzed (normalized)

Spectrum In Statistic | C 0 Al Si Ti Cr Mn Fe Zr Total
Spectrum 1 | Yes 253 | 5589|1882 | 585|147 | 053 | 7.64 | 2.36 4.91 | 100
Spectrum 3 | Yes 4.80 | 4.71 0.39 0.97 | 0.93 | 88.21 100

Edurne Montes Martinez

In Figure 24 it is shown SEM pictures of the powder with different magnification
(@) 200 X b) 400 X ¢) 1.00k X and d) 2.00k X) and can be appreciated where the
contamination can be seen, red arrows, between the spherical powder particles.
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Figure 23 EDX
measurements of
16MnCr5 powder
with chemical
composition in
different spectrums.

‘ -
Spektrum 1

200 pm

All results in mass%

Process opti

on: All elements analyzed (normalized)

Spectrum

In Statistic | O Al Si Ti Cr

Mn Fe

Zr

Total

Spectrum 1

Yes 62.65 | 1897 | 6.05 | 1.06 | 0.41

5.38

100

Figure 24 SEM
pictures of the
16MnCr5 powder
particles with
different
magnifications:

a) 200X, b) 400X,
¢) 1.00kX and

d) 2.00kX.
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5.3  Third Experimental Phase: process analysis for continuous depositions of 3 mm

thickness

AISI 430L

Firstly, the experimentation with 430L is carried out. The deposition is
approached as a continuous process without cooling between layers. Due to the
continuous supply, the piece entered in red hot as a result of an overheating of
the material. The process is stopped after the deposition of the layer 14. It is
concluded that, in order not to damage the nozzle with the high temperatures
(> 800 °Q), it is necessary to do non-continuous deposition. The solution adopted
to achieve the necessary 10 mm is the deposition of blocks of 5 consecutive layers
with cooling intervals between each one. The cooling time is of near 15 minutes
(approximate time for the piece to reach again a temperature around 60° C). The
process parameter set used for the build-up is 2400 W laser power, 0.3 mm/u
feed forward, ND 0.3 mm and Zig-Zag deposition strategy. The corresponding
metallography of the build-up volume (E.Il-23) is shown in Figure 25. The
thickness measurements and deviation information are gathered in Table 17.

Figure 25 E.II-23 metallography: continuous deposition process, 2400 W laser power, 0.3 mm/u feed forward and 0.3 mm ND.

Table 17 E.II-23 thickness measurements: 2400 W laser power, 0.3 mm ND and 0.3 mm/u feed forward with the corresponding deviation.

Picture feed ND Max Min Valley peak Average Theoretical Deviation
II- forward [mm] thickness thickness distance thickness height [%]
[mm/u] [pm] (um] (um] [um] [mm]
23 0.3 0.3 4049.78 3683.91 365.87 3897.68 4.2 7

Edurne Montes Martinez

For analyzing the microstructure, the sample embedded in Bakelite for fine
grinding and polishing until the surface roughness is reduced to 1 pm
(Figure 26 a)) is etched 10 seconds with V2A Beize. V2A Beize is one of the most
common etchants for stainless steels. Its normal composition is: 100 cc
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hydrochloric acid — HCIl, 100 cm?® of water - H20, 10 cc nitric acid - HNO3 and
0.2 - 2 cm3 saving stain. During the etching process it was ensured good
movement of the sample in the acid to ensure a uniform etching attack.

After the etching and under the microscope several micro cracks are detected:
crack about 0.8 mm from the edge (26, b)) and crack course inter-crystalline,
with an approximated length of 100 um (26, c)) among others. In whole layer
grain boundary phases recognizable, the presumption is that this phase is
martensite. This presumption is based in the fact that the microstructure of
ferritic stainless steels could be either completely ferritic or a mixture of ferrite
and martensite, finding the martensite in the grain boundaries [22]. According
to studies [21] any austenite that is generated at elevated temperature (around
800 °C for bright red in the 3 mm build-up of AISI 430L according to the stainless
steel temperature guide [23]) will be transformed to martensite when cooling to
room temperature leaving no carbon available for carbide formation, which
would explain the lack of those in the build-up material.

Figure 26 E.II-23:

sample preparation a) b)
a), edge crack NG
metallography b),
inter grain crack
metallography c)
inter grain phase
metallography d).

- % O

¥ =
. £

800 pm J

106 pm

20 pm 20 pm

With the aim of checking the nature of the deposits in the grain boundaries, an
EDX analysis is carried out. Figure 27, Figure 28 and Figure 29 show different
measurement of the chemical composition. The chemical composition

Edurne Montes Martinez Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
material deposition for additive manufacturing or repair applications 1
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measurements show traces of nickel and oxygen in small quantities in some areas
of the sample. The presence of oxygen is associated as a consequence of the
etching process. The traces of nickel, on the other hand, present in a non-
homogeneous way in the cross-section area, can be associated with traces of
contamination due to the previous use of Ni alloys since this element is not
present in the 430L nor in the base E355. Nevertheless, having very reduced
contents and being selectively associated with certain areas, the nickel
measurements obtained can be attached to the proximity of the detection limits
in the EDX tests. For these reasons, it is decided to suppress these two elements
of the measurements.

Figure 27 E.II-23:

EDX analysis with

component mass

percentage

comparison

between different

spectrums.
All results in mass%
Spectrum In Statistic C Si Cr Mn Fe Total
Spectrum 1 Yes 533 1069 | 1729 |0.75 | 7594 | 100
Spectrum 2 Yes 763 | 093 | 1638 |0.84 | 7423 100
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Figure 28 E.II-23:
EDX analysis with
component mass
percentage
comparison
between different
spectrums.

EFS
Spektrum 1

1 mm

All results in mass%

Spectrum

In Statistic C

Si

Cr

Mn

Fe

Total

Spectrum 1

Yes 7.85

0.82

16.45

0.72

74.16

100

Figure 29 E.II-23:EDX
analysis with
component mass
percentage
comparison between
different spectrums.
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30 pm

All results in mass%

Spectrum In Statistic C Si Cr Mn Fe Total
Spectrum 1 Yes 6.62 0.70 16.64 | 0.75 75.28 | 100
Spectrum 2 Yes 8.77 0.62 16.04 | 0.84 73.74 | 100
Spectrum 3 Yes 7.90 | 0.46 16.71 | 0.73 74.21 | 100
Spectrum 4 Yes 7.97 0.82 16.21 | 0.66 74.33 | 100
Spectrum 5 Yes 6.04 | 0.72 16.93 | 0.97 75.35 | 100
Spectrum 6 Yes 7.03 0.70 16.71 | 0.84 74.73 | 100
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Figure 30 E.II-23:
local micro hardness
test to detect the
nature of the grain
boundary phase.
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Since there is no great difference in chemical composition between the grains
and the deposition situated in their boundaries, it is decided to carry out micro
hardness tests to determine if the nature of these deposits is indeed martensite.

Hardness

Local hardness measurements are taken to check the hardness of the different
zones: the ferrite grains and the elements in the grain limits, presumably
martensite. Figure 30 shows the location of the four measurements taken: two
in the grain boundary and the other two inside the grains. As can be seen, there
is a strong hardening in the grain limit of around 300 HV which indicates that
the element is, in fact, martensite.

To complement the local measurement information, three Micro-Vickers
hardness measurements are done to measure the hardness of layers, interface
and substrate. Three test positions are selected from left to right. Figure 31 shows
the measurement line locations. The spacing between the points is 100 um and
a total of 50 points are measured in each line. The total test length of the line 1,
line 2 and line 3 are 5.02 mm, 5.00 mm and 4.93 mm respectively and includes
all cladding layers, fusion zone, and heat affected zone and substrate.
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Figure 31 E.II-23:
micro hardness
measurement
location.

Middle line — line2

As can be seen in Figure 32, measurements across the layer are irregular. This
may be due to the difference in hardness between ferrite and martensite that
has been seen in local measurements. However, the maximum values obtained
are 200 HV lower than the ones we have observed before (549 HVO0.1), which
means that most of the measurements do not directly affect the martensite.
However, these measurements give an idea of the overall hardness to be
obtained in the total build-up of 10 mm.
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Figure 32 E.II-23: micro hardness profile measurement.
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AISI 4340

As for the AISI 4340, the build-up is done providing blocks of 5 consecutive layers
in order to achieve 3 mm build-up. The process is carried out discontinuously to
avoid the overheating of the piece: deposition of blocks of 5 consecutive layers
in zig-zag configuration with the parameters selected in First and Second
Experimental Phases shown in Table 18.

Table 18 E.I-17 process parameter.

Picture Powder mass Shielding gas Laser beam Feed forward ND Laser power
|- flow flow diameter [mm/u] [mm] (W]
[g/min] [I/min] [mm]
17 18.67 10 1.2 0.35 0.12 Variable with the build-
up
1-10: 2200
10-35: 2000

Figure 33 E.I-17
temperature
evolution.

Edurne Montes Martinez

Between each block 15 minutes of cooling are necessary. The criterion of 15
minutes of waiting corresponds to the approximate time necessary for the piece
to cool down to values of approximately 60 °C before the deposition of the next
block. The 3 mm are achieved without Argon cooling while EHLA process. As
there is no cooling down during the process, the temperatures achieved are
higher after of each block as the graphic in Figure 33 shows. This effect is
consequence of the thermal accumulation and the thicker the layer gets the
oposition of the material for heat convection flow. Therefore, to avoid excesive
heating, the laser porwer is lowered after the 10 first layers from 2200 W to
2000 W for the 15 remaining ones. The metallography of the experimet with the
thickness measurements are shown in Figure 34 and 35. The deviation reached
after the 3 mm build-up is 3,.88%. Table 19 gathers all the measurement and
deviation information for the Experiment 17.
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Table 19 E.I-17thickness measurement: 2200-2000 W laser power, 0.12 mm ND and 0.35 mm/u feed forward with the corresponding

deviation.
Picture Max Min Valley peak Average Theoretical Deviation
|- thickness thickness distance thickness height [%]
[um] [um] [pm] [um] [mm]
17 2931 2791 140 2883.5 3 3.88

Figure 34 EI-17
metallography:
2200-2000 W laser
power, 0.35 mm/u
feed forward and
0.12 mm ND. Right
part.

Figure 35 E.I-17
metallography:
2200-2000 W laser
power, 0.35 mm/u
feed forward and
0.12 mm ND. Left
part.

Edurne Montes Martinez

For the microstructure analysis of the sample, the entire specimens is cut into
three parts for Optical microscope observation and etched with 3 % Nital (97 %
ethanol and 3 % nitric acid) solution to demonstrate the microstructure. The
microstructure of the 5 sets of layers is expected to be different due to extremely
high heating temperatures during the EHLA process as can be appreciated in
Figures 34 and 35.

Verqidfierung. 25

The microstructure in the substrate (a), interface (b) and layer (c) of the specimen
are shown in Figures 36. The grain size of the layer as can be seen, is smaller and
finer than that of the substrate which implies an improvement of the mechanical
properties with respect to the base material E355. As can be seen in the micro-
Hardness test results in Figure 32, this supposition is confirmed as the layer has
around 40 HV more than the substrate.

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
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Figure 36 E.I-17
microstructure:
substrate (a), interface
(b) and layer (c).

For the hardness analysis the part is embedded in a rubber sample for fine
grinding and polishing until the surface roughness is reduced to 1 um. Micro-
Vickers hardness measurements were performed to measure the hardness of
layers, interface and substrate. Three test positions are selected from left to right.
Two sets of measurement points are defined in the middle test position. The
measure line location can be observed in the Figure 37. In order to eliminate the
test points only in the interface or the cladding layer, the interval between the
two groups of test points is 50 um. The spacing between the points is 50 um, a
total of 76 points are measured. The total test length is 3.8 mm includes all
cladding layers, fusion zone, heat affected zone and substrate.
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Figure 37 E.I-17
micro hardness
measurement
location.

e 1.

It is observed that the hardness is higher in layers than that in substrate region.
Furthermore, the last five layers were with a significant higher hardness than the
other 20 layers, which are approximately 310 HV0.1 as it is shown in the
Figure 38 with measures corresponding to the left line, middle line_1, middle
line_2 and right line. This higher hardness level is contributed by the presence of
carbides in dendritic as a result of absence of re-heating.
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Figure 38 E.I-17 micro hardness profile measurement.
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5.4  Fourth Experimental Phase: metallographic analysis and mechanical properties

5.4.1 Analysis AlSI 4340 — Without cooling

Figure 39 Edge
growth due to high
temperature and
process geometry
nature.

Edurne Montes Martinez

For the 10 mm with AISI 4340 the same process parameters as in the
3 mm build-up are used. The length of the deposition is 50 mm in order to obtain
the 41 mm needed for the manufacture of the 41 mm tensile test specimen
according to the DIN 50125 — B4 x 20.

However, after carrying out the deposition of the full 10 mm, it is observed that
due to the nature of the process and the high temperatures, at the ends of the
layers a deposition error of approximately 45 © is being cumulated, which means
that 28% of the sample cannot be used for manufacturing as can be seen in
Figure 39. This exceeds the 18% safety margin used, so to obtain at least the
required 41 mm, it will be necessary to deposit layers with a minimum length of
55 mm. To avoid that the tensile samples cannot be manufactured due to lack
of useful length, the following build-ups will be made with a layer length of 70
mm where it is expected that 50.4 mm of them are useful. With the ND settled
before of 0.12 mm in radius the theoretical height obtained after 14 blocks
(70 layers) was expected to be 8.4 mm. The real measurements show that the
deviation between the real values obtained and this theoretical value is only
3.30%. Therefore, the process parameter used for this build-up is nearly constant
and shows that the layer thickness is growth at the same speed as the nozzle is
moving in the X positive direction.

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
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Figure 40
Cross-section and
porosity analysis in
the ROI of 4340 (10
mm) without
cooling.

Figure 41
Temperature
evolution during
EHLA without
cooling layers 1-35.

Figure 42
Temperature
evolution during
EHLA without
cooling layers 36-70.

Edurne Montes Martinez

BILBOKO

INGENIARITZA ESKOLA

Analysis Thickness and porosity

The metallography of the sample after cutting a cross section and dividing it in
two with their posterior embedding for grinding an fine polishing until 1 um.
Figure 40 show that the porosity of the sample of the left side (a) and right side
(b) of the divide sample are 0.15 % and 0.22 % respectively. The thermal history
of the entire process is shown in the Figure 41 (layers 1-35) and
Figure 42 (layer 36-70), where the peaks represent the temperatures reached
after the deposition of the blocks of layers. It can be seen that the average
duration of the cooling process until reaching temperatures of about 60° C is
around 20 minutes. The waiting time required for cooling the part between
blocks determines the duration of the process: for build-ups of 10 mm
thicknesses the process takes about 6 hours.
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Figure 43
Microstructure
pictures: substrate (a),
interface (b) and layer
(c) of the 4340 10
mm build-up.
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Microstructure analysis

For the microstructure analysis of the sample, the two parts are also etched with
3 Vol. % Nital (97 Vol.% ethanol and 3 Vol.% nitric acid) solution to
demonstrate the microstructure. The microstructure in the substrate (a),
interface (b) and layer (c) of the specimen are shown in Figures 43. The grain size
of the interface is smaller and finer than that of the substrate which would imply
a probable improvement of the mechanical properties with respect to the base
material E355 as already verified with the 3 mm build-up in the
Chapter 4.2.2 AlSI 4340.

Vesgrosenung: 4 5 Vergroliernsty: 80 x
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Vérgrolisning: 50 x
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Mechanical properties

The micro hardness measurements are adopted on a cross section of both the
substrate and deposited layers, beginning at the last layers moving toward the
substrate. Half of the build-up is analyzed with 4 measurements in the left part
corresponding to the positions shown in Figure 44.The micro hardness analysis
of the build-up material show that the average micro hardness varied from
300 to 400 HVO.1 across all samples. Hardness variations are observed in both
the deposited and heat affected zones. Increased hardness is attributed to the
process parameters as can be shown in Figure 45.

Figure 44 Micro
hardness
measurement
location in the 4340
10 mm build-up.
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Figure 45 Hardness profile of the deposition without cooling for 4340 (10mm).
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Figure 46 Tensile
samples of 4340
after break.
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The results obtained are consistent with those obtained after the heat treatment
carried out in [37] where in order to release the residual stress and hardness
variation due to high thermal gradients attached to the LMD, post heat treatment
was performed in accordance with ASM handbook standard [42]. The process
involves the heating of the clad plates to 560 °C, and soaking for
3 hours followed by slow cooling to 250 °C over 5 hours, and finally air cooling.
This points to the fact that in EHLA, due to the consequent heating of the layers
in the constructed volume, it could be considered that the piece undergoes a
considerable heat treatment when applied in [37].

The tensile tests are carried out by wbm Priflabor GmbH at Room temperature
(+20°C) according to the DIN EN ISO 6892-1 B: 2017-02.

The material presents a ductile fracture, as can be observed in the Figure 46. The
ductile fracture begins with the formation of a neck and the formation of cavities
within the zone of strangulation. Then the cavities fuse in a crack in the center
of the sample and propagate towards the surface in a direction perpendicular to
the applied tension. When it approaches the surface, the crack changes its
direction to 45 ° with respect to the tension axis and results in a cone and funnel
fracture. The ductile behavior is also confirmed in the strain —stress curve
obtained with the information of the tensile tests, Figure 47 and Table 20. An
improvements of the mechanical properties: the tensile strength is increased in
300 MPa while the yield strength is the double as the expected from an annealed
4340. The elongation is also similar as the one obtained by annealing (Table 3).
The results obtained after the tensile test prove that this material is suitable for
the repair of E355 as the properties obtained are similar and even improved.

e ———

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
material deposition for additive manufacturing or repair applications

ESCUELA

DE INGENIERIA DE BILBAO



eman ta zabal zazu

b

Universidad Euskal Herriko
del Pais Vasco  Unibertsitatea

Table 20 Sample dimensions and tensile test results for 4340 10 mm without cooling.

Sample -Nr. do So Fmax Rp0.2 Rm A*
wbm [mm] [mm?] [N] [Mpa] [Mpa] [%]
1137.1 4.01 12.63 13404 875 1061 10
1137.2 3.99 12.50 13499 894 1079 17
1137.3 3.99 12.50 12819 862 1025 7

11374 3.99 12.50 13347 888 1067 13
1137.5 4.00 12.57 13378 884 1064 12

Figure 47 4340
10 mm build-up
with no cooling
stress-strain curve.
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5.4.2 Analysis AlSI 4340 — With cooling

In order to reduce the process time due to cooling down and the and so the
process time, the same process parameters as in the no cooling 10 mm
deposition are used adding an external cooling system with Argon to the process
while cladding and in cooling down times. A schematic representation of the
cooling system is depictured in the Figure 48.

Figure 48 Schematic
representation of the
Argon cooling
system used during
EHLA process.

Articulated
cooling

pipes

Argon cooling
flow

Cooling system base

Argon flow input

The decrease of the temperature is up to 100°C so the cooling while deposition
is a good choice in order to avoid overheating of the piece. The Figure 49 shows
the evolution of the build-up after 25 layers (a)), 50 layers (b)) and the final
80 layers (c)).

Figure 49 Evolution
of the build-up of
4340 (10 mm) after
25, 50 and final 80
layers.
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The presence of a greater airflow during the EHLA process, carries a higher risk
of bubbles trapped within the deposited layers, which increases the likelihood of
developing pores. The temperature evolution of the process is represented in the
Figure 50 (layers 1-45) and Figure 51 (layers 46-85).

Figure 50
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Figure 51
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Microstructure analysis
Generally, the cooling rates decrease as accumulated heat increases. There is a
significant increasing of heat experienced by laser-deposited 4340 samples as the
distance from the substrate increased as a result of heat flow in and the build-
up of mass, therefore the cooling rates reduce from the first layer to the fifth
layer in each set. From this view, the surfaces of the deposited sample exhibited
dendritic structure from the laser deposition and showed large, elongated grains.
These grains grew epitaxial, inclined in a direction toward the layers following
the temperature field resulting from the moving laser beam. The microstructure
in the substrate (a), interface (b) and layer (c) of the specimen are shown in
Figure 52.
Edurne Montes Martinez Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
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Figure 52
Microstructure
pictures: substrate (a),
interface (b) and layer
() of the 4340 10
mm build-up with
cooling.

- 4 s
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Mechanical properties

Figure 54 illustrate the micro-hardness profile along the cross-section of the
entire clad zone (CZ), dilution zone (DZ), HAZ and base material zone (BZ) in the
positions shown in Figure 53. The measurement points addressed are mean
values with an error range of ~%10. There are four positons selected to take
into consideration for measurement of hardness distribution. The values of
hardness decline follow the subsequent order: clad zone, interface, base material
zone and HAZ, respectively. The highest hardness value appears in CZ with an
average value of 350-450 HVO0.1. The DZ is really small which is also an
advantage of EHLA over traditional laser metal deposition. The hardness
experiences a sharp falling down in HAZ with value of 200 HVO0.1 (Figure 54),
then it increases in the substrate with an average value of 275 HVO0.1. The
microstructure in different zone is applicable to give a good explanation of this
trend.
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Figure 53 Hardness
measurement
position of the
deposition with
cooling for 4340
(10mm).
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Figure 54 Hardness profile of the deposition with cooling for 4340 (10mm).
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Same commentaries as for the without cooling piece according to the results
obtained in the prior study [37]

Tensile test done under the same standard as the no cooling one and same
company. The results don’t differ a significantly from the ones obtained for the
no cooling process (Figure 56 and Table 21), however there is a considerable
reduction in the elongation, more than 50% in some cases, that points out that
the 4340 processed without cooling down, and thus the one reaching higher
temperatures while processing gives more ductile products. The fracture in the
sample has ductile breakage, cone and funnel fracture shape, as the no cooling

case, Figure 55.

Figure 55 Tensile
samples of 4340
after break.

Table 21 Sample dimensions and tensile test results for 4340 10 mm with cooling.

Sample -Nr. Do So Frmax Rp0.2 Rm A*
wbm [mm] [mm?] [N] [Mpal [Mpal [%]
1138.1 3.98 12.44 13099 903 1052 6
1138.2 3.99 12.50 13041 909 1042 3
1138.3 4.05 12.88 13360 895 1037 9
1138.4 4.05 12.88 13294 889 1031 9
1138.5 4.00 12.57 13187 910 1049 5

Edurne Montes Martinez
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5.4.3 Analysis AlISI 430L — Without cooling

Figure 57 Porosity
analysis 10 mm 430L
build-up laser power
reduction: a) left
part and b) right
part.

Edurne Montes Martinez

For the final 10 mm build-up same process parameters as in the 3 mm build-up:
peripheral speed 30 rev/min, mass flow 18.6 g/min and a feed forward
0.3 mm/rev. The ND is 0.3 mm between each layer. The procedure followed the
same principle of 5 layer depositions and stop for cooling down. No cooling while
processing was used.

For the first trial due to the overheating while achieving more thickness in the
process, a progressive reduction of the laser power is used: 2.4 kW for the
bonding layers (1-9) to assure the correct bonding with the substrate, 2.2 kW
(10-30), 2.0 kW (31-60) and 1.8 kW (61-80). However, in the metallography
taken in Figure 57 is shown a cross section of the left part (a) and the right part
(b) of the 10 mm build-up with reduction of laser power and can be appreciated
an increase of the porosity as the laser power is reduced. Porosity values are
gathered in Figure 58. Therefore, in order to get good bonding results and low
values of porosity the 430L has to be deposited with a constant 2,4 kW laser
power in all the process.

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
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Figure 58 Porosity
analysis 10 mm 430L = 3 24 2 04
build-up laser power ) '
reduction: left part >
and right part. g 1 0,24 0.2 0,16 0,07
©0
a
ROIT - 1,8 kW ROI2 - 2,0 kW ROI3 - 2,2 kW
Left Part = Right Part
54.4 Analysis AlSI 430L — With cooling

The process must to be carried out with a constant laser power of 2.4 kW. To
avoid an excessive overheating, the number of consecutive layers contributed in
each of the blocks was reduced from 5 to 3 blocks. Every 12 layers a nozzle
distance readjustment is done (-1.8 mm) to assure the correct working distance.
Cooling with Argon is also added while processing. Process parameters are
maintained the same. Temperature process in Figure 59.
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Analysis thickness and crack appearance
Despite the low porosity level measurements (0.16 % left sample and 0.12 %
right sample), the 430L presents cracking problems which is assumed to be due
to residual stresses generated by the shrinkage of the material in the cooling
process. The cracks occur at opposite ends of the piece and are longitudinal
Edurne Montes Martinez Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser
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Figure 60 Crack
propagation in 430L
(10 mm)
intercrystalline main
crack across layer
with crack branches
and intergranular
cracked edges.
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along the entire length of the contribution (Figure 60). The depth of them is
prolonged until the energy is not enough to remain perpendicular to the
contribution and bifurcates to right and left 90 degrees of the original crack. The
crack propagates through the grain boundaries in the main and perpendicularly
in the bifurcations. The formation of cracks usually depends on the
microstructure and phases [13], the residual stresses [14], the process parameters
[13] and the different thermo-physical properties between the added and base
materials [15]. Cracks are thought to originate at spots such as the fractured WC
particles, pores and solidification cracks [14] and propagate along brittle eutectic
phases in the direction of highest temperature gradient [13], [16], [17], [11].

In order to verify that the generation and propagation of the crack is not due to
the high temperature gradients, only 3 mm thickness was deposited layer by
layer to always maintain temperatures below 200 °C (Figure 61). The results
show that despite these new conditions the formation of both cracks in
perimeter opposite positions continued to occur. However, this effect did not
happen as severe as in the low temperatures when the piece entered bright red
(third experimental phase temperature around 816 °C) taking into account the
color of the steel), where only small cracks inside the build-up were detected
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Figure 61
temperature
evolution during the
430L SS (3 mm) -
layer by layer. Max
temperature: 209.6
°C.
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Microstructure analysis

For detecting the microstructure and analyzing that the crack propagation, the
sample is etched 10 seconds with V2A Beize two times (Figure 62). The pictures
show the microstructure of the sample in 3 different areas: left of the crack
(Figure 63), right of the crack (Figure 64) and area non affected by the crack
(Figure 65). The letters correspond to different magnification factors: 10 x (a),
20 x (b), 50 x (c) and 50 x with inter-grain deposits measurements (d). The inter-
grain deposits have a 2 um width and different length according to the area but

are mostly located in the convergence point of two or more grains.

Figure 62 Crack
cross section etched
with V2A Beize.

Edurne Montes Martinez
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Figure 63
Microstructure left side
of the crack with
different magnification
factors: 10 x (a), 20 x
(b), 50 x (c) and 50 x
with inter-grain
deposits
measurements (d).

Figure 64
Microstructure right
side of the crack with
different
magnification factors:
10 x (a), 20 x (b), 50 x
(c) and 50 x with inter-
grain deposits
measurements (d).
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Figure 65
Microstructure non
crack affected area
with different
magnification
factors: 10 x (a), 20 x
(b), 50 x (c) and 50 x
with inter-grain
deposits
measurements (d).

The depth of the crack pointed to that the break is complete to the length of 10
mm, to distinguish the type of break is proceeded to make some SEM (Figure 66)
photographs of the sample forcing the culture along the entire crack. The rupture
had to be forced because, despite the fact that the depth of the crack covered
almost the entire build-up, there is still cohesion between both parts of it. In the
images can be seen the difference between the ruptures produced by the
propagation of crack, and that plastic rupture made by means of the application
of external force.
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Figure 66 SEM
images with
different

magnifications of

the brittle crack
430L (10 mm).
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To differentiate the composition of the grain boundaries and the grain itself, as
for the 3mm build-up, EDX measurements are carried out. However in the
measurements shown in Figure 67, 68 and 69 the difference between the areas
was not remarkable. Only stood out the fact that sometimes there is a small Ni
rash in the grain boundaries (up to 0.6%). As said before, since the Ni is not
present in the substrate and the powder according to the suppliers of both, this
could be a sign of contamination of the powder with a Ni-based powder.

Analysis of the static mechanical properties of iron-based alloys deposited by Extreme high-speed laser

material deposition for additive manufacturing or repair applications

ESCUELA

DE INGENIERIA DE BILBAO



eman ta zabal zazu

>

Universidad  Euskal Herriko
del Pais Vasco  Unibertsitatea

Figure 67 EDX
analysis of crack-free
sample 430L

(10 mm) build up
with component
mass percentage
comparison between
different spectra.
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e
Spektrum 4

10 pm
All results in mass%
Spectrum In Statistic C Si Cr Mn Fe Total
Spectrum 1 | Yes 9,25 | 0,95 15,74 1,02 73,04 100
Spectrum 2 | Yes 7,92 10,74 16,51 0,70 74,13 100
Spectrum 3 | Yes 6,09 | 0,54 17,09 0,50 75,78 100
Spectrum 4 | Yes 562 | 0,82 16,78 1,03 75,75 100

Figure 68 EDX
analysis of crack-free
sample 430L build up
with component
mass percentage
comparison between
different spectra —
grain and grain
boundary.

10 pm

All results in mass%

Spectrum In Statistic | C Si Cr Mn Fe Total
Spectrum 2 Yes 731 |0.68 | 16.48 | 0.85 | 74.68 | 100.00
Spectrum 3 Yes 573 | 057 |16.52 | 062 | 76.56 | 100.00
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Figure 69 EDX
analysis of crack-free
sample 430L build
up with component
mass percentage
comparison between
different spectra.

BILBOKO
INGENIARITZA ESKOLA

ESCUELA
DE INGENIERIA DE BILBAO

All results in mass%

Spectrum In Statistic C Si Cr Mn Fe Total
Spectrum 1 Yes 6.79 0.67 16.11 0.59 75.84 100.00
Spectrum 2 Yes 8.77 0.70 16.32 0.60 73.62 100.00
Spectrum 3 Yes 5.04 0.57 16.65 0.67 77.07 100.00

Edurne Montes Martinez

Mechanical properties

Micro-Vickers hardness measurements are performed to measure the hardness
of layers, interface and substrate. The sample is divided in two parts and a pair
of line measurements is taken in each of the parts of the sample, four
measurements in total (Figure 70). The spacing between the points is 100 pm,
total length of the lines 12 mm, which makes around 113 measurements per
line. The hardness measurements of all the 430L build-up are observed that are
bounded mostly between 240 and 320 HVO.1 (Figure 71). Annealed 430 usually
has a Vickers hardness around 162 HV0.1 [20], which makes a soft material.
Despite getting an increase of the hardness through EHLA the material remains
being soft in a lower level.
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Figure 70 Hardness e ——
measurement
position of the
deposition with
cooling for 430L
(10mm).
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Figure 71 Hardness profile of the deposition with cooling for 430L (10mm).
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As in the third experimental phase, in order to detect the nature of the grain
boundary phase local micro hardness measurements are done. In the Figure 72
the location of the measures are shown with different forces: a) 30 mN,
b) 30 mN, ¢) 30 mN near the BDZ and d) 10 mN.

Figure 72 30mN,
Etched 2 - 45s micro
hardness local
measurements.

In the performance of the tensile test, the brittle fracture takes place without
appreciable deformation in the sample, < 1% (Table 22), and due to rapid
propagation of a crack. That is why in the samples made with the 430L, as
expected, the break occurs perpendicular to the direction of the force, at 90 °,
as Figure 73 shows. The material breaks under 6 kN. The strain-stress curve
obtained after the tensile test shows also this high brittleness of the 430L
(Figure 74).

Figure 73 Tensile
sample of 430L with
cooling after break.
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Table 22 Sample dimensions and tensile test results for 430L 10 mm with cooling.

Sample -Nr. do So Fmax Rp0.2 Rm A*

wbm [mm] [mm?] [N] [Mpal] [Mpal [%]
1136.2 4.07 13.01 6006 N/A 461 N/A
1136.3 4.04 12.82 6236 N/A 486 N/A
1136.4 3.99 12.50 6379 N/A 510 N/A

Figure 74 430L 10
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The experimental work carried out has consisted in the verification of the viability
of 3 iron-based materials AISI 4340, AISI 430L and DIN 16MnCr5 for repair
processes using EHLA. For this, an experimental process consisting of 4 work
packages was carried out: first analysis of the deposition of a layer of material to
select the laser power and feed forward which give low porosity and no bonding
defects, second selection of the nozzle displacement according to the thickness
obtained in the analysis of a layer by the deposition of blocks of 5 layers, third
preliminary study of 3 mm to see the behavior of the material in greater
thicknesses and choose the best manufacturing strategy and fourth, and last,
build-up of 10 mm to manufacture samples for tensile tests. For each material is
concluded that:

AISI 4340 is a suitable option for E355 repair applications. The process is carried
out without any further complication more than the time needed for the cooling
down. However, the mechanical properties reached are improved from the
original ones and even the substrate ones. Higher tensile strength is reached
which could imply not only a successful reparation but a prolongation of the life
of the piece repaired.

AISI 430L firstly presented as a ductile material is not valid for repair applications:
extremely brittle presents cracks not being able to absorb nearly any expansion
(<1%). So, despite being able to build-up, the products obtained have no
mechanical use under any load. The reason could be the high content of
martensite in every grain boundary.

DIN 16MnCr5 experiments show that this material is not suitable for the EHLA
process because it has a really unstable deposition with high temperatures which
put the nozzle in danger. This could be due to the high content of contaminants
in the powder from the manufacturing.

With this work, | want to set a starting base for future experiments with these 3
materials. Special emphasis will be placed on AISI 4340 due to the favorable
results obtained: possible subsequent thermal treatments to analyze its response.
It is also intended to provide a basis for a deeper understanding of the brittleness
of the AISI 430L. Finally, as far as DIN 16MnCr5 is concerned, the use of this
material in future projects is pending. New powder will be ordered, if possible
from a new supplier and before making any contribution through EHLA, the dust
quality will be checked by EDX test.
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Annex |

Metallography all experiments First and Second Phase of AlSI 4340

First Experimental Phase

Table | - 1 Process parameter combination for one layer 4340 powder deposition
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FIGURE | Laser Power | Feed forward | Max. Min. Distance Average | Bonding | Theoretical height 5 layers
- (W] [mm/u] thickness | thickness | peak valley | thickness | OK? [mm]
[um] [um] [um] [um]
1 1800 0.2 382 291 91 327.71 No 1.64
2 2000 0.2 377 291 86 329.75 No 1.65
3 2200 0.2 325 285 40 314.38 Yes 1.57
4 1600 0.2 436 241 195 303.33 No 1.52
5 1800 0.25 303 205 98 251.57 No 1.26
6 2000 0.25 310 242 68 285.00 No 1.43
7 2200 0.25 293 230 63 260.63 Yes 1.30
8 2200 0.3 238 153 85 206.30 Yes 1.03
9 2000 0.3 200 144 56 168.18 No 0.84
10 1800 0.3 252 196 56 221.00 No 1.11
1M 1800 0.35 248 180 68 218.14 No 1.09
12 2000 0.35 204 186 18 194.00 Yes 0.97
13 2200 0.35 178 150 28 168.67 Yes 0.84
14 2000 0.4 195 178 17 184.00 Yes 0.92

Figure I - 1
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Figure |- 2

Figure |- 3

Figure |l - 4

-2 mm

Figure - 5

Figure |- 6
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2 mm

Figure |- 7

Figure |- 8

Figure - 9

2 mm

Figure I - 10

2 mm

Figure |- 11
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Figure |- 12

Figure I - 13

Figure |- 14

Second Experimental Phase

Table | - 2 Process parameter combination for 5 layer 4340 powder deposition

FIGURE Laser Feed ND Max. Min. Distance Average Expected | Deviation
- Power forward | [mm] thickness thickness | peak valley | thickness | height
W] [mm/u] [um] [um] [um] [pm] [mm]
15 2200 0.35 0.15 543 477 66 519.17 0.75 31%
16 2200 0.35 0.2 590 489 101 563.83 1 44%

Figure I - 15
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material deposition for additive manufacturing or repair applications
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Figure |- 16
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Annex Il

Metallography all experiments First and Second Phase of AlSI 430L

First Experimental Phase

FIGURE | Laser Power | Feed forward | Max. Min. Distance Average | Bonding | Theoretical height 5 layers
Il - (W] [mm/u] thickness | thickness | peak valley | thickness | OK? [mm]
[um] [um] [um] [um]
1 1800 0.2 303.86 230.63 73.23 267.25 No 1.336
2 1800 0.25 304.95 | 177.07 127.88 241.01 | No 1.205
3 1800 0.3 230.30 98.37 131.93 164.34 No 0.822
4 2000 0.2 369.44 285.28 84.16 327.36 No 1.637
5 2000 0.25 365.07 | 237.19 | 127.88 301.13 | No 1.506
6 2000 0.3 231.67 196.74 34.93 214.21 No 1.071
7 2200 0.2 326,81 | 216.42 110.39 271.62 | No 1358
8 2200 0.25 294.18 167.23 126.95 230.71 No 1.154
9 2200 0.3 260.14 161.77 98.37 210.96 No 1.055
10 2400 0.2 433.93 345.39 88.54 389.66 Yes 1.948
1M 2400 0.25 348.67 274.35 74.32 311.51 Yes 1.558
12 2400 03 29512 | 21642 | 78.70 255.77 | Yes 1.279

Table Il - 1 process parameters for 430L one layer deposition

-

S o - oS . - - -
230,63 pm 240,46 ym 303,86 um

g
269,98 Lrd03,86 Pm-

Figure Il - 1

~

- . e . e = “uE——— . S h
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Second Experimental Phase

Table Il - 2 Process parameter used for Second Experimental Phase of 430L SS. Same direction and Zig-Zag configurations

Strategy Figure Laser Feed ND Strategy Figure Laser Feed ND
II- Power forward [mm] II- Power forward [mm]
W] [mm/u] (W] [mm/u]
13 2400 0.2 0.2 19 2400 0.2 0.2
14 2400 0.25 0.2 20 2400 0.3 0.2
15 2400 0.3 0.2 21 2400 0.2 0.3
same Zig-Zag
direction 16 2400 0.2 0.3 22 2400 03 03
17 2400 0.25 0.3
18 2400 0.3 0.3
Table I - 3 Process parameter, thickness measurement and deviation calculation of second phase 430L deposition
Figure | Strategy Laser Feed ND Max. Min. Distance Average Expected Deviation
Il - Power | forward | [mm] | thickness | thickness | peak-valley | thickness thickness [%]
(wi [mm/u] [um] [um] [um] (pm] [mm]
13 Same 2400 0.2 0.2 2173 1577 596 1980 1 98
direction
14 Same 2400 0.25 0.2 1712 1544 168 1625 1 63
direction
15 Same 2400 0.3 0.2 1439 1290 149 1367 1 37
direction
16 Same 2400 0.2 0.3 | 2117.87 | 1839.20 278.67 1991.70 1.5 33
direction
17 Same 2400 0.25 0.3 | 1669.86 | 1511.23 158.63 1569.10 15 5
direction
18 Same 2400 0.3 0.3 | 1429.78 | 1329.02 100.75 1367.61 1.5 9
direction
19 Zig-zag 2400 0.2 0.2 1732.02 1672.00 60.02051 1702.01 1 70
20 Zig-zag 2400 0.3 0.2 1213.27 1026.78 186.4924 1144.94 1 14
21 Zig-zag 2400 0.2 0.3 1747.02 1618.41 128.6155 1678.43 1.5 12
22 Zig-zag 2400 0.3 0.3 1176.83 1110.38 66.45129 1135.74 1.5 24
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Annex llI

Metallography all experiments First and Second Phase of DIN 16MnCr5

First Experimental Phase

Table lll - 1 Process parameters one layer deposition 16MnCr5
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Carrier Laser Laser EGEd
FIGURE Peripheral Speed conveyor | Powder mass gas Shielding gas beam Power forward
- speed plate flow flow flow diameter

(W] [mm/u]
[m/min] [u/min] [g/min] [I/min] [I/min] [mm]

1 30 5.5 17.67 4 10 1.2 1600 0.2
2 30 5.5 17.67 4 10 1.2 1800 0.2
3 30 5.5 17.67 5 10 1.2 1800 0.3
4 30 5.5 17.67 5 10 1.2 1600 0.3
5 50 5.5 17.67 5 10 1.2 1800 0.25
6 50 6.5 18.67 5 10 1.2 2000 0.25
7 30 5.5 17.67 6 10 1.2 1800 0.25
8 40 5.5 17.67 6 10 1.2 1800 0.25
9 50 5.5 17.67 6 10 1.2 1800 0.25
10 50 6.0 18.27 6 10 1.2 1800 0.25
11 50 6.5 18.67 6 10 1.2 1800 0.25
12 30 6.5 18.67 6 10 1.2 1800 0.3
13 40 6.5 18.67 6 10 1.2 1800 0.3
14 40 7.0 18.96 6 10 1.2 1800 0.3
15 50 7.0 18.96 6 10 1.2 1800 0.3
16 30 5.5 17.67 6 10 1.2 1800 0.3
17 30 5.5 17.67 6 10 1.2 1600 0.3
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Table IIl - 2 Thickness measurements one layer deposition 16MnCr5

#Ahéiz(l.(ness #Al:ir;.kness Mean SDt:\:g;gi Bonding OK? | Theoretical height 5 layers
FIGURE
-

(um] (um] (um] [um] Yes/No [mm]
1 315.75 197.34 268.06 | 35.54 No 1.34
2 281.76 194.05 250.51 | 30.93 No 1.25
3 225.85 106.35 156.17 | 35.47 Yes 0.78
4 237.91 43.85 159.27 | 54.71 No 0.80
5 155.68 55.91 118.09 | 37.96 Yes 0.59
6 209.40 103.06 149.73 | 34.01 No 0.75
7 254.35 164.45 208.15 | 33.65 Yes 1.04
8 166.64 43.85 113.39 | 40.62 No 0.57
9 149.10 63.59 92.25 27.64 Yes 0.46
10 167.74 57.01 109.30 | 28.67 Yes 0.55
11 173.22 75.65 136.31 | 33.14 No 0.68
12 122.97 36.2 89.79 33.43 No 0.45
13 210.68 111.91 152.62 | 30.04 No 0.76
14 201.97 62.53 133.73 | 43.38 No 0.67
15 192.24 62.58 132.45 | 40.82 No 0.66
16 186.84 99.98 146.51 | 37.34 No 0.73
17 208.41 30.78 129.55 | 60.89 Y 0.65

Figure Il - 1

Figure Il - 2

Figure Il - 3
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Second Experimental Phase

Table Il - 3 process parameters 5 layer deposition 16MnCr5 — First Trial

F
Laser
FIGURE Peripheral igr‘ijc?yor i g;a;ner shieiding | *0 Foner | o |
I - speed vp plate flow flow gas flow diameter
W, mm/u
(m/min) (U/min) (g/min) | (I/min) (I/min) (mm) " ( ) (mm)
18 50 6 18.27 6 10 1.2 1800 | 0.25 0.08
19 50 6 18.27 6 10 1.2 1800 | 0.25 0.10
20 50 6 18.27 6 10 1.2 1800 | 0.25 0.12
21 50 6 18.27 6 10 1.2 2000 | 0.25 0.15
22 50 6 18.27 7 10 1.2 2000 | 0.25 0.15
23 50 6 18.27 8 10 1.2 2000 | 0.25 0.15
24 50 6 18.27 6 10 1.2 2200 | 0.25 0.15
25 50 6 18.27 6 10 1.2 2200 | 0.25 0.15
26 50 6 18.27 7 10 1.2 2200 | 0.25 0.15

Table Il - 4 Thickness of the 5 layer build up and deviation of the achieved thickness from the theoretical one expected in the First trial

FIGURE Th:\flj:éss Thi'\c/lljz;ass Mean Sf;/?:t?c:: Boons;ng ND Thiizzzzzea(iter thickrz{eesas| after | Deviation
" - 5 layers 5 layers
(um] (um] (um] (um] Yes/No | [mm] [mm] (mm] (%}

18 868.30 701.66 818.34 54.75 No 0.08 0.40 0.818 104.59
19 923.12 674.25 836.33 91.78 No 0.10 0.50 0.836 67.27
20 911.06 760.86 873.63 51.65 No 0.12 0.60 0.874 45.61
21 663.00 531.00 | 590.57 51.32 Yes 0.15 0.75 0.591 21.26
22 567.91 505.41 532.35 24.06 Yes 0.15 0.75 0.532 29.02
23 548.17 414.42 | 496.64 48.04 Yes 0.15 0.75 0.497 33.78
24 376.32 120.64 | 250.73 91.66 Yes 0.15
25 348.64 151.30 | 253.15 64.68 Yes 0.15
26 459.41 208.41 366.73 8.18 Yes 0.15
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EDX measurements results

Figure lll - 27
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Table Il - 5
Spectrum | In Statistic | C 0 Al Si Ti Cr Mn Fe Zr Total
Spectrum | Yes 2535589 | 1882 |585 | 147 |053 |764 |236 491 | 100.00
1
Spectrum | Yes 5.09 0.37 0.97 | 090 | 92.66 100.00
2
Spectrum | Yes 4.80 | 4.71 0.39 0.97 | 093 | 88.21 100.00
3
Max. 4.80 | 55.89 | 18.82 | 5.85 097 | 764 |9266 | 491
Min. 2.53 | 4.71 0.37 5.85 0.53 | 090 | 236 4.91

All results in mass%
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Figure Il - 28
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Table Il - 6
Spectrum In Statistic 0 Al Si Ti Cr Mn Fe Zr Total
Spectrum 1 Yes 62.65 | 1897 | 6.05 | 1.06 | 041 | 434 | 1.14 | 538 | 100.00
Average 62.65 | 1897 | 6.05 | 1.06 | 041 | 434 | 1.14 | 5.38 | 100.00
Max. 62.65 18.97 | 6.05 1.06 | 0.41 434 | 1.14 | 5.38
Min. 62.65 18.97 | 6.05 1.06 | 0.41 434 |1 1.14 | 538

All results in mass%
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Process option: All elements analyzed (normalized)
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Table lll - 7
Spectrum In Statistic 0 Al Si Ti Cr Mn Fe Zr Total
Spectrum 1 Yes 53.81 | 20.75 | 6.57 | 1.52 | 0.59 | 882 | 2.26 | 568 | 100.00
Average 53.81 | 20.75 | 6.57 [ 1.52 | 059 | 882 | 226 | 568 | 100.00
Max. 53.81 | 20.75 | 6.57 | 152 | 059 | 882 | 226 |5.68
Min. 53.81 | 20.75 | 6.57 | 1.52 | 059 | 8.82 | 2.26 | 5.68

All results in mass%
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