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Introduction

This thesis is dedicated to the study of additively manufactured or repaired specimens by
Directed Energy Deposition (DED) and has been funded by the Direction Générale
de P’Armement (DGA) and the Société Nationale des Chemins de Fer francais
(SNCF). The objective is to investigate the effect of the process parameters on the final
properties and to associate them with the microstructure. The understanding of the
underlying phenomena will demand examination at different space and time scales of
the process and material. The feedstock under consideration is a standard 316L stainless
steel which will be used to manufacture various single-track structure configurations.
The novelty of this study is the observation of the strain localization at the grain scale
during tensile loading for the very specific hierarchical microstructure inherent to this
process. This experiment combined an in situ tensile test inside a Scanning Electron
Microscope (SEM) with High Resolution Digital Image Correlation (HR-DIC) and an
Electron Backscatter Diffraction (EBSD) map. These results permitted to give a fresh
interpretation for monotonic tensile tests as well as for self-heating experiments under
cyclic loading and the associated failure patterns observed at the surface of specimens.
The work is organized in 5 chapters which correspond to the following: (1) a general
state of the art on metallic additive manufacturing and repair technologies, (2) a
single-track analysis to define an operational process parameter window, (3) an analysis
of the effect of the loading direction at the microstructure scale, (4) a study of the
deformation mechanisms at the interface between the damaged part and the added
material, (5) an investigation of the self-heating behavior of additively (re)manufactured
specimens.

Chapter 1: State of the art is a general introduction on additive manufacturing, its
inherent defects and the available types of feedstock. The discussion also adresses the
problems of the repair of metallic parts and presents some current technologies used to
remanufacture damaged parts.

Chapter 2: Single-track analysis starts with a quick presentation of the machine
used in this study as well as the chosen material and its characteristics. Afterwards, an
investigation of the effect of the process parameters on the geometry of the cross section
of a single-track printed is presented. We propose an algebraic model to relate the
process parameters with the observed geometry of the cross section of the track as well
as the generation of an operational process parameter window. Within the complete
process parameter map, the operational window contains the combinations for which
the tracks have an optimal geometry. Additionally, an analysis of the microstructure
and of the cellular substructure observed conducts to an optimal range of the printing
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parameters and end the chapter.

Once we fixed the process parameters to one combination, single tracks were printed on
top of each other and specimens were extracted in two orientations from this additively
manufactured wall. Their analyses is the subject of the next chapter.

Chapter 3: Fully printed specimens proposes an investigation of the tensile prop-
erties of specimens extracted from additively manufactured single-track thickness walls.
For additive manufacturing, it is well known that the process parameters are driving
the microstructure and therefore the global mechanical properties of the material of the
structure. In [1], it was noted that the laser energy density has a strong influence over
the grain size and the part density, hence affecting the mechanical properties. The man-
ufacturing processes, the obtained microstructure and the mechanical and wear behavior
were correlated in [2]. The results showed that the highest mechanical properties, under-
stood as yield and ultimate tensile strength, as well as the best tribological performance
were obtained for 316L stainless steel specimens produced by Selective Laser Melting
(SLM) when compared to hot pressing or conventional casting. The result has been
explained by a finer microstructure obtained in the AM process. In [3] the effects of
inter-layer dwell time interval were studied and it was found that longer dwell time inter-
vals imposed higher cooling rates, leading to finer microstructures and therefore to higher
tensile strength and lower ductility. Furthermore, in additive manufacturing, the lasing
and building strategy will lead to the formation of oriented microstructures with elon-
gated columnar grains [1]. In addition, anisotropic macroscopic properties are reported
in for example [5] and [6]. In [7], several tensile behaviors for additively manufactured
316L stainless steel specimens are summarized and a clear effect of the loading direction
on the mechanical properties is reported. Indeed, the authors showed that the yield and
tensile strengths is superior of the specimens tested along the building direction while
the elongation is greater for the specimens tested along the printing direction. Hence,
the aim of this chapter is to understand the origin of the observed anisotropy. Dog-bone
shaped specimens were extracted from the wall along the building and printing direction
and tensile tested inside an SEM. HR-DIC combined with the microstructure map of the
specimen permitted to compute the strain per grain and finally to highlight the different
deformation mechanisms explaining the anisotropy.

A procedure to track the microstructural local strain is proposed and extended in the
next chapter to repaired specimens.

Chapter 4: Repaired specimens investigates the capacity of the Directed Energy
Depostion (DED) technology to repair components by studying the interface between
the damaged part and the added material. Traditional cladding processes such as arc
welding [3], thermal /plasma spraying |9, 10, 11] and cold spray [12], to name a few, have
been studied for the past decades. However, they present severe limitations related to
the particularities of the processes that have prevented their large scale deployment.
We can mention: a large heat affected zone (HAZ), critical distortions, poor geometric
accuracy and low mechanical properties as fabricated. In comparison, DED is a very
promising technology thanks to its capacity to repair complex geometry and with
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optimized parameters it can attenuate the HAZ, create metallurgical-bonded deposits
and reduce the distortion |13, 11].

At a macroscopic scale, several research groups investigated the repair by studying the
filling material, the post treatment or the repairing strategy |15, 16]. For example, in [15]
promising results for the repair of an ultra-high strength AISI 4340 steel are established.
However, with the same material, the authors highlighted poor tensile properties and
a significantly reduced fatigue life of the repaired part. A noteworthy improvement by
a factor 10 of the final properties in comparison to the repaired specimens with AISI
4340 was obtained when the cladded layer was changed to an AerMet 100 steel. Finally,
for the latter specimen, the authors observed that applying a post-clad heat treatment
improved the fatigue limit above the damaged part. For Inconel 718, it was shown in
[16] that the geometry of the groove to be repaired as well as the printing strategy
influence the final mechanical properties. The authors qualitatively observed that the
trapezoidal groove generates a smooth transition of deposited materials and therefore a
good bonding. Additionally, the weakest wear resistance was obtained for the specimens
manufactured with a diagonal building direction.

At the microscopic scale, the material is subjected to several physical phenomena driven
by the process parameters. As a consequence, hierarchical microstructures are generated
[17, 5] which are significantly different from conventionally processed materials. For
repair work, this implies that the original part and the repaired material can have
very different microstructures which can cause different strain-fields under loading and
therefore, different damage patterns and crack networks.

As a consequence of the surveyed literature, the chapter proposes an investigation of
the deformation mechanisms at the interface between the damaged part and the added
material. More precisely, a 316L stainless steel hot rolled sheet substrate was repaired
employing DED. The dog-bone shaped repaired specimens are composed of two equal
parts with an initial substrate and the added repaired part. This design permits to load
the interface in tension during a tensile experiment. A fine gold pattern was deposited
on an area across the interface and afterwards, the specimens were tensile tested
inside an SEM. Strain full-fields were obtained through HR-DIC and we associated
the results with the microstructure map. Consequently, we were able to track the
local microstructural strain distribution and therefore highlight different deformation
mechanisms at both sides of the interface. Additionally, the present chapter will fill the
gap between microstructural strain localisation investigations performed on fully printed
[18, 19, 20] and conventionally manufactured |21] specimens.

Chapter 5: Self-heating behavior proposes a study of the fatigue properties and the
lifetime predictions of the fully printed and repaired specimens. These properties can
be assessed at the macroscopic scale of the structure or studied at the local level of the
microstructure. For metallic components, they depend on the plasticity mechanisms and
the particular grain structures at the microscopic scale of the material as discussed in
[22, 23]. Fatigue life in as-built metal AM materials has been discussed under different
settings: (i) the influence of processing conditions and the resulting defects in structure
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[24, 25], (ii) the role of the particular microstructure which has been exhibited by the
anisotropic properties for static and cyclic loadings in [0, 26| and [25, 27], respectively.
Studies like [28, 15] equally highlight the difficulties and the underlying cost of providing
a large data-base of fatigue tests for materials that can largely vary according to the
process parameters. Therefore, alternative and faster methods are required to determine
such properties. One of them is based on the self-heating measurements of the specimen
due to microscopic plasticity observed under cyclic loadings [29].

Here we assess a self-heating testing method for the characterization of fatigue properties
of single-track thickness fully printed and repaired specimens. The critical fineness of the
tested specimen was overcome and the temperature elevation versus the stress amplitude
results were interpreted using the Munier self-heating model [30]. We evaluated the
impact of one process parameter and also the influence of the microstructure orientation
with respect to the loading direction on the dissipative behavior and the initiation of
microcracks. Additionally, the results were correlated with patterns of plasticity at the
grains scale observed in the chapter 3 and 4.
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1 State of the art

1.1 A short introduction to Additive Manufacturing

Additive manufacturing (AM) has been defined in [31] as: “the process of joining materi-
als to make objects from three-dimensional model data, usually layer upon layer”. This
unique manufacturing technique enables the production of optimized and complex parts
without the need of expensive tools such as casting molds or sophisticated machining.
In the past decades, additive manufacturing has evolved from a rapid prototyping tech-
nique [32] to a manufacturing process for fully functional parts with a wide range of
polymers and metallic materials [33]. Due to the low production rates and high cost
per part, AM is for now a complementary technology to conventional processes and will
probably never be a competitor for important series of low value components, neither
for the production of very large parts. At the present moment, it is more suitable for
a small number of highly complex parts and therefore, applications are the most devel-
oped in, but not limited to, aerospace |31] and biomedical industries [35]. Industries can
highly benefit from the free design allowed by AM by producing “un-manufacturable”
design. Furthermore, they can drastically reduce the number of components of mechan-
ical assemblies. One of the successful examples presented by GE Aviation is, in October
2018, the 30000 additively manufactured fuel nozzle tip [36]. This substantial techni-
cal achievement allows to additively manufacture the nozzle tip in one part instead of a
mechanical assembly of 20 pieces welded together. Consequently, it permits to cut the
weight by 25 % as pictured in Figure 1.1.

Additively manufactured parts can be produced on demand and are therefore extremely
important for industries because it shortens the supply time for critical components and
removes the financial and logistic pressure of voluminous storage.

Figure 1.1: Image of a 3D-printed fuel nozzle tip for the LEAP engine [36].

In the biomedical field, additive manufacturing is an innovation that permits patient-
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specific care and revolutionizes the workflow of patient-specific orthopaedics procedures
as shown in Figure 1.2 extracted from [37].

The industrialization of additive manufacturing is nevertheless complex and an expensive
task because it requires an extensive understanding of the technology. More specifically,
the effect of each process parameter affecting the microstructure, mechanical properties,
defects and residual stress. This lack of understanding is actually the limiting issue for
the certification of critical additively manufactured components. However scientists and
engineers are actively investigating this technology as revealed by the number of articles
per year which has multiplied by 3.6 since 2009 (see sciencedirect.com, keyword: Additive
manufacturing).

Medical images
Surgeons (CT £ MR)

Image processing

Patient
specific
modeling

|

Surgical planning

Engineers * evaluation
E - Patient-specific 4
Anatomical instruments Custom
models _ implants

2 4$= 3Dpinting ==
e, v R

Patient-specific
orthopaedics

Figure 1.2: Clinical workflow of patient-specific orthopedics from image acquisition to
3D-printed models and implants [37].

1.2 Powder Bed Fusion technology

Two AM technologies have received particular attention in the past years: Powder Bed
Fusion (PBF) and Directed Energy Deposition (DED). The PBF technology creates
objects by sweeping a heat source over a given shape at the surface of a powder
bed. As a layer of particles is fused, the powder bed descends and a fresh unfused
layer of particles is distributed over the surface of the powder bed and the operations
are then repeated. This technology is well known under several declinations such
as Direct Metal Laser Sintering (DMLS) [38]|, Selective Laser Melting (SLM) [39],
Electron Beam Melting (EBM) [10] etc. The heat source melting the powder is usually
a laser beam but can also be an electron beam within a particular configuration as
discussed later. PBF laser machines in most cases use a neodymium-doped yttrium
aluminium garnet (Nd:YAG) laser with a wave of 1,06 um permitting to develop a power
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(related to the configuration, machine manufacturer etc.) between 100 W to 1 KW.
The manufacturing of the part in a PBF machine is performed in a chamber with a
controlled atmosphere filled with an argon gas used as a shield to avoid oxidation. A
scheme extracted from [11] and presenting the PBF technology is displayed in Figure 1.3.

Laser Source

Spreading Device
For Example a Roller or Blade)

=P

Fabricated
Part

Fabrication

Powder .
Piston

Delivery Piston

Figure 1.3: Schematic presentation of the PBF laser technology [11]

PBF electron beam machines are similar to PBF laser machines but they operate inside a
vacuum chamber and the heat source is an electron beam as schemed in Figure 1.4. This
different heat source consists of the acceleration of electrons creating an intense beam
which is focused on an area. The melting of the powder is accomplished by transforming
the kinetic energy of the bombarded electrons into a thermal one.

With a slight difference to the PBF laser machines, the PBF electron beam process relies
on a two-step sequence as presented in |7]. The first step consists of a light sintering of
each layer of powder in order to avoid any electro-static charging and therefore potential
repulsion of the particles. Next, for the second step the electron beam finally fuses the
pattern of powder to build the part layer by layer. The first step of the process is usually
held on a bed at an elevated temperature permitting a relatively fast scanning speed of
the beam. However, it is limited to electrically conductive powder.
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Figure 1.4: Schematic presentation of the PBF electron beam technology from Arcam
[42]

1.3 Directed Energy Deposition technology

The DED technology is an additive manufacturing process in which the material is trans-
ported into a focused heat source and then deposited on the already constructed layers
[13]. Particular variants of the DED process have been denoted in several ways in the
literature such as: Direct Metal Deposition (DMD) [11], laser cladding |15], Laser Metal
Deposition (LMD) [16], Direct Laser Deposition (DLD) [17] and Electron Beam Direct
Melting (EBDM) to name a few. It has been used for various applications such as the
manufacturing of complex or graded parts [18], for the deposition of coatings [19] or as
a repairing technique [50].

As suggested by the various denomination, two types of heat sources can be used with
this technology. Additionally, the processed materials can be either powder or wire as
shown in Figure 1.5(a) and (b) respectively [7].

A common technical solution presents a depositing system (heat source + feedstock)
mounted on a robotic arm or a 3 axis system (+ 2 rotation of the substrate) permitting
the (re)manufacturing of complex parts. Also, the powder is most often carried by an
argon gas to the melt pool with a sufficient kinetic energy allowing the powder to escape
from the gravity during flight, thereby making the deposition process effective for non
vertical deposition [71]. In addition, the argon gas acts as a shield protecting the melt
pool from oxidation. However, for some materials such as Ti-alloys, a complete inerte
chamber is required.

DED machines using an electron beam as a heating source operates in a vacuum
chamber which provides a high-purity manufacturing environment. This high quality
processing space is therefore particularly suitable for materials such as Ti-alloys.
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Electron
beam

Powder

injection nozzle Substrate

Figure 1.5: Schematic presentation of the DED technology for laser and powder in (a)
and electron beam and wire in (b) [7]

As expected, the previously presented technologies have their advantages and limitations
as shown in Figure 1.6 extracted from [52].

Finally, both previous technologies presented come with their respective limitations in-
cluding the complexity and resolution of the technology as well as the deposition rate
and part size as presented in figure 1.6 extracted from [52]. PBF and DED should be
considered as complementary and used appropriately according to the application tar-
geted.

10
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Decreased resolution & complexity

\ 4

Increased deposition rate & part size

Figure 1.6: Comparison of surface finish and deposition rate between powder-feed /-bed
and wire-feed technologies. a) Titanium micro lattice fabricated using powder
bed electron beam melting [53]. b) A powder-feed-directed light fabrication
of 316 stainless steel hemispherical shapes [74]. ¢) Three INC625 as built
DED samples presenting a surface roughness 2 um [55]. d) A large struc-
ture manufactured by WAAM from Cranfield University [50]. e) 2219 Al
airfoil produced by DED [57]. f) As-deposited sample made by wire-feed
LAM (AeroMet) with “stair stepping” surfaces and g) shows the sample after
surface machining [52]

11
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1.4 Process parameters for the DED

DED consists of a series of various coupled physical events all taking place at different
time scales. If an analysis is performed at a manufacturing instant in time, there are a few
potential paths for momentum and energy transfer [53]. Immediately after deposition,
the material undergoes complex melt-pool dynamics and rapid solidification (=~ 300 K/s).
If more layers are added, then the solidified material spends the rest of the printing time
being subjected to heating-cooling thermal cycles at varying temperature rates. These
physical events that can occur consecutively or in parallel are summarized and categorized
in [58]. Also for each category, some specific sub-events are presented and an overview
was proposed in [55].

Laser
type, power, frequency
beam profile, diameter and offset //
substrate/laser relative speed \X\ //
scanning pattern, idle time Y
laser-induced plasma & pressure N
1

Blown Powder Dynamics
nozzle specifications Blown Powder Energy Transfer
particle feed rate, frequency, efficiency, idle time e laser/powder interaction
particle/carrier-gas interaction (drag) o attenuation, scattering, absorption
particle/particle interaction (collisions) e mid-flight pre-heating, melting and
particle/melt pool interaction (mass reflection/absorption) evaporation
body force interaction

Melt Pool Heat Loss
* convection to shielding/carrier gas
e radiation/reflection to surroundings
o variant emissivity, reflectivity

Melting (Useful Energy Utilization)
e melt pool initiation (melting of submerged powder)
e melt pool/laser interaction (absorption)

—
{ % e melt pool evaporation
Melt Pool Dynamics
e melt pool/powder interaction (splashing, mass addition)
e temperature distribution (superheat) v
e radiation transmission ——
e wetting behavior with pre-deposited layers and gas (surface tension, contact angle variation, oxidization)
e profile stability (boiling, vapor re-coil)
e fluid dynamics (Marangoni convection, density-driven flows, body forces)
—
Conduction ~_~ C Part Heat Loss
e Heat Affected Zone (HAZ) volume/depth e convection to inert gas
e high heat flux transport e radiation to surroundings
® sensible heating/thermal cycling o emission, absorption
e substrate interaction (heat sinking effecls)]
Y \?‘ Microstructural Evolution
Solidification el
- P | Missaii e dendritic solidification/growth
®: enthalpy.of fusion|{meltpool dissolution} [ e dilution of chemical constituents
e re-melting of previous layers
® mass transfer
e porosity/inert gas entrapment 1
e heterogeneous nucleation of solid participate
e mushy zone thermo/fluidics Resultant Mechanical

*
Properties
e Deformation
e Strength
L 4

Figure 1.7: List of the physical events taking place during the manufacturing of the DED
process at a given instant time. This figure is extracted from [55].

All these phenomena are directly linked to the process parameters of the DED including

the deposition speed, the printing strategy, the laser power, the laser beam diameter, the
powder flow, dwell time and the vertical and horizontal increment, to name some "easily

12
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controlable" parameters. In fact, in [59], the authors listed 19 significant parameters that
affect this manufacturing process and they are presented in Figure 1.8.

Material Laser Product Process Environment
Beam
Height of Delivered Mass
Density, p Diameter at Gravity, g
Deposit, hp | Flow Rate, m
Focus, dg
Deposited Mass
Thermal Width of
Power, P Flow Rate,
Conductivity, k Deposit, w
Myep
Energy Loss to
Solidification Time, ts Environment,
E,
Translation
Viscosity, p
Speed, v
Heat Capacity, ¢, Powder Size, d;
Initial Powder
Surface Tension, ¢
Temperature, T;
Powder Stream
Melting Energy, E_
Speed, v,

Figure 1.8: List of the various parameters that can affect the metal layer deposition
process [59)].

One can therefore imagine the challenges of a such process and the induced sensitivity
of the final part to the process parameters. An example to illustrate this sensitivity is
the effect of the printing strategy for the manufacturing of thin walls in a nickel-based
superalloy [60]. In this article, the authors highlighted the difference of microstructure
occurring for a unidirectional or bidirectional printing strategy as displayed in Figure
1.9(a) and (b) respectively. In fact, for the unidirectional printing strategy they observed
elongated grains with a tilt angle of 60° with respect to the horizontal axis while they
found a herringbone pattern for the bidirectional printing strategy.

13



1 State of the art

Figure 1.9: Microstructure of a nickel-based superalloy produced by a unidirectional and
bidirectional printing strategy in (a) and (b) respectively. This microstruc-
ture maps are extracted from [60].

14
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1.5 Some of the most common feedstocks for DED:

Potentially, all the weldable and castable materials can be used as feedstock materials
for additive manufacturing [01]. However, the set of commercially available powders is
limited even though the range of accessible materials is continuously expanding. In this
section, a non exhaustive list of alloys based on the most frequently occurring feedstock
in the literature, particularly for the DED process, is proposed.

Alloy Type Aluminum Maraging | Stainless Titanium Cobalt  Nickel Precious

Steel Steel Chrome Super Metals
Alloys

Aerospace X X X X X

Medical X X X X

Energy, Oil, X

Gas

Automotive X X X

Marine X X X

Environment

Machinability X X X X

Weldability

Corrosion X X X X

Resistance

High X X

Temperature

Tools and X X

Molds

Consumer X X X

Products

Figure 1.10: Most common additive manufacturing alloys and application [62|. The red
rectangle are the materials discussed in this section.

- Titanium alloys:

Ti-alloys have been largely investigated for the aerospace and biomedical industries
due to the wide spectrum of properties combining at low and high temperatures,
great mechanical strength, bio compatibility, low density and corrosion resistance.
Titanium alloys can be classified into 3 types namely, a-alloys, S-alloys and a-(-
alloys. Specific chemical elements highly contribute to the transformation tempera-
ture of the alloy and therefore act as stabilizer of the o and g phases. Hence, solute
elements such as Al, O, C, N which decrease the transformation temperature are
referenced as a-stabilizers while increasing transformation temperature elements
such Fe, Cr, Nb, Mo, Ta, V and W, named p-stabilizers will expend the S-phase
region |63, 64, 65, 66]

Among the large spectrum of Titanium alloys, Ti-6Al-4V in particular received
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more attention thanks to its excellent ratio strength-to-weigth. This material has
been extensively studied for DED and showed high sensitivity to process parame-
ters with tensile properties usually comparable to wrought, however with a loss of
ductility within 10-30% [07, 68, 69].

Cobalt based alloys:

The cobalt based alloys are particularly suitable for wear application as well as
for corrosive and hot environments [70, 71, 72, 73|. Most of these properties arise
from the crystallographic nature of cobalt, the solid-solution-strenghthening and
anti-corrosion effect thanks alloying elements such as chromium, molybdenum and
tungsten [74, 75]. Also, the chemical composition of this alloy is tailored for a
particular application. For exemple, in the case of a wear application, depending
if it is an abrasive, sliding or an erosive wear, the carbon, tungsten and silicon
contents are adapted [75].

Nickel based alloys:

Ni-alloys are very interesting because of their ability to withstand a variety of
extreme environments such as high temperature, high stress and a corrosive envi-
ronment |76, 77, 78]. More specifically, the commercially available Inconel 625, 718
and Invar 36 are often used for the (re)manufacturing with AM processes for the
aerospace industry [79]. In [7], many researches concerning this family of alloys are
summarized, and more precisely a large comparison of the monotonic tensile be-
havior is proposed. No clear anisotropic behavior despite the presence of elongated
and orientated grains along the building direction was found. Finally, nickel based
alloys are becoming an interesting substitute to cobalt based alloys because of their
mechanical properties but also because nickel is widely available and thus cheaper.

Stainless steels:

Stainless steels are an important family of materials used for diverse applications
from cooking utensils to high-end application like space vehicles [30]. As suggested
in the name, iron is composing the bulk of the materials usually at more than
50%. The stainless properties of this alloy are inherited from the at least 11% of
chromium creating an invisible, self-healing and adherent formation of a chromium-
rich oxyde surface film [$1, 80]. Additional alloying elements are usually added to
enhance specific properties and divides the stainless steel alloys in 5 (most common)
families [32]:

e Martensitic stainless steel [33]

e Ferritic stainless steel [34]

e Duplex stainless steel [35]

e Precipitation hardening stainless steel [30]

e Austenitic stainless steel:
Austenitic stainless steel is the most common type of this alloy family and show
exceptional corrosion resistance and equally high mechanical strength [37].



1.6 Powder manufacturing processes

Austenitic stainless steel parts manufactured by AM include 304, 304L, 316
and 306L stainless steels. Usually these alloys present higher yield and tensile
strength than conventionaly manufactured parts [33] but a lower ductility is
often reported as summarized in |7].

Anisotropic behavior is observable as exhibited in Figure 1.11 showing the
longitudinal versus transverse mechanical properties. In this Figure, one can
note that longitudinal yield and tensile strength are slightly superior than the
transverse ones as shown in (a) and (b) respectively while, in contrast in (c),
the transversal elongation is superior in comparison to the longitudinal one.
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Figure 1.11: Image extracted from |7] showing that longitudinal yield and tensile strength
are slightly superior than the transverse ones as shown in (a) and (b) respec-
tively. In contrast in (c), the transversal elongation is superior in comparison
to the longitudinal one.

Finally, other materials such as aluminium or copper alloys can be found in literature
but their application is still challenged by the complex processing of such alloys [39].

1.6 Powder manufacturing processes

Powder is a common feedstock material used for AM processes because it is relatively
convenient to transport and the melting is easy to control. However, the quality of
the powder manufactured is a crucial element determining the final properties of the
printed /repaired part. Indeed, characteristics including flowability, composition, shape
and size distribution severely affect the properties as shown in [90, 91, 92]. These charac-
teristics are inherited from the powder manufacturing process which can be categorized
in 4 families as follows:

- Gas atomization (GA):
Gas atomization is a manufacturing process where the material feedstock is melted
under an air or inert gas blanket, or under vacuum as presented in Figure 1.12. The
chamber is then backfilled with gas to force molten alloys through a nozzle where

17
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high velocity air, Nitrogen (N), Helium (He) or Argon (Ar) gas impinges onto the
flowing melt and breaks it up into small particles. The powder usually features
spherical morphology and the presence of attached satellite particles as shown in
Figure 1.13(a) and Figure 1.14(a) and (b). Inherited from the particularities of this
process, the powder often contains entrapped gas bubbles creating porosity in the
manufactured part as shown in Figure 1.14(c) and discussed in section 1.7.3 .

Nozzle

Collection
Chamber

Figure 1.12: Scheme of the gas atomization process extracted from [93]

- Water atomization (WA):

This manufacturing process is the same as gas atomization but with high pressure
water jet instead of gas. The shape of the resulting particles is irregular and coarse
in comparison to GA powder as shown in Figure 1.13. Also, this process exhibits

the least uniform size distribution.

SEMMAG: 1.00kx  Del: SE Detector

SEMHV:500kV  PC: 10

:
VEGAN TESCAN
50 pm {
WD: 114680 mm  Date(midsy): 102915

Digtal Mcroscopy maging Il

SEMMAG: 1.00k  Det: SE Detector
SEM HV: 5.00 KV PC: 1

VEGAN TESCAN
0 50 um e
WD: 11.9670mm  Date(midhy): 1029115

Dighal Mcroscopy imaging ll

Figure 1.13: Image extracted from [94] showing SEM images of 17-4PH powder with a
mean particle diameter of 20 um produced by gas and water atomization in

(a) and (b) respectively.

18



1.6 Powder manufacturing processes

- Rotary atomization (RA):
During this process, a molten metal is poured onto the surface of a spinning disk
which ejects fine molten metal droplets that solidifies as metal powder [95]. The
powder particles from the rotary atomization process exhibit smooth surfaces but
the particles have an elongated aspect as shown in Figure 1.14(d) and (e).

- Plasma rotation electrode process (PREP):
During this powder manufacturing technique, a bar of metal is held in rotation
along its longest axe while it is melted at its free end by an electric or plasma arc
creating an ejection of fine molten metal droplets that solidify as metal powder
[96]. The PREP powder particles are perfectly smooth and spherical as shown in
Figure 1.14 (g) and (h). Of the 4 manufacturing process, PREP show the most
uniform distribution [97].

Figure 1.14: Image extracted from [97] showing a comparison of powder quality before
use: (a) SEM 250x of GA, (b) SEM 500x of GA, (c) LOM of GA, (d) SEM
200x of RA, (e) SEM 500x of RA, (f) LOM of RA, (g) SEM 200x of PREP,
(h) SEM 500x of PREP, (i) LOM of PREP.
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1.7 Defects

Eventhough the additive manufacturing technique is promising to reshape the future of
manufacturing industries, various defects inherent to AM exist and prevent the adoption
of the technique to mainstream industries for now. A list of the most common defects is
presented in this section.

1.7.1 Loss of alloying elements

As discussed previously, during the additive manufacturing process, the particles or wire
are subjected to high temperature leading to selective vaporization. Indeed, the material
to be melted is an alloy constituted of various elements that can vaporate because of
their volatility resulting in additively manufactured parts with a chemical composition
affected as shown in Figure 1.15. In this Figure extracted from [98], one can note the
loss of aluminium and the gain of titanium with respect to the distance along the build
height.

Distance along

Figure 1.15: Variation of the chemical composition of a Ti-6Al-4V alloy with respect to
the distance along the build heigth [98]

This variation of chemical composition is problematic because it can have several ma-
jor effects on the final properties of the manufactured parts (microstructure, corrosion

20



1.7 Defects

resistance, mechanical strength etc.) [99, ) , |.

Therefore, it is important to measure this vaporization even though it is a complex task
in the case of additive manufacturing. According to the literature, few techniques permit
this kind of measure. For exemple in [103], the authors mounted a quartz tube system
co-axially with the laser beam and were able to collect the vapors of certain alloying
elements of an AISI 202 stainless steel.

Another way to measure this vaporization is by comparing the initial chemical composi-
tions of the feeding materials with the final composition of the additively manufactured
part. However, since AM produces highly heterogeneous microstructure and chemical
segregation, a large surface of analysis is required in order to be statistically represen-
tative when non destructive analyses are performed (electron probe microanalysis, spec-
troscopy). However, performing destructive tests such as inductively coupled plasma
mass spectrometry can greatly increase the accuracy of measurements [104].

Process parameters are driving the vaporization and should be optimized. In [105], the
variation of aluminium content in a Ti-6Al-4V manufactured by DED was investigated
for different process parameters. It was found that the “slow and hot” combination en-
sues the highest percentage of aluminium. This configuration is counter intuitive because
a higher temperature facilitates the vaporization of certain alloying elements. However,
the combination of process parameters expands the size of the melt pool resulting in
less compositional variation i.e. it explains the higher content of aluminium. Hence one
should remember that the vaporization of the alloying elements is determined by the
melt pool geometry and temperature distribution i.e. directly linked to powder of the
laser, deposition speed, powder rate and beam diameter.

1.7.2 Surface roughness

The surface roughness of a part is defined as the variance of the surface topology. It is
directly related to a large number of interdependent parameters such as material feed-
stock (size of the particles, powder flow etc.), process parameters (laser powder, layer
height etc.), design of the part (geometry, tilt angle), finishing etc. to name a few. This
surface character of additively manufactured part is of critical importance since it will
directly affect the aesthetics and mechanical properties [106, , , , , |.
In addition, additively manufactured parts used for high end application necessitate an
average surface roughness inferior to 1 um [112]. However, the surface roughness is usu-
ally superior to 15 um [113, |, therefore limiting the direct application of parts as
produced. Surface roughness can be reduced by employing several post processing tech-
niques such as for exemple machining polishing or chemical treatment. These finishing
techniques are used to limit the roughness surface of parts, however, it strongly increases
the production time.

A general consensus is that optimum surface state of the additively manufactured part
occurs when using thin and stable DED layers. Concerning the DED manufacturing
process, 3 main phenomena are at the origin of the surface roughness and are presented
next.

As described in [111], the first two causes are:
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1. The sticking of the partially or non melted powder particles on the free surface as
displayed in Figure 1.16

Figure 1.16: SEM image extracted from [111] showing the surface of a printed part with
particles spread and agglomerated at the interlayer zones.

2. The formation of wave shapes between successive deposited layers defined as the
formation of menisci with a variable curvature radii as presented in Figure 1.17

]
W,=Wy/2 |
)
e
]

Ti /B 0',
N\

Marangoni

flow \Q;E.I

Grain
boundary
I _200 um

Figure 1.17: Image extracted from [111] of a transversale cut of wall where a periodic
meniscus is observable.

3. The “stair case effect” presented in [115] and displayed in Figure 1.18 is a conse-
quence of step approximation when an inclined surface is manufactured.

Other effects specific to PBF technology can be present but will not be discussed in this
section.
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Figure 1.18: Scheme of the “stair case effect 7 extracted from [!15] representing a
transversale cut of a wall where a periodic meniscus is observable.

1.7.3 Porosity and lack of fusion defects

One of the challenges of additive manufacturing is to eliminate the presence of lack of
fusion and porosity. Indeed, these common phenomena negatively affects the mechanical
properties [116] and can be classified as follows:

- Keyhole induced porosity:
As explained in [117], under certains conditions, the molten pool depth is driven by
the evaporation of the metal ensuing very deep dilution (defined later in equation
2.4). Additionally, a punctual collapse of the vapor cavity formed by the evapo-
ration of the metal can create holes at the bottom of the dilution of the track as
presented in Figure 1.19.

(NP

\* /\ ’V""'

K- - A 5
{ \’ Bottom of the molten area '

Figure 1.19: Longitudinal cross section of a track with the presence of keyhole induced
porosity at the bottom of the molten area. We annotated the figure but the
original was extracted from [117]

- Intralayer porosity: This phenomenon is often characterized by spherical poros-
ity within a deposited layer due to gas entrapped as shown in Figure 1.20. These
porosity can be due to: (i) the already present gas in the particle inherent from the
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manufacturing process, (ii) the shielding gas or vapor in the melt pool entrapped

during the solidification.

» Gas induced porosity

{ e

i :

500 fm

Figure 1.20: Photomicrographs of as-polished 17-4PH in (a) revealing porosity in the
powder particle and in (b), image of a manufactured part showing gas in-
duced porosity. The figure (b) was annotated by our mean and original (a)
and (b) were extracted from [118].

- Interlayer porosity or lack of fusion: When there is an incomplete bonding
(penetration of the melt pool) with the substrate or previously deposited layers,
fusion defects can be observed as shown in Figure 1.21.

- ' : h : : ‘ .‘ .I‘ti 7 1
Figure 1.21: Image extracted from [l 19] of a metallographic observation of a lack-of-
fusion porosity for laser-deposited Ti-6Al-4V

- inter-run porosity or geometry induced porosity: The geometry induced
porosity is caused by the horizontally aligned or offset tracks of incompatible aspect
ratios and forms near the base of deposited tracks [120] as schemed in the figure
1.22 extracted from [121].
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inter-run porosity

/cladlayer; ; ; ;>§

substrate

Figure 1.22: Scheme extracted from [121]| of the inter-run porosity which is caused by
the horizontally aligned or offset tracks of incompatible aspect ratios and
forms near the base of deposited tracks

1.7.4 Cracking and delamination

Additively manufactured components are subject to 3 main types of cracking as detailed
next:

1. The first type of cracking is usually referred to a delamination. This kind of phe-
nomenon is pictured in Figure 1.23 and corresponds to the separation of two con-
secutive layers (or with the substrate) because of residual stresses. Indeed, when
such a development is happening, the residual stress at the interlayer is superior
to the yield strength of the material as explained in [122]. The origin and effect of
residual stress will be discussed later in section 1.7.5

Figure 1.23: M2 High speed steel parts are produced by Selective Laser Melting and the
effect of the substrate preheating on the delamination for 90°C 150°C and
200°C is respectively displayed in (a), (b) and (c). The images are from
[123] and one can note that pre-heating the substrate lowers the thermal
gradient during the process and is therefore limiting the delamination.

2. The second type of cracking is the solidification cracking or hot cracking and can be
observed in the deposited layer. More precisely, during the deposition, the difference
of temperature between the depositing layer and deposited layers/substrate results
in a difference of thermal contraction. Hence, the solidifying layer is limited creating
a tensile strength and if the magnitude of this stress is higher than the solidifying
track, cracking may occur in the solidifying layer and along grain boundaries or
phases [124, 125].
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Figure 1.24: Image extracted from [125] showing a hot crack in the 718 coating with long
chain morphology Laves phase.

3. Finally the liquidation cracking can be noticed in the partially melted zone. In this
zone, certain low melting temperature precipitate phases present at the boundary
of the grains are liquid during the cooling down when the deposited layer contracts
and shrinks, this liquid zone might act like as a crack site [1241, 120]

Liquation cracking

Laves—»

Figure 1.25: Image extracted from [126] showing the liquidation cracking an Inconel man-
ufactured by laser additive manufactured system.

1.7.5 Residual stresses and distortion

During additive manufacturing, a liquid material is deposited onto cooler layers or sub-
strate resulting in a unique thermal cycle with rapid heating and cooling down. This
quick variation of temperature leads to several physical and mechanical phenomena and
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residual stress is one of them. The origin of the residual stress (RS) is therefore multi-
factorial and the key physical phenomena governing (RS) includes: i) the effect of the
spatial temperature gradient as a consequence of the localised and in-motion heated zone,
ii) the thermal match between the expansion and contraction of the material, iii) The
uneven elastic strain distribution. Many of these phenomena are shared by the welding
science since AM is very similar[!24]. Finally, residual stress is very important because
it can dramatically deteriorate the final properties by ensuing distortion [127] of the part
as shown in Figure 1.26, as well as crack and delamination as discussed in section 1.7.4.
However, several methods to reduce the RS is investigated and the most common one is
preheating the substrate in order to reduce the thermal gradient [128, 129].

Figure 1.26: Image extracted from [125] showing the beneficial effects of preheating. In
(a) and (b) aluminium components manufactured by selective laser melting
with no preheating and a preheating of 200°C are displayed respectively.

1.8 Repair of metallic parts

Repairing metallic parts with additive manufacturing is ambitious because it combines
the challenges known and inherent to AM and the effects on the repaired part (bonding,
heat affected zone, residual stress etc.). However, the benefits from a successful repair are
profoundly attractive with important environmental and economic gains. Independently
from the nature of the repairing technology, the purpose was always either to correct
a default following the manufacturing procedure or to extend the life of the part by
adding materials to the damaged zone. There are nevertheless still scientific challenges
that need to be solved before it can be applied to critical aerospace parts such as the
blades of the aircraft engine. However, for parts with a lower criticality, several repaired
parts are already in use as illustrated in Figure 1.27 with the successful repair of a F/A-
18 Rudder Anti-Rotation Bracket [130]. This component is often replaced because of
extreme localizing wear damage. The price of the replacement operation with a new
component is relatively cheap (300 USD) but the supply time can dramatically affect the
availability of the aircraft up to 18 months which is critical during military operations.
The component was successfully repaired by laser cladding and was certified as having
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low risk permitting to provide operational components in few days (more details in [130]).
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Figure 1.27: Image of the repairing procedure of a F//A-18 Rudder Anti-Rotation Bracket
extracted from [130]

Next in this section, a non exhaustive list of the most common conventional repairing
techniques will be presented with their advantages and inconveniences and finally an
opening of the DED technology used as a repairing method will be proposed.

1.8.1 Conventional repairing methods
1.8.1.1 Thermal spray technology

The thermal spray process gathers different shades of technology such as arc spray, flame
spray, plasma spray etc. [131] but the fundamental principles are the same. For a such
process, a heat source is used to create molten or semi molten droplets from wire or
powder and they are carried by a subsonic or supersonic gas on the damaged area of the
substrate as schemed in Figure 1.29.

As the droplets impact the zone of interest, they quickly solidify and form the par-
ticular deposit called "splat" [132]. The splats randomly stack up on each other and
form the lamellar microstructure characteristics of the thermal spray process. A typical
microstructure is displayed in Figure 1.29.

The advantages of thermal spray [132] are:

- The deposition of potentially all the materials having a stable molten phase i.e.
metals, alloys, ceramic, glass and some polymers at high deposition rates.

- An even greater number of suitable materials as substrates can be used because
in this process, temperature-sensitive substrate are not subject to excessive heat
because of the limited thermal energy of the droplet.

The limitations of thermal spray are [134, 132]:

- The presence of porosity (Figure 1.29) which varies greatly according to the pro-
cessing conditions and heating source. Nevertheless it is generally between 3 to
15%.
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Thermal spray process

<«— Substrate

Figure 1.28: Schematic representation of a thermal spraying process with the two main
components, a heat source and a jet, and the main features of the produced
coatings extracted from [131]

Deposited material

~ Substrate 0

500 pm

Figure 1.29: Typical microstructure obtained by thermal spray [133]

- During the spraying of the metals, the molten or semi molten particles are in
contact with air resulting in the formation of metal oxide in the repaired deposit.
The quantity of oxide depends directly on the process, parameters and materials
and is in the order of few percent. Finally, the plasma spray technology operates in a
vacuum atmosphere limiting the oxidation. However the magnitude of temperature
is higher and some change in the alloy chemistry is more likely to occur.

- Residual stress is present as a consequence of the solidifying droplet on a colder
material which is subject to thermal contraction. This residual stress increases as
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the amount of material is increased and consequently the residual tensile stress rises
to the point that the repaired deposit will crack or separate from the substrate.
Therefore, generally, deposits with large thickness are not suitable for this process
unless the powder sprayed is a high ductility material with low melting temperature.

- The deposition is limited to directly accessible surface to the spray stream.

1.8.1.2 Cold spray

Cold spray is a low temperature, solid-state material deposition process whereby metal
particles (5 to 100 um) are accelerated by a high-velocity gas (usually nitrogen, air) and
projected onto the damaged substrate as schemed in Figure 1.30. As the particles impact
the zone of interest, they intensively and plastically deform and create a high strength
bond without thermally damaging the repaired components [135, 136]. In comparison
to thermal spray, cold spray enables a higher thickness of deposit. Furthermore, this
deposit benefits of compressive residual stresses [132].

monitors
valve o0

]

powder feeder nozzle

| oo

gas heater

deposit  substrate

compressed gas

(a) high pressure cold spray system

Figure 1.30: Scheme of the cold spray technology extracted from [12].

The advantages are [132, 12, 135, 130]:

- Higher density than thermal spray.

- Flexibility of materials.

- Minimum thermal input.

- High bond strength.

- Ultra-thick coatings with compressive residual stresses.

- No phase changes.

- No oxidation.
However strong disadvantages are present [132]:

- Near zero ductility of the deposited material.
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- Hard materials cannot be projected and ductile substrates are preferred.

- The deposition on complex geometry is extremely complicated.

1.8.1.3 Arc welding

The arc welding is the most common welding technology and was originally used to join
metals [137]. It is also well suitable to repair cracks can be declined into two families:

- The Tungesten inert gas (TIG) welding or the gas tungsten arc welding (GTAW)
- The plasma or microplasma transferred arc welding (PTAW)

GTAW, also referred as TIG is one of the most used technology for repair. As schemed
in Figure 1.31. The process consists of maintaining an arc between the part to repair and
the tungsten electrode generating heat by ionizing a gas and therefore creating a weld
pool around 2500°C. These operations are taking place while a filler metal is brought to
the zone of fusion. During the operation, an inert gas is present to sustain the arc and
protect the molten metal from contamination [138]. This shielding gas can be balanced
depending on the application / material [139] as follows:

- Argon: The most commonly-used for a wide range of materials including steels,
aluminium, titanium and stainless steel.

- Argon + 2 to 5 Hs : Constricts and increases the temperature of the arc and permits
higher welding speed and reduces the surface oxidation. However hydrogen cracking
and porosity can be present for carbon steels and aluminium respectively.

- Helium + mixtures of helium/argon: Helium also has an increasing temperature
effect resulting in faster and deeper welding. The higher price per m? of helium is
limiting.

- Other elements such as oxygen and carbon dioxide can be added with respect to
the effect desired.

PTAW is very similar to GTAW in the technology of the process, however, the funda-
mental difference is that PTAW comprises constriction of the arc thanks to an assembly
around the electrode producing a higher amount of plasma resulting in higher arc tem-
peratures. However for both processes, this high heat input is at the origin of inevitable
cracks and a large heat affected zone is present |135].

1.8.2 Repairing with Directed Energy Deposition

The previous quick overview of the different technologies enable to picture how directed
energy deposition used as a repair method could be promising. Indeed, with optimized
parameters, this process could overcome the severe limitations to repair critical compo-
nents requiring fine and complex deposition as well as a metallurgical bonding with very
limited heat affected zone. It will be detailed in chapter 4
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Figure 1.31: Scheme of the GTAW technology extracted from [140)]

1.9 Conclusion

This chapter permits to understand what is additive manufacturing and more specifically
Directed Energy Deposition. Moreover, the complexity of this unique process and the
sensitivity to process parameters of the final properties are addressed. A list of defects
occurring during the additive manufacturing process as well as the most common types
the feedstock are proposed. This brief introduction permits to list the challenges of
additive manufacturing and the necessity to understand all the main physical events in
order to produce complex parts with great final properties.

Additionally, DED allow the repair of complex geometry. Some of the most common
repair technologies such as cold spray, arc welding and thermal spray are compared
and their limitations are listed. Consequently, the reasons why these traditional repair
technologies are not suitable for critical, complex and fine components were highlighted.
With optimized parameters DED can overcome all these limitations.

In the next chapters, DED walls will be used to manufacture fully printed specimens
and then repair thin 316L stainless steel thin substrate. We will show that DED is a
promising technology.
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Overview
The analysis of the process parameters begins with the presentation of the machine and

the materials used in this study. Starting from an experimental database, we explore the

shape of the cross section of a single-track and propose a model to predict the relation
between process parameters and geometric parameters of the cross section of the track.

Afterwards, we use these relations to: (i) predict the geometry of the track cross section

thanks to an algebraic model, (ii) define a window of parameters for which the tracks have
desired geometry. Finally, a satisfying combination of parameters was proposed and the

microstructure was analysed at two different scales.
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2.1 Objective

The objectives of this chapter are to:

Propose relations between the process parameters and the track geometry.

Predict the track geometry thanks to an algebraic model.

- Define a window of process parameters in which the geometry of the tracks satisfy
manufacturing and repair applications.

Analyze the microstructure of a “good track”.

Propose a combination of parameters that will be used for the rest of the thesis.

2.2 BeAM mobile machine

The 3D printer used in this study is the DED machine mobile from the manufacturer
BeAM [111] shown in Figure 5.14. The machine is equipped with a 500W YLR-fiber laser
and the powder is delivered to the deposition region through coaxial nozzles positioned
approximately 3.5 mm above the substrate surface. The laser beam was delivered to the
collimator through a 200 pum optic fiber and was focused via a lens (focal length of 300
mm) on the substrate to a spot with a diameter of 0.8 mm. The operating wavelength of
the laser is 1070 nm and can offer a power up to 500 W. The powder is delivered by an
argon gas flow which is also acting as a shielding gas around the melt pool. The amount
of delivered particles is not directly chosen by the operator, but rather the powder flow is
controlled by the speed of a rotating system for which a quantity of powder proportional
to the rotation speed fall in a fumer and is carried by the gas previously presented. The
powder flow is thus delicate to fully master. The gas flow was kept constant at 6 liters
per minute and a measured powder flow of 6.5 g/min is equivalent to a rotating speed
of 3.3 round per minute. Finally, the transformation of the 3D designed geometry into a
printing code accessible for the machine is done in PowerClad [112]. For simple geometry
such as tracks or walls, the G-Code was directly coded.
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Figure 2.1: Photo of the DED machine at the Laboratoire de Mécanique des Solides of
Ecole Polytechnique.

2.3 316L stainless steel: material of this study

Austenitic stainless steels are an interesting family of materials used in a diverse range
of applications. We decided to work with 316L stainless steel (SS316L) for the following
reasons:

- The great properties such as its weldability (primordial for AM), corrosion resis-
tance and relatively high mechanical performances.

- A strong interest from a wide range of industries and therefore a great number of
researches on this material additively or conventionally manufactured.

- The availability of this material on the market.

The commercially available SS316L. powder used in this study was produced through gas
atomization by Hoganéds AB [113]. The atomization process was reminded in the chapter
1, and a SEM image of the powder is proposed in Figure 2.2. One can observe mostly
spherical particles but also the satellites inherent to gas atomization.

The powder particles had a size lying within 45 — 90 um and its chemical and physi-
cal properties are presented in the tables 2.1 and 2.2 respectively. These informations
were not measured in this study but extracted from the certificate of the powder deliv-
ered by the manufacturer. Additional details can be retrieved from the website of the
manufacturer |1413].

SS316L is after iron, primarily constituted by chromium (between 17-20%), nickel
(9-14%) and molybdenum (2-4.5%) [114]. This material is composed by an Iron-
Chromium-Nickel austenitic matrix i.e. a face-centered cubic (fcc) crystallographic struc-
ture and some of its minor constituents such as molybdenum, silicium, manganese act as
substitutionable atoms while carbon and azote act as interstitial ones. The chromium is
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% WD pressure  mode mag [0 det
15.00 kv 10.0 mm 1.00 mm 2.65e-3 Pa  SE 171x ETD

Figure 2.2: SEM image of the 316L stainless steel powder

at the origin of the good corrosion resistance and the fcc structure induces a high ductil-
ity and is permitted at ambiant temperature by the presence of "Gammagenic" elements
such as Ni, N and Mn that expand the domain of stabilized austenite. At the opposite,
other elements such as Cr and Mo are "Alphagenic" i.e. resulting in a body-centered
cubic crystallographic structure.

Therefore the quantity of "Gammagenic" and "Alphagenic" elements are important
for the final properties as they define the crystallographic structure of the alloy. A
method to predict the phase balance was proposed in [145] where a "nickel equivalent"
(Nieq) is calculated for the austenite stabilizing elements and compared to a "chromium
equivalent"(C'r¢,) representing the ferrite stabilizing elements. By knowing the chemical
composition of the alloy used in this study, the determination of the phases is possible.
Nieq and Creq are defined by the following equations:

Nieg = 15% + 30 - %C + 30 - %N + 0,5 - %Mn ~ 16,1 (2.1)
Creg = %Cr + %Mo+ 1,5-%Si+ 0,5 - %Cb ~ 20,45

Finally, the position of the 316L is plotted in the phase diagram in Figure 2.3 and one

can conclude that the processed material should be almost fully austenitic with some
residual ferrite.
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Figure 2.3: Position of the 316L powder (red dot) in the constitution diagram expressed
as nickel versus chromium equivalent respectively. The diagram was ex-
tracted from [115].

Elements C Mo | Ni Fe Mn | Cr | Si
Weight (%) | 0.011 | 2.5 | 12.7 | balance | 1.5 | 16.9 | 0.7

Table 2.1: Chemical properties of the 316L stainless steel powder.

Apparent density (Hall) | Flowrate (Hall)
3.96 g/cm? 18.1 sec/50g

Table 2.2: Physical properties of the 316L stainless steel powder.
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2.4 State of the art

As introduced previously, additive manufacturing is a manufacturing process whereby the
final properties of the additively (re)manufactured component are directly dependant
on the manufacturing parameters including the process parameters and the feedstock
characteristics. Before printing a part and without any knowledge about the optimal
process parameters, a process parameter map is defined. This map corresponds to all
the combinations of parameters that are tested. The challenge is to define in the map,
the combinations that we call the operational process parameter window, for which the
tracks have an optimal geometry. This good geometry (detailed further) is a necessary
condition to ensure the printability of a part, even though it is not sufficient to guarantee
satisfying mechanical properties. The objective is to find a point in this window to reach
targeted microstructure / materials properties.

In the case of DED, there is usually a consensus on 3 user accessible parameters

- the power of the laser - P (W)
- the deposition speed (scanning speed, printing speed etc.) - V (mm/min)
- the powder flow - Q (g/min)

Other parameters such as laser beam spot size, gas flow, laser beam energy density etc.
will not be studied here but details can be found in 116, , 118]. The later are related
to the machine construction and are difficult to access.

Understanding the effect of these 3 interconnected parameters on the geometry of the
track is therefore fundamental. This preliminary study is performed with an experimental
approach consisting of evaluating the effect of the variation of P,V and () on the geometric
parameters of the track defined in Figure 2.4 with W the width of the track, H the height
of the track, A, the surface of the track, A,, the surface of the molten area, hy the depth
of the track and « the track angles.

An arbitrary window of parameter values (i.e the process parameter map) is defined for
the chosen parameters and tracks sweeping a series of the combination possibilities are
printed and studied. Subsequently, we can evaluate the quality of each combination of
parameters by analyzing the geometric characteristics of the track cross section and the
microstructure. Finally, it is possible to create algebraic models fitted on the data of
the shape, with for inputs P, Q and V and with the geometry of the track as result.
Determining these relationships is the first step toward process parameter development
and high quality tracks that are only reachable by working within a particular processing
window. Similar discussions on the correlation between the processing parameters for a
DED machine and the resulting geometry of the printed tracks have already been studied
in [119, , , , , , |. We will emphasize the results in [150] where a
mathematical formulae describing the relations between a geometrical characteristic and
the machine parameters has been proposed under the following form:

Geometric parameter = a + (Q%- P7-VP) +b (2.3)
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Substrate

Figure 2.4: Scheme of the cross section of a single track deposition on a substrate. Its
main geometric characteristics are: track height H, track width W, track area
A, molten area A,,, track depth hg, track angle a.

Where “geometric parameters” stands for any of the parameters (H, W, A, etc.) displayed
in Figure 2.4. We recall that @), P and V' denote the powder flow, the laser power and
the deposition speed respectively. Also, a and b are model constants and «,~ and
are exponents calculated from experimental measures. The term (Q - PY - V#) was
originally named "complex parameters" but in the newer literature the term "combined
parameters" is more established and will therefore be used in this study. This method
has found a wide acceptance in the community [156, 154, 151, 155] and permits the
creation of an operational process parameter window within the process parameter map
as shown in Figure 2.5. In this Figure, one can see a process parameter map which takes
into account the track angle and the track dilution with the power of the laser for the
vertical axis and the ratio of the deposition speed over the powder flow on the horizontal
axis. The algebraic relationships enable the definition for an operational window within
the process parameter map where an optimal single-track can be formed (area shaded in
grey).

Let us remark that non-geometric parameters such as building rates or powder efficiency
can be added to refine the operational process parameters window. For example in
[155], in addition to geometrical characteristics, the authors proposed to take into
account industrial issues. Indeed economic issues can be tackled through building rate
and powder efficiency which correspond to the volume of material deposited per hour
and the amount of powder melted over the powder flow, respectively. A cross section
track analysis of the geometry was performed as shown in Figure 2.6(a) in order to
determine process parameters / track geometry relationships. From these equations,
the authors were able to plot a processing map which highlights an operational window
with boundary conditions such as a track dilution between [10 — 30%)], a building rate
of 100 em?/h and a powder efficiency of 90% as plotted in Figure 2.6(b).

Inspired by these previous studies and by the particular objectives of repair, the two
geometric parameters that will be of interest are: (i) the dilution D for the metallurgical
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For V = 1000 mm/min:
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Figure 2.6: (a): Variation of the cross section geometry of an Inconel 718 track printed
on mild steel with a deposition speed of 1000 mm/min. (b): 2d process
parameter maps for a deposition speed of 1000 mm/min. The grey dots
represent the data set in their work, the red lines are dilution boundaries,
the dashed and continuous blue lines correspond to a build rate of 100 cm?/h
and a powder efficiency of 90% respectively.
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bonding and, (ii) the track angle . The latter permits to avoid inter-run porosity in case
of a multi-track thickness repair. The dilution D is a dimensionless parameter that can
be defined as: (i) the ratio of the the molten area (A,,) over the sum of the molten area
and the track area (A.) [156], or (ii) by the ratio of the track depth (hg) and the track
height (H) [157]. Next, we will use the definition of the dilution formulated in [157] and
it is formulated in equation 2.4.

_ fa

D
H

(2.4)
There is not a particular value of dilution that should be targeted, however, it seems that
there is a consensus for a range between 10 to 30 %[151, 155]. In fact, in [158] the effect
of the amount of dilution for a Ni-Cr-B-Si-C hardfacing alloy cladded is investigated.
The authors observed a diminution of the Ni-Si-B eutectics which is one of the main
strengthening components as the dilution increased resulting in the degradation of
hardness. Hence, dilution is a critical parameter which has to be controlled.
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2.5 Single track analysis

2.5.1 Influence of the machine parameters on a track

As mentioned previously, DED machines have a process parameter map defined by 3
interconnected machine parameters; the power of the laser P (W), the speed deposition
or scanning deposition V (mm/min), and the powder flow rate Q (g/min). Variation
of these parameters have an effect on the geometry of the printed track and will be
quantified through the analysis of the cross section geometry of 36 tracks with the possible
combinations presented in table 2.3.

Powder flow rate - Q (g/min) | Laser power -P (W) | Deposition speed - V (mm/min)
5.5 125 500
6.5 225 1000
8.5 325 2000
3000

Table 2.3: Combination of the three operational parameters.The parameter ranges were
estimated from [159] in order to sweep values around a combination of param-
eters offering an interesting geometry.

6 cm length tracks were deposited on a 15cm x 20cm x 0.5ecm SS316L substrate with
printing parameters in table 2.3 as presented in Figure 2.4 (a). Then, an orthogonal cross
section cut was performed employing a Labotom-5 machine [160] as shown in Figure 2.4
(b). Afterwards, the tracks were separated into different mountings to facilitate the pol-
ishing as pictured in Figure 2.4(c). Finally, the tracks were extracted from the mountings
and a chemical attack consisting of soaking the tracks for 5 seconds in solution (detailed
in section 2.5.5) permits to reveal the molten area, microstructure and chemical segrega-
tions. The cross section images used to measure the different geometric parameters were
acquired by a numerical microscope Keyence VHX-1000 and are displayed with respect
to the powder flow during the manufacturing in Figure 2.8, 2.9 and 2.10 respectively.
The different geometric parameters measured from the sections are listed in Table 2.4
and will first be qualitatively analyzed.
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Figure 2.7: (a): Scheme of the printing procedure of SS316L tracks additively manu-
factured by DED on SS316L substrate with a unique combination of the
manufacturing parameters. A transverse cut was performed and tracks were
separated into different mountings to perform a fine polishing as pictured in
(b) and (c) respectively.
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Powder flow rate: 5 g/min

Deposition speed (mm/min)
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Figure 2.8: Cross-section map of SS316L tracks manufactured by DED on SS316L sub-
strate for a powder flow rate of 5g/min. The deposition speed and the laser
power are the horizontal and vertical axes respectively.

45



2 Analysis of the process parameters

Powder flow rate: 6.5 g/min

Deposition speed (mm/min)
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Figure 2.9: Same as 2.8 for a powder flow rate of 6.5g/min.

46



2.5 Single track analysis

Powder flow rate: 8.5 g/min

Deposition speed (mm/min)
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Figure 2.10: Same as 2.8 for a powder flow rate of 8.5g/min
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Powder flow rate | Laser power | Deposition speed | Track Height | Track Width | Dilution height | Track surface | Molten area | Track angle | Id
(g/min) (W) (mm/min) (mm) (mm) (mm) (mm?) (mm?) ©)

500 270 308 0 65646 0 94 1

125 1000 110 250 16 19219 963 108 2

2000 0 0 0 0 0 0 3

3000 0 0 0 0 0 0 4

5 500 420 606 105 238893 29939 66 5

225 1000 218 597 111 110689 37308 113.5 6

2000 127 620 46 52709 21173 145 7

3000 126 569 59 51634 16218 8

500 393 732 286 268935 150845 64 9

325 1000 248 710 204 142973 105294 125 10

2000 128 675 159 65264 73222 130.5 11

3000 127 564 112 48682 47030 144 12

500 366 267 0 131503 0 60.5 13

125 1000 88 325 15 17968 1435 145 14

2000 0 0 0 0 0 0 15

3000 0 0 0 0 0 0 16

6.5 500 451 598 92 386339 28635 54 17

225 1000 259 566 71 127213 21332 92.5 18

2000 143 536 20 64699 3950 121.5 19

3000 68 478 35 19956 8594 157.5 20

500 571 733 245 464620 117550 32 21

325 1000 329 723 220 202120 105879 102.5 22

2000 156 672 170 78946 74200 134.5 23

3000 125 647 103 49346 43209 142.5 24

500 493 257 0 152224 0 0 25

125 1000 203 287 0 44149 0 0 26

2000 0 0 0 0 0 0 27

3000 0 0 0 0 0 0 28

8.5 500 489 590 37 330798 11867 18 29

225 1000 312 583 56 164198 10057 89.5 30

2000 137 564 27 59504 7156 133.5 31

3000 85 556 12 32723 1639 155.5 32

500 563 775 211 476716 94247 40 33

325 1000 350 695 124 204517 78101 91.5 34

2000 219 616 126 90731 50073 98.5 35

3000 100 617 111 37288 46137 150.5 36

Table 2.4: Table representing the measured geometric parameters with respect to the
printing parameters.
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2.5.1.1 Qualitative analysis

The effect of P,Q and V on the track geometry will be investigated and compared with
the results from [101] where a similar analysis for a SS316L tracks cladded on a SS316L
substrate has been performed.

The observations regarding the track height H are presented in Figure 2.11. One can
remark in Figure 2.11(a) that the track height increases as the power augments. This
effect is thought to be a consequence of a larger amount of powder melts as the power
increases resulting in higher tracks. In contrast in [161], the authors found a very limited
effect of the power of the laser on the height. In Figure 2.11(b), one can observe the
diminishing effect of increasing the deposition speed on the track height. This effect
is due to the fact that faster deposition brings less energy and powder per length unit
ensuing a smaller track. Similar conclusions were drawn from [161]. Finally, one can
note in Figure 2.11(c) that increasing the powder flow leads to a slight increase in the
track height. This result can be explained by the fact that the available powder to be
melted is increased leading to higher deposit. This trend was also shared in [161].
Figure 2.12(a) highlights some important properties regarding the track width. The
plotted trend shows that increasing the power contributes to the augmentation of the
track width. We explain this observation as a consequence of a larger melt pool is
created as more power is provided. Consequently, the larger melt pool results in a larger
track once solidified. A similar result was also shared in [1G1]. An opposite effect was
noticed concerning the influence of the deposition speed as displayed in Figure 2.12(b).
Indeed, a slight width decrease when the nozzle goes faster was observed. This is a
consequence of the reduced power absorbed per length unit resulting in a smaller melt
pool and therefore thinner tracks. This conclusion was also reported in [161]. Finally,
the variation of the powder flow does not really affect the width as expressed by the
curves in Figure 2.12(c).This observation was also shared in [161].

The measurements regarding the track depth hy are displayed in Figure 2.13. It can
be noticed in Figure 2.13(a) that increasing the power results in a deeper track. This
is a consequence of the power increase for a given surface of application, which will
consequently increase the penetration depth and therefore the corresponding track
depth. Similar observation and results were also shared in [161]. Also by increasing
the speed, one can see on Figure 2.13(b) that the track depth is diminishing because
a faster nozzle reduces the amount of power per length unit. One can finally see on
Figure 2.13(c) that increasing the powder flow results in reducing hg. Indeed, more
powder has the effect of attenuating the power penetrating the substate thus reducing
the penetration of the laser in the substrate.

All theses analyses showed the direct effect of the power of the laser, speed deposition
and powder flow on the track deposited from a qualitative point of view, but also how
these parameters are interconnected. However, this type of analyses cannot capture the
complexity of the relation between the parameters and the additively manufactured
track. It is therefore necessary to investigate these complex associations with a finer
and quantitative approach.
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Figure 2.11: Evolution of the measured track height with respect to the laser power (P),
deposition speed (V) and powder flow (Q) in (a), (b) and (c) respectively.
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Figure 2.12: Evolution of the measured track width with respect to the laser power (P),
deposition speed (V) and powder flow (Q) in (a), (b) and (c) respectively.
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Figure 2.13: Evolution of the measured molten area height with respect to the laser
power (P), deposition speed (V) and powder flow (Q) in (a), (b) and (c)
respectively.
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2.5 Single track analysis

2.5.1.2 Parametric analysis

The measured geometric data of a single-track as a function of the process parameters
Q, P and V will be used next to construct a parametric model for the observations.
The parametric analysis is based on a procedure established in [150]. It permits the
determination of a mathematical formulae describing the relations between a geometrical
characteristic of the track cross section and the machine parameters as exhibited in
equation 2.3. The proposed results and mathematic formulae will be compared to
homologous results obtained in [151, ) , |. Finally we will implement our
results in a model predicting the geometry of the track.

The height of the track is one of the important geometric characteristics during the
manufacturing of a part because the nozzle has to be elevated by a vertical increment
to deposit the successive layer. A vertical spacing that is too large can lead to a loss
of distance between the nozzle and the track conducting in the failure of the manufac-
turing after few layers. A vertical spacing that is too small would greatly increase the
manufacturing time and the loss of powder which are economic issues that industries
face. Therefore, the parametric model permits an accurate control of the vertical incre-
ment based on the prediction of the track height. The determination of the coefficient
«, 3,7, a and b in equation 2.3 was done on Matlab and the relation for the track height
H as well as its corresponding model are expressed in equation 2.5 and plotted in Figure
2.14, respectively.

H=0,84-(Q%%. pt7.y=075) 1 4219 (2.5)
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Figure 2.14: Parametric model for the track heigth.

The linear squares fitting conducted to a parameter set with a correlation coefficient
R = 0,89 (R? = 0,8). We consider the result as a good correlation between the track
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2 Analysis of the process parameters

height and the combination of parameters.

A close inspection of the obtained parameters, more precisely the exponents of Q, P
and V permit to draw some conclusions. The negative value of the exponent of the
deposition speed V states that the height diminishes for an increasing speed. One can
also note the important increasing effect of the laser power as it has the highest positive
exponent. The same increasing effect with a lower magnitude can be observed for the
powder flow. These results are consistent with the observations made in the qualitative
analysis.

The corresponding expressions of the track height for [151, , , | are proposed
in table 2.5. In [15], |, the track height is only proportionate to the ratio %
corresponding to the mass of powder deposited per meter. In [159, |, a relation

similar to ours is proposed. We believe that the power should have an important effect
in the track height equation as it is responsible for the amount of powder melted and
therefore the height.

The width of a track is also a parameter of great importance since it is a necessary
information for the overlapping of the tracks in the case of a a multi-track thickness part.
It is also primordial in the case of a single-track repair of a thin part as the width should
fill the complete area. The model of the track width is expressed in equation 2.6 and
plotted in Figure 2.15.

W =0,73-(Q™® . pL1 . =001y 1 146,01 (2.6)
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Figure 2.15: Parametric model for the track width.

The linear squares fitting conducted to a parameter set with a correlation coefficient
of R = 0,91 (R? = 0,82). We believe the results to be a good agreement between
the parametric model and the measured value of the width. One can notice that the
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2.5 Single track analysis

exponents of the deposition speed and powder flow are small in comparison to the one of
the power, i.e. the power mainly drives the width of the track. These observations were
also shared in the qualitative analysis of the width. In contrast, other research groups
show relations with a track width only depending on the ratio g as shown in table
2.5. Their relationship therefore expresses that the track is exclusively a consequence
of thermal effect i.e, the power and the deposition speed are both interconnected
and impact the amount of energy brought per meter in the substrate and there-
fore on the size of the melt pool. We completely agree with the preceding observation

supported by a physical interpretation, however our data did not support this conclusion.
The area of the track, A. is of significant interest as it will be useful in the prediction

of the geometry of a track (detailed in section 2.5.2). The model for this geometric
parameter is exhibited and plotted in equation 2.7 and Figure 2.16 respectively.

A, =0,74- (QU88. p307. y—101) 4 3794515 (2.7)
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Figure 2.16: Parametric model for the track surface.

The linear squares fitting conducted to a parameter set with a correlation coefficient
of R = 0,84 (R? = 0,78). We consider the result as a good correlation between the
molten area and the combination of parameters. For this models, a similar conclusion
to the track height can be drawn for the effects of Q, P and V. In addition, the equa-
tion is similar in terms of trend to the one proposed by [151] , [156] and [153] in table 2.5.

Finally, the same analysis can be made for other geometric parameters, and their respec-

tive model and comparison to [151, , , | are available in Figure 2.17 and table
2.5 respectively.
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Figure 2.17: Parametric models for the height of the track dilution, the molten area and
the track angle in (a), (b) and (c) respectively.
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W | P/VY2 090 | asin[151] P3AYVYA 092 | P32V 073 | QOIS PLIL V00T (.82
A | PV2.Q/V 098 | asin[l5]] P.Q/V3? 091 QOS8. P30T Lol .72
Am | P/(QV)VE 09 P2V 067 | In(PY5/QY4) 0.39 P38 /(@231 068y 0.78
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Table 2.5: Parametric models for the different geometric parameters of a track cross
section and their respective correlation coefficient (CR).

o6



2.5 Single track analysis

2.5.2 Statistical prediction of the geometry

The shape of a single-track is characterized by the superior and inferior shape defining
the part in contact with the air and the substrate respectively. The objective of this
subsection is to predict the complete superior geometry of the cross section using a
model proposed in [153]. Such a tool would allow the machine operator to produce
tracks with a targeted geometry in order to (i) specify the vertical increment between
two layers, (ii) avoid inter-run porosity for multi-track thickness (re)manufacturing and
(iii) target a specific track width in case of a single-track thickness repair. This model
named "disk model" proposes a circular arc for the superior shape. This choice is
justified by Figure 2.8, 2.9 and 2.10 where one can see that the part of the track above
the substrate can be approximate to a section of a disk which is centered either under
or above the substrate as shown in Figure 2.18(1) and (2) respectively. Such geometry
can be explained by the surface tension effect [162] and provides successful prediction
with a limited uncertainty [153].

1) 2)

Figure 2.18: Scheme of the two types of cross-section geometry of the single track. In
1) and 2), the center of the circle is under and above the substrate line
respectively.

To determine between the configuration (1) or (2) of Figure 2.18, we compare the track

surface A. to the half surface of a disk with a diameter W. If A, < 2 i'?ﬂ, the track
will have the targeted type (1) geometry whereas if A, > E i'g/ 2, the track will have a

type (2) geometry which is unacceptable in case of multi-track thickness manufacturing

(inter-run porosity). Finally if A, = pz’-gv 2, the track will be a half disk with a diameter
w.

- Type (1): For this geometry, A, < pi'?ﬂ. From Figure 2.18(1), the center of the
circle under the substrate surface (Center — T'ypel) is located at a distance :

w
Center — Typel =/ R? — (?)2 (2.8)
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2 Analysis of the process parameters

In addition, it was demonstrated in [163] that the area of the disk segment above the
chord (corresponding the to track area A.) can be expressed with a high accuracy
as:

2 H3 H
A, =W -D+ — = —(4W? + 3H? 2.9
3 + oW 6W( + ) (2.9)

Further, from the figure 2.18, we can also express the track height as:

H=R (1 —J1- (?}2)2) (2.10)

Finally by replacing H into equation 2.9, we have:

A= L (R(1- 1—(;/2)2)(3]%2(1— 1

2
;{1/-‘5)2> +4W?)  (2.11)

- Type (2): For this geometry, A, > pi-gV ®. With the same procedure, the radius of

the circle is determined by solving the following equation:

A, =TR? - %(R(l —1/1- (%)2)(332 (1 —/1—(

2

W, 9

ﬁ) ) +4W?) (2.12)
Finally, the value of R, the disk radius can be calculated from equation 2.11 and 2.12.
Indeed, A. and W can be predicted from a set of process parameters thanks to their
respective models in equation 2.7 and 2.5 and therefore, the tracks can be simulated
just from these inputs.

A detailed example of the simulation of the track geometry is plotted in blue in Figure
2.19 for the following set of process parameters: Q= 6.5 g/min, V= 500 mm/min and
P= 325W. As a comparison, we plotted in orange the disk model having A, and W
measured directly on the track. A difference of ~ 11% between the blue (parametric
inputs) and orange (experimental inputs) is observed. This difference is a consequence
of the scatter of the data and the measurements coming from the uncertainties.

Next, a comparison of the track cross section with the geometry simulated is proposed in
Figure 2.20, 2.21 and 2.22. First of all, one can notice that the type of simulated geometry
((1) or (2), see Figure 2.18) is always in accordance with the geometry of the real track
cross section. In addition, one can remark that the orange model i.e. the geometry
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2.5 Single track analysis

simulated with experimental measure inputs is for most of the printed tracks respecting
with a fair accuracy the dimensions and shape. Hence, the assumptions concerning
the geometry of the track cross section induced by surface tension effect is confirmed.
Nevertheless, one can see that the blue model i.e. the geometry simulated with parametric
inputs is less accurate. It is a consequence of the scattering measurements for A, and
W affecting the precision of their relative parametric model. If these relations are now
compared with the ones in [151, , | (displayed in Table 2.5), one can remark that
the correlation coefficient for A, and W are = 13% and = 31% lower respectively than
the ones from the literature. This lack of accuracy is thought to be mainly due to the
powder flow. Indeed, a variability of the flow particularly at the beginning of the printing
was observed and could explain the previous results.

Finally, the presented disk model is a phenemological model and therefore its accuracy
is driven by the quantity of data the parameters used in the model. One way to improve
the model is to introduce an analytical relation of A. and W function of the process
parameters.

Q =6.5g/min W =733 um

P=325W B o

V =500 mm/min A, = 464620 um 200 ym
2001 Wand A =a'(@*P"*V) +b

W:a=0.15,y=1.11 3=-0.01,a=0.73,b = 146

AC. a=0.88,y=3.07 3=-1.01,a=0.74, b = 37945

400 L L L L L
-600 -400 -200 0 200 400 600

um
Figure 2.19: Prediction of the superior shape of the track by a model with imputs com-

ing from the parametric and experimental measures in blue and orange
respectively.
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2 Analysis of the process parameters

Powder flow rate: 5g/min
mmmmmm |\lodel with parametric inputs Deposition speed mm/mln

= Model with experimental inputs
500 1000 2000 3000

225

Laser power (W)

325

Figure 2.20: Cross-section map of SS316L tracks manufactured by DED on SS316L sub-
strate for a powder flow rate of 5 g/min and its geometric prediction coming
from parametric and experimental inputs. The deposition speed and the
laser power are the horizontal and vertical axis respectively.
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2.5 Single track analysis
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Figure 2.21: Same as 2.20 for a powder flow rate of 6.5 g/min
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Powder flow rate: 8.5g/min
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Figure 2.22: Same as 2.20 for a powder flow rate of 8.5 g/min
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2.5 Single track analysis

2.5.3 Generation of an operational process parameter window

As discussed previously, an optimal track defined by its geometric characteristics can
only be printed in a small operational window within the process parameter map. Addi-
tionally, constraints such as powder efficiency and building rates can be added to narrow
the operational window as shown in Figure 2.6. In this study, for a repair purpose, only
the dilution D defined in equation 2.4 and track angle a will be taken into account. The
dilution permits a metallurgical bonding with the damaged part. However the dilution
should not be too great as it can deteriorate the chemical composition and thus affect the
chemical composition and the properties [164|. Hence, a dilution included in the interval
[10% — 50%)] will be targeted. Finally, even though all the printed specimens in the thesis
have a single-track thickness, a track angle superior to 100° was chosen in order to have
an operational process parameters window ready for multi-track thickness repair.

In Figure 2.23 a process parameter map for which the blue points correspond to combi-
nations of process parameters (Q,V and P) defined in table 2.3 is plotted. Furthermore,
the previous parametric models serve as boundaries of the operational window in the
process parameter map. In fact, in this map a surface for which the process parameter
combination will ensure a track with an angle of 100° is plotted in green. The parametric
model of « is available in table 2.5. In addition, with the same procedure, the red and
and blue surfaces are plotted and correspond to a dilution of 10% and 50% respectively.
The equations of the parametric model of hy and H are available in table 2.5. These three
surfaces added to the process parameter map permit the definition of an operational win-
dow. Within this window, as detailed in Figure 2.23 the tracks will have a track angle
superior to 100° for process parameters above the green surface. In addition, the tracks
will have a dilution superior to 10% and inferior to 50% for process parameters above
the red and under the dark blue surfaces respectively.

Finally, this theoretical operational process parameter window for which tracks should
fulfill the dilution and track angle requirements is compared with tracks really fulfilling
these requirements. These tracks had their angle and dilution measured and their pro-
cess parameter combinations are marked with a yellow cross as shown in Figure 2.23.
One can see that the operational window is overestimated and this is due to the lack of
certainty from the parametric model as already discussed.

To conclude, an operational process parameter window was proposed and even though
there is a lack of accuracy of our parametric model, it is thought to be a friendly way
to represent the process parameter map and its operational window. For future work,
a more precise parametric model as well as additional limitations such as powder effi-
ciency should be investigated. Potentially, many other parameters can be added at the
convenience of the operator.
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Power of the laser (w)

2000

Deposition speed (mm/min)

Figure 2.23: 3D process parameter map with 2 different point of view in (a) and (b).
The blue points correspond to the combinations of parameters tested. The
operational window is delimitated by the three colored surfaces. Above
the green surface and the red surface, the tracks have an angle superior to
100° and a dilution superior to 10% respectively. Under the blue surface,
the dilution is inferior to 50%. The yellow crosses correspond to the real
combination of process parameters satisfying the requirement of geometry.

2.5.4 Microstructure of a track

The preceding analysis proposed a model. Next we will make a choice of a combination
of parameters that generates a track satisfying the dilution and track angle require-
ments for both repair and manufacturing. The two shortlisted combinations are the
following: (i) P = 225W, V. = 2000mm/min, @ = 5 (Cl) and (ii) P = 225W,
V = 2000 mm/min, @ = 6.5 (C2). (Cl) and (C2) present a dilution of 36% and 14%
respectively and also a track angle of 121.5° and 145° respectively.

A scanning electron microscope (SEM) image and its complementary view obtained by
Electron Backscatter Diffraction (EBSD) of a track printed with the (C1) configuration
is shown in figure in 2.24 (a) and (b) respectively. In this Figure, one can notice an
epitaxial growth of elongated grains from the interface. These grains are perpendicular
to the melt pool and oriented toward the center of the track. Also, one can notice the
presence of small grains located close to the surface in contact with the air. These smaller
grains can be the product of residual or partially melted powder [165] or a consequence
of high convective cooling [166]. We decided to work with (C2) even though the dilution
is smaller. This choice was motivated by the fact that during the manufacturing of the
wall, an increasing of the molten area in the substrate was expected as a consequence of
the remelting effect during the first deposited layers. We expected this combination to
be more adapted for the repair of thin and small substrate. A figure showing the cross
section of a single track and two walls manufactured with 5 and 10 back and forth are
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2.5 Single track analysis

displayed in Figure 2.25(1), (2) and (3) respectively. One can notice that between (1)
and (2), the height of the track dilution increased from 20um to 52um respectively. In
contrast, it is same the depth of the dilution is constant between (2) and (3). This is due
to the very local remelting during the manufacturing and has therefore no effect after a
few layers. More details on the microstructure will be available in the chapter 4.

0.2.mm

8.00 kV8.0 mm600 um 3.25e-3 PaZ Cont 212 x LMS-X

HV WD HFW pressure mode mag

Figure 2.24: SEM image of the cross section of a track its correspond ESBD map (IPF
X). The track is printed with P = 225W, V' = 2000 mm/min, Q@ = 5.
One can remark the epitaxial growth of long grains from the substrate and
a layer of small grains on the superior contour.

2.5.5 Investigation of the lower scales of the microstructure

The preceding section reveals a first rapid analysis of the microstructure at the level
of the grains (=~ 25 um). We shall now make a rapid incursion in lower scales. To our
knowledge, a very limited number of articles dealing with the substructure in the grains
were published so far at the moment of the investigation. Now, some works on their
formation and roles have been shared and they will be discussed further.

The cellular substructure were revealed by a chemical attack (80 ml HCI, 80 mi HoO and
14 g CuSOy) on the surface of the cross section of the track. While the presence of these
cellular sub-structures is commonly reported for additively manufactured specimens,
very few research groups have investigated their chemical composition [167, 165].

The track printed with P = 325W, V' = 2000 mm/min, @ = 6.5 g/min was analyzed
under an SEM and a back-scattered electrons image is presented in Figure 2.26. One
can notice the presence of cellular sub-structures. Moreover back-scattered electrons are
sensitive to the atomic number i.e. the heavy elements appear brighter in the image,
therefore, the sub-structure should be composed of heavier elements. To elucidate this
interrogation, we performed at first a SEM dispersive X-ray spectrometry analysis as
portrayed in Figure 2.27. More precisely, a linear chemical analysis corresponding to
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Figure 2.25: Cross section of a single track printed with P = 225W, V =
2000 mm/min, Q@ = 6.5 (C1). in 2) and 3) is pictured the cross section of
walls printed with 5 and 10 back-and-forth respectively and with a vertical
increment of 0.2mm. One can observe an increase of the height of dilution
between 1) and 2).

the yellow zone of interest being located half out of the cell and half in the cell (bright
part) was performed. This first analysis was unfortunately not precise enough due to
a 1 um? resolution while the bright lines thickness is inferior to 200 nm. Nevertheless,
we were able to capture the decrease of iron (Fe) content, the main element. Next, a
Transmission Electron Microscopy dispersive X-ray spectrometry analysis to benefit from
the nanometric resolution of this technology was done. A thin foil perpendicular to the
cell (red segment) was extracted by FIB at Ecole Centrale de Paris and the result of this
analysis is plotted on Figure 2.28. One can observe a similar trend concerning Fe but
also an increase of Molybdenum and Chromium which could explain the brightness of
the cells.

Similar results were observed in [167, 168, 169]. In [168], the authors proposed that
these substructures are a consequence of the chemical segregation due to the slow kinetic
of homogeneous alloying elements such as Molybden and Chromium during the fast
solidification. In addition, in [167, 169], the authors associated the cell walls with the
presence of dense dislocation tangles and as an explanation of the enhanced strength and
ductility observed during a monotonic test.
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CWD | HFW | I
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Figure 2.26: SEM image of a cross section of a track attacked by a chemical solution
which highlight the presence of the cellular substructures in the grains.
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Figure 2.27: SEM EDS analysis on the yellow line being half in the sub-structure. One
can note a slight decreasing of Fer.
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Figure 2.28: TEM Chemical analysis showing a finer state of the chemical segregation.
The analysis was performed on a thin foil perpendicular to the segregation

as presenter in red.
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2.6 Conclusion

This chapter presented an analysis of the effect of the process parameters on the geometry
of the cross section of a track. Based on an experimental data base, parametric models
between geometric parameters of the track and equations such as (Q® - P - V#) with, Q
the powder flow, P the laser power and V the deposition speed were established. These
relations were used to predict the shape of the track above the surface and also to define an
operational process parameter window in which the tracks have an optimal shape. This
window was constrained by two geometric parameters: (i) the dilution included in the
interval [10% —50%)] and (ii) a track angle superior to 100°. A combination of parameters
was selected and an analysis of the microstructure at the grain and subgrain scales was
performed. Grains were found to grow by epitaxy from the substrate with an elongated
shape. At a smaller scale, substructures were observed and a chemical analysis showed a
chemical segregation with a loss of Iron and a gain of Molybdenum and Chromium. In the
literature, these cells were associated with the presence of dense dislocation tangles and
were an explanation of the enhanced strength and ductility observed during monotonic
test of additively manufactured specimen.

Extended work could refine the understanding of certain phenomena. For example the
analysis of the effect of the laser power (P), powder flow (Q) and deposition speed (V)
on the geometry of the track could be tackled through dimensionless numbers. Also,
we could use new parameters such as the amount of powder deposited par meter (%) in
order to facilitate the comparison with other work. Finally, the present study showed a
lack of accuracy of the parametric models. It can be solved by: (i) a finer experimental
protocole with for example more tracks or a longer time to stabilize the powder flow or
(ii) more elaborated models.
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3 Fully printed specimens

Overview

In additive manufacturing, the process parameters have a direct impact on the microstruc-
ture of the material and consequently on the mechanical properties of the manufactured
parts. The purpose of this chapter is to explore this relation by characterizing the local mi-
crostructural response via in situ tensile tests under a scanning electron microscope (SEM)
combined with high resolution digital image correlation (HR-DIC) and electron backscatter
diffraction (EBSD) maps. The specimens under scrutiny were extracted from bidirectionally
printed single-track thickness 316L stainless steel walls built by directed energy deposition.
The morphologic and crystallographic textures of the grains were characterized by statistical
analysis and associated with the particular heat flow pattern of the process. Grains were
sorted according to their size into large columnar grains located within the printed layer
and small equiaxed grains located at the interfaces between successive layers. In situ ten-
sile experiments were performed with a loading direction either perpendicular or along the
printing direction and exhibit different mechanisms of deformation. A statistical analysis
of the average deformation per grain indicates that for a tensile loading along the building
direction, small grains deform less than the large ones. In addition, HR-DIC combined
with EBSD maps showed strain localization situated at the interface between layers in the
absence of small grains either individual or in clusters. For tensile loads along the print-
ing direction, the strain localization was present in several particular large grains. These
observations permit to justify the differences in yield and ultimate strength noticed during
macroscopic tensile tests for both configurations. Moreover, they indicate that an optimiza-
tion of the process parameters could trigger the control of microstructure and consequently
the macroscopic mechanical behavior.
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3 Fully printed specimens

3.1 Introduction

The well known AISI 316L stainless steel is a suitable material for AM due to its welding
capacity, its relatively high mechanical properties and for its high-temperature perfor-
mance. In the last decade meaningful efforts were deployed by various groups to inves-
tigate the AM process for this steel and its inherent special mechanical properties. For
example, the impact of the size and morphology of the powder was studied in |170] and it
was found that over a certain particle diameter, the mechanical properties decrease. The
influence of the process parameters, i.e. laser scanning speed and preheating temperature
on the geometry and microstructure of a single-track metal deposition, were investigated
in [171]. The conclusion was that the contact angle and the track height were controlled
by the preheating temperature while the track width and the contact zone characteristics
were governed by the scanning speed.In [172], the authors showed that the best preci-
sion of large-scale parts produced by DED was obtained combining a small laser spot
with high scanning velocity. Last but not least, the improvement of the surface finish of
stainless steel thin walls was explored in [173], and it was noticed that by adjusting the
scanning speed to a certain value of temperature in the melt pool, the layer’s thickness
reduces resulting in a better surface finishing.The quality of the printed part depends on
the process parameters. For DED, the powder flow, the speed deposition, the laser power
and the lasing strategy have been defined as the main parameters steering the growth
of the microstructure and therefore controlling the mechanical properties as reported in
[156, 174, 159].

The microstructure of the 316L stainless steel and their influence on the mechanical per-
formance were studied by various research groups at different material scales and through
different investigation methods. In [1], it was noted that the laser energy density has a
strong influence over the grain size and the part density, hence affecting the mechanical
properties. The manufacturing processes, the obtained microstructure and the mechan-
ical and wear behavior were correlated in [2]. The results showed that the highest me-
chanical properties, understood as yield and ultimate tensile strength, as well as the best
tribological performance were obtained for 316L stainless steel specimens produced by
Selective Laser Melting (SLM) when compared to hot pressing or conventional casting.
The result has been explained by a finer microstructure obtained in the AM process. In
[3] is studied the effects of inter-layer dwell time interval and found that longer dwell time
intervals imposed higher cooling rates, leading to finer microstructures and therefore to
higher tensile strength and lower ductility. Other efforts [0, 175] tried to elucidate the di-
rect relation between microstructure and observed mechanical properties, but due to the
complexity of the phenomena and the large number of parameters involved, additional
insights are needed to solve these questions. Indeed, it is well known that polycrystalline
materials reveal microstructural strain heterogeneities due to the particular grain size,
texture and morphology. These heterogeneities lead to strain localization, accumulation
of local plastic strain [170, | and are the precursors of crack initiation and propaga-
tion [178, 179]. Furthermore, in additive manufacturing, the lasing and building strategy
will encourage the formation of oriented microstructures with elongated columnar grains
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[1]. In addition, anisotropic macroscopic properties are reported for example in [5] and
[6]. In order to understand the anisotropic material behavior during tensile loading, it
is necessary to unveil the particular deformation of the microstructure of AM materi-
als and the underlying strain localization. Advanced characterization techniques have
emerged in the last decades, enabling the tracking of the deformation fields at the grain
scale with applied loading by simultaneously combining digital image correlation (DIC)
and Electron Backscatter Diffraction (EBSD) analysis [180]. Few investigations were
performed at the scale of the grains for AM materials. For Ti-6Al-4V manufactured by
DED, the authors of [18] observed areas of high strain localisation at the interfaces of
the layers. This accumulation was associated to the material anisotropy. The authors in
[19] investigated the anisotropy of two INC718 specimens tested along and orthogonal to
the building direction under tensile load. The associated strain maps at the grain scale
of the specimens produced by SLM exhibited different patterns of deformation.

The goal of this chapter is to investigate the strain heterogeneity and the strain localisa-
tion in the microstructure of 316L specimens manufactured by DED during a tensile test.
The observations are performed in situ under a scanning electron microscope (SEM) and
combined simultaneously DIC and EBSD observations.

The chapter is organized as follows. It starts with the presentation of the specimens and
the experimental techniques. Afterwards, the characterization of the microstructure is
discussed and the macroscopic mechanical properties are exhibited. Next, a procedure to
compute the statistics of deformation of the microstructure at the grain scale is presented
and the results are analyzed and discussed. Finally, several remarks will conclude this
study.
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3.2 Materials and experiments

A series of 316L stainless steel walls with a single-track thickness have been manufac-
tured by Directed Energy Deposition (DED). The commercially available powder used
in this study was produced through gas atomization by Hogands AB and its main char-
acteristics can be retrieved in the section 2.3. The 3D printer is a DED Mobile machine
from BeAM |[111] equipped with a 500W YLR-fiber laser. The powder is transported by
argon gas flux and delivered to the deposition region through coaxial nozzles positioned
approximately 3,5 mm above the substrate surface. The powder flow was directly mea-
sured by averaging the weight of the powder sent to the nozzle during 1 minute. The
single-track thickness walls were built employing a back-and-forth laser scanning strat-
egy in the printing direction. In the building direction, the vertical spacing between the
successive deposited layers was of 0.2mm. A schematic representation is proposed in
Figure 3.1(a). Finally, the walls with the dimensions of 100 mm x 30 mm x 0,8 mm were
printed on a 150 mm x 5 mm x 200mm 316L stainless steel substrate plate as displayed
in Figure 3.2.

The calibration of the main writing parameters of the machine i.e. laser power, deposition
speed and powder flow, were optimised using a parametric study as detailed in section
2.5. Tt led to the following optimal set of parameters: (i) a laser power of 225 W, (ii) a
powder flow of 6.5 g/min and (iii) a deposition speed of 2000 mm/min.

P Back and forth printing

c-C |<—c
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Figure 3.1: (a): Side view (C-C) of the single-track thickness wall printed on the substrate
and position of the specimens A and B, orthogonal and along the printing
direction respectively. (b): Dimensions in minimeter (mm) of the dogbone
shaped specimens extracted from the wall.

Dogbone shaped specimens used for observation and testing were extracted from the
single-track walls by water jet cutting with a Mach 2b waterjet [131].

Their precise positions and geometry in the wall is displayed in Figure 3.1(a) and (b).
The distortion of the wall is negligible, i.e. the differences with a straight ruler are of the
order of the magnitude of the roughness. Furthermore, the specimens are polished on the
both side removing roughness and any potential distortion. Finally, the residual stress
of the polished specimens were measured by X-ray diffraction and it was found that low
compressive residual stress was present 75 MPa + 31. Let us further remark that larger
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Figure 3.2: The printed wall on the substrate and a specimen after waterjet cutting.

residual stresses and stronger distortion have only been observed when higher walls have
been build. The dogbone geometry does not adhere to any standards and was imposed
by pratical limitations such as the size of the ion polisher chamber or compatibility
requirements with the homemade SEM in situ tensile tests machine. However, a prior
finite element study confirmed a homogeneous macroscopic strain in the zone of interest.
The dimensions of the specimens were defined by the compatibility with the homemade
SEM in situ tensile tests machine. Two orientations were defined for the specimens in
order to apply tensile loading along the building and printing direction i.e, perpendicular
and parallel with respect to the printing direction. Next, we denote the specimen with
a tensile direction perpendicular and parallel to the printing direction as A; and By
respectively, as represented in Figure 3.1(a).

The specimens were mechanically polished after the extraction in order to obtain a mirror
surface adequate for SEM observations. As such, the specimens lost their surface rough-
ness inherited from the manufacturing process. However, this will only affect final failure
or fatigue properties but not the ones discussed next. The polishing was performed with
silicon carbide abrasive papers with successive grit values from 400 to 4000 and finished
with a 1 um diamond paste. The specimens were finally ion polished during one hour
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with the following parameters: 6° polishing angle, 6 keV electron beam power, 6 rpm
specimen angular velocity in a PECS II machine from Gatan [182].

The microstructure of the specimens was examined by EBSD (Electron Backscatter
Diffraction) on a FEI QUANTA 600F SEM (Scanning Electron Microscopy) apparatus.
Data was collected and analyzed using the Aztec and Channel 5 software respectively.
EBSD maps were collected on a central area of 1.8 x 1.9mm? for specimen A; and
1.8 x 1.85mm? for the specimen B/ using a step size of 1 um in both cases.

In order to record displacement and strain fields at different scales by Digital Image
Correlation (DIC), a multi-scale lithography grid was performed on each specimen in
a 3 x 3mm? central area. The lithography preparation consists of applying a drop
of PMMA 5% (i.e. Poly(methyl methacrylate) on the polished specimen surface and
to spread it by spin coating (2000 rpm) during 70 seconds. The specimens with the
transparent thermoplastic coating are then put into an oven at 170°C during 30 minutes
(polymerizing conditions). Subsequently, the electron beam of the SEM is driven on the
surface of the specimen by the software Raith Elphy Quantum to reproduce the PMMA
designed pattern by irradiating the resin. After this step, the specimens are bathed
during 90 seconds in a solution (1/4 methyl-ethal-cetone and 3/4 propanol) to dissolve
the irradiated resin. Then, gold is firstly deposited by sputtering (1 nm) and by vacuum
vaporization (12nm). Finally, the non-irradiated resin is removed by ultrasonic cleaning
during 1 minute with ethyl-acetate.

The specimens were tested in SEM under a tensile load in order to observe the strain field
at the microstructure scale and to associate it with EBSD maps. The strain rate was
fixed at 2 x 107 57! and the loading steps 1, 2, 3, 4 and 5 were respectively defined by
the macroscopic strain levels corresponding to 1%, 6%, 12%, 16% and 20% . The loading
steps were imposed based on a real-time strain computation based on DIC on the larger
grid, with a cross spacing of 100 um (blue grid on Figure 3.3). At each strain step, an
elastic unloading is performed and an image of the smaller grid area, with a 3 um cross
spacing (red grid on Figure 3.3) is recorded. The comparison of this image with the initial
one provided a high resolution strain full-fields and permits to analyse the deformation
process at the grain scale, highlighting the zones with a high plastic strain.

In order to compare the obtained mechanical properties with other experiments, an
additional monotonic tensile test, i.e. in the absence of the unloading steps, was equally
performed on the same tensile machine. The in situ machine was associated with a 4 K N

load cell and the strain rate was fixed at 1035~ L.

Digital image correlation (DIC) for strain fields computation based on successive images
of deformed specimens is now a conventional technique for the measurement of strain
fields as discussed in [183] and [184]. However as different algorithms and assumptions
are covered by software and literature, we shall summarize the procedure used next. Dis-
placement full-fields are computed using Correlation Manual Value, a homemade software
[176, 185, 186].

The correlation starts from a set of non-overlapping points located on the grid crosses of
the reference image, C D, (X,,Y,), on Figure 3.4(a). This set of points, also denoted as
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Figure 3.3: Image of the multiscale grids on the tensile specimen. Blue area of 3 x 3mm?
with macro crosses with a pitch of 100 um was designed for macroscopic
deformation patterns while the red area of 1 x 1mm? was designed to cap-

ture high resolution images needed for the DIC and thus to determine the
deformation pattern at the microstructure scale.

correlation domains, is then tracked in its new position (C' Dy, (yn, yn)) through the images
at different deformation steps, see the deformed configuration on Figure 3.4(b). The
tracking is done by minimization of the correlation coefficient, which measures closeness
of the distribution of grey levels between reference and deformed images.

The local in-plain Green-Lagrange Eq tensor for each correlation point is calculated over
an integration domain €2, defined by the neighboring correlation points as displayed in

Figure 3.4 (c¢). The average displacement gradient (F)q over the domain (2, is computed
as detailed in [185].

The representation of the average displacement gradient (F)q in Cartesian components
is:

<F>Q = Fijei X e (3.1)

where e; are the unit vectors of the Cartesian coordinates. Its components oriented along
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Figure 3.4: Layout of the correlation domain (a) in the reference image, (b) in the
deformed image and (c): scheme of the integration domains for computation
of the Green-Lagrange strain tensor.

the X and Y axes are expressed as:

N
1
Fxx =5 D @+ "ty -y (3.2)
n=1
1 N
Fxy = 3¢ > (@™ (X - X (3.3)
n=1
1 N
Fyx = TS Z/ + yn-i-l Yn+1 Yn) (3.4)
n=1
1 N
Fyy =55 ) —(" +y" ™) (X" - X" (35)
n=1

where S denotes the area of the integration domain and N the number of correlation
domains. (z",y"™) and (X™,Y"™) are the coordinates of the control points in the actual
and initial configuration respectively.

From the displacement gradient, the Green-Lagrange strain tensor is computed using the

convential formula: )
Eq =S (F)g- (Flo—T) (3.6)

Next, the experiments will be performed under a small strain assumption and therefore:

E X EQ (37)
The correlation errors of this method, see [185], can be reduced significantly by increasing
the size of the integration domain (at the expense of local informations). In this work,

as we are interested in the mean deformation of a grain, this implies that the larger the
grain is, the smaller the error will be. More precisely, the estimated maximum absolute
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error for the 11 strain component is 26 x 10~ for a 8 x 8um? area corresponding to
an average small grain and 36 x 107° for a 32 x 32um? area which is equivalent to an
average large grain. The terms small and large grain will be explained further. Moreover,
the errors are also related to the noise of the recorded images by the SEM and can be
reduced by decreasing the acquisition speed [187]. In the cases studied here, we had
to balance the dwell time with the image resolution, because a longer exposition time
would enhance the image quality but will distort the acquisition. To ensure a reasonable
grey-scale contrast for the DIC, it was necessary to fix the resolution to 8192 x 7168
pixels i.e. the smallest resolution still allowing a few pixels within the micro crosses of
the red area in case of a Horizontal Field Width (HFW) = 1750 pum.

3.3 Results and discussion

3.3.1 Grain morphology and texture analysis

The microstructure was analyzed qualitatively and quantitatively in terms of grain size,
shape and distribution from the EBSD data.

The statistical analysis of grain sizes and shapes conducted to similar results for both
specimens irrespective of their orientations as displayed in table 3.1. This result was
expected as a consequence of the following factors: (i) both specimens were extracted
in the middle section of the wall, i.e. away from the extreme free edges and at the
same height of the wall, thus avoiding the eventual variation of spatial and temporal
characteristic of the temperature, (ii) they have the same level of polishing, i.e same
thickness and (iii) the areas where EBSD analyses are performed are large enough to
contain a statistically representative number of grains. As a consequence, in order to
simplify the discussion, only the microstructural analysis conducted on the specimen B
will be reported here in the sequel.

The microstructural texture, in terms of both morphology and crystallographic orienta-
tions is determined by the local heat flow during solidification and cooling. The history
will guide the preferred growth directions of the grains. The particular heat flow pattern
depends on both the geometry and heat exchange coefficients as well as on a given set of
printing parameters such as the power of the laser, the printing speed, the scanning pat-
tern strategy etc. which are driving the position of the heat source in the transient heat
flow problem. Direct relations between the printing parameters and the microstructural
texture are discussed in [18%8, 44, 17], but will not be presented in detail in this chapter.
A typical microstructure at the center of the wall is displayed in Figure 3.5(a). For the
given vertical build step of 0,2mm one layer of grains has an average height equal to
0,12mm and its grains have an average orientation of 29° with respect to the printing
direction (more precisely oy = 31,4° and ay = 26,4° as shown on Figure 3.5(b). The
noticeable zigzag pattern is a consequence of the alternating movement of the laser head
during the manufacturing, which controls the local thermal history and the direction of
maximum heat flow in different layers [183].

The crystallographic texture obtained from the EBSD analysis was plotted in Figure 5.9
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using three pole figures corresponding to different areas of focus. Two subsets of grains
corresponding to two successive layers were extracted, one relative to the layers printed
from left-to-right and the other one relative to layers printed from right-to-left. Both are
represented in blue and red respectively in Figure 5.9(a). In Figure 5.9(b), the pole figure
of the complete set of grains is plotted while, in Figure 5.9(c) and (d) the two subsets of
grains are displayed. In Figure 5.9(c), the crystallographic texture of the layers printed
from left-to right is represented and one can remark a hotspot close to the Building
Direction (BD) axis which illustrates a slight texture of the crystallographic plane {100}.
A similar observation can be made in Figure 5.9(d) for the layers printed from right-to-
left. By firstly analyzing the subsets, it is easier to understand the whole EBSD texture
as the sum of two fiber textures. The distance of the two hotspots from the BD axis
corresponds to a tilt angle of 30° toward the printing direction i.e. the crystallographic
and morphologic texture are both aligned. It is known that the texture is determined
during solidification and in the case of centered cubic alloys [185], it is defined by the
preferred crystallographic direction which is closely aligned with the maximum heat flow.
The precise direction of the heat flow was not measured during printing, but the observed
textures gave a clear idea of the heat flow pattern in this case.

Building Direction

Printing Direction :
(a)

Figure 3.5: (a): EBSD map (IPF X) of the specimen Bj;. (b): Zoom on the EBSD
map showing in detail the interfaces between layers, cluster of small grains
present at interfaces and the morphological grain angles for both directions
of printing.

A precise observation of the Figure 3.5(a) exhibits an important surface covered by large
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Figure 3.6: The texture of the microstructure: (a) Schematic representation of the
printed layers and their relative morphological grain angles associated by
color to the printing direction. Pole Figure for the whole EBSD, for the lay-
ers printed from left to right the one printed from right to left diplayed in
(b), (c¢) and (d) respectively

grains. They mainly form the printed layers while smaller grains will cover the interface
between the layers. The smaller grains will equally cluster between layers as illustrated
in Figure 3.5(b). However a repetitive pattern of the small grain clusters could not be
found. For example, clusters are present in interfaces I5 and 14, while absent in I1,
12 and I3. Similar observations on the presence of small grains and their clustering
between layers was also reported in [17]. More precisely, the authors related this type
of microstructure to particular values of the solidification rate and the thermal gradient
associated with the heat suction from the substrate and the printing parameters. They
reported that after a specific building height, the fine grains tend to disappear because
of the heat accumulation in the built part, which corresponds to our observations. It has
also been previously reported in [5], that grains at the top of the wall are larger than
the ones at the bottom. This was associated to a faster cooling closer to the substrate.
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However, this was not observed in the present work as the studied surface was too small
and positioned at the center of the wall.

Next, we propose to sort the grains in two families with respect to their surface area, i.e.
small and large grains. This threshold value between the two families correspond to the
surface of the biggest grain found in a cluster of small grains and is equal to an area of
176 szm?. This area approximately corresponds to a circle with a 15 um diameter.

This separation will allow to better apprehend the role of different grains in the defor-
mation process and asses from a statistical point of view the differences in term of size,
quantity and surface occupied by grains, as resumed in the table 3.1. One can easily
note that there are more small grains, 61% of total number, than large ones, 39%, while
the small ones occupy only 8% of the total surface. We have a ratio of 4 between the
average diameters of large and small grains.

Specimen A Specimen B
small grains large grains small grains large grains
Average diameter 7.6 £33 ym | 31.6+ 16.8 pm || 7.2 &+ 3.4um | 29.6 £ 15.4 um
Mediane of diameter 7pm 26.3pm 6.5um 24.4pm
Numbers of grains 61% 39% 67% 33%
Surface occupied 8% 92% 11% 89%
Average of the aspect ratio 24+ 1.4 3.4+ 2.1 26+ 1.6 3.8+ 3.2
Mediane of the aspect ratio 2 2.8 2.1 3.2
EBSD surface 3.3 mm? 3.4 mm?

Table 3.1: Grains size statistics.

The aspect ratio of the grain was defined as the ratio of principal axes of the smallest
circumscribed ellipse, implying that an aspect ratio of 1 indicates an equiaxed grain.
Ellipses fitting the small grains have an average aspect ratio of 2,4 + 1,4 while ellipses
fitting the large grains have a an average aspect ratio of 3,4 £+ 2,1 (complete data set is
available in table 3.1). The distribution of the grain sizes is depicted in Figure 3.7 by
the plot of the continuous probability density function (PDF) of frequency as a function
of aspect ratio for small and large grains. The continuous distribution was fitted from
the discrete measured distribution using [189]. Moreover, one can see that, the PDF of
the aspect ratio of small grains is narrow attaining its peak value at an aspect ratio of
1,8 which is smaller than 2,4, its average aspect ratio. The distribution of aspect ratios
for the large grains is more spread, it attains its peak at an aspect ratio of 2,2 which is
also smaller than 3.4, the average aspect ratio for large grains. Moreover, we recall that
the total surface of small grains is far smaller than the surface occupied by large grains
while the small grains are superior in terms of quantity.

As a closure remark regarding sizes and shapes, we can state that large grains have a
columnar shape while small grains have a more equiaxial one.
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Figure 3.7: Probability density function of grain ellipticity, i.e. frequency in terms of
ratio between the large and small axes of the ellipse fitting the grain by its
surface and shape.

3.3.2 Mechanical properties

The tensile engineering stress versus strain curve of the specimens A, or B/ are compared
in Figure 3.8. In order to provide a precise quantitative comparison of the tensile response
differences, we provide standard material parameters such as the yield stress at 0,2%
(YS), ultimate strength (UTS) and the ductility (D). To facilitate the analysis, the ratio
R of the material parameters of B over A| is compared to values from literature [26, 0,
|. If the ductility is almost similar for the specimen A; or B/ with a ratio of 1, the
value of the ultimate strength of specimen B is higher with a ratio attaining 1,18 and
a similar trend is observed for the yield strength with a ratio of 1,4. One can therefore
notice an anisotropy for the yield and the ultimate strength of the two specimens.
Previous publications [0, , | on stainless steel employing DED as a manufacturing
technology present similar trends regarding the mechanical behavior under uniaxial ten-
sile test. The tensile engineering stress versus strain curve of the present specimens A or
B/ are compared with the curves of their homologous ones extracted from a multi-track
thickness volume in 316L obtained by DED [26]. One can notice that the differences be-
tween the tensile properties for both sets of configurations are comparable, in the sense
that one obtains higher yield and ultimate strength for the type A specimens and larger
ductility for the type B specimens. Nevertheless, it can be noted that intrinsic values
are different. Even tough the nature of the feedstock (316L stainless steel) and printing
technology (DED) are the same, the size and chemical composition of the powder as well
as the machine’s parameters (laser power, speed deposition, printing strategy etc.) for
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both compared studies are different. In [7], the authors summarized the tensile proper-
ties of 316L specimens manufactured by DED from different research groups permitting
to highlight the scatter of the properties and the large spectrum of tensile strength. In
addition, it was also noted that specimens manufactured with lower linear heat inputs
have smaller melt pools, thus faster cooling rate leading to a finer microstructure and
therefore higher yield and ultimate tensile strengths in comparison to the ones produced
with higher linear inputs. Also, it was reported that even for the same linear heat inputs,
the type of laser has an influence on the energy absorbed by the substrate or deposited
layers and thus on the final properties. In addition, the chemical composition 193] and
particle size [194] of the powder affect the mechanical properties as well as the printing
parameters as mentionned in the introduction. Therefore, one can perceive the sensitiv-
ity of the mechanical properties to process/machine’s parameters and can consequently
understand the difference observed in Figure 3.8 and more generally between studies of
the same type of materials additively manufactured.

Furthermore, the material parameters of table 3.2 are compared with the ones of a hot
rolled and annealed 316L. The hot rolled and annealed material present isotropic proper-
ties with a higher ductility but lower yield and ultimate strength in comparison to 316L
obtained by DED. An explanation for the anisotropy in the case of DED was proposed
in [5] who analyzed a material manufactured in similar conditions as our specimen. A
specimen of type A has long and narrow columnar grains oriented along the building
direction. Therefore, under uniaxial test along the building direction, dislocations are
required to meet fewer grain boundaries to elongate the sample than specimen in the
configuration of B, where dislocations will meet more boundaries. This can explain the
difference between the UTS and YS. It was also noticed in [6] that interlayer in case
of a tensile direction orthogonal to the printing direction are ideal crack initiation sites.
In order to validate such assumptions, it is therefore important to investigate the strain
localization process at the microstructure scale as proposed in the next section.

Technology YS (MPa) UTS (MPa) D (%)
Printing versus tensile direction s / R 1 / R i / R
DED (our results)-from wall 272 £ 8 | 381+£5 | 1.4 | 621.7+£9.4 | 734.1 £12.8 | 1.18 | 46.4 + 2 | 44.4 £ 3.8 | 0.96
LENS [26] from bulk 479 576 1.2 703 776 1.1 46 33 0.72
LMDS|6] from wall 352 558 1.6 536 639 1.19 46 21 0.46
Hot rolled and annealed [190] 302 307 | 1.01 595 600 1 57 59 1.03

Table 3.2: Mechanical properties of 316L from the present tests and from the literature
[26, 6, |. R is the ratio of the material parameters of the specimen B /) over
the specimen A |

3.3.3 Combined strain and EBSD analysis

Next, a combined DIC-EBSD analysis is proposed to reveal and to understand the ob-
served differences between the mechanical properties in tensile test, depending on the
orientation of the loading with respect to the printing direction, i.e. along or orthogo-
nal to the printing direction. The analysis is split in several steps: (i) an initial EBSD
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Figure 3.8: Monotonic tensile stress-strain curves of the specimen A; and B extracted
from a DED 316L wall and their counterparts extracted from DED 316L
bulk. *=[26].The stress-strain position data for the in situ tests of specimen
Ay and By are represented by green and blue crosses respectively.

analysis of the central part of the specimen as described in Figure 3.3, (ii) a SEM in situ
tensile test combined with DIC described in section 3.2, (iii) a projection of DIC results
on EBSD which will be described in this section and (iv) a statistical analysis of mean
strain value per grain associated to a study of the local strain patterns.

As stated previously, DIC full-fields were projected on EBSD maps: this enables us to
determine the correlation points included in each grain. To perform this overlapping,
we had to correct the non-linear distortion of the EBSD coming from several factors
such as the beam drift, the stability of the specimen etc. The procedure is detailed
in [195] and the code used for this correction was adapted from the Matlab procedure
available in [196]. This image correction procedure will distort the initial image shape
from rectangular to an arbitrary shape as already reported in [195]. It is important to
notice that the distortion is image specific and therefore the exact transformation will be
different for each image. A Matlab routine was programmed to reconstruct the EBSD
map with a unique RGB color averaged for each grain based on its euler angle in order
to determine the contour of the grain and thus, the correlation points included. Then,
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as presented previously, from the average transformation gradient, it was possible to
compute the mean value of the Green-Lagrange tensor components in each grain. The
precise procedure is schematized in Figure 3.9.

Find the contour of Determine the Determine <>, from the contour

rrsssnneaa. > the grain (b|ack |ine)
from the EBSD:

correlation points (red+— | (green) of the correlation
points in the grain:

cross) in the grain:

" Compute E,

Figure 3.9: Algorithmic scheme of the implemented procedure for the determination of
the mean value of the Green-Lagrange tensor components in each grain.

First of all, a comparative study of the two grain families (small and large) for specimens
Ay and By is proposed. Let us mention that the deformation patterns/deformation
statistics are defined starting with the first applied strain step and evolve afterwards
mainly in terms of strain amplitude. Therefore, only the data for the step 2, correspond-
ing to a global strain of ~ 6% will be discussed.

Specimen A | Specimen B

small grains

large grains

small grains

large grains

Average of the strains

0.052 £ 0.025

0.06% 0.019

0.072 £ 0.031

0.074 £ 0.026

Mediane of the strains

0.048

0.06

0.069

0.072

Table 3.3: Grains size statistics.

In Figure 3.10, the PDF of the £1; strain component relative to the grain’s family (red
for large grains and blue for small grains) is plotted in case of a global applied strain
of = 6% (purple line). For the specimen A, the two distributions are quite different
with, for the large grains, a peak aligned with the global strain whereas for the small
grains a peak of frequency centered around 4,8%. In addition, the strain average of the
small grain is 5,2% with a median at 4,8% while for the large grains, the average and
median were 6,9% and 7,2% respectively. Thus, one can note that when the tensile test
is perpendicular to the printing direction, the mechanical behavior is not the same for
small and large grains: small grains deform less than large grains.

The same investigation for specimen B/ led us to a different conclusion. One can remark
on Figure 3.10(b) that both peaks are aligned on the global mean strain. More precisely,
the average strain of the small grain is 7,2% with a median at 6,9% while for the large
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grains, the average and median were values 7,4% and 7,2% respectively. One can therefore
conclude that when the tensile load is parallel to the printing direction, the mechanical
behavior is almost the same for small and large grains.

In order to get a precise understanding of the relation between grain size and average grain
deformation, we propose to analyze the probability density function of the grain surface
versus average grain strain over the €17 strain component (2D PDF). This representation
will permit to highlight where the maximum deformation is concentrated and will indicate
where strain localization and/or failure will probably occur. The corresponding colored
histograms are displayed in Figure 3.11. In Figure 3.11(a) and (c), one can see the 2D
PDF for the small and large grain of the specimen A, respectively at the same step
of deformation as previously. From these plots, we cannot add additional details to the
conclusion made in Figure 3.10(a). Nevertheless, for the specimen B/, particular areas
are observable in the 2D PDF of the large grains as shown in Figure 3.11(d). These areas
are circled by white dots and they correspond to particular large grains that deform
more than the others. This was hidden in the figure 3.10(b), where just from this plot,
deformation could have been thought uniform. As a first step into the investigation
to determine the difference observed during the tensile tests, one can infer that for the
specimen A | , there is a difference of the tensile behavior between small and large grains
while for the specimen B/, some particular large grains are highly localizing.

It is now necessary to investigate the spatial localization (i.e the deformation patterns)
from the strain field obtained by the DIC overlapped on the EBSD in order to qualify
and explain the previous statistical observations. In Figure 3.12(a) and (b), the local
€11 strain component obtained by DIC for specimen A; and B is displayed in the case
of a global strain of 6,1% and 6,7% respectively. One can remark in Figure 3.12(a)
that the strain is very localized in some areas while on the Figure 3.12(b), the strain
localisation is more spread in some columnar shapes allowing to recognize the zig-zag
pattern of the microstructure. For the step of deformation 2, the DIC full-fields for A
and B were respectively overlapped on their relative EBSD map in Figure 3.13(a) and
(b) in order to associate the strain pattern with the microstructure. One can see in
Figure 3.13(a) that the strain localisations actually correspond to interfaces between the
layers. Nevertheless, it can also be noted that not all interfaces show such localization
and one can observe that these areas correspond to zones where there is the presence
of small grains and clusters of small grains. One can remember that for specimen A,
the statistical analysis showed that small grains deform less. Therefore, it is reasonable
that no strain localisation is observed at the interface in the presence of clusters of small
grains. Finally, this confirms the results of [6] which noticed that interlayer is a crack
initiation area when the tensile direction is orthogonal to the printing direction.

A similar investigation of the DIC overlapped on the EBSD for the specimen B is
plotted in Figure 3.13(b); in this case, the strain localization follows a zig-zag pattern of
particular large grains. In addition, there are no singularities at interfaces and this makes
sense considering the previous results showing that small and large grains present the
same strain distribution. The strong localization in some particular large grains shown
in 3.13(b) was also expected since it was highlighted by the 2D PDF in Figure 3.10(d). A
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complementary graph is proposed in Figure 3.14 where the average €11 per grain is plotted
and confirmed the presence of particular large grains with higher localisation. Finally,
the same trend of localisation for higher deformation steps is observable as displayed in
Figure 3.13(c), (d), (e) and (f). It can also be noted that for A, localization seems to
be more present at the boundaries of the grains while for By, it is more diffuse.

In conclusion, in the case of a tensile load orthogonal to the printing direction, the small
grains deform less than the large ones. It was also observed that the strain localization
is mainly situated at the interface between layers in the absence of small grains either
individual or in clusters. In the other case of a tensile load along the printing direction,
we found that small and large grains deform the same. We also observed that the strain
localization was present in some particular large grains.

251
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Figure 3.10: Probality density function of the strain associated for the small and large
grains of specimen A and B in (a) and (b) respectively.
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Figure 3.11: 2D Probality density function of the strain for the small grains of specimen
Ay and By in (a) and (b) respectively and for their large grains in (c) and

(d).
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Figure 3.12: Evolution of the horizontal deformation €11 obtained by digitial image cor-
relation for the specimen A} and B in (a) and (b) respectively.
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Figure 3.13: DIC overlapped for A; and By on their respective corrected EBSD maps
at the step of deformation 2, 4 and 5 corresponding to macroscopic strain
of 6%, 16% and 20% respectively.
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Figure 3.14: Average €11 per grains for the specimen B at the deformation step 2.
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3.4 Conclusion and perspectives

In this study, we associated the observed mechanical anisotropy of specimens produced by
additive manufacturing with the anisotropic and heterogeneous microstructure and the
induced microscopical strain localization. Specimens were extracted from 316L stainless
steel single-track thickness walls built by DED. Firstly, we investigated microstructure
through morphologic and texture analysis. Then, we performed tensile tests that revealed
anisotropy. Finally, in situ tensile tests under an SEM combined with HR-DIC and EBSD
maps enabled the qualification and quantification of the mechanisms of deformation. The
conclusions are the following;:

- The morphologic and crystallographic textures are aligned and can be associated
with the heat flow pattern induced by the printing strategy.

- The grain morphology is characterized by small equiaxed grains present as isolated
or in clusters at the interface between printed layers and large columnar grains
within the layer.

- Anisotropy was detected during tensile tests. Specimens tested along the printing
direction (Bj) exhibited higher mechanical properties in terms of yield strength
(YS) and ultimate tensile strength (UTS) than the specimens tested perpendicu-
larly to the printing direction (A, ). A similar trend was reported in literature.

- In the case of a tensile load perpendicular to the printing direction, small grains
deform less than large ones. Moreover, strain localization is mainly situated at the
interface between layers in the absence of small grains.

- In the case of a tensile load along the printing direction, the strain localization was
observed in some particular large grains.

There are several natural extensions of this work such as a precise investigation of the
slip systems of the grains exhibiting strong deformations, and the observations of the
mechanisms of deformation under cyclic loadings and their relations with the fatigue
phenomena. A study of the effect of the cellular substructure should also be performed.
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Overview

Directed Energy Deposition, a metal additive manufacturing process, was employed to repair
316L stainless steel substrates. The dog-bone repaired specimens are composed of two equal
parts with an initial substrate and the added repaired part. This design permits to load the
interface in tension during a tensile experiment and to analyze how the loading is distributed
at the interface where a strong microstructural gradient was observed.

First, the microstructure was investigated and a clear difference between the two halves
was observed. The substrate exhibits small equiaxed grains while the printed half presents
larger and elongated grains. The effect of the vertical increment also plays an important
role on the microstructure and was highlighted in this chapter.

Second, under monotonic tensile loading, the overall mechanical properties of the repaired
specimen was found to lie between the tensile properties of the fully printed and substrate
specimens.

Finally, an in situ tensile test under a scanning electron microscope combined with High
Resolution Digital Image Correlation (HR-DIC) was performed. Additionally, the HR-DIC
was associated to the microstructure map allowing to track the local microstructural strain
distribution. While homogeneous strain was observed in the substrate half, the printed
half showed a strain heterogeneity, with the highest localization found at some interlayers.
A zone of low deformation was observed at the interface and was associated with higher
hardness.
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4.1 Introduction

One of the growing application areas of AM, particularly for DED, is the repair of costly
industrial parts such as aircraft engines, gas turbine, train structure etc. The questions
in repair are:

- How should the damaged zone be prepared before the repair?

- What is the necessary quality of the bonding between the damaged part and the
added material? With another material?

- What are the effects of post-treatment?

- How is the load distributed in the repair area where a strong microstructural gra-
dient can be observed?

- How is the repaired part thermally affected?
- What are the final properties?

There has been extensive research regarding these questions over several time and length
scales [15, 16, 18, 19].

At a macroscopic scale, several research groups investigated the repairing strategy
by studying the filling material, post treatment or groove shape. For example, in
[15] promising results for the repairing of a ultra-high strength AISI 4340 steel with
another material are established. The authors highlighted a noteworthy improvement
of the tensile and fatigue properties of the specimen repaired with AerMet 100 steel in
comparison to the ones repaired with AISI 4340. Additionally, the authors observed
that applying a post-clad heat treatment improved the fatigue limit for all the repaired
specimens and placed the limit of the ones repaired with AerMet 100 steel above the
fatigue limit of the damaged specimens. For Inconel 718, it was proven in [16] that
both the geometry of the groove and the printing strategy influence the final mechanical
properties. The authors obtained an optimal bonding with a smooth transition of
materials between the repaired part and the added material for a trapezoidal groove.
Additionally, the authors observed that the strategy with the diagonal building results
with the weakest wear resistance.

At the microscopic scale, the molten material undergoes complex melt-pool dynamics,
rapid solidification and then rapid cooling in the solid state. The deposited material
volume will undergo several cycles as successive layer will further be deposited. The
temperature interval surpasses phase transition and the cycles will act as thermal
treatment. These phenomena driven by process parameters generate a hierarchical
microstructure |17, 5] that is very different from conventionally processed materials. In
the particular configuration of repair, this implies that the original part and the repaired
material might end up with significantly different microstructures. Moreover, under
mechanical loading, the difference in microstructure and subsequently the global material
properties will conduct to different load distribution and strain localisation as one would
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expect in a homogenous part. Microstructural strain localisation investigations on fully
printed [18, 19, 20] and conventionally manufactured [21| specimens have already been
performed but the link between them is missing.

The present chapter aims to contribute to (i) the analysis of the microstructure of
repaired specimens by describing the local gradient of microstructural properties and
(ii) to propose an investigation of the deformation mechanisms. For (ii), we investigated
exclusively the interface zone between the repaired substrate and the added material.
More precisely, strain full-fields were obtained through High Resolution Digital Image
Correlation (HR-DIC) during an in situ tensile test inside a Scanning Electron Micr-
socope (SEM). Additionally, the HR-DIC was associated to the microstructure map
allowing to track the local microstructural strain distribution.
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4.2 Materials and methods

The design of the repaired specimen is presented in Figure 4.1(a). More precisely, this
dog-bone specimen is composed along the vertical axis of two equal parts: (i) an initial
substrate and (ii) the added repaired part. This design permits to load the interface
in tension during a tensile experiment which is a fundamental repair question. Also,
a groove is not required in the configuration of specimen and this design finds many
application and is particularly representative of the repair of turbine blades [197]. The
specimens were extracted by water jet cutting from the single-track thickness walls man-
ufactured with a back-and-forth printing strategy. The thin 316L stainless steel (SS316L)
hot rolled sheet substrate had the dimensions 55 x 40 x 0,7 mm. The 50 x 15 x 0,7mm
thin walls were additively manufactured by a DED machine from BeAM [141] using a
SS316L powder with particles size lying within 45 — 90 um [113]. Additional details con-
cerning the 3D printer and the powder are available in section 2.2 and 2.3 respectively.
The process parameters were the following: laser power of 225 W, deposition speed of
2000 mm/min, powder flow of 6.5 g/min and for a first set of specimens, a vertical spac-
ing between layer of 0.12mm and for the second, 0.2 mm. Finally a pause of 1 s between
each layer was necessary for comparative purpose with the fully printed specimens as
explained in the section 5.2.1.

After being extracted by water-jet cutting, the specimens were mirror polished with sili-
con carbide abrasive papers with successive grit values from 400 to 4000 and then finished
by ion polishing in order to acquire the electron backscatter diffraction (EBSD) maps.
A first set of ex situ monotonic tensile tests was performed for a repaired, fully printed
and substrate specimen. Then, another repaired specimen prepared with a two-scale
gold pattern on its surface was loaded with a tensile machine inside a scanning electron
microscope (SEM). This gold pattern was deposited using lithography on an area ex-
tended across the interface and used to determine the strain localization. In order to
reach targeted macroscopic deformations, real-time strain computation was performed
using a "macro crosses" grid with a pitch of 15um (see Figure 4.1(b), blue area). Once
reached, the specimen was unloaded in its elastic regime and images of the 3

mum grids (see Figure 4.1(b), red area) were captured in order to compute high reso-
lution strain full-fields. The strain maps were computed using the Correlation Manual
Value (CMV) DIC software 185, | and the HR-DIC data were overlapped on a dis-
tortion corrected EBSD map [195] in order to associate strain localisation patterns with
the microstructure.
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Back and forth
a) Printing Direction

“Macro crosses” 15 pm (3 mm x 2 mm) Hi

(PD) '
12.6 7

Building
Direction
(BD)

“Micro grids” 3 um (2.2 mm x 1 mm)

Printed half Substrate half

Figure 4.1: (a): Design scheme of the repaired specimen. (b): Image of the multiscale
grids on the tensile specimen. Blue area of 3 x 2mm? with macro crosses with
a pitch of 15 um was designed for macroscopic deformation while the red area
of 2,2 x Imm? with a pitch of 3 um was used to capture high resolution images
to determine the deformation pattern at the microstructure scale.

4.3 Result and discussion

4.3.1 Microstructure

The microstructure of the repaired specimens with a vertical increment of 0,12 mm and
0,2mm are displayed in Figure 4.2(a) and (b) respectively with, at the bottom, the
substrate with a fine microstructure and above the printed part with larger grains. For
both vertical increments, the walls were able to be printed i.e. 0,12mm and 0,2mm
are suitable vertical increments for repair. Let us notice that the difference of vertical
spacing generates a difference of thermal history of the complete wall and on the local
level because 5/3 more back-and-forth scans were necessary for the 0,12mm vertical
increment. We shall observe differences on the pattern of the microstructure and only
the morphologic aspect will be reported in this chapter. The crystallographic texture
will be presented in section 5.3.1.

In addition, because of the back and forth printing strategy leading to an alternating
solidification front for each layer[17, 195|, a herringbone pattern, more pronounced for
0,2mm than for 0,12mm can be observed in Figure 4.2(a) and (b) respectively. Also,
at the interface, one can remark an epitaxial growth from the substrate of some grains
that proves the good metallurgical bonding between the two materials [199].

For both vertical increments, the evolution of the equivalent grain diameter from Figure
4.2, corresponding to the diameter of a circle fitting the grain by its surface is plotted with
respect to its distance from the interface in Figure 4.4(a) and (b) respectively. The grains
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Figure 4.2: EBSD map (IPF X) of the repaired specimen manufactured with a vertical
increment of 0,12mm and 0,2mm in (a) and (b) respectively.

were gathered into bins with respect to the distance to the interface of their respective
center of gravity. The black line links the average equivalent grain diameter of each bins
and the blue lines correspond to the standard deviation of the bin. Three regimes can be
noticed for 0,12mm in Figure 4.2(a): (i) the substrate domain [0 um ; 1200 um| where
the grain size is small and constant, (ii) the first deposited layers [—400 pm ; 0 pm| where
the steep slope corresponds to the transition between equiaxed to elongated grains, (iii)
the printed material [—3800 um ; —400 um | with a more moderate slope. The slowly
increasing size of the grain with respect to its distance to the interface is a consequence of
the heat accumulation in the wall due to poor heat absorption of the substrate resulting
in more energy for the grain to grow [5]. For 0,2mm in Figure 4.2(b), the same analysis
can be made for the first two regimes. However, for the printed material [-2600 um ;
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—300 um |, the slope is constant due to less heat accumulation in the wall.

a)DZ=0.12mm b)DZ=0.2 mm

Layer

} 0.2 mm

Building Direction

Interface

Figure 4.3: EBSD map (IPF X) of the cross section of the repaired specimen manu-
factured with a vertical increment of 0,12mm and 0,2mm in (a) and (b)
respectively.

Additionally, the microstructure of the transverse cross section for a vertical increment
of 0,12mm and 0,2mm is presented in Figure 4.3 (a) and (b) respectively. On both
maps, a small layer on both sides of the wall can be distinguished with small grains
while in the kernel region, the grains are larger. The variation of the grain size along the
thickness of the wall can be a consequence of different mechanisms: convection dominates
conduction mechanisms near the surfaces of the wall [200]. These small grains near the
surfaces could also be unmelted powder. A clear difference is observable for the kernel
grains with respect to the vertical increment. Indeed, for the 0,12 mm vertical increment,
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grains are larger and a "christmas tree" shape is noticeable. In contrast, for the 0,2 mm
vertical increment, the kernel grains are smaller and have a slope more aligned with the
building direction axis. Also for the 0,12 mm configuration, the kernel grains can cross
several layers while for the 0,2 mm, they are essentially present in only one layer. The
inclination angle is defined as the angle between the longest axis of the fitting ellipse
and the building direction axis. This difference of angle was quantified by plotting the
probability density function of the slope of the kernel grains with respect to the building
grains in Figure 4.4(c) and (d). In (c) one can see that the inclination angle of the kernel
grains have a slope at &~ 4+ 60° with respect to the building axis. In (d) the kernel grains
are more aligned with the building axis with a slope at &~ 4+ 75°. This difference is mostly a
consequence of the different thermal history. Indeed for the 0,12 mm vertical increment,
more layers are required, therefore the wall is subjected to more heat accumulation.
Consequently, it affects the heat flow direction and therefore the solidification direction
and crystallographic orientation. This explains the grains oriented toward the free surface
of the wall for 0,12 mm vertical increment and the difference of crystallographic texture
between 0,12 mm and 0,2 mm observed in the next chapter, section 5.3.1. In addition,
one can remark that the distribution in Figure 4.4(c) is symmetric while is not in Figure
4.4(d). This disimetry is thought to be a consequence of the non perfect orthogonal cross
section on which the microstructure data were acquired.

Next, the microstructure of the printed part and substrate is compared by their shape and
size. For the printed part, the grains were sorted in two families, small and large grains,
according to their respective equivalent grain diameter. The threshold value between the
two families of grains is 15um and it will allow for finer description during the analysis of
the morphological texture. These small grains are found disseminated at interlayers and
especially in clusters at interlayers. The shape of the grain is described by its aspect ratio
(AR) defined as the ratio of principal axes of the smallest circumscribed ellipse, implying
that an aspect ratio of 1 indicates an equiaxed grain. One can see in table 5.1 that
small and large grains in the 0,12 mm configuration have an average equivalent diameter
of 8,5 um + 3,5 and 36 um =+ 20,9 respectively. For a vertical increment of 0,2 mm, the
average equivalent diameter for small and large grains are 7,6 ym 4+ 3,5 and 31 um + 16,8
respectively. Additionally, for both vertical increments, large grains are more elongated
with a larger AR than for the small grains. Moreover, the amount of small grains highly
decreases with a smaller vertical increment and this is due to more heat accumulation in
the wall giving more energy for the grains to grow. Finally, the substrate has an average
grain size of 7,2 £ 3,9 and an AR of 1,8 + 0,8. This difference of morphology as well as
the crystallographic texture (presented in in chapter 5) results in different mechanical
properties and will be presented next.
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Figure 4.4: Evolution of the equivalent grain diameter with respect to its distance from
the interface for the 0,12mm and 0,2mm configuration in (a) and (b) re-
spectively. In (c) and (d) is displayed the angle of the inclination angle of the
grain in the kernel with respect to the building direction axis for the 0,12 mm
and 0,2 mm configuration respectively.

Printed part - 0,12mm Printed part - 0,2mm Substrate part
All grains | small grains | large grains | All grains | small grains | large grains All grains

Diameter average (pm) | 25,2 + 21,2 8,5+35 36 +20,9 | 16,5+ 15,6 7,6 £3,5 31+16,8 72+3,9
Diameter Median (um) 19,3 8,4 29,5 11,2 7 25,5 6,2

Aspect ratio average | 2,4+ 1,3 23+1,3 27416 | 24+14 21+1 20+1,7 1,806

Aspect ratio Median 2 2 2,2 2 1,8 2,4 1,6
Quantity of grains (%) 39,3 60,7 62,2 37,8

Surface occupied (%) 13,3 86,7 28,7 71,3
Surface of study (mm?) 3,8x2 2,2 x 1,6 1,6 x 2

Table 4.1: Grain size and shape statistic.
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4.3.2 Mechanical properties

The tensile behavior under monotonic loading for the fully printed, repaired and sub-
strate specimens are compared in Figure 4.5. One can notice for 0,12 mm configuration
in (a) that the tensile strength of the repaired specimen falls between the two other
ones. In addition it is less ductile, a similar result was also shared in [201, |. The
same trend was observed for the 0,2mm configuration in (b). Finally, all the repaired
specimens tested fractured in the printed part, away from the interface, which indicates
that the bonding zone is not a limiting weak area during uniaxial loadings.
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Figure 4.5: Tensile engineering stress-strain curves for the 0,12 mm and 0,2 mm config-
uration in (a) and (b) respectively.

Next, for the 0,12 mm configuration, an analysis combining HR-DIC and EBSD map is
proposed to reveal the microstructural strain localisation near the interface. The im-
age (a), (b) and (c) in Figure 4.6 are showing the strain localisation €;; (aligned with
the tensile direction) for the deformation step 1 (~ 2%), 3 (~ 6%) and 4 (~ 15%)
defined in Figure 4.5(a) respectively. In addition, the average values of €17 on a line
parallel to the interface is proposed in order to obtain a finer analysis. At the step 1, the
strain localisation only occurs in the substrate as shown in Figure 4.6(a). Further, the
deformation is homogeneous and this behavior will be the same for all the other steps
studied. At the step 2, heterogeneous strain localisations in the printed half start to
appear and they are located at some interlayer zones as shown in Figure 4.6(b). As the
tensile loading increases, the strain magnitude increases and particularly in the printed
part. More precisely, the previous zones of heterogeneous localisation at the interlayer
zones are becoming the highest local strain localisation of the entire specimen as shown
in Figure 4.6(c). This is consistent with the results presented in [0] where the authors
reported that for a fully printed specimen, the interlayer is a crack initiation area when
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the tensile direction is orthogonal to the printing direction. It also recalls the localisation
observed at interlayers for a fully printed specimen tested along the building direction in
the chapter 3.

Finally, close to both sides of the interface, a zone with low deformation was observed.
This area is associated with the microhardness of the materials in Figure 4.6(d). One can
see that this zone in the substrate or printed half represented in pink is harder than their
respective half (= 25%). This is a consequence of the heat affected zone in the substrate
with strengthening effect [203] and the finer grains present in the first deposited layers in
the printed part leading to Hall-petch effect [200]. Additionally, one can remark that the
hardness is higher in the printed half than in the substrate. It is compelling with the fact
that the yield strength is higher for the fully printed specimen than for the substrate’s
one as one can see in Figure 4.5(a).

The same results and deformation mechanisms are obtained for the 0,2 mm configura-
tion. They are not discussed but they are exhibited in figure 4.7.

Finally to conclude, the microstructural gradient observed has a clear effect on the strain
localization and it should be optimized to increase the final properties of repaired speci-
mens.
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4 Repaired specimens

4.4 Conclusion

The microstructure and mechanical properties of repaired specimens by Directed Energy
Deposition was investigated in this chapter. The microstructure of the repaired half
featured a particular morphology with larger and elongated grains in comparison to the
small equiaxed grains in the substrate half. In addition, it appears that the interface was
not a weak area during uniaxial static tests, since all specimens fractured in the printed
part away from the interface. In situ tensile tests performed under an SEM combined
with high resolution digital image correlation and electron backscatter diffraction map
enable the tracking of the local microstructural strain localisation. While homogeneous
strain was observed in the substrate half, the printed half showed a strain heterogeneity,
with the highest localization found at some interlayers. A zone of low deformation was
observed at the interface and was associated with higher hardness.
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5 Self-heating behavior

Overview

The purpose of this chapter is to assess a self-heating testing method for the characterization
of fatigue properties of single-track thickness specimens additively manufactured. It also
evaluates the impact of the microstructure orientation with respect to the loading direc-
tion on the dissipative behavior and the initiation of microcracks. The 316L stainless steel
specimens under scrutiny were manufactured by Directed Energy Deposition in two config-
urations: (i) fully printed specimens (2 orientations) (ii) repaired specimens. The chapter
first presents a morphologic and crystallographic texture analysis and second, a series of self-
heating tests under cyclic loading. The microstructural analysis revealed elongated grains
with their sizes, shapes and preferred orientations prescribed by process parameters. The
self-heating measurements under cyclic tensile loading proved that the infrared dissipation
measurements can be performed on small scale thin specimens. The self-heating curves
could successfully be represented by the Munier model. Moreover, several links between the
printing parameters and self-heating results could be established. For example, a smaller
vertical increment between successively deposited layers leads to higher mean endurance
limits in all configurations. Repaired specimens had a lower mean endurance limit when
compared with fully printed or conventionally manufactured substrate specimens. Finally,
anisotropy was highlighted during these cyclic tests: specimens loaded orthogonally to the
Printing Direction (PD) showed higher fatigue limits when compared with the ones tested
along the PD. Additionally, post-mortem observations revealed characteristic microcracking
patterns initiated during the self-heating experiments. Loading along the printing direction
induced a classical dominating crack, whereas orthogonal loading generated a network of
microcracks along the writing direction suggesting the damage and opening of the the in-
terlayers. Additionally these patterns can be correlated with patterns of plasticity at the
grains scale observed in chapter 3 and 4.
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5.1 Introduction

As introduced in the state of the art, traditional cladding processes used as repairing tech-
niques with the same or different materials have been investigated for the past decades.
To name a few, arc welding [%|, thermal/plasma spraying [9, 10, 11] and cold spray [12]
have been studied, however severe limitations related to the particularities of the pro-
cesses such as a large heat affected zone (HAZ), critical distortions, poor accuracy and
poor mechanical properties as built have prevented the deployment of these technologies.
Directed Energy Deposition (DED), one of the two main metallic Additive Manufacturing
(AM) technologies received a particular attention as an alternative repairing technique in
the past years. The DED technology is an additive manufacturing process in which the
material is transported into a focused heat source and then deposited on the already con-
structed layers [13]. Particular variants of the DED process have been denoted in several
ways in the literature such as: Direct Metal Deposition (DMD), 3D laser cladding, Laser
Metal Deposition (LMD) and Direct Laser Deposition (DLD) to name a few. One of the
key advantages of the technology is its manufacturing ability on non-planar substrates,
which permits to construct coatings [204] or to repair complex geometries [205, 50]. How-
ever, it does not reach the performances of Powder Bed Fusion (PBF), the other main
metallic AM technology, in fineness or complexity of the manufacturing parts [200].

Manufacturing or repairing with a DED technology is a task requiring the understanding
of the particular microstructure inherent to such a process and its effect on the mechan-
ical properties. In fact, several research groups investigated the effects of the process
parameters such as the power of the laser, powder flow, deposition speed etc. on addi-
tively manufactured parts and highlighted the presence of oriented microstructure with
elongated grains as well as anisotropic macroscopic properties [20, 20, |. A discus-
sion in [208] of the microstructure for a Vanadis 4 metallic substrate repaired by LMD
with two different powders CPM 10V and Vanadis 4 showed that microstructure of the
resulting repaired part was similar to a quenched alloy tool steel, which indicated the
suitability of this technology for repair work. With optimized parameters, DED can
attenuate the HAZ, create metallurgical-bonded deposits and reduce the distortion i.e.
it can solve the above mentioned problems [13, 14], and thus, is particularly interesting
for the repairing of high-value components [209, |. As an example, a comparison of
laser-cladding and gas metal arc welding of gray cast iron repair is presented in [211].
It revealed a larger heat affected zone and lower ultimate elongations for the gas metal
arc welding repaired components, highlighting the superior properties for components
repaired by laser-cladding. The quantity of repairing as well as the lasing strategy and
shape of the slot to fill were found to also be of high importance for the properties of the
repaired specimens. The polycrystalline microstructures of 316L stainless steel used for
the repair of tools have been discussed in [203]. The study underlines a complex den-
dritic structures growth as a consequence of irregular nucleation. The focus on simulated
damage of different sizes repaired by laser-cladding showed that cracks occurred around
the repair only for the deepest ones and explained their occurrences by the presence of
thermal stresses and oxide inclusions. The authors finally reported that tensile proper-
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ties exhibited a 5% degradation for the repaired specimens with a depth of damage of
0.5mm. In [16], the authors noticed that a trapezoidal shape of slot allows for a porosity
free bonding in comparison to a rectangular slot. In addition, the authors observed that
the scanning strategy, more particularly the diagonal pattern, had an influence on the
friction coefficient and the wear resistance.

Another important aspect of additively manufactured metallic parts are the fatigue prop-
erties and lifetime predictions. These properties can be assessed at the macroscopic scale
of the structure, however for metallic components, they depend on the plasticity mech-
anisms and the particular grain structures at the microscopic scale of the material as
discussed for example in [22, 23]. Fatigue life in as-built metal AM materials has been
assessed and discussed under different settings: the influence of processing conditions and
the resulting defect structure is highlighted in |21, 25| whether the role of the particular
microstructure has been underscored by exhibiting anisotropy properties for static and
cyclic loadings in [0, 26] and |25, 27], respectively. More precisely, a study in [25] focused
on Direct Metal Laser Sintering of 316L stainless steel and found that the measured fa-
tigue strength was close to the wrought material’s one when subjected to uniaxial stress
parallel to the layers. However, when the loading direction was perpendicular to the
printed layers, fatigue fractures often occured prematurely by separation of the material.
In the case of 304L stainless steel manufactured by DED, it was reported in [27] that
specimens loaded perpendicularly to the layers manifested an improvement in the inter-
mediate fatigue regime (10*-10°) of 25% and performed identical to wrought in the high
cycle fatigue regime. For the latter regime, a decrease of 7% of the fatigue limit for the
specimens tested parallely to the layers in comparison to the wrought was measured.
The fatigue properties of DED repaired structures was less investigated. A study reported
in [15] showed that repairing a AISI 4340 substrate with the same material brought very
poor tensile properties and a significantly reduced fatigue life. Nevertheless, the replace-
ment of the cladded layer with AerMet 100 steel improved the fatigue life by a factor 10
and additionally applying a post-clad heat treatment improved the fatigue slightly above
the grind-out substrate’s one. In [25], the authors investigated the printing strategy for
Ti-6Al-4V specimens repaired by DED and more precisely the inter-track pause effect.
They observed a clear difference of microstructure and 50% more tensile residual stress
for the specimen manufactured with inter-track pause. For the latter, shorter fatigue life
was mostly attributed to geometrical defects. These studies equally highlight the diffi-
culties and the underlying cost of providing a large data-base of fatigue test for materials
that can largely vary according to the process parameters. Therefore, alternative and
faster methods are required to determine such properties. One of them is based on the
self-heating measurements of the specimen due to microscopic plasticity observed under
cyclic loadings. This method was firstly used by Stromeyer in 1914 [29] to perform a rapid
determination of the mean fatigue limit defined as the minimum level of alternating stress
which will generate heat in the tested specimen. Over the years, this method was refined
and applied to various materials and configurations [212, , , , , , |.
More recently in [30], the authors proposed a two scale probabilistic model with two
dissipative mechanisms taking into account the dissipation of the primary and secondary
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regime in order to analyse the self-heating phenomenon. To our knowledge, this method
has not been yet used to analyse fatigue of repaired parts by DED. This could enable a
fast determination of fatigue properties in AM parts allowing a parametric analysis.
The objective of this chapter is therefore to apply the self-heating testing method to
assess the damage evolution for single-track thickness specimens and to evaluate the ap-
plicability of the method in thin small scale fully printed and repaired specimens. The
chapter is organized as follows: It starts with the presentation of the specimens and
the experimental techniques. Afterwards, the characterization of the microstructure of
the specimens is discussed and macroscopic mechanical properties during uniaxial tensile
tests are exhibited. Next, measurements of the self-heating phenomenon during increas-
ing cyclic loadings will be analyzed and discussed.
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5.2 Materials and experiments

5.2.1 Manufacturing of the specimens

As presented in Figure 5.1, a series of bidirectionally-printed single-track thickness walls
were built by Directed Energy Deposition (DED) in two configurations. A first set of
100mm x 30mm x 0,7mm walls was printed on a horizontal 316L stainless steel sub-
strate, in which fully printed specimens were extracted in two orientations with respect
to the printing direction. A second set of 50 mm x 15 mm x 0,7 mm walls was printed on
a vertical substrate in which “repaired” specimens being half substrate half printed were
extracted. For both configurations, the specimens were extracted at the center of the
walls by water jet cutting with a Mach 2b water jet |181]. The two orientations for the
fully printed specimens were defined in order to apply a perpendicular or parallel tensile
loading with respect to the Printing Direction (PD).

The precise shape of the dogbone specimens does not adhere to any standards but was
governed by compatibility requirements such as for example the size of the ion polisher
chamber. However, prior to the start of experiments, a finite element analysis of the
elastic model of the geometry confirmed a homogeneous macroscopic strain in the zone
of interest.

In addition, because of practical limitations, the manufacturing of the walls for the re-
paired configuration had to have a length twice shorter. Also, it is known that the
thermal history during a repairing operation is of great importance for the microstruc-
ture, residual stresses and therefore mechanical properties [25]. Since the walls for both
configurations had a ratio of 2 in terms of length, a pause time of 1s for the laser be-
tween each layer was necessary for the repaired walls in order to compensate for the
smaller length and therefore replicate the same thermal history at the center of the
wall. However, the difference of size of the substrates for the fully printed specimens
(150 mm x 5mm x 200mm) and for the repaired ones (55 mm x 40 mm x 0,7 mm) and
its effect on their respective capacity of heat absorbtion was not quantified in this study.
316L stainless steel gas atomised powder from Hogands AB [113] with a particles size
within 45-90 ym was used in this study for its weldability and mechanical properties.
For both configurations, walls were printed with the following parameters of the ma-
chine: (i) a powder flow of 6,5 g/min, (ii) a deposition speed of 2000 mm /min and (iii)
a laser power of 225W. Additional information concerning the powder, the additive
manufacturing machine Mobile from BeAM [111] as well as the process calibration are
available in the chapter 2. For both configurations, the effect of process parameters on
microstructure and mechanical behavior was studied through the effect of two different
vertical increments i.e. the vertical spacing between the successive deposited layers. For
0,12mm and 0,2 mm of vertical increments, the walls were able to be manufactured with
targeted dimensions i.e. both vertical increment are suitable for repairing. However, the
difference of vertical spacing for the same configuration brought a different thermal his-
tory during the manufacturing i.e. a ratio of 5/3 of back-and-forth scans were necessary
for a vertical increment of 0,12 mm in comparison to the 0,2mm one to print the same
height wall, resulting in a difference of properties and microstructure as analysed next.
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Next, we denote the latter specimens manufactured with a vertical increment of 0,12 mm
and a perpendicular or parallel tensile direction to the PD as A, ¢ 12 and B 12 respec-
tively, as represented in Figure 5.1. For a vertical increment of 0,2 mm, they are denoted
as Al o2 and B, respectively. Finally, the repaired specimens manufactured with a
vertical spacing of 0,12 mm and 0,2 mm are named R 12 and R 2 and their dimensions
in mm (common to the fully printed ones) are shown in Figure 5.1.

Back and forth printing Back and forth printin
< > p 9

126

A (L) B (/)

5 Building

I Direction (BD)
1

Figure 5.1: Schemes of the 316L single-track thickness walls where fully printed in both
orientation and repaired specimens were extracted by water jet cutting. The
common dimensions for all the specimens are presented on the scheme of the
repaired specimens (right).

5.2.2 Specimen preparation and observation

The specimens were all mechanically polished after the extraction in order to obtain a
mirror surface and were additionally ion polished for Electron Backscatter Diffraction
(EBSD) maps acquisition. The precise procedure and parameters are available in section
3.2. This mirror surface state was necessary for the self-heating tests in order to override
the surface roughness incurred during the manufacturing process and more particularly
because the specimens were only one single-track thickness meaning that the roughness
effect would affect in first order the final failure or fatigue properties.The authors noticed
indeed in [203], that the fatigue properties of Ti-6Al-4V samples, produced by direct
metal laser sintering and electron beam melting, are dominated by surface roughness
effects.

The microstructure was analyzed qualitatively and quantitatively in terms of grain size,
shape and distribution from the EBSD data. In order to compare the microstructures
and the influence of the vertical spacing between layers, it was necessary to respect the
following protocol: (i) the specimens fully additively manufactured were extracted from
the middle and at the same height of the wall, i.e. away from the edges that could
have brought a different microstructure as a consequence of the back-and-forth printing
strategy, (ii) the repaired specimens were manufactured with a pause time between layers
to imitate the manufacturing conditions of the fully printed one, (iii) the EBSD analyses
were performed after the same level of polishing, i.e same depth for the final specimen,
(iv) EBSD maps are large enough to contain a statistically representative number of
grains with a step size of 1 ym. Therefore, in order to simplify the discussion and avoid
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redundancy, only the following configurations will be reported next: Aj o12, Byo2, Ro,12,
Ro2.

5.2.3 Mechanical testing

Tensile tests were first conducted under a static monotonic loading on an electro-
mechanical Instron ElectroPulsTM E3000 machine [219]. The tests were performed
under a 3kN load cell at a strain rate fixed at 2.1072 57!, The deformation field was
obtained by Digital Image Correlation (DIC) from a homemade software Correl Manu
[185, | on a coarse speckle made by white and black paintings. For comparative
purpose, the specimens had the same surface preparation as the ones used for the fatigue
tests.

Following these monotonic tests, self-heating tests were performed. This experiment
consists in applying a successive series of cycles for different increasing stress amplitude
Yo while keeping the same stress ratio as represented in Figure 5.2(a). Thermal effects
result from the dissipation due the microplasticity and are recorded for each cycling
block. More precisely, the temperature elevation for a cycles block is defined as the
difference between the average temperature recorded during a cycles block and the
average temperature during the pause time (¢) of 3 minutes. This pause time permits
to dissipate the heat accumulated during the cycles block. A graph corresponding to
the couples stress amplitude and temperature elevation is plotted in Figure 5.2(b) and
one can notice the presence of two regimes. The primary regime corresponds to a very
limited dissipation regime while the secondary regime appears beyond a ¥y with an
increased slope. This change of slope generally occurs near to the fatigue limit [221].
Thermal measurements have been carried out using the FLIR X6580sc camera [222] at
the recording frequency of 10 Hz which was focused on the specimen’s surface using a

G1 lens allowing a resolution of 15 ym /pixzel on a 3 x 4mm? area.

Usually, for this type of test, the elevation temperature requires to also take into account
the influence of the temperature of the hot oil circulating in the hydraulic press which
can be conducted to the specimen through the machine’s jaws and therefore affect the
recorded temperature [30]. However, the machine used in the present case is an oil-
free machine based on a linear motor technology which enables us to only focus on the
variation of the specimen’s temperature due to the microscopic plasticity during the
cyclic loadings. Moreover, it was observed in [223], that taking into account the effects
of the jaws mostly matters for the low stress amplitudes (primary regimes) while for the
secondary regime, the effect is negligible.

To experiment in the best conditions, the specimens were painted in black to obtain an
emissivity close to 1 and the experimental set up was covered by a protective enclosure to
limit the thermal noise from the surroundings as pictured in Figure 5.3 . The specimens
were tested at the frequency of 30Hz during 20000 cycles per block and a constant
loading ratio Ry, was chosen to be positive and equal to 0,1 to prevent the buckling of
the thin specimens. Ry is defined as follows:
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Figure 5.2: (a): Successive series of cyclic loadings with increasing at the same ratio, the
stress amplitudes ¥ used for self-heating tests. Between the cyclic blocks,
a rest period 7, is made to cool down the specimens. (b): Evolution of the
temperature elevation during several series of cyclic loadings.

Ry = M _ 1, (5.1)

Omax

with o, and o4, respectively the minimum and the maximum stress for each block.
Finally, for each printed configuration, the tests were performed 2 times, fitted by Mu-
nier’s model [30] (detailed further) and compared between themselves and the literature.
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Figure 5.3: Experimental setup to measure the self-heating of the specimen during cyclic
loadings.

5.3 Result and discussion

5.3.1 Microstructure

Let us mention again that to simplify the discussion only the following configurations
will be reported in this section: A | 0,12<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>