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Abstract

The nuclear and offshore wind industries are of great interest to meet the current
challenges of producing carbon-free electrical energy in the context of the global energy
and climate crisis. However, the structural materials used in these facilities are exposed
to aggressive environments that damage components, limiting their lifespan and requiring
their replacement. In the context of a circular economy, repair technologies make it
possible to limit these replacements, thus reducing the time and costs associated with
plant shutdowns. They also allow for minimizing the mineral resources required for
the development of new components, as well as the carbon footprint associated with
the manufacturing processes and transportation of the components. The objective of
this thesis is to develop a process for the repair of metal parts that meets the following
deposition criteria: dense, without cracks, with metallurgical bonding to the substrate,
and imperceptible in terms of mechanical behavior and corrosion resistance. This process
must ultimately be able to repair the initial defect with a return to the original dimensions
without damaging the rest of the part. Laser Metal Deposition (LMD) technology,
which is based on additive manufacturing, appears to be a promising way to meet these
requirements. The LMD process has demonstrated its ability to repair metal parts while
maintaining high deposition density and good mechanical properties. The energy provided
by the laser allows the material to be fused without significantly affecting the substrate
thermally, thereby avoiding distortion of the repaired part. Finally, the implementation of
deposition heads on computer numerical control machines allows the repair process to
be automated and to achieve a high level of precision compared to manual repair. The
thesis, therefore focused on understanding and optimizing two main steps of the repair
process: (i) the pre-machining to remove damaged material and (ii) the laser fused powder
deposition to replace the material. An understanding of the synergy between these two
steps is also essential to obtain a good quality deposit while machining a minimum volume
of damage. For this purpose, a study was conducted to optimize the shape and dimensions
of the machined defect. An ellipsoidal pre-machining with an opening angle of 120° and

optimized deposition parameters were determined. The influence of substrate preheating,



interlayer dwell time, and different post-heat treatments on the repair was also studied.
The results have allowed proposing a method to homogenize the characteristics of the
repaired parts in terms of microstructure, mechanical properties, and corrosion resistance
during the deposition of the material, aiming at the imperceptibility of the repair in the
part. This work has also allowed the implementation of all these optimized steps in an
additive/subtractive hybrid machine to demonstrate the feasibility and efficiency of this
emerging technology. Repair times are thus reduced while maintaining a dense repair and

slightly improving mechanical properties.



Résumé

Les industries nucléaires et éoliennes offshore présentent un intérét majeur pour
répondre aux enjeux actuels de production d’énergie électrique décarbonée dans un
contexte de crise énergétique et climatique mondiale. Cependant, les matériaux de
structure utilisés dans ces installations sont soumis a des environnements agressifs qui
conduisent a I'endommagement des composants, limitant leurs durées de vies et nécessitant
leur remplacement. Dans un contexte d’économie circulaire, les technologies de réparation
permettent de limiter ces remplacements, diminuant ainsi les temps et cofits liés aux
arréts des installations. Elles permettent également de minimiser les ressources minérales
nécessaires a 1’élaboration de nouveaux composants ainsi que I’empreinte carbone liée
aux procédés de fabrication et au transport des composants. L’objectif de cette these
est de développer un procédé de réparation de pieces métalliques qui respecte les criteres
de déposition suivants : dense, sans fissures, avec une liaison métallurgique avec le
substrat, imperceptible en termes de comportement mécanique et de résistance a la
corrosion. Ce procédé doit in fine permettre de réparer le défaut initial avec un retour
aux dimensions d’origine, sans endommager le reste de la piece. Pour respecter ce
cahier des charges, la technologie Laser Metal Deposition (LMD) issue de la fabrication
additive apparait prometteuse. Le procédé LMD a en effet démontré sa capacité a
réparer des pieces métalliques en conservant une haute densité de déposition et de bonnes
propriétés mécaniques. L’énergie apportée par le laser permet de fondre le matériau
d’apport sans sensiblement affecter thermiquement le substrat, évitant les distorsions
de la piece réparée. Enfin, I'implantation des tétes de déposition sur des machines a
controle numérique permet d’automatiser le procédé de réparation et d’avoir une haute
précision en comparaison d’'une réparation manuelle. La these s’est donc focalisée sur
la compréhension et I'optimisation de deux grandes étapes du procédé de réparation :
(i) le pré-usinage pour I'enlevement de matiere endommagée et (ii) le dépot de poudres
fondues par laser pour remplacer la matiere. La compréhension de la synergie entre ces
deux étapes est également essentielle pour obtenir des dépdts de bonne qualité en usinant

un volume endommagé minimum. Pour cela une étude a permis d’optimiser la forme

il



et les dimensions du défaut usiné, un pré-usinage ellipsoidal avec un angle d’ouverture
de 120° et des parametres de déposition optimisés a ainsi été déterminé. Les travaux de
these ont également investigué I'influence du préchauffage du substrat, du temps d’attente
intercouche et de différents post-traitements thermiques sur la réparation. Ils ont ainsi
permis de proposer une méthode pour homogénéiser les caractéristiques des pieces réparées
en terme de microstructure, propriétés mécaniques et résistance a la corrosion lors du
dépot de matiere pour viser I'imperceptibilité de la réparation dans la piece. Ces travaux
ont également permis de mettre en ccuvre 'ensemble de ces étapes optimisées dans une
machine hybride additive/soustractive pour démontrer la faisabilité et l'efficacité de cette
technologie émergente. Les temps de réparation sont ainsi réduits tout en conservant une

réparation dense et en améliorant légerement les propriétés mécaniques.
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Introduction

The nuclear and offshore wind industries are of great interest to meet the current
challenges of producing carbon-free electrical energy in the context of the global energy
and climate crisis. Extreme conditions such as high temperatures, vibrations or pressures
are often found in industrial equipment and machinery. As a result, metal parts can be
damaged due to wear, fatigue or accidents, reducing their service lifespan and performance
[1, 2]. To ensure proper operation of the equipment, damaged parts must be repaired or
replaced. In many cases, the traditional solution to these problems is complete replacement
of the damaged component. However, this can be a costly solution, especially in cases
where parts are in short supply or no longer manufactured [3]. In addition, it can lead
to production downtime, which can have a negative impact on the company’s costs and

profitability.

Therefore, repairing damaged parts is an interesting alternative to extend their life and
reduce costs associated with plant shutdowns. It also allows for minimizing the mineral
resources required for the development of new components, as well as the carbon footprint
associated with the manufacturing processes and transportation of the components.
However, existing repair processes, such as welding or brazing, have limitations in terms
of accuracy, quality and reliability [4]. They can introduce residual stresses that can
reduce the strength and life of the part. In addition, these processes can change the
microstructure of the part, which can also affect its mechanical properties. In addition,
the heat generated during these processes can cause distortion of the part and change its
geometry. These techniques can also be costly and time-consuming to repair because they

require a high level of expertise.

In this context, the development of innovative repair processes that are in line with the
needs of the industry is of paramount importance. Additive manufacturing technologies,
also known as 3D printing, offer new perspectives for the repair of damaged metal parts.
Indeed, these technologies make it possible to produce parts with high precision and
surface quality, while reducing production costs and minimizing material losses. Therefore,

the development of innovative repair processes based on additive manufacturing represents
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a major challenge for the industry and can contribute to the implementation of more

sustainable and economical practices in the context of the circular economy.

The objective of this work is to develop and optimize a process for repairing metal parts
damaged by mechanical or corrosion phenomena, while respecting particular specifications.
The deposit made by additive manufacturing must be of excellent quality, i.e. dense and
without cracks. It must also have a strong metallurgical bonding with the part to be
repaired. The repair area must be imperceptible in terms of microstructure, mechanical
properties, and corrosion resistance to restore the initial properties of the damaged part.
Finally, the repair process must not further damage the original part, removing the least

amount of original material.

Laser Metal Deposition (LMD) technology, which is based on additive manufacturing,
appears promising for meeting these requirements [5]. The LMD process has demonstrated
its ability to repair metal parts while maintaining high deposition density and good
mechanical properties. The energy provided by the laser allows the material to be melted
without significantly affecting the substrate thermally, thus avoiding distortion of the
repaired part. Finally, the implementation of projection nozzle on numerical control
machines allows the repair process to be automated and to achieve a high level of precision
compared to manual repair. However, problems with this process for repair have been
reported in the literature, such as fusion problems on certain part geometries, heterogeneity

of part characteristics, and difficulties in implementation compared to manual repair.

A better understanding of the LMD process and the interactions between the different
steps of the repair process, as well as the metallurgical phenomena involved in the laser
process on the characteristics of the repaired parts, is necessary to obtain a quality repair
process that respects the imposed specifications. The following questions can be asked to

explore this research work:

o How can the LMD process be optimized to achieve dense, crack-free repairs that are

metallurgically bonded to the repaired part?

o How can the pre-machining preparation of the damaged part be improved to reduce

the volume of material to be removed and ensure a dense repair?

o What are the resources available and how can they be used to restore the original

properties and dimensions of the damaged part?

These questions were explored using a standard material, which is commonly used in
the energy industry, namely Stainless Steel 316L. It has a good corrosion behavior, thanks

to its high chromium and molybdenum content associated with a low carbon content. It

xXxxii



Introduction

also has good mechanical properties, through a high elastic and mechanical resistance.
This steel is weldable by all conventional welding processes and is widely used in additive
manufacturing in wire and powder form. These elements make it a perfect candidate for

use in those industries subject to aggressive environments [6].

The investigation will be presented in six chapters. The first chapter is a state-of-
the-art of the existing repair processes and their limitations, as well as the stainless steel
316L material. Then, the different additive manufacturing processes will be presented
and compared to determine their ability to perform repairs on damaged parts. The laser
metal deposition process appears to be a promising technique for this application and is
presented in more detail with the influential factors on the process. Finally, the difficulties
experienced in the literature with the LMD process for the repair of damaged components

are discussed.

The second chapter describes the materials and experimental methods used in this
thesis work. Characteristic and operating conditions of the LMD machines are detailed
first. Then, the preparation methods for sample observations are described. At last,
techniques for material characterization are presented, including the microstructural

observation, mechanical properties and corrosion resistance determination techniques.

The third chapter is dedicated to the additive manufacturing process, through the
optimization of the deposition parameters and the adaptation of the deposition pattern
for the repair application. The positioning of the parts to be repaired is discussed to
achieve a good quality of repair. This part aims at understanding and optimizing the basic
principles of the repair process, in order to satisfy the requirements of dense deposition,

without cracks and having a metallurgical bonding with the substrate.

Chapter 4 discusses the influence of the pre-machining geometry on the quality of
the final repair, in order to achieve a dense repair with the removal of a minimum of
material during the pre-machining operation. Firstly, in order to determine an optimized
angle for the repair, the influence of the opening angle of the pre-machining on the
mechanical behavior of the repaired parts is studied. The second part focuses on the
technical conditions to be imposed on the opening angle for the repair of deep defects.
Finally, a minimization of the repair volume is carried out on the basis of the results

obtained previously.

The 5th chapter evaluates the influence of substrate preheating, interlayer cooling and
post heat treatment on the intrinsic characteristics of the repairs, such as the microstructure

and the microhardness. The corrosion resistance and the microorganism formations in
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seawater of the heat-treated repairs is tested and discussed. This part aims to make the
repair imperceptible by homogenizing the properties of the repair with additional thermal
treatments added to the repair process. These techniques must also meet the requirements
of a dense, metallurgically bonded repair to the substrate without damaging the original

part.

Finally, Chapter 6 discusses the effect of using hybrid additive/subtractive manufac-
turing in improving the repair process. Performing a complete repair process in a single
machine allows us to observe the time savings for repairing damaged parts, highlighting
the issues of coupling additive and subtractive processes in a single enclosure. The alter-
nation of machining and material deposition operations or the application of a thermal
post-treatment during the repair process allows to evaluate the interest of this process on

the repair time and the final characteristics of the repaired parts.

This thesis was conducted within the framework of a tripartite agreement between the
Commissariat a 1’énergie atomiques et aux énergies alternatives in Paris-Saclay, Sorbonne
Université in Paris and the Nanyang Technological University in Singapore. The Joint
PhD agreement stipulated that the student would spend two years at CEA/SU and
one year at NTU to validate the two degrees. Due to the COVID-19 health crisis and
the closure of international borders, a PhD extension of 8.5 months was validated, in
order to spend a full year in Singapore. The first studies carried out at the CEA made
it possible to carry out repairs under optimal conditions on an OPTOMEC additive
manufacturing machine with an argon atmosphere and by dissociating each stage of the
repair process, in order to optimize them. The work performed in Singapore on a DMG
Mori additive/subtractive hybrid manufacturing machine has enabled the implementation
of a complete repair process including the steps of machining and printing under air

atmosphere, representing the industrial application of this process.
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Chapter 1

Repair of stainless steel 316L for the

industry

Abstract

This chapter is dedicated to a literature review of the replacement and repair methods
currently used to restore component functionality in the industry. Then, a review of metal
Additive Manufacturing (AM) processes is performed to show the potentialities of the
Laser Metal Deposition (LMD) process to perform this type of repair. Finally, the LMD
repair process is detailed and its technical limitations are highlighted in order to discuss

the means to achieve a specification-compliant repair.
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1.1 SS316L repair technologies in the industry

1.1.1 Stainless steel 316L

Stainless Steel (SS)316L is an iron base alloy with alloying elements mainly composed
of nickel, chromium and molybdenum. The chemical composition of this alloy is given
in Table 1.1 according to ASTM A276 [7], ASTM A240 [8] and RCC-M [9], which
governs the construction of nuclear power plants in France. The high chromium content
gives it its stainless properties with the formation of a compact and impervious CryO3
passivating layer on the surface of the material when in contact with oxygen. The addition
of molybdenum hardens the material and improves its resistance to localized corrosion
in aggressive environments (chlorinated, salty and acidic environments). The stainless
steel 316L (L for "low carbon") has less than 300 ppm of carbon, in order to avoid the
formation of chromium carbide at the grain boundaries during welding, which leads to a
depletion of chromium and a strong sensitivity of the structure to inter-granular corrosion.
Nickel is present in large quantities as a y-gene agent, which stabilizes the austenite
face-centered cubic structure of the steel at room temperature. The manganese content

provides increased resistance to hot cracking during rapid solidification.

Table 1.1: Chemical composition of SS316L according to ASTM A276, ASTM A240 and
RCC-M specifications (in wt%).

Mass percentage Mass ppm
Element Fe Cr Ni Mn Mo Si Cu C P S
ASTM A276 Bal. 16-18 10-14 <2 23 <75 - <300 <450 <300
ASTM A240 Bal. 16-18 10-14 <2 23 <75 - <300 <450 <300
RCC-M Bal. 16.5-18.5 10-13 <2 2.3-2.7 <75 <l <300 <300 <150

In conventional production, the austenite FCC structure is obtained by hyperquenching.
The steel is heated to a fixed temperature of 1050°C to 1150°C to dissolve the intermetallic
phases and homogenize the chemical composition, and then rapidly cooled by quenching
with water. Precipitation hardening can be carried out with a heating phase between
700°C and 800°C. As observed in Figure 1.1, the final microstructure is composed of
fine and equiaxed austenite FCC grains with an average size of a few tens of microns,
depending on the work hardening and heat treatments applied. Lamellar grains of ferrite
can be formed at the austenite FCC grain boundaries. The microstructure does not have

a crystallographic texture.

The mechanical properties of SS316L are listed in Table 1.2. This stainless steel is

known for its high strength even at high temperatures, as well as for its high ductility.
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Figure 1.1: Microstructure of a wrought stainless steel 316L [10].

Table 1.2: Mechanical properties of SS316L according to the litterature.

Vickers Hardness Ultimate tensile Yield strength Elongation at References
(HV) strength (MPa) (MPa) break (%)
150-220 485-585 170-245 40-60 [11, 7,9, §]

1.1.2 Damage encountered in the industry

Industry uses a large amount of stainless steel, especially SS316L, for internal com-
ponents that are essential to the operation of equipment. Its excellent mechanical and
corrosion resistance properties and low cost make it a material of great interest for many
applications. For example, it is used in primary and secondary piping, pumps, valves and
heat exchangers in nuclear power plants [6]. It can also be found in electrical enclosures,

safety cables and floating structures in offshore wind turbines [12].

However, the aggressive environments and high mechanical stresses present in these
industrial applications can cause mechanical and corrosive damage to components over time.
Despite its high resistance to general corrosion, SS316L can thus present localized corrosion
such as crevice corrosion, pitting or Stress Corrosion Cracking (SCC). The presence of
chlorides, for example, enhances the formation of pitting corrosion by triggering an
autocatalytic process. The pits are charged with positive metal ions following oxidation
of the base metal in the anodic zone. C1~ and H™ ions concentrate in the pits, forming
poorly soluble metal hydroxides and an acid solution respectively that accelerates the

phenomenon.

Moreover, the presence of microorganisms in natural seawater induces biofilm forma-

tion on the surface of SS316LL and can lead to Microbiologically Influenced Corrosion
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(MIC). This is defined as the degradation of materials due to the physical presence and
metabolic activity of these organisms on surfaces, according to mechanisms involving
either electrochemical at the metal-solution interface, or chemical reactions (production

of aggressive metabolites, etc.)

In addition, wear due to prolonged friction on a surface causes a reduction in the
amount of material. In some cases, excessive stresses, mechanical fatigue of parts, or SCC

can initiate and propagate cracks in the steel.

These phenomena damage the stainless steel parts, as can be seen in the examples in
Figure 1.2. They can cause the deterioration of the seals of the pipes or even the complete
breakage of the parts by weakening the mechanical properties, while they are subjected

to the same constraints with less material or by becoming porous.

Wi G‘g uoliAug

Figure 1.2: Observation of (a) uniform corrosion on wind turbine monopile [13], (b) SCC
in the emergency cooling circuits of the primary circuit at the Civaux nuclear power plant
[14] and (c) nuclear reactor head corrosion [15].
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1.1.3 Replacement of a damaged component

The restoration of the equipment after the damage of the components can be achieved
by the use of two solutions, which will be chosen according to the intensity of the damage
to the part and the costs involved. The first solution is to replace the component with
a new one. The equipment is shut down, then the damaged part is disassembled and

replaced with a new one.

Despite higher costs, time and logistics and higher consumption of material and energy,
replacing the damaged part has several advantages, as the assurance of having a new part
that meets the required dimensional and mechanical specifications and where the defects

encountered on the old parts have been rectified. [3].

Indeed, industry equipment is continuously upgraded throughout its lifetime. Some
parts may change design or even material. For example, 600 alloy tubes in the steam
generator of nuclear power plants are being replaced with the more intergranular corrosion

resistant 690 alloy. Thus, damaged parts are replaced with more efficient ones [2].

As part of preventive maintenance, a component that has exceeded a certain period of
use should be replaced to prevent damage and a complete shutdown of the system. This

application reduces costs and unplanned maintenance time [16].

However, for reasons of cost, material and energy savings, repairing a damaged part
is preferable to replacing it. But sometimes, repair is simply not possible because the
component is too degraded to be repaired, as in the case of a part that is so corroded
that it is pierced. Or the repair with the current techniques does not allow to achieve
the necessary or expected characteristics for the good functioning of the system. Finally,
the repair seems impossible or delicate in contaminated or irradiated areas, where the
implementation of additive or subtractive processes could be dangerous. In these situations,

replacement of the damaged part is preferred [16].

These situations are extreme cases where changing the part is justified and necessary.
But this method consumes a lot of energy and materials to extract and transport raw
materials, manufacture the component, and distribute it. This results in long waiting
times, high maintenance costs and carbon emissions. In addition, unplanned maintenance
can significantly increase downtime if spare parts are not readily available, as well as the

cost due to production interruption.
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1.1.4 Repair process
Definition

The second solution is to repair the damaged component, preferably on site, and then
return it to service in the industrial installation. With this method, material and energy
consumption is significantly reduced as only the damaged material is replaced. This
results in a significant reduction in maintenance costs, production downtime and carbon
emissions. This technique is an integral part of the circular economy. The component is
reused rather than discarded. As described in the literature [17, 18] and illustrated in the

Figure 1.3, the repair process for damaged components consists of five major steps.

DEFECT PRE- ADDITIVE POST- NDT
IDENTIFICATION MACHINING PROCESS MACHINING INSPECTION

Y ' N I &

Figure 1.3: Flow chart of the repair process.

The first step is to identify the defect caused by mechanical or corrosive phenomena.
The part is cleaned using mechanical techniques such as sandblasting or chemical immersion
in degreasing baths, and then analyzed. Defects are identified using non-destructive
methods such as dye penetration, X-ray or neutron radiography or ultrasound. However,
after identification, a cross section of the part with metallographic observation is required
to determine the dimensions of the defect. Another technique under development is to
scan the damaged part with a 3D scanner or coordinate measuring machine equipped
with a probe that reconstructs the actual volume of the part. This reconstructed volume

is then compared to the original CAD drawing of the part to identify defects.

The second step is the pre-machining step. The material around the flaw must
be machined because it contains stresses and contaminants resulting from the damage
phenomenon. In fact, when grinding cracked welds, if the crack is not abraded enough, it
will start again at the point where the abrading was stopped [19]. Machining makes it
possible to eliminate the defect, to remove the existing contaminants, but also to allow

access to the equipment used in the next step.

The next step is the additition of material thank to a metal deposition process. This

operation is crucial, because the deposited material will replace the damage material and

7
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it will determine the quality and durability of the repair over time. The purpose is to
replace the previously removed damaged material with new material. The control of the
deposition parameters is essential to ensure a dense, crack-free deposit of material that is

metallurgically bonded to the part to repair.

The fourth step consists in performing a post-machining finish on the repaired part.
This phase enables the removal of the excess material deposited by the process previously

presented, but also to restore the part to its original dimensions.

Finally, the last phase aims to determine the quality and the success or failure of the
repair process. The repaired part must be inspected with non-destructive methods to
evaluate the presence of porosities in the deposited material or at the interface that could

compromise the mechanical or corrosion resistance of the repaired part in service.

Specifications

Throughout the different steps of the repair process, a number of specifications must
be followed to ensure that an excellent quality repair is achieved, allowing the repaired

part to be returned to service with characteristics close to those of the original part.

The repair process must:

o Eliminate completely the flaw in the material due to mechanical or corrosive phe-

nomena with the least amount of material removal possible;

e Produce a dense, crack-free deposit with material diffusion to the substrate and

between layers or metallurgical bonding;

o Obtain a homogeneous microstructure, mechanical properties and corrosion resis-

tance of the repaired area;

e Return the part to its original pre-damage dimensions;

e Do not damage the rest of the part during the repair.

These guidelines should be closely followed throughout the repair process, but special
attention should be given to the deposition step, as the deposited material will be the
replacement material and must be of dense. Furthermore, this step is the more aggressive

for the part due to the energy source used to melt the material.
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1.1.5 Traditional repair processes

Repair is a complementary technique to replacement of damaged parts. In the industry,
it is primarily studied for the return to service of a damaged part in order to reduce the
material and energy consumption compared to the complete replacement of the part, but

above all to reduce the cost and time of maintenance.

Welding processes

Traditionally, repairs are performed using manual wire welding techniques. These
include Tungsten Inert Gas (TIG), Gas Metal Arc Welding (GMAW), Submerged Arc
Welding (SAW), friction and laser welding. In fact, welding is one of the oldest and best
mastered process to melt a metal and deposit it locally. Each welding technique has its
advantages and disadvantages depending on the geometry of the part, the material, the

amount of material to be deposited and the environment [20].

In the nuclear industry, the TIG process is used mainly to repair the stainless steel
piping because it provides excellent deposit quality with good metallurgical continuity with
the substrate [9]. It is suitable for welding thin sections and minimizes part deformation
compared to other processes. However, it requires skilled welders and has a low productivity
[21]. In the offshore environment, laser welding techniques with water drainage heads
allow for underwater repairs without the need to remove the component from the water.
The deposition quality is excellent and the technique is less dangerous to the welder than

an electric arc process [22].

When mastered, these techniques represent promising, inexpensive, and easy-to-
implement processes for repairing damaged components. Moreover, repairs made by
welding processes allow to obtain high material densities if no cracks, cavities, inclusions
or lack of fusion are introduced during the process. However, due to the nature of the
processes and, in particular, the energy source, they have a number of limitations that

cannot be eliminated or that would require in-depth optimization studies.

The main disadvantage of these welding processes is the very powerful energy source
used to fuse the material, especially in the case of arc welding. A high voltage is applied
between the part and the deposition tool to create an electric arc. While this technique
is simple to implement, it has a significant thermal impact on the part. The energy

introduced into the part during welding can be quantified using Equation 1.1.

Ux1
Hnet = fl * V (11)
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where H,; is the welding energy in J/mm, V is the transverse arc speed in mm/s, U
is the welding voltage in V, I is the welding current in A, and f; represents a transfer
coefficient expressed as the ratio between the amount of heat actually transferred to the

workpiece and the total power generated by the heat source

Based on welding repairs reported in the literature, Table 1.3 summarizes the energy

introduced into the part by the heat source.

Table 1.3: Energy introduced during welding repair.

Process Material d(mm) U(V) I(A) V(mm/s) fi Hye (J/mm) References

GMAW  H08Mn2Si/Q235 1.2 24 110 2.2 0.8 406 [23]
TIG SS316L 125 19 105 15 07 931 [24]

SMAW SS316L 3.25 25 120 3.3 0.8 727 [25]

Figure 1.4 (a) presents a common example of the microstructure of austenitic stainless
steel after welding. Three zones can be observed globally. The fusion zone is composed of
dendrites caused by the rapid solidification of the melt pool. The base metal is far enough
away to not undergo major changes. On the other hand, the literature shows that the
high energy supplied by the heat source to melt the wire affects a large thickness of the
base metal, which is called the Heat Affected Zone (HAZ). The zone has not been melted,
but it has enough energy to undergo microstructural changes such as grain coarsening
on a width of approximately 1 mm in this case (Figure 1.4 (a)). For materials with low
thermal conductivity, such as stainless steel, the heat dissipates slowly through the base

metal and causes recrystallization of the microstructure as it passes through the area near
the Fusion Zone (FZ) [24].
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Figure 1.4: (a) HAZ in fine-grained austenitic stainless steel after GTAW process [24], (b)
pitting corrosion of the weld and corrosion potential of each area [26] and (c) cracking of
the HAZ in irradiated stainless steel 316 after welding [27].

Similarly, AghaAli et al. [25] indicate that a phase change is observed in repeated
repairs of SS316L parts. The ferrite content in the substrate decreases from 7% to 3% after
four repairs, but the lathy shaped grains between the austenite grains gradually change
to vermicular grains dispersed in the matrix. This decrease and change in morphology

results in lower Brinell hardness and lower energy absorbed during impact tests.

These microstructural changes caused by these welding processes result in reduced
mechanical properties and corrosion resistance. Yu et al. [28] showed that an FC300 steel
specimen repaired by arc welding had Ultimate Tensile Strength (UTS) and Elongation
At Break (EAB), which decrease of 17.6% and 20.6% compared to an unrepaired reference

specimen due to martensite formation in the HAZ.

Furthermore, the problem of weld corrosion is a common phenomenon in the field of
welding. As shown in Figure 1.4 (b), Kovalev et al. [26] has observed that the different
zones present in a weld in SS304, i.e. the base metal, the HAZ and the FZ, have different
corrosion potentials of -0.25 V, -0.37 V and -0.44 V respectively. The HAZ corresponds to

11
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the less noble zone, because of the formation chromium carbide along the grains boundaries
leading to chromium depleted zone in the vicinity of the grain boundary. This explains
why this zone is more susceptible to corrosion. A wide HAZ, as in the case of welding,

therefore implies a larger area susceptible to intergranular corrosion.

The use of welding processes also introduces high residual tensile stresses into the
parts. This is due to the heating cycles during the passage of the heat source and the
subsequent shrinkage of the melt pool as it solidifies, creating residual tensile stresses.
This phenomenon is amplified in large beads and is generally located in the HAZ. If they
are near the surface or in the FZ and exceed the UTS of the material, the residual tensile
stresses can cause the weld to crack or hot cracking respectively [24]. In other cases, they
cause SCC [29], as observed in the emergency circuits of the primary circuits of many
nuclear reactors in France [14]. Finally, under certain conditions, these stresses associated
with high temperature and irradiated material cause cracking of the weld repair. In fact,
helium is produced by the transmutation of nickel and boron present in stainless steel.
When high temperatures and high tensile stresses are applied, helium bubbles form at
the grain boundaries and cause cracking of the weld (Figure 1.4 (c)) [30, 27]. Residual
stresses can also cause warpage of the repaired part, which will no longer have the correct

geometry to be reused in the original equipment [23].

Cold spray

Unlike fusion deposition processes, cold spray technology uses the kinetic energy of
powder particles propelled at high velocity against a substrate at room temperature to
plastically deform them, create a metallurgical bond and coat the surface of a part [31].
These technologies have become increasingly popular in recent years and are used for

coating, repair and, more recently, creating complex parts.

This deposition method has the advantage of being flexible and inexpensive. The
deposition is performed at room temperature without melting the powders, so oxidation-
sensitive materials such as aluminum can be used. The kinetic energy is used to create
the metallurgical bond and does not thermally affect the part as in the case of welding
[32]. Finally, this process introduces residual compressive stress into the surface of the
parts, which is beneficial for wear, fatigue and corrosion resistance [33, 34]. Numerous
studies in the literature demonstrate the feasibility of the cold spray process for repairing
parts with reloading of material followed by finishing to restore the original dimensions of
the part. Industrial tests, particularly on aluminum parts, have been carried out on cones
[35], gears [36], S-92 and UH-60 helicopter gearbox sump [37], blades [38] or Caterpillar

engine oil pump housing [39] after wear.
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However, the literature highlights porosity rates of 2% in cold spray which is considered
low, but still very high compared to other deposition processes [31, 32]. The reason for
this is the angle between the substrate and the projection nozzle. The optimal angle is
90° to allow the particles to come to rest on the surface of the material because it has
only a normal velocity vector. If the angle is other than normal, the particles may bounce
off the surface because the angle creates a tangential velocity vector, resulting in poor
deposition rates and even abrasion [32]. Despite optimized deposition parameters, the
literature shows the presence of porosities and metal oxide impurities in the deposits with
a porosity rate of about 2%. This rate increases significantly when deposition is performed
in a confined area, such as the pre-machining of a repair, as shown in Figure 1.5. This is
because this area consists of inclined surfaces on which the sprayed particles bounce. In
addition, the accumulation of these unbound particles in the area will interfere with the

deposition of the last sprayed particles and may cause porosity [40].

Figure 1.5: Cross-section of different pre-machining with porosity on non-horizontal surface
in (a) trapezoid shape, (b) conical shape and (c) circular shape [40].

The deposit results in poor mechanical properties for the as-built specimens, especially
with a low elongation at break due to the presence of a high porosity rate and strain-
hardening of the coating. Despite low mechanical properties, the literature shows that
cold spray repairs of aluminum alloy parts have high fatigue resistance close to the
reference substrate or even better fatigue properties. Crack initiation usually occurs at

the deposit/substrate interface or in interparticle porosities [32].

Finally, this technique is limited to certain materials because it cannot be used for
hard materials due to the difficulty of plastic deformation of the particles. In addition, the

process leads to coatings with a low geometric accuracy, requiring a post-manufacturing
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machining to recover the original dimensions of the repaired part [32]. As-sprayed stainless
steel coatings are not known to be more corrosion resistant than conventional stainless
steel. In fact, pores in the deposits can be corrosion initiation points, especially for pitting
corrosion. In addition, fine areas of high plastic deformation locally change the potential
of the atoms to the point of creating areas that are highly susceptible to pitting and

cracking of the protective oxide layer [41].

Post-manufacturing heat treatment is the most efficient method of improving the
properties of cold-spray coatings. As shown in Figure 1.6, annealing of as-deposited
coatings significantly improves tensile strength and ductility by attenuating defects in
the coatings. For stainless steel, a high temperature heat treatment is required to
homogenize the microstructure of the deposit and reorganize the dislocations to obtain

viable mechanical properties [31].
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Figure 1.6: SEM cross-section observations and mechanical properties of cold-sprayed
304L stainless steel as-built and with heat treatments for a SS304L [42].

Thermal spray

The thermal spraying processes such as wire arc spray, plasma spray or high velocity
oxy-fuel coating spraying belong to the same family of processes as cold spray. The

notable difference is that the particles are pre-heated or pre-melted in the spray nozzle
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with different heating methods (flame, arc, plasma, ...) before being sprayed onto the

substrate to be repaired.

These processes have been used for several decades to repair damage to parts due to
corrosion and cavitation in the oil & gas [43], power generation industries [44, 45], and
also in the US Navy [46]. They are losing interest in favor of the cold spray process, which

is less restrictive to implement, more efficient and offers more advantages.

Despite better resistance to corrosion and cavitation than cold spray deposition due
to more homogeneous oxide layers, these "hot" processes suffer from a problem of particle
oxidation that is enhanced by preheating prior to deposition. This problem leads to
an increase in the rate of porosity and oxide inclusions in the deposits. The solution is
to use vacuum manufacturing chambers, which are not designed for on-site repair. In
addition, they thermally affect the part to be repaired or coated, causing distortions that
are detrimental to the repair. In fact, the cooling of the particles bonded to the substrate

creates residual tensile stresses in each layer that can cause the deposit to crack [47].

Heating or melting of the particles leads to unwanted phase transformations and even
vaporization of the most volatile elements, resulting in a change in chemical composition

between the starting material and the deposited material [47].

Thermal spray processes have been used for years to repair damaged components
because they were the only methods available, other than welding, to perform this type of
operation. However, they have a number of problems that have not been overcome with

the development of new material deposition techniques.

1.1.6 Summary

Conventional methods for repairing damaged parts have interesting aspects. They
are easy to implement on-site and are well known to industrial operators. In addition,
their technology is inexpensive because they have been used in various forms for several

decades. They therefore appear to be useful tools for repair in the industrial environment.

However, although some characteristics are restored after repair, the repaired parts
have degraded properties compared to the original part due to the nature of the process
used. In the case of welding, the high energy input causes microstructural changes in
the part to be repaired and distortions due to the residual stresses introduced. Thus,
the criteria of the repair process regarding the imperceptibility of the repair and the

non-damage of the original part are not satisfied.

Also, the cold and thermal spray processes do not achieve high density deposits
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equivalent to the reference substrate, and the mechanical properties of the repaired
specimens are of poor quality. The criteria of dense deposits metallurgically bonded to
the substrate and imperceptibility of the repair are also not achieved with these processes,

despite remarkable fatigue properties.

These results from the literature imply the need to study new possibilities for the
deposition of material during the repair of damaged components in order to obtain a
repair process that meets all the criteria imposed by the specifications established in
Section 1.1.4. In recent years, with the development of AM, new processes have matured
that allow the application of thin metal layers ranging ,from a dozen pm to several mm,

with excellent geometric precision.
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1.2 Additive manufacturing laser metal deposition

1.2.1 Generalities of additive manufacturing

Since the 1980s, AM has evolved from building parts layer by layer with polymers
for rapid prototyping to rapid tooling with metallic materials. Nowadays, it gathers
a set of different technologies that allow the production of complex parts with a wide
availability of material grades. The ISO-ASTM 52900-15 standard defines AM as "process
of joining materials to make parts from 3D model data, usually layer upon layer, as
opposed to subtractive manufacturing and formative manufacturing methodologies" [48].
The manufacturing process consists of four main steps. A Computer Aided Design (CAD)
model of the part to be manufactured is created on the computer, then software meshes
it into a discrete value by creating a .stl file. This file is sliced into a set of layers to be
deposited, which are translated by the AM machine using heat source trajectories, which

melt the layers and create the final part.

AM has become very popular in recent years due to the maturation of deposition
technologies coupled with CNC machines. Moreover, unlike traditional manufacturing pro-
cesses such as forging or Subtractive Manufacturing (SM), AM has significant advantages,
such as the ability to produce complex parts that cannot be achieved by traditional meth-
ods, the ability to optimize the topology of parts to reduce the amount of material used,
and the number of assemblies. These technologies allow the deposition of multi-material
coatings adapted to harsh environment applications such as nuclear fusion. Finally, the
manufactured parts are near-net shape and require only finishing operations to achieve the
correct surface roughness. These advantages make manufacturing an asset for developing

new parts at reduced cost [49].

As described in the ISO 17296-2 standard [50], AM has seven process categories.
They are categorized according to the method of material deposition and the bonding
technique between the layers, as shown in the Figure 1.7. Metal AM is possible using
Sheet Lamination (SL), Binder Jetting (BJ), Powder Bed Fusion (PBF) and Directed
Energy Deposition (DED). However, not all of these technologies are suitable for repairing

damaged components.

In SL technology, thin sheets of material (typically fed by a roll feed system) are joined
together layer by layer using ultrasonics or lamination to form a single part. However, the
material is fed from a roll onto a flat surface. Therefore, this process cannot be used to
repair parts with complex geometries that require the material to be placed in a confined,

pre-machined area.
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Figure 1.7: Overview of the AM process categories, adapted from Obaton et al. [51].

In BJ technology, a binder is selectively applied to the powder bed and these areas are
bonded together, layer by layer, to form a solid part. A sintering treatment is then applied
to solidify the part. However, the deposit, which shrinks as the binder evaporates, is only
90% to 97% dense, depending on the technique. In addition, there is no metallurgical

continuity with the substrate, making this technology unsuitable for repair.

The PBF technique works on the same principle as sheet lamination. The difference is
that the powder is applied to a flat, horizontal surface with a scraper and then melted
with a laser or electron beam. Therefore, the configuration of the machine does not allow

the powder to be deposited in confined areas or on complex non-horizontal surfaces.

Unlike previous technologies, the material feed of DED technology is more suitable
for repairing complex and confined surfaces. In fact, the material in the form of wire or
powder is delivered coaxially to the energy source. From now on, the focus will be on
DED technology, which has the technical capability to repair components. This technique
allows the production of metal, polymer or ceramic parts in successive layers. The process
uses focused thermal energy to fuse materials by melting them as they are deposited. It
is most commonly associated with Computer Numerical Control (CNC) machines used in
machining that allow 5 axes of motion. As shown in the Figure 1.8, there are different

process names depending on the type of energy source or method of feedstock deposition.

The DED process can be divided into two types of feeding, powder feeding and wire
feeding, as displayed in the Figure 1.8. Compared to handling micrometric powders, using
wire filler is easier and safer for the operator. The main characteristics of the different

processes are detailed in Table 1.4. The DED processes developed for powder feeding
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Figure 1.8: Overview of the single-step AM metallic processes, adapted from [48].

use laser as thermal energy, while the DED processes developed for wire feeding use
electric arc, plasma arc, laser, and electron beam as heat sources. The DED process
uses both coaxial and lateral feed technologies to feed the raw material into the melt
pool. Known as the LMD, the process consists of a powder feeder and a laser. Wire-feed
processes are classified as Wire Arc Additive Manufacturing (WAAM), Wire Laser Additive
Manufacturing (WLAM), and Wire Electron Additive Manufacturing (WEAM). As shown
in Table 1.4, the arc, laser and electron beam energy densities for DED processes are 104,
10% and 108W/mm?, respectively. A shielding gas is used to prevent oxidation of the melt
pool during the deposition process in the LMD, WAAM, and WLAM processes. A vacuum
furnace is used for the WEAM process. The cost of the WAAM process is relatively lower
than that of the LMD, WLAM and WEAM processes. The surface roughness (Ra) of
the part produced by the LMD process is about 20-30% higher than that of the WLAM
process in a flat deposit. The deposition rate and film thickness of the wire DED processes
are significantly higher than those of the powder DED processes, while the dimensional
accuracy and residual stress of the part produced by the wire DED processes are higher
than those of the powder DED processes, as shown in Table 1.4 [52].

Table 1.4: DED process characteristics, adapted from Ahn et al. [52].

Process Feedstock Energy Layer thick- Minimum bead Heat flux den- Energy effi- Deposition rate Building effi-

source  ness (mm) size (pm) sity (W/mm?)  ciency (%) (g/min) ciency (%)
LMD Powder Laser 200-500 380-1000 ~ 108 <40 <8.3 <90
WAAM Wire Arc 1000-2000 1000-2000 ~ 104 <90 16.7-66.7 ~ 100
WLAM Wire Laser >1000 5-15*d yire ~ 106 2-5 1.5-48.0 =~ 100
WEAM Wire Electron <3000 <1600 ~ 108 15-20 <330 ~ 100
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The LMD process is a promising technique for repairing damaged metal components.
In fact, this process has several features that are advantageous for the repair process.
The heat flux density with a laser is higher than with an arc, which means that the
energy is more focused on the material being deposited. As a result, the thermal energy
is less dispersed to the rest of the part, limiting distortion of the part being repaired and
reducing the size of the thermally affected area while maintaining strong metallurgical
continuity with the substrate. In addition, the laser process is easier to implement for
component repair than the electron beam process, which requires a vacuum manufacturing
chamber. The use of powders allows for finer beads, which allows for better control of
bead deposition within a confined pre-machining environment as used in repair processes.
Finally, systematic assembly on CNC machines makes it possible to automate the repair

process [5].

Table 1.5 summarizes the advantages and disadvantages of all processes that have the
technical capability and flexibility to deposit material on damaged parts prepared as part
of a repair process, according to my personal review of the studies read in the literature.
The results show the particular interest in focusing on the LMD process, which has a large
number of advantages over the other processes. For each characteristic, a score is assigned
by comparing the ability of each process to perform the task. A score of - - corresponds

to the least suitable process and ++ corresponds to the most suitable process.

Table 1.5: Performance comparison of processes capable of repair.

Manual Cold Thermal WEAM WAAM WLAM LMD
welding spray  spray

Bead size ++ - - - - ++ ++ Tt -

Deposit material efficiency ++ - - - - +4 4+ 44 +
Build rate + - - ++ ++ 4t +
Resolution - -- .- - - - +
Surface finish - - - - - - - - 4+
Porosity rate - - - - - 4 - + 4+
Introduction of residual stress - - ++ - + - - + +
Multimaterials - + + - - - 4
Automation capability - - - - + + + 4+
Complex geometry - - - - - + + + 4+
On-site application ++ + + - - + + ;

Operator safety + -- - ++ 4+ N -

Repair + - - - + + ++
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1.2.2 Laser metal deposition principle

LMD is a developed AM process for repairing damaged components, considering the
many advantages that this technique offers. The flexibility of implementation and the
quality of deposition with interesting performances make it a mature process. A wide
range of materials can be deposited: stainless steel, maraging steel, nickel alloys, titanium
alloys, aluminum alloys, copper alloys, cobalt alloys. This process is also known under
other names such as Laser Cladding (LC), Laser-Powder Directed Energy Deposition
(LP-DED), Direct Metal Deposition (DMD), Direct Laser Deposition (DLD), Laser Energy
Deposition (LED) or Laser Energy Net Shaping (LENS) [53].

The principle is illustrated in Figure 1.9. It consists in creating a melt pool with a
laser focused on the surface of a substrate. The powder is transported in tubes with
a neutral carrier gas (helium or argon) from the powder tanks to the coaxial nozzle,
which concentrates the powder stream in the melt pool that feeds it with feedstock. The
deposition unit, which includes the coaxial nozzle and the optical path, is moved in
translation in the three spatial directions to create the beads. Some machines have two
additional rotational axes for complex fabrications. The fabrication chambers can be in a

controlled environment under argon to prevent oxidation, or under air [52].
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Figure 1.9: Principle of the LMD process.
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1.2.3 Influential factors in laser metal deposition
Parameters
The literature lists a number of parameters that influence the characteristics of the

manufactured parts [53, 52]. They are grouped into five categories and are summarized in
the Table 1.6.

Table 1.6: Influential factors of laser metal deposition.

Laser Powder Substrate Motion System

Power Material Material Deposition pattern Oxygen content
Beam diameter Internal porosity Geometry Scanning speed Carrier gas flow rate
Beam profil Morphology Dimensions Overlapping rate Heat treatment
Working distance Diameter distribution Surface condition Interlayer increment

Wavelength Mass flow rate Temperature Interlayer dwell time

Many studies have been conducted to determine the most influential parameters on
the microstructure of parts produced by LMD [54, 55, 56, 57]. The deposition pattern
and the following LMD parameters: laser power (W), scanning speed (mm/min), powder
mass flow rate (g/min), and overlapping rate (%), are those that most influence the bead

and layer geometry, density ratio, and microstructure of the parts produced.

The Global Energy Density (GED) (J/mm?), described by the Equation 1.2, is a
key quantity widely used in the literature to quantify the energy delivered per unit area
of material [53]. Knowing that the energy delivered by the laser is focused on the spot

diameter, which is approximately the width of a bead.

P
GED = —— 1.2
dbeam *V ( )

Another parameter that can be introduced is the Linear Powder Mass (LPM), described
by the Equation 1.3. This parameter determines the amount of powder delivered to the
melt pool from the nozzle per unit length. Not all of the sprayed powder is melted in
the process and a yield factor n can be introduced. The latter varies little with variation
of the deposition parameters, but depends on the configuration of the machine and the

nozzle. Typically, this yield is 13% on a LENS technology for H13 powder spraying [58].

LPM = 1 g (1.3)
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Interaction and solidification mechanism

The adsorption of the laser onto the substrate creates a melt pool, which is the liquid
molten metal allowing the material deposition, and that is fed by the powder supplied
from the coaxial nozzle. This powder is also melted by the combined effect of the laser
and the melt pool. Sufficient laser energy absorbed by the substrate and particles causes
rapid heating and melting of the area. When the laser leaves the molten pool area, rapid
solidification of the molten metal takes place. The cooling and solidification mode depends

mainly on the laser energy density and the interaction time [53].

The LMD process is a complex interaction of physical processes. In particular, the
energy absorbed by the laser beam melts the substrate and powders, forming a melt pool
in which strong fluid flow occurs, driven primarily by the surface tension gradient (or
Marangoni shear stress). Heat transfer and fluid flow are strongly influenced by the local
arrangement of the beads and the substrate surface, which can vary from location to
location. Due to the highly transient nature of fluid flow, the shape of the melt surface (a
free surface) is constantly changing, affecting the final surface quality [59]. The resulting
solidification bead consists of a deposited layer and a remelted area in the substrate, as

shown in Figure 1.10.
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Figure 1.10: Presentation of the melt pool and the resulting bead [53].

As illustrated in Figure 1.11 and explained by Lippold et al., the solidification mode is
influenced by the combination of the temperature gradient G and the solidification growth
rate R. The cooling rate G*R influences the size of the microstructure and the ratio G/R
influences the morphology [24]. The scanning speed of about 1000 mm/min causes a very

fast solidification of the melt pool. The temperature gradient between the melt pool and
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the substrate is very high. Although the material has a low thermal conductivity, the
energy is dissipated quickly and the solidification rate is in the order of 10* — 10° K/s [60].
The cellular substructure is produced in LMD with a relatively large size around few pm

compared to the PBF, where the cell have a size around 1 pm [61].
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Figure 1.11: Effect of temperature gradient in the liquid, GL, and solidification growth
rate, R, on solidification mode and cellular solidification modes that occur in LMD deposit
[24].

LMD defect

The main objective of LMD manufacturing is to obtain a material with a relative
density greater than 99%, with good mechanical strength after manufacturing. However,
defects can occur in several forms. Porosity is the most common defect in AM and can be
categorized into two forms: interlayer porosity and intralayer porosity, each of which is

shown schematically in Figure 1.12.

Interlayer porosity is due to insufficient energy input to melt the powder, resulting in
lack of fusion. These porosities are observed at the substrate/deposit interface, between
layers, or between beads. They result from either too low GED or too high a powder mass
flow rate, or a combination of both. Their geometry is usually irregular and large, caused

by too rapid solidification of the melt pool that failed to fuse with the previous layer [56].

Intra-layer porosities are generally spherical in shape and occur at random locations.
They are the result of vaporization of the elements at the low vaporization temperature
point or keyholing [62]. If the GED supplied by the LMD process is high enough,
the temperature under the beam can exceed 3000°C. Elements with low vaporization
temperature vaporize, such as manganese (2061°C), chromium (2671°C), nickel (2913°C).
High dilution corresponds to the appearance of intra-layer porosity. Intra-layer porosity

also depends on the properties and uniformity of the starting powder [63]. If the starting
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powders do not have a uniform particle size distribution and contain internal porosity,

the porosity in the final product will be higher [64].
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Figure 1.12: (a) Interlayer porosity, (b) intralayer porosity and (c) the intersection of
interlayer and intralayer porosity with respect to GED [56].

Cracks or distortions may also occur in LMD parts due to the introduction of high
residual stresses caused by the laser process. The sudden release of stress leads to the

formation of cracks in the material [51].

Deposit geometry

Most parametric optimizations performed on the LMD process aim to determine the
influence of process parameters on bead and layer geometries [65, 66, 67, 68, 69]. These
geometries are important features for controlling the porosity rate in the part to be
minimized. They make it possible to obtain a dense deposit with metallurgical continuity

between the layers. As shown in Figure 1.13, three output parameters are sought:

o the width of the bead (W);
« the effective height (H.ss), which corresponds to the added height to the structure;

o the diluted height (Hg;), which corresponds to the thickness of the lower layer
remelted with the deposited bead.

The remelted area in the previous layer is defined by the dilution rate, which can be
calculated thanks to Equation 1.4, can also be calculated from these data. According to
the literature, sufficient metallurgical continuity with the substrate and between the layers
can be obtained with a dilution rate between 10% and 30% [56]. Below 10%, the dilution
rate is not considered sufficient to avoid the formation of porosities and, in particular, lack
of fusion between the beads and between the layers. Above 30%, keyholes are reported in

the literature.
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Figure 1.13: Illustration of a bead cross-section exhibiting the geometric parameters
studied.

Hd’il

DY — — it
* " Hu + Hess

(1.4)

Laser power, scanning speed and powder mass flow rate are correlated parameters
through Equations 1.2 and 1.3. The variation of a single deposition parameter will cause
a linear trend on the geometric parameters of the LMD-deposited bead. In fact, the work
of El Cheikh et al. [66] on the influence of process parameters on the geometry of SS316L
single tracks showed that at constant LPM, increasing power resulted in wider, taller, and
more dilute beads as the GED increased with increasing power. Similarly, at constant
GED, increasing the powder mass flow rate results in wider, taller and less dilute beads
because more material is added to the melt pool and less energy is transferred to the
substrate. Finally, increasing the scanning speed results in thinner beads in height and
width because less energy and material is available per unit length. These trends can be
seen in Figure 1.14. Other examples of parametric optimization in the literature follow
these trends [65, 67, 68, 69].
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Figure 1.14: Single-track cross-sections according to the variation of the process parameters
P, V and Q [66].
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If the GED is too low and/or the LPM too high, the deposited beads exhibit a lack of
fusion with the substrate, resulting in porous deposits, as shown by de Oliveira et al. [65]
for nickel-chromium based alloy powder deposits on C45 steel substrates. From an LPM
of 63 g/m, a power of at least 1000 W for a spot diameter of 3.2 mm is required to allow

metallurgical continuity of the beads to the substrate.

This data is used to calculate the step-over (SO) in mm, which is the distance between
two beads. This value is a function of the overlapping rate (OR) in % and the bead width
(W) in mm, as described in the Equation 1.5.

SO =W (1 — OR) (1.5)

The bead geometry resulting from the deposition parameters combined with the
overlapping rate determines the height of the built-up layer. Nenadl et al. [70] and Li
et al. [71] have shown that increasing the overlapping rate (or decreasing the step-over)
results in an increase in the layer height (Figure 1.15). Indeed, more material is deposited
in the same area than with a large spacing between the beads, which leads to the increase
of the overall height. In both studies, it is observed that doubling the overlap rate between

two consecutive beads results in a doubling of the layer height.
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Figure 1.15: Study of the influence of the overlapping rate on the layer height from (a)
[70] and (b) [71].

However, if the overlapping rate is too high or the step-over is too low, the layer
requires the deposition of several beads to reach a constant height. There is also a risk
of interbead porosity. Therefore, it is necessary to determine an optimal overlapping
rate. The literature indicates that an overlapping rate of 30% is commonly used in LMD

fabrication to avoid the formation of interlayer lack of fusion [54].

To successfully produce high density parts with a satisfactory surface finish, the various
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manufacturing parameters must be optimized. The objective is to avoid the formation of
interbead or interlayer porosity due to low GED. In contrast, a too high energy density
would lead to the formation of keyholes or gas bubbles trapped in the metal matrix.
Porosity must be avoided to achieve good mechanical properties and corrosion resistance
[56].

Residual stress

Besides the geometry of the beads and layers, the residual stress in a manufactured
part is an important issue. If tensile stresses are too high, the part may eventually crack
prematurely, rendering it unusable. These stresses are caused by the heating and cooling
cycles of successive laser passes. As explained in the Figure 1.16, during the laser pass,
the heat creates a compressive stress as the material expands. Then, during the cooling
phase of the bead, the shrinkage of the material causes tensile stress in the upper layers

and compressive stress in the lower layers [72].
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Heating Cooling
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Figure 1.16: Mechanisms at the origin of residual stresses [72].

Residual stress is a result of the material melting process. The distribution of residual
stresses in the part is complex due to the succession of liquid-solid passages during the
manufacturing process. On the other hand, there are methods to reduce the intensity of
residual stresses by reducing the thermal gradient between the melt and the substrate

and thus the solidification rate.

Piscopo et al. [73] explain that increasing the GED power by increasing the power or
decreasing the feed rate reduces residual stresses in an SS316L cube produced by LMD.
The results of the study show an overall reduction in residual stresses in the part and up to
a 61% reduction in tensile residual stresses at 1 mm depth in the cube with doubling the
laser power. Similarly, reducing the feed rate by 37.5% reduced residual stresses overall
and up to 42% at 1 mm depth.
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Ding et al. [74] suggest preheating the substrate for 12CrNi2 deposition to reduce the
thermal gradient between the melt and the workpiece. As shown in Figure 1.17, their
work demonstrated a reduction in residual stress intensity of the order of 29% and 28%
for longitudinal and transverse stresses, respectively, by preheating the substrate to 300°C

compared to a substrate with an initial temperature of 20°C.
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Figure 1.17: (a) Longitudinal stress and (b) lateral stress of test specimen preheated at
different temperatures. [74].

Another method is to reduce the size of the substrate as much as possible in order to
increase the overall temperature of the part and thus reduce the thermal gradient [75].
However, this technique results in greater distortion of the substrate under stress intensity.
Finally, Saboori et al. [76] suggest using a zigzag deposition strategy with 67° rotation

between each layer instead of 90° to reduce stress intensity.

1.2.4 LMD-printed SS316L

Microstructure

The microstructure of SS316L samples deposited by LMD is characterized from the
macroscopic to the nanoscopic scale. As shown in Figure 1.18 (a), the melt pool boundaries
are visible after etching at the macroscopic scale. These are the boundaries left by the
melt pool as it is diluted in the lower layer. Still at the same scale, observations highlight
the columnar morphology of the grains oriented toward the center and the advance of the
melt pool, as shown in Figure 1.18 (b). Epitaxial growth of grains between layers is also
observed in the <100> crystallographic direction. The grain size can vary from 50 pm to

a few mm [60].
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Figure 1.18: (a) SEM observation after chemical etching and (b) IPF mapping of LMD-
printed SS316L [77].

At the microscopic scale, the grains contain a cellular substructure formed by the
high cooling rate of the melt pool, as explained in Section 1.2.3. The three-dimensional
structure of the cell structure is similar to a honeycomb structure, and the morphology of
the cell structure is different depending on the direction of observation. The Figure 1.19
shows the cross, horizontal and longitudinal sections of the cell structure in an LMD-
printed SS316L. Thus, depending on the cross-section of the cell structure extract, it can
be a circle, an ellipse or two parallel lines, widely observed in AM metals and alloys [61].
This substructure is sensitive to the cooling rate of the part, as shown in Figures 1.19,
since its dimensions increase significantly from the order of 1 ym for the LPBF process to
16 pm for the LMD process due to cooling rates in the order of 10° and 10*, respectively.
Even within the LMD process, the different GED used influence the cell size. In fact,
according to the work of Ma et al. [78], the 90% increase in GED from 51 J/mm? to 85
J/mm? results in a 533% increase in cell size from 3 pm to 16 pm due to the different

projection nozzle configurations.

The cell substructure is the result of a hexagonal network arrangement of dislocations,
but also of segregation of chemical elements [61]. Several authors have emphasized the
difference in chemical composition between the center of the cells and the cell boundaries
[79, 80, 81]. The results show that the cell edges are enriched in iron, chromium,
molybdenum and manganese and depleted in nickel. The exact chemical compositions of
each zone given by Tan et al. [80] indicate that the cell centers correspond to austenite

and the cell junctions to residual delta ferrite.

Using Equations 1.6 and 1.7, which determine the equivalent chromium and nickel of
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Figure 1.19: (a), (b) and (c) cellular substructure of SS316L samples produced by LMD
using different GED and effect of GED on (d) PCAS and (e) cooling rate of SS316L
samples produced using LPBF (SLM) and LMD (LCD) [78].

a stainless steel from its chemical composition and the Schaeffler diagram (Figure 1.20
(a)), it is possible to determine the proportion of austenite and ferrite in the steel studied.
The solidification mode described in Figure 1.20 (b) is framed by the values given in
Table 1.7. In the previously cited papers [79, 80, 81], the ratio Cr.,/Ni., was in the
interval allowing solidification in the AF mode. This explains the difference in chemical
composition between cell centers and cell boundaries and the presence of ferrite in the
LMD-printed deposits.

Creg=Cr+Mo+15%S5i+0.5%Nb (1.6)

Nigg=Ni+30%xC + 0.5 Mn (1.7)
Finally, at the nanoscale, oxide inclusions are detected and uniformly distributed
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Table 1.7: Solidification mode identification.

Solidification mode Creq/Niegratio
Ferritic (F) mode 1.95 < Crey/Nig,
Ferritic-Austenitic (FA) mode 1.48 < Crey/Nieg < 1.95

Austenitic (A), Austenitic-Ferritic (AF) mode Cr.,/Ni., < 1.14

in the cell boundaries. The formation of these inclusions is the result of oxidation of
highly oxygen-reactive elements such as manganese, silicon, titanium, and aluminum. The
oxygen comes from the atmosphere in the manufacturing chamber or from the passive
layer that forms on the powders during manufacturing. Under laser energy, this layer
breaks down and oxygen diffuses into the melt by reacting with elements with an affinity
for oxygen [61]. Barkia et al. [81] found silicon oxides and precipitates rich in Mn, Mo

and Cr. Similar results are found in the work of Tan et al. [80] and Zietala et al [79].

Mechanical properties

The mechanical properties of the specimens produced by LMD have higher tensile
strength but lower elongation at break than SS316L produced by conventional methods,
like represented in Figure 1.21. According to the authors, the magnitude of the elongation
varies depending on the proportion of defects in the deposit that lead to premature
cracking of the specimen. For example, Barkia et al. [81] found an elastic strength of
440 MPa and an elongation at break of about 52% for the LMD process instead of 170
MPa for YS for a wrought SS316L. In contrast, Zhang et al. [82] found a higher UTS
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of about 560 MPa, but an elongation at break of only about 20%. This difference is
due to the different deposition parameters used in each study, which cause variations in
the morphology and size of the cell substructure, as well as the concentration of defects.
Despite this variation, the high performance of these parts is attributed to the unique
microstructure composed of small cell sizes, the presence of residual delta ferrite, a dense
network of dislocations, and the presence of nano-oxides dispersed in the matrix, which

strengthens the material [83].

800 @ Ref. 48 (As-cast)
O Ref. 48 (Wrought)

Lt @ Ref. 49 (Moulded)
—
g 600 0 Ref. 50 (Hot rolled)
p 4 B 5 Ref. 22 (Yadollahi etal.)
~ 500 Present work
= A A Ref. 25 (Zhang etal.)
m’ 400 o A " B Ref. 51 (Maetal)
& .
hed A O Ref. 52 (kim et al.)
% 300 o
- DLD/LENS 316L . e # Building direction
E 200 9 © Scanning direction
= o

100 /

Conventional 316L
0
0 10 20 30 40 50 60 70

Elongation (%)

Figure 1.21: Tensile properties of LMD-produced SS316L [81].

Similarly, the literature shows an anisotropy in the mechanical properties of the
specimens produced by LMD. In fact, the tensile specimens extracted in the horizontal
direction have better mechanical properties than those collected in the vertical direction.
The presence of elongated porosities due to the deposition direction of the beads in the
direction perpendicular to the vertical specimen is a cause of the low elongation in this
direction [83]. Moreover, the particular microstructure with columnar and elongated grains
in the building direction causes different dislocation movements in the microstructure and

results in heterogeneous tensile properties [84].

Corrosion resistance

The corrosion resistance of stainless steels in chlorinated solutions such as seawater is
due to the formation of a layer of chromium oxide Cr203 on the surface of the material.
This compact, adherent and therefore protective layer is called the passive layer: it forms

a barrier separating the steel from its environment. Other elements, such as molybdenum,
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can improve the corrosion resistance of the steel by stabilizing the layer, especially in
acidic environments. How the material is going to be elaborated will thus influence the

formation and resistance of this passive layer.

As seen in the previous section, the microstructure of an LMD-printed part is different
from that of a conventional SS316L. The literature shows differences in corrosion behavior.
Revilla et al. [85] compared the corrosion behavior of conventional, SLM, and LMD
printed SS316L in a 3.5 wt.% NaCl solution. The results show similar corrosion potentials
for each sample around -73 £ 10 mV due to very similar chemical compositions. However,
the stability of the passive layer varies greatly depending on the fabrication technique. The
passive layers of the samples have a stability interval Ep,cordown — Feorr 0f 499 mV, 571 mV
and 1155 mV for the conventional, LMD and SLM methods respectively. The differences
in passivity between the samples appear to be related to the marked differences observed
in the dimensions of the microstructural features. The fineness of the microstructure
(distribution of alloying elements) in the SLM < LMD < wrought order could lead to the

growth of a more compact, stable and less defective passivation layer.

These observations are confirmed by Shen et al. [86] who show in stainless steel
coatings produced by LMD that pitting occurs at the interface between the dendritic
and interdendritic regions due to the potential difference between the two zones caused
by the difference in chromium concentration. As illustrated in Figure 1.22; they show
that by obtaining a finer grain substructure, the number of nucleation sites of the passive
oxide layer can be increased, resulting in a thicker passive layer that is more resistant
to corrosion. The comparison between standard stainless steel and LMD stainless steel
is subjective because it depends on the quality of each steel. Therefore, using a lower
GED results in a finer cellular substructure and therefore improved corrosion resistance

in chlorinated environments.

As observed in the work of Revilla et al. [85] and shown in Figure 1.23, corrosion
takes place within the cells of the grain substructure, which are less rich in chromium
than the cell boundaries. These observations are reported several times in the literature
dealing with the corrosion of SS316L in chloride solution [87, 83, 86]. However, changes in
the solidification mode and chemical composition of the powders may alter this mode of

attack on the cellular substructure and require further study to draw conclusions.

A chemical composition of SS316L rich in minor elements such as sulfur and phosphorus
can reduce the corrosion resistance. In fact, these elements can form inclusions in the
matrix such as MnS. These inclusions are pitting initiation sites as observed in the work
of Laleh et al. [89].

34



CHAPTER 1

passive film

Figure 1.22: Role of the dendrite size on the nucleation and formation process of passive
film, (a) and (c) on coarsened dendrites, and (b) and (d) on refined dendrites [86].
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Figure 1.23: (a) Potentiodynamic polarization curves of wrought, LMD, and SLM 316
L stainless steel specimens in 3.5 wt.% NaCl and high magnification secondary electron
images of the corrosion attack after the potentiodynamic polarization experiments for the
(b) wrought and (c) LMD [85].

1.2.5 Summary

As AM has evolved over the past few decades, many technologies have matured. Some
of these technologies have specialized in the production of metal parts, but only DED
technology has the ability to deposit material on existing parts, making it suitable for
repair. Of all the processes in this technology, the LMD process has the finest deposition
bead (380-1000 pm) due to the use of powders that allow the thermal affected area to be
limited and a better resolution of the deposition compared to the others DED processes
(minimum 1000 pm for WAAM), as observed in Table 1.4.

This fusion process involves complex physical phenomena that take into account a
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large number of process parameters (laser power, scanning speed, powder mass flow rate,
overlapping rate, deposition pattern). These parameters must be optimized to control the

geometry of the beads and layers and to achieve dense and crack-free deposits.

LMD parts printed in SS316L have a coarse columnar microstructure that is elongated
in the direction of fabrication, due to the thermal gradient between the melt pool and
the part. There is a cellular substructure with a size of around few pm within the
grains resulting from segregation of chemical elements and dislocations. This unique
microstructure results in different mechanical properties than a conventional stainless
steel. YS and UTS are higher with 170 MPa and 440-560 MPa respectively, but EAB is
reduced (20-52%). For corrosion resistance in seawater, dense LMD-printed parts have
better passive film stability than conventional stainless steel due to better distribution of

chemical elements.

The LMD process has demonstrated its ability to produce dense SS316L parts with
interesting properties. However, it is necessary to study the condition and behavior of a
part repaired by this process, mixing a printed LMD deposit and a conventional substrate,

to determine the influence of the LMD process parameters on the quality of the repair.
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1.3 Laser metal deposition repair

1.3.1 Generalities

With the will to circularize the economy and to develop the 9Rs method 'refuse,
rethink, reduce, reuse, repair, refurbish, remanufacture, repurpose, recycle, recover" for
AM, repair with AM methods has developed rapidly in the literature since the 2000s, as
shown in Figure 1.24 (a). The authors study most of the materials commonly used in the
industry, such as cast iron, steel, Inconel, titanium alloys, cobalt alloys [90]. The repair is
applied to a large number of parts, such as turbine blades, injection molds, mechanical
equipment, gears... (Figure 1.24 (b)). Finally, as shown in Figure 1.24 (c), half of the
publications in the literature concern repairs performed with the LMD process [91]. The
interest of researchers in this promising process is due to its flexibility and the quality of

its deposits, while limiting its effect on the original part.
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Figure 1.24: (a) Research articles published about repair, (b) product-specific deployment
and (c) relative status of AM technologies for repair [91].

Numerous studies of repairing damaged components using the LMD process focused on
turbine blades. In fact, turbine blades in the power generation and aerospace industries are
often damaged at their tips. However, as shown in Table 1.4, LMD beads are the smallest
of the DED technologies in the 200 to 500 pm range. This parameter is very important
when repairing thin turbine blades. In addition to the standard advantages of this process,
the epitaxial growth of the grains between the layers was sought because the blades are

produced with a single crystal microstructure, which allows them to buckle more than
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with a polycrystalline microstructure. Brandt et al. [92] demonstrated the feasibility of
using this process to repair steam turbine blades in fossil-fired power plants. The authors
developed the technique and founded a company to commercialize it. Subsequently, several
articles were published on optimizing the deposition parameters to obtain a single crystal
microstructure [93], observing their influence on the properties of the blade after repair
[94], and recovering the original dimensions of the part by limiting the machining [95], as
shown in Figure 1.25. The thinness and low dilution of the deposited beads is also an

attractive feature for repairing metal joints, as shown in Figure 1.25 (b).

As shown in Figure 1.25 (c), the LMD process can be used to repair more massive
parts, such as boat engine crank pins, which require reloading of material after the surface
is abraded as the piston rod rotates. Other studies focused on the repair of cast iron,
such as engine blocks, because the small HAZ made it possible to avoid the formation of
martensite in the part and the cracking of the block during engine operation. To reduce
the risk of martensite formation during the repair process, laser preheating steps were
proposed [96]. Moreover, the geometric precision of the deposits and the low distortion
of the parts are an advantage for the repair of foundry or plastic injection molds, which
can return to their original dimensions after repair. Foster et al. [97] demonstrated the
feasibility of this process for repairing foundry molds with Stellite-21. The part is easy to

repair with LMD and the wear resistance is excellent compared to other repair processes.

Figure 1.25: Examples of repair for (a) turbine blade in Inconel 718 [95], (b) Inconel 718
compressor seal [98] and (c) crankshaft segment [99].

In addition, some companies are beginning to patent LMD repair techniques to protect
this know-how, which is in full development like Westinghouse, which offers a solution for
the repair of stainless steel components used in the nuclear industry with pre-machining,

material removal by LMD, then inspection by non-destructive methods [17].
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1.3.2 Heterogeneous characteristics of repaired parts

In the literature about LMD-repaired parts, the recurring observation is the hetero-
geneity of the microstructure and the residual stresses in the repairs. These characteristics
influence the mechanical behavior and the corrosion resistance of the repair and can lead

to degraded properties.

The presence of porosity in the deposits and the lack of fusion at the deposit/substrate
interfaces is frequently cited in the literature among the defects that lead to these degraded
properties. This phenomenon is usually caused by poor optimization of the deposition
process parameters. As observed in the work of Oh et al. [100], who studied the repair of
SS316L grooves using various repair methods, the insufficient dilution of the beads caused
porosity on the pre-machining surfaces that were not perpendicular to the laser. Thus,
what the authors consider to be cracks are simply lack of fusion that does not provide
metallurgical continuity with the substrate. This results in a severe degradation of the
mechanical properties of the order of 50% for the UTS and 90% for the EAB compared to

the reference substrate, as shown in Figure 1.26.
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Figure 1.26: (a) Repair cross-sections with different methods exhibiting the lack of fusion
at the interface and (b) the resulting degraded tensile mechanical properties [100].
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Another specificity is the particular microstructure of the repair. It is the result of
a combination of a conventional microstructure and a microstructure typically found in
additive manufactured parts. In the works of Balit et al. [101], a grain size gradient
between the SS316L wrought substrate and the SS316L. LMD-printed part is observed
(Figure 1.27 (a)). On one side the grains are fine and equiaxed with an average grain
size of 7.2 + 3.9 nm and on the other side they are long and columnar with an average
grain size of 36 + 20.9 pm. In addition, the grains of the first layer do not follow the
trend of the rest of the deposit because of epitaxial growth from the fine grains of the
substrate. This leads to an increase in hardness of 200 pm on both sides of the interface
(Figure 1.27 (d)). This is explained by a reinforcement effect on the substrate side and
a moderate grain growth area compared to the rest of the deposit on the deposit side
(Figure 1.27 (a)). In addition, in-situ SEM tensile tests showed that the repaired samples
have the lowest mechanical properties (Figure 1.27 (b)). In fact, this result is explained
by a homogeneous deformation in the substrate due to fine and equiaxed grains and a
heterogeneous deformation in the deposit due to long and columnar grains. On the other
hand, the interface exhibits little deformation due to its higher hardness (Figure 1.27
(c)). Incompatibility of deformation between these three zones leads to degradation of
mechanical properties. In fact, the Yield Strength (YS) of the repaired sample (430 MPa)
is higher than that of the substrate (347 MPa), largely due to the LMD printed part.
The repaired part shows a decrease in its UTS, 630 MPa versus 650 MPa, and a greatly
reduced EAB, 46% versus 91% for the substrate. Similar results are found in the work
of Guévenoux et al. [102] using the same analysis techniques but with an Inconel 718

assembly:.
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Figure 1.27: (a) Evolution of the grain size in the substrate/deposit interface, (b) tensile
stress-strain curves of different tests, (c) evolution of the axial strain for the step of
deformation of 17% and (d) microhardness distribution in the interface highlighting the
peak [101].

The microstructure is highly dependent on the process parameters and the variation
of a single parameter locally can significantly change the properties of the zone. Marazani
et al. [103] repaired grooves with a variation of the different deposition parameters (laser
power, spot size, scanning speed, ...) for Ti-6Al-4V material. For all the deposition
parameters, the microhardness appears to be higher in the center of the deposit, with
some variation depending of the parameter values. Similar results are found in the work
of Paydas et al. [104] as shown in Figure 1.28. According to the authors, the thermal
history of the part is involved in the increase of this hardness in the deposit and the
variation of the hardness according to the different manufacturing parameters used. In

fact, the rapid solidification of the melt pool creates a fine cell substructure that causes
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a high hardness. This increase in hardness is accentuated when the GED is low, as in
Figure 1.28 (a), compared to a high GED (Figure 1.28 (b)), caused by the difference in
cell size according of the used GED, as observed in Figure 1.19 and which remains similar

for titanium alloys.
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Figure 1.28: Hardness mapping in the repair cross section with (a) high GED, (b) low
GED and (c) position of the indentation [104].

Liu et al. [105] deposited AISI4140 and INC718 on AISI4140 substrates to observe
the tensile behavior of these hybrid specimens. The fractures all initiated and propagated
within the deposit, indicating lower yield strength in these areas. On the other hand, as
shown in Figure 1.29 (b), the cast AISI4140 and LMD-printed INC718 materials have the
same hardness, but the interface between the two has a lower hardness. This condition

results in heterogeneous properties and potentially different fatigue behavior.
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Figure 1.29: (a) Geometry of the repaired specimen and loading configuration [102] and
(b) hardness distribution on the hybrid specimen [105].

As explained in Section 1.2.4, the corrosion potential of wrought and LMD-printed
SS316L are close but the stability of the protective oxide layer depends on the chemical
composition, porosity and microstructure of each part of the repair. Moreover, the
repaired parts are heterogeneous in terms of microstructure, but also in terms of chemical
composition between the substrate and the deposit, since it is difficult to use a filler
material with the same average chemical composition as the part to be repaired. Thus,
these differences can cause galvanic corrosion of the parts, with damage to the less noble

part, as observed on the weld beads in chlorinated solution in Figure 1.4 (b).

The quality of a repair depends on the quality of the material deposition. If
this step is poorly performed, the repaired parts will have very poor mechanical
properties and low corrosion resistance. However, even with high density,
the heterogeneity of the microstructure leads to degraded properties of the
repaired parts compared to the reference substrate. An important work is to
be done on the repair process with respect to the criteria of dense deposition
and metallurgical bonding with the substrate, imperceptibility of the repair

without damaging the original part, as indicated in our initial specifications.
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1.3.3 Influence of the pre-machining geometry in the repair

As it is observed, the interface between the substrate and the deposit is an essential
part to be characterized and controlled as it is a place of microstructural and mechanical
heterogeneities. This interface can also be studied through the geometry of the pre-
machining. However, the pre-machining step prior to material deposition is poorly studied
in the literature. Indeed, this step is important because it allows the defect and the
surface contaminants to be removed, and give good accessibility to the powder projection
nozzle. The confinement of the pre-machined area, related to the geometry, will impose
geometrical constraints on the deposition of material. As shown in the literature, this

issue will also affect the quality of the repair, especially the density rate of the repair.

Pinkerton et al. [106] were among the first to demonstrate that the shape of the
pre-machining has a strong influence on the density of the repair using a triangular and
a rectangular groove. The vertical walls of the rectangular groove cannot absorb the
laser energy and cause a lack of fusion between the deposit and the substrate as shown
in Figure 1.30 (a). These observations are also reported in the work of Graf et al. [107]
(Figure 1.30 (b)). They emphasize that the use of a too limited premachining with edges
close to the vertical causes problems with the powder and laser delivery into the groove

due to the mask created by the top surface of the substrate.

(a) Triangular slope Rectangular slope

V-groove |

U-groove

Figure 1.30: Repair using LMD process of (a) triangular et rectangular slopes in [106]
and (b) V-groove and U-groove in [107].
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In a similar approach, the work of Oh et al. [108] focuses on the repair of hot-rolled
and PBF-printed substrates using grooves of different depths (Figure 1.31 (a)). The
results show the presence of large porosities at the deposit/substrate interface when the
groove depth exceeds 1 mm, as observed in Figure 1.31 (b). This results in strongly
reduced mechanical properties for these samples and cracking at the interface (Figure 1.31
(¢)). The authors consider that these porosities occur as a result of delamination of the
deposits due to residual stresses. On the other hand, increasing the groove depth for the
same bottom width results in steeper edges. The dilution of the beads is not sufficient
to provide sufficient metallurgical bonding at the steeper edges, resulting in the lack of

fusion observed.

(a) (c)
800

D=0.5mm D=1.0mm D=2.0mm 100 @

o 10 T Y 10 600 \

/ I ) - L N /[ -
vy ™ 'j - Y P N7\ ya _ 500 i
ok 8.2 : ! 7.2 ; i 5.2 [ § w0 !

' - - N - ——— l\‘ ] ’ 1 / R-DED-1.0 R-DED-0.5 l

b - ‘\“\,,,—-‘4’ \“-\._z' E—' 3004 | Hot-rolled
Fillet 1.0mm Fillet 1.0mm Fillet 1.0mm D 500 \1
R-DED-2.0

Figure 1.31: (a) Premachining geometries with different depths, (b) optical microscopy
of cross-section and zoom at the interface and (c) tensile stress-strain curves and crack
position of the tensile specimens [108].

These articles highlight the variation in repair density as well as the decrease in
mechanical properties with different premachining geometries and, in particular, the
strong influence of the groove opening angle on deposition quality. When this angle
approaches 90°; i.e. verticality, lack of fusion appear at the edges, resulting in poor quality
repairs. Similarly, the interface is a zone with a strong microstructural and mechanical
gradient that will affect the mechanical strength of the repair depending on its orientation

and, therefore, the opening angle.

Another point defined by our specifications is to remove as little material as possible
to minimize the risk of damaging the part to be repaired during the repair process. It

is therefore necessary to optimize the repair volume. As shown in the literature, this
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optimization requires modifying the shape of the pre-machining and its dimensions through

its opening angle, depth and width.

Zhang et al. [18] worked on the steps of scanning, machining volume optimization, and
pre-machining. They used U-shaped shapes with different opening angles to try to fully
integrate the damaged area into this shape while minimizing the volume. As mentioned,
the larger the opening angle, the better the access to the projection nozzle, but the larger
the volume to be machined, which means more cutting time and more material to be
deposited. Thus, a function of the material to be machined is determined by the damaged
cross section and the opening angle of the pre-machining. As shown in Figure 1.32, angles
of 26° and 31° are calculated for cross sections A and B, respectively. These results show
that the optimization of the premachining volume to meet the specifications is highly
dependent on the initial defect. However, given the variations in opening angle required
to minimize the volume, it is necessary to know the influence of this opening angle on the
quality of the repair. Depending on the results, conditions are imposed on the volume
optimization algorithm.
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Figure 1.32: (a) Different U-shaped boundaries containing the damaged cross-section, (b)
cross-sections A and B contained in optimized U-shaped boundaries and (c) function of
removal section versus opening angle for the cross-sections A and B [18].

The pre-machining geometry plays an important role in the repair pro-
cess. The shape and dimensions of the pre-machined part leads to technical
constraints on the deposition of material with the LMD process, particularly
due to the difficulty of accessing the bottom of the defect with the projection
nozzle and the degraded interactions between the laser and the substrate if
the edges are too steep. Moreover, volume optimization is highly dependent

on the shape of the defect and the opening angle of the premachining.

Therefore, optimization of the shapes, depths and opening angles of the

pre-machined part is essential to increase the quality of the repair in terms
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of density and mechanical properties. Particular attention should be paid to
the substrate/deposit interface to understand the deformation mechanisms
involved and to observe their effect on the overall repair. Depending on
the results obtained, volume-optimization conditions could be applied using
complex shapes that are not widely used today and that allow a significant
reduction in the volume to be pre-machined while maintaining an excellent

repair quality.

1.3.4 Repair imperceptibility seeking

The heterogeneity of the microstructure and its impact on the mechanical properties
of the repaired parts highlighted in the Section 1.3.2 is a major problem of the LMD
repair process. It is thus necessary to study methods to reduce, or even eliminate, the
microstructural and mechanical differences between the various repair zones in order
to achieve imperceptibility of the repair. A return to the original characteristics of the

repaired part allows it to be returned to service.

To limit the effects of fusion processes such as welding on parts and to control the
microstructure, conventional and AM often use thermal treatments to modify the thermal
history of parts. Different heat treatments can be applied Substrate preheating, application
of inter-layer dwell times, and post-heat treatments are effective and easy to implement

methods for controlling the properties of manufactured parts.

Substrate preheating is performed to reduce the presence of undesirable phases
and residual stresses introduced during the welding and laser cladding process. Reducing
the thermal gradient between the melt pool and the substrate limits the introduction of
residual stresses, excessive solidification rates and the formation of certain phases [74,
109].

Baek et al. [110] preheated D2 and M4 steel substrates from 100°C to 500°C and
deposited M4 steel powder in a premachined groove. M4 steel is susceptible to cracking
during melting processes, and this observation is validated by repair with preheating to
100°C, where internal cracks are detected. On the other hand, by increasing the preheating
temperature, cracks are avoided because, according to the authors, the introduction of
residual stresses in the part is reduced due to a lower thermal gradient between the
melt and the part to be repaired. The authors also observed an increase in the size of
the dendrites with the preheating temperature. A decrease in mechanical properties for
preheating above 500°C is noted with, for example, 18% less energy absorbed in Charpy

impact tests.

47



CHAPTER 1

Similar observations are found in the work of Moheimani et al. [111] who studied the
impact of preheating to 250°C on the deposition of SS316L by LMD. It is observed an
increase in the size of the cell substructure with a cell size in the 2.5 mm deposition of
the substrate of 2.9 pm for a cold substrate against 3.9 pm for a preheated substrate.
This difference is caused by the cooling rate, which is modified by the preheating. Also,
the hardness of the preheated samples is more homogeneous and lower than with a cold

substrate due to the modification of the cellular sub-structure, as observed in Figure 1.33.
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Figure 1.33: (a) Variation of cells size, (b) variation of the cooling rate and (c) micro-
hardness along the building direction of SS316L cube produced on the cold and preheated
substrates; [111].

Ding et al. [74] worked on 12CrNi2 deposition by laser cladding using three substrate
preheating temperatures (20°C, 150°C, and 300°C). They showed that increasing the
preheating temperature reduced the hardness (Figure 1.34 (a)), the residual stress (Fig-
ure 1.34 (b)), and increased the ductility of the parts by slightly decreasing the mechanical
properties of the deposit (Figures 1.34 (c) and (d)).

The change in microstructure, mechanical properties, and partial relaxation of resid-
ual stresses with substrate preheating appears to be a significant advantage in achieving
near-imperceptible repairs. However, an investigation of the preheating temperature to be

applied to the substrate is necessary to obtain near imperceptible repairs.
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Figure 1.34: Analyses of 12CrNi2 deposit with different substrate preheating: (a) hardness
distribution along the deposit, (b) longitudinal stress of the test specimen, (¢) YS and
UTS and (d) elongation at break of tensiles specimens [74].

Interlayer dwell time is a method used in the literature to increase the cooling rate
between the melt pool and the part at each layer, thereby reducing the grain size of the

deposits, which can then approximate the microstructure of the substrate.

Guévenoux et al. [102] demonstrated that applying a 10-s dwell time between layers
in the construction of a single-strand wall in Inconel 718 for substrate repair of the same
material reduced the grain size in the fabricated part, as observed in Figure 1.35. This
microstructural difference allows the YS and UTS mechanical properties of the dwell time
repairs to improve to 510 MPa and 880 MPa, respectively, compared to 390 MPa and 740
MPa of the no dwell time repair. However, they are still lower than the wrought with YS
and UTS mechanical properties of 1012 MPa and 1260 MPa.

In the same approach, Mohr et al. [112] observe a decrease in grain substructure cell
area with increasing dwell time between each layer. This work was performed on SS316L

in the LPBF process, but is applicable to the LMD process, which follows the same trends
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Figure 1.35: Differences of the microstructures obtained without (a) (c¢) and with 10s (b)
(d) dwell time [102].

at different cooling rate scales. Thus, between long and short interlayer dwell times, we

observe a decrease in cell area from 980 pm? to 320 pm?.

Yadollahi et al. [113] highlight that hardness increases with interlayer dwell time, as
well as UTS, but reduces significantly the elongation at break for SS316L, like illustrated
in Figures 1.37 (b) and (c), where the sample with dwell time is called "nine-built" and

without dwell time "single-built".

Moreover, Denlinger et al. [114] show that the residual stresses in single-track wall
in Inconel 625 and Ti-6Al-4V made with interlayer dwell times can increase or decrease
depending on the nature of the material and the residual stress intensity varies with the
time applied due to the increase of the cooling rate between the melt pool and the part,

like observed in Figure 1.36.

The application of an interlayer dwell time in the repairs could allow to reduce the
grain size of the SS316L deposits and to approach the grain size of the substrate in order to
homogenize the microstructure. On the other hand, the increase in hardness and residual

stresses are parameters to be studied and minimized by optimizing this waiting time.
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Figure 1.36: (Left) Residual stress measurements taken using the hole-drilling method
and (right) distortion calculated using the CMM results [114].

Post heat treatment is a widely used method in the industry because of its over-
all effect on a part and its ease of application in furnaces. These treatments can be
applied at both low and high temperatures, depending on the purpose and duration of
the application.

Low temperature heat treatments for SS316L are typically applied at 300°C and 900°C.
Below 600°C, these heat treatments can relieve the residual stresses introduced during the
laser process without changing the microstructure, as observed in the work of Shiomi et
al. [115], a 70% reduction in residual stresses was observed in a chromium-molybdenum
steel produced by LPBF by treating it at 600°C for one hour. Between 600°C and 900°C,
residual stresses are further relaxed, but this temperature range is conducive to the
formation of sigma phase in SS316L, which is detrimental to the mechanical properties of

additive manufactured parts, as shown by Wang et al. [116].

High temperature heat treatment can be applied to the repairs, in order to totally
relax the residual stresses by annealing or rearranging dislocations , recrystallizing the
deformed microstructure, controlling the grain size and promoting dissolution of the
residual elements [117]. As observed in Figures 1.37 (a) and (b), these phenomena are
observed in the work of Yadohalli et al. where the columnar grains of the microstructure
have recrystallized into equiaxed grains with no cellular substructure and where the
residual ferrite phase of an SS316L produced by LMD is completely dissolved by a heat

treatment at 1150°C for two hours.

Heat treatments have the effect of softening steels. As shown in Figures 1.37 (c) and
(d) of the Yadohalli et al. paper [113], the microhardness of the heat-treated sample is
reduced to about 160 HV compared to 215 HV of the as-welded sample, a reduction of
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25%. Similarly, the YS and UTS of the heat-treated specimen are reduced compared to
the as-built specimen, but its ductility is improved with an increase in EAB from 33% to
43%. These trends are also observed in the work of other authors [118, 119, 120].
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Figure 1.37: Observations of as-built deposit (single-built as-built), heat treated deposit
(single-built heat treated) and deposit with dwell time (nine-built as-built): (a) IPF maps
(b) phase map of the microstructure of single-built before and after heat treatment, (c)
microhardness along the deposit and (d) tensile stress-strain curves [113].

Shim et al. [121] demonstrated that the application of an annealing solution treatment
at 1040°C for 1 hour to a ferritic SS630 repair homogenized the microstructure and
microhardness throughout the substrate, interface, and deposit, as shown in Figure 1.38.
The repair followed by heat post-treatment is shown in blue and named SA-repaired-SA,
compared to the SA-repaired sample, which is the as-repaired sample. The final sample,
SA-repaired-SA-PH, has undergone an additional precipitation hardening treatment but

is not the subject of this comparison.

Moreover, the corrosion resistance in sea water increases with the application of high
temperature heat treatment, attributed to a more homogeneous microstructure than the
as-built LMD deposit [88]. However, as shown by Laleh et al. [89], heat treatment can
form inclusions that are detrimental to the corrosion resistance of some samples. Heat
treatments above 1000°C cause the transformation of MnS inclusions into manganese-
silicate and manganese-chromite inclusions in SS316L. LPBF specimens. This type of

transformation can occur in SS316L. LMD specimens, which have the same morphology of
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Figure 1.38: Microhardness values along the substrat, interface and deposit in a SS630
repair with different thermal treatments [121].

microstructure.

Heat treatments, especially at high temperatures, have shown great interest in con-
trolling the microstructure by dissolving the cellular substructure and residual ferrite of
SS316L, but also by recrystallizing the columnar grains. Similarly, homogenization of
microhardness and improvement of ductility are of great interest for repairs known to have
low EAB. Howewver, it is important to avoid a strong decrease in mechanical properties
and an excessive coarsening of the grains, as well as the formation of undesirable phases

such as the sigma phase.

LMD repairs suffer from material heterogeneity, which can lead to deformation
incompatibilities and premature failure of the repaired part. To overcome
these heterogeneities and restore the performance (mechanical, corrosion)
of the repaired part, thermal treatments are considered to homogenize the
microstructure. However, these treatments were developed and studied in the
context of parts manufactured entirely by conventional or AM. Few studies
using these methods are applied to the repair. Indeed, the application of these

homogenization treatments can cause a different behavior in the overall repair,
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in particular at the interface between the conventional substrate and the LMD

deposit. This needs to be studied to increase the quality of the repair process.

1.3.5 The additive/subtractive hybrid process for repair

Additive/Subtractive Hybrid Manufacturing (ASHM) is a manufacturing method
that allows the use of an additive material deposition process (e.g. powder/laser) and a
subtractive process (e.g. milling) within a single machine. Existing machines are either
machining machines with an additive unit integrated in parallel and numerically controlled
[122], or machines designed for this type of manufacturing, which use a single tool spindle

to control and move the machining tools and the projection nozzle [123].

As explained by Cortina et al. [123] in their diagram shown in Figure 1.39, the
production of new parts by LMD requires finish machining after material deposition and,
in the case of repair, a machining before and after the deposition. Hybrid technology
offers the ability to take advantage of both additive and subtractive technologies in a
single workstation, opening up new manufacturing possibilities. In fact, the development
of hybrid manufacturing is a key element in increasing the complexity of AM by exploiting
the synergy of the two technologies. The use of a single machine requires only one zero
setting of machine coordinates, reduces the movement of parts, takes up less space than
multiple machines, and simplifies operator actions. Moreover, the combination of the two
processes makes it possible to reduce material consumption with near-net-shape parts
and to increase the complexity and quality of the parts produced by alternating between

additive and subtractive processes. Finally, this technology represents a time and cost

saving.
HYBRID MACHINE
' Damaged part repair / Coating \:
Part preparation (2: Additive operation ®) Finishing subtractive i i
(machining) DED/PBF operation (machining) [\ !
)
e ’
pATE | seesdbvdiedee :
!
Additive operation 3) - Finishing subtractive i i
DED/PBF al operation (machining) ; :

Figure 1.39: Flow chart and interactions in hybrid process for the damaged part repair or
new part fabrication [123].

As mentioned earlier, the repair requires pre-machining, then material deposition and
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finishing post-machining. Performing all of these steps in a single machine would be a
significant time savings. As early as 2006, Ren et al. [124] demonstrated the possibility of
repairing a mold by combining the LMD process to reload the material with finishing post-
machining to restore the original dimensions of the part. A similar study was performed
by Jones et al. [125] for the repair of turbine blades and the results were encouraging for
the feasibility of this process for repair. Nevertheless, few studies have been carried out
on the influence of the hybrid process on the final quality of the parts and even fewer on

the repair.

In any case, the analyses performed show the time savings of the hybrid process
compared to separate additive and subtractive processes. Felhausen et al. [126] found a
time savings of 68% on a complete hexagonal production with the material deposition

and finishing steps using the hybrid process.

In addition to the process gain, a better quality of the repaired parts is obtained with
the hybrid process. In fact, Feldhausen et al. [126] and Kannan et al. [127] produced
two groups of hexagons under different deposition and machining conditions. In the first
group, called additive, the 127 mm high hexagons are fabricated in one step by material
deposition and then post-machined. In the second group, called hybrid, five 25.4 mm
sections are deposited and fully machined before material is deposited for the next section.
The results indicate a lower rate of porosity in the parts produced by the hybrid process.
Also, the mechanical properties in tension of the parts produced by the hybrid process
are better and much more homogeneous, as shown in the Figure 1.40. The elongation of
the first group is low due to the high porosity rate and a higher rate of twinning within
the microstructure than for the hybrid group. On the other hand, the homogenization of
the mechanical properties of the specimens taken vertically and horizontally is important
and is not explicitly explained by the authors. Between the specimens taken horizontally
and vertically, there is a difference of 55 MPa and 25 MPa for YS, 120 MPa and 40 MPa
for UTS, and 9% and 4% for EAB between the additive technique alone and the hybrid
respectively. A modification of the microstructure with the hybrid process could be the
explanation, but the EBSD analyses carried out in the studies are focused on the inside

of a bead and do not allow to draw any conclusions.

Besides better density and mechanical properties, an improvement in residual stress
state is observed when using the hybrid process. In fact, Yang et al. [128] fabricated
blocks using the LMD process in two ways. Similar to the previous study, one block was
fabricated by LMD in a single step and then post-machined. For the second block, milling
was performed between each layer, machining a portion of the previous layer. As noted in

the Figure 1.41, the analyses highlight a decrease in residual stresses in the block for the
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Figure 1.40: Mechanical properties of the tensile specimens extracted from the hexagon
(a) yield strength, (b) ultimate tensile strength and (c) elongation at break [127].

second case, as milling a portion of the layer in each pass allowed for the release of some
of the residual stresses introduced by the laser process. Residual stress relaxation of up to

60% is observed in the center of the cube.
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Figure 1.41: Residual stresses measured in the samples produced by LMD only and ASHM
processes [128].

However, the hybrid process must deal with issues that do not arise when additive and
subtractive processes are separated. In fact, the protection and safety issues related to
powders and lasers are elements that are not present in subtractive machines, but can be
adapted to additive processes. The use of powders can pose a problem of infiltration into
the movement mechanisms and cause damage to the spindles and rotary axes. Additionally,
machining usually requires the use of cutting fluids to cool and lubricate the tool to limit
overheating and wear, but also to improve surface finish. These cutting fluids must be
cleaned from the part surfaces after each machining operation to prevent contamination of

the melt pool with water or oil. Moreover, the water vapor evaporated by the laser heat
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could alter the powder jet or damage the optical system [123]. For example, Kannan et
al. [129] have worked on the influence of the humidity level in the manufacturing chamber
on the quality of the manufactured parts. In fact, the water molecules can dissociate
and lead to dissolution of oxygen and hydrogen in the parts, especially in iron alloys,
which would cause brittleness. Density and mechanical property results show negligible
differences between dry and wet chambers. However, it is important to understand the

phenomena involved and their effects on the manufactured parts.

Repair includes pre-machining, material deposition and finishing machining
the surface, which require the use of additive and subtractive modules. A major
advantage in reducing repair time and cost would be to perform these three
steps in one machine. The hybrid additive/subtractive process is currently
maturing to take advantage of the synergies between the two technologies
to achieve fast, high quality repairs. However, there is a lack of knowledge
about hybrid repair and the few articles in the literature show that there are

precautions to take when compared to the use of separate machines.

The parts produced by the hybrid process show an improvement in the
density ratio and in the mechanical properties in addition to a better isotropy.
Furthermore, residual stresses appear to be reduced compared to the con-
ventional additive process due to the relaxation of surface stresses after the
cutting tool. These results are encouraging and demonstrate the interest in
using the hybrid process to achieve better quality repairs at reduced cost.
However, further studies are needed to know the exact impact of the process
and material interactions and to observe if the improvements reported in the

literature for manufacturing new parts also apply to repairing.

1.4 Conclusions and objectives

The industry faces the problem of damage to their components from mechanical and
corrosive phenomena. This deterioration can lead to premature failure of the parts and
unplanned shutdown of the system. Replacing the damaged part with a new one is in
some cases not suitable due to its size, the environment or the unavailability of spare
parts. When possible and in a circular approach, repair of damaged parts presents many
advantages such as the reduction of maintenance costs and time, and the material and
energy savings achieved. The repair must meet a set of criteria defined in the following

specifications:
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o Eliminate completely the flaw in the material due to mechanical or corrosive phe-

nomena with the least amount of material removal possible;

e Produce a dense, crack-free deposit with material diffusion to the substrate and

between layers or metallurgical bonding;

e Obtain a homogeneous microstructure, mechanical properties and corrosion resis-

tance of the repaired area;
o Return the part to its original pre-damage dimensions;

e Do not damage the rest of the part during the repair.

Existing repair processes do not meet the above specifications. For example, arc
welding damages the part and the microstructure is heterogeneous. Similarly, cold spray
does not provide a dense deposit in the as-built condition. Therefore, the development
of AM, and in particular LMD process, combined with machining in hybrid machines
to achieve complete repairs, is one of the most promising technologies to obtain repairs
with excellent dimensional and material quality. This process has the advantage of
producing thin, dense deposits that are metallurgically bonded to the substrate with good
mechanical properties and corrosion resistance without thermally affecting the damaged
part in depth. The deposition parameters (i.e. laser power, scanning speed, powder mass
flow rate, overlapping rate, deposition pattern...) results in changes in the density of the
deposits, but also in the microstructure and therefore in the mechanical properties and
corrosion resistance of the parts produced using LMD. This LMD printed microstructure
is columnar with a cellular substructure of a few microns, in contrast to the fine, equiaxed

microstructure of a conventional stainless steel 316L.

Literature studies have shown the importance of the deposition/substrate interface
on the repair properties, as well as the shape of the pre-machining on the density of the
repaired parts, which decreases as the area becomes too confined. However, there were no
results that allowed a choice of shape or dimensions for the repair to maximize density while
minimizing the volume to be repaired. Furthermore, the microstructural heterogeneity
between the substrate and the deposit has been highlighted and the consequences on the
degraded mechanical properties of the repairs are still poorly understood. Very few studies
have attempted to homogenize the intrinsic properties of repairs using complementary
processes such as heat treatments, despite interesting results when applied to conventional
materials, such as a reduction in residual stresses, recrystallization of the microstructure
or softening of the steel. Similarly, ASHM is a great asset to the repair process for its time

savings and return to original dimensions, but there are limited results in the literature on
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the quality of parts repaired by hybrid manufacturing. However, some authors have made
promising observations on the production of new parts using the hybrid process, such as
the reduction of residual stresses and the homogenization of the mechanical properties of
LMD-printed parts.

The AM process, through the optimization of the deposition parameters and the
deposition pattern for the repair application. The objectives are to understand and
optimize the basic principles of the repair process, in order to satisfy the requirements of

dense deposition, without cracks and having a metallurgical bonding with the substrate.

A study on the influence of the pre-machining geometry on the quality of the final
repair need to be investigated, in order to achieve a dense repair with the removal of a
minimum of material during the pre-machining operation through the optimization of
the repair volume. The results should allow a selection of the type of pre-machining to
be used and the conditions to be imposed on its geometry to maximize the chances of a

dense repair.

In order to investigate the effect on the properties of the repaired parts, there is a need
of carry out a study on the application of thermal treatments in the context of repair
using the LMD process. The objective is to determine which treatment is best suited
to homogenize the repairs, particularly in terms of microstructure, in order to improve
mechanical properties and corrosion resistance, while maintaining dense deposits and

bonding to the substrate.

The opportunity of using ASHM in improving the repair process, in terms of repair
time and repair quality will be discussed. Performing a complete repair process in a single
machine allows us to observe the time savings for repairing damaged parts, highlighting
the issues of coupling additive and subtractive processes in a single enclosure. Coupling the
two processes will allow us to determine if the technology can be of interest in obtaining a

repair that meets our specifications.

These different analyses of the optimization of the LMD process for the repair case, of
the understanding of the influence of the premachining geometry on the quality of the
deposit for its volume optimization, of the homogenization of the repaired area properties
to increase the repair performances and of its implementation in a additive/subtractive
hybrid process have been treated within this PhD thesis and are subsequently presented

to you in this manuscript.
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Experimental methods

Abstract

This chapter is dedicated to the presentation of the materials and methods used in this
work. A first section exposes the manufacturing machines and the elaboration of repairs.
Then, the material that are going to be studied: substrate and powder are characterized.
The last section describes the methods used to characterize the density, the microstructure,

the mechanical properties and the corrosion resistance of the repaired parts.
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2.1 Laser metal deposition process

2.1.1 OPTOMEC LENS MTS-500

During the first part of the thesis, which took place at the Laboratoire d’Ingénierie
des Surfaces et Lasers (LISL) at Commissariat a ’énergie atomique et aux énergies
alternatives (CEA) Paris-Saclay, an OPTOMEC MTS-500 machine represented the LMD
process used in this work (Figure 2.1 (a)). The system is a CNC machine equipped with
a laser projection unit and three linear axes of movement (XY: moving table and Z: laser
projection unit). The commands are edited in G-code program, commonly used on CNC
machines. It is manufactured by OPTOMEC located in Albuquerque, USA and uses the
patented Laser Engineered Net Shaping (LENS) technology [130].

The manufacturing chamber is in a controlled environment under argon to limit
oxidation at high temperature and the influence of oxygen on the manufacturing process.
Ultra-pure 99.9999% argon is used to fill the chamber, and a recirculating atmosphere
system keeps the oxygen concentration below 100 ppm. The samples are inserted into
the manufacturing chamber through an antechamber that performs a vacuum and then a
recharge of ultra-pure argon three times. The samples are handled in the chamber through
a glove box, as shown in Figure 2.1 (a). The substrates are deposited on two ceramic
plates connected to the moving platform under which an inductor is placed to preheat the
substrates in-situ to a temperature of 900°C. A spiral inductor was already present at
the beginning of the thesis and was modified by a rectangular shape to allow a better
distribution of the magnetic field in the substrates. The heat is created by the Joule effect
of the eddy currents induced in the material by the strong magnetic field generated by
the copper inductor traversed by a strong electric power. A pyrometer focused on the
surface of the substrate analyzes in real time the temperature of the part and a feedback

loop can adjust the power of the inductor to obtain a stable preheating temperature.

This machine has the particularity of being equipped with four powder feeders, which
permit to mix different types of powder during the insertion in the melt pool. In the case
of the study, only one powder will be used. It is transported by an argon carrier gas,
which brings it to the laser projection unit. Then, the powder is focused by a coaxial
nozzle and feeds the melt pool, like exhibited in Figure 2.1 (b). The powder mass flow
rate is regulated by the rotation speed of a perforated disk located at the bottom of the
feeder and by the gas flow.

The melt pool is generated by a YLS-3000-CT laser with a wavelength of 1064 nm,

pseudo-Gaussian type and a maximum power of 3 kW. The working distance between the

63



CHAPTER 2

nozzle and the substrate is 12 mm and generates a laser spot after focusing of 1.2 mm in
diameter. The laser is emitted in the axis of the nozzle and the powder is projected by
the external cone. A protective gas is used to prevent possible projections of material and
smoke that could damage the optics. The laser projection unit is water cooled to prevent

deterioration of its elements during construction.

The repairs carried out with the OPTOMEC MTS-500 machine made it possible
to carry out fabrications with the LMD process under optimal conditions in an argon

atmosphere and to focus in a first part of the work only on the material deposition step.

(a)

rivw
LENS® 500 HYBRID MACHINETOOL

Figure 2.1: Overview of (a) the OPTOMEC MTS-500 and (b) the laser projection nozzle
during deposition.

2.1.2 DMG Mori LaserTec 65 3D

The fabrications carried out during the second part of the thesis took place at Singapore
Center for 3D Printing (SC3DP) at Nanyang Technological University (NTU) Singapore
and were performed with a DMG Mori LaserTec 65 3D hybrid machine (Figure 2.2 (a)).
It is a 5-axis hybrid CNC machine (AC: moving table and XYZ: laser projection unit)
originally dedicated to machining with the possibility to interchange tools automatically,
to which a laser unit has been added. Thus, the tool holder can be equipped with the laser
projection unit for the AM (Figure 2.2 (b)) as well as with a tool for the SM (Figure 2.2
(c)). The G-code language is used to send the manufacturing instructions. The machine

is manufactured by DMG Mori in Pfronten in Germany [131].

The manufacturing chamber is under air. A local argon gas shield is present to protect
the melt pool from excessive oxidation. The substrates are placed on a support equipped

with jaws that block the position of the substrate during the rotation of the moving table
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and prevent distortion of the substrate during the laser process.

The machine is equipped with a Coax14 projection nozzle, which creates a 3 mm
diameter powder jet at the focal point. The working distance between the nozzle and the
substrate is optimized to 13 mm, which generates a laser spot of 2.96 mm diameter with

a top head profile. The laser has a maximum power of 2.5 kW.

The milling is performed thanks to a milling cutter of 8 mm diameter and a length of
120 mm. The tool has a rotation speed of 3500 rpm and a cutting feedrate speed of 1000
mm/min. The tool change is automated with a tool changer. The same tool holder is
compatible with the milling cutter and the laser projection nozzle. All the components

are water cooled to avoid damage to the equipment.

The repair tests performed with the DMG Mori LaserTec 65 3D hybrid machine made
it possible to achieve all the steps of the repair process in a single operation within the

same tool.

(a)

LASERTEC 65

Figure 2.2: Overview of (a) the DMG Mori LaserTec 3D hybrid, (b) the tool holder with
the laser projection nozzle during deposition and (c) the tool magazine.

2.2 Raw materials and repair terms

The raw material is SS 316L, largely used in the nuclear and marine environment. The
substrates represent the parts to be repaired. The powder constitutes the filler metal,

which will be used to replace the damaged, polluted and missing material.

The chemical composition of the raw materials is shown in the Table 2.1. Major
elements were measured by Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES) and minor elements by Glow Discharge Mass Spectrometry (GDMS). These

elements can represent parts used in current French nuclear reactors, when the chemical

65



CHAPTER 2

composition is compared to the RCC-M code [9].

The substrate is less rich in alloying elements than the powder, particularly nickel and
molybdenum. In addition, molybdenum is low and the sulfur and phosphorus content is
relatively high compared to the specifications of the RCC-M standard. This difference
reflects a real situation where the substrate and the powder do not have exactly the same
chemical composition. This difference can lead to differences in microstructure formation
during solidification, as well as differences in mechanical and corrosion resistance behavior
between the substrate and the LMD printed deposit, which must be considered in the
analyses. Regarding corrosion resistance of the materials, this low molybdenum content
and high S and P contents of the substrate could lead to a lower resistance compared to

the powder.

Table 2.1: Chemical composition of SS316L powder and substrate compared to RCC-M
specification (in wt%).

Analysis method ICP-AES GDMS

Element Fe Cr Ni Mn Mo C Co P Si S \% Cu N
Subsrate Bal. 17.3 100 15 1.6 <0.02 0.092 0.029 0.194 0.019 0.052 0.36 0.099
Powder Bal. 18.1 13.7 1.7 26 <0.02 0.014 0.013 0.44 0.012 0.024 0.03 0.09
SS316L RCC-M Bal. 16.5-18.5 10-13 <2 2-2.5 <0.03 - <0.03 <1 <0.015 - <1l <0.11

2.2.1 SS316L substrate

The substrates are produced by casting and are then hot rolled to strain harden the
microstructu