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Summary

The present research work is focused on the development of a holistic model of the Laser Metal
Deposition (LMD) and the improvement of the process based on the obtained knowledge. For
this purpose, the whole additive process is simulated in different stages. First of all, a new laser
cladding nozzle that fulfils the process requirements is designed using a Computational Fluid
Dynamic (CFD) commercial software. Afterwards, the designed nozzle is manufactured and
validated by means of an improved version of an already existing mechanical method for

measuring the powder distribution.

Moreover, with the aim of enhancing the efficiency of the nozzle and increase the stability of
the process, a new powder regulation system based on a solenoid is developed and installed.
The nozzle is used satisfactorily for the repair of hot and cold stamping dies. Additionally, typical
parts of the aeronautical sector are manufactured: initially a 3 axis blade is built, afterwards a 5
axis blade and lastly a whole Blisk is manufactured. Thus, the good performance of the

developed nozzle is demonstrated.

Regarding the LMD process, the melt pool stability is a critical factor when obtaining high quality
parts. Therefore, a proper modeling of the melt pool is required for obtaining an accurate LMD
model. A model that considers the fluid-dynamic phenomena that occur inside the melt pool is
developed using the Matlab environment. After the model validation, the importance of
considering or neglecting the melt pool fluid-dynamics phenomena is evaluated. To this end,
different LMD situations and parameter combinations are simulated and the relevance of
considering or neglecting the melt pool fluid-dynamics is evaluated in each case by comparing
the experimental results with the outcome provided by the model. On the basis of the obtained
results, an empirical coefficient that determines the influence of the movement of the molten
material during the LMD process is defined. The results show that the influence of the fluid-
dynamics phenomena is minimal for the conventional LMD process parameters and they can be

omitted without losing accuracy.

On the basis of the previous statement, a 3D thermal model that simulates the LMD process is
developed. Heat transfer inside the workpiece by means of conduction is considered and the
model calculates the dimensions of the melt pool where material is added. Filler material is
added according to the powder distribution at the nozzle exit and the model simulates the
generation of the clad and the subsequent solidification. On the basis of the heating and cooling

cycles of the base and filler materials during the LMD process, the model is able to predict the



mechanical properties of the deposited material, such as the hardness of the material, and the

resulting microstructure.

To sum up, this work presents a methodology to enhance the Laser Metal Deposition process
based on a holistic simulation of the powder mass flow, filler material deposition and the
generation of the clad. Obtained results pretend to facilitate the inclusion of the LMD process in

CAD/CAM/CAE tools, introducing knowledge based functions into these tools.
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Chapter I. Introduction

In Figure I. 1 the evolution of the Additive Manufacturing revenue in million dollars is shown
[Wohlers, 2016]. As it can be seen, despite the world financial crisis, the additive manufacturing

(AM) market is increasing and in the last six years the AM revenues have multiplied by five.

Among the additive manufacturing technologies, the Laser Metal Deposition (LMD) is a growing
technology. The process is based on the generation of a melt pool on the surface of the substrate
thanks to the high density energy of a laser beam, while simultaneously filler material is injected
into it. As the LMD nozzle moves, filler material solidifies and a clad is generated. With the
overlap of the subsequent clads, the desired final geometry is obtained. The main characteristic
of the LMD is the high quality of the deposited material and the minimum heat affected zone
(HAZ) generated in the nearby region [Toyserkani, 2005]. Thanks to these advantages, LMD is
becoming a relevant technology for the repair of high value components [Costa, 2009] and many
companies and research centers have focused their efforts on the development of this laser

based additive technology.

As a result of this economical effort, the number of published books, articles and patents that
are related with lasers and especially laser additive processes has experimented an increase
during the last years. Over 3500 patents focused on laser based AM methods have been

published between the 1975 and the 2011 [Weber, 2013].

The high number of patents and developments related with the AM, results in a wide
nomenclature for referring to the process: such as Laser Material Deposition (LMD),
nomenclature developed by the Fraunhofer ILT; Laser Engineered Net Shaping (LENS) developed
by the Sandia National Laboratories; Laser Cladding; etc. In the following graph, the evolution of

the published works since the year 2000 related with the laser based additive processes are

shown.
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Figure I. 2: Evolution of the number of publications related with the additive manufacturing [Sciencedirect, 2016].
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The main drawback of the LMD process is its complex nature and the fact that many interrelated
physical phenomena occur during the process. Usually, the LMD operations are critical
operations, since they are applied to high added value components. Therefore, an error in the
process would entail big losses. Moreover, parts to be manufactured are frequently unique and
there is only one chance to process them correctly. In order to implement the LMD process in
the modern industry, the DRIFT (Do It Right The First Time) manufacturing philosophy must be

applied and the machine operator needs to be sure that the process will work correctly.

Consequently, the setup of the process is a critical task and, with the aim of easing it, many
authors have worked in the development of numerical models to predict the geometry and
mechanical properties of the final part after the LMD process. However, due to the complex
nature of the process, it is not easy to determine which factors should be simplified in order to
obtain a reliable model with a low computational cost. In the present work, the main effort is
focused on the proper modeling and the enhancement of the whole LMD process: starting from
the LMD nozzle, to the fluid-dynamic phenomena that occur inside the melt pool and the

deposition of the filler material.

I.2. Objectives

The main objective of the present work is the development of a holistic Laser Metal Deposition
model that simulates the entire process: from the nozzle, to the melt pool dynamics and the
material deposition. The developed model pretends to provide a better understanding of the
LMD process. Moreover, the methodology is focused on the prediction of an optimum
parameter window for the LMD process, resulting in a reduction of the experimental tests

required for the setup of the process.

Once the general objective of the thesis is stated, the following specific objectives can be

formulated:

v" Development and manufacture of a new coaxial LMD nozzle based on CFD simulations.
The nozzle is designed to optimize the distribution of the powder particles at the

working plane and therefore, increase the efficiency of the process.

v Validation of the nozzle for different real cases, involving different materials, powder

sizes and process parameters.
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v' Development of an instantaneous powder flux regulation system. The powder flux
regulation enables the enhancing of the stability of the process and also increases the

efficiency of the powder usage.

v' Determination of the influence of considering or neglecting the melt pool fluid dynamics
for the LMD process. The consideration of the melt pool dynamics that generate the
movement of the molten material increases considerably the computational cost of the
model. Therefore, the importance of the consideration of the melt pool dynamics in the

accuracy of the model is quantified.

v' Generation of a 3D thermal model of the LMD process that estimates the geometry of
the deposited material. Moreover, the model should predict the mechanical properties

of the deposited material on the basis of the process thermal history.

I.3. Memory organization

The present work is organized in a series of chapters that are described as it follows:

Chapter | shows a brief description of the motivation of the work and the actual situation of the
additive manufacturing in the industry. Furthermore, the objectives of the thesis work are stated

and its organization is also presented.

In Chapter Il a review work is carried out and the state of the art of the Laser Metal Deposition
technology is detailed. First of all, an introduction to the industrial lasers is presented. The
different lasers used in the industry for LMD operations are described and the parameters
involved in the process are explained. Secondly, the LMD process is explained in depth, focusing
especially on the existing nozzles and filler material delivery systems. Besides, the latest
commercial LMD machines and global market numbers are also presented with the aim of

providing a global view of the current market.

With regard to the different applications of the LMD technology, real application examples of
aeronautical, die & mold and naval industry are detailed. Lastly, an analysis of the latest and
more relevant publications in the field of the LMD process modeling are presented. Especial
attention is paid to the models related with the powder particle tracking, melt pool modeling,

filler material addition and clad generation.

In Chapter Illl the development of a new LMD nozzle based on CFD simulations is presented.
Firstly, the design, manufacturing and validation processes of a continuous coaxial nozzle are

detailed. On a second step, with the aim of enhancing the stability and efficiency of the process,
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a powder flux regulation system is developed and installed in the nozzle. Besides explaining the
operation of the system, different examples of the validation tests are presented. Lastly,

different components manufactured using the developed nozzle are shown.

Chapter IV is focused on the evaluation of the fluid-dynamics phenomena inside the melt pool
in the LMD process. The relevance of considering or neglecting the melt pool dynamics on the
accuracy of the model is quantified. It is concluded that the influence of the fluid-dynamics

phenomena is almost negligible for most of the LMD process application cases.

Taking into account the results obtained in the previous chapter, in Chapter V a 3D thermal
model that simulates the deposition of the filler material during the LMD process is presented.
In addition to the geometry of the deposited material and thermal field, the model is also able
to predict the mechanical properties of the deposited material on the basis of the thermal cycles

that the different zones of the component go through during the LMD process.

Lastly, in Chapter VI the main contributions of the present work are highlighted. Besides, the
possible future working lines that have come out after the realization of this work are detailed

and their importance is explained.
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Chapter II. State of the art of the Laser Metal

Deposition process and the latest developments

In this second chapter a summary of the state of the art of the Laser Metal Deposition
process is presented. On the one hand, the basics of the LMD process are explained. On
the other hand, the latest LMD machines and especially the new hybrid machines that
combine the additive and subtractive processes are addressed and some figures of the
laser market are shown. Additionally, the latest advances in process monitoring and
control systems are detailed. Lastly, a deep review of the most relevant models
published until the date for the LMD process modeling is presented. Models related
with powder particle trajectories tracking, the melt pool dynamics and the filler
material addition are discussed.

II.1. Introduction to the lasers

The LASER was discovered in the 1960, when Dr. Theodore H. Maiman invented the first Ruby
Laser [Maiman, 1960]. However, the laser cannot be defined as a simple invention, because
when it was discovered there was no application or use for it. As Irnee D'Haenens stated when
he was reflecting upon the ruby laser that he had helped to create together with Dr. Maiman,

the laser was "a solution looking for a problem" [Hecht, 2005].

The name LASER is an acronym that stands for “Light Amplification by Stimulated Emission of
Radiation” and it should be understood as a high quality light with certain properties that enable
its transport in long distances and concentrate its energy in a small area. More rigorously, a
LASER is a high intensity radiation energy formed by same wavelength and coherent

electromagnetic waves.

IL.1.1. Laser generation principles

Laser systems are based on an active medium that is pumped using an external energy source
until most of the molecules of the active medium are in an exited state. This situation is called
population inversion. At this situation, the active medium starts to emit light with the specific
properties above mentioned. Among the industrial lasers used for laser material processing, the
following laser types can be distinguished according to the active medium that generates the

radiation.

11
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Table IlI. 1 Industrial laser types for laser material processing according to the active medium.

INDUSTRIAL LASER TYPES FOR LASER IVIATERIAL PROCESSING
CO; LASERS SoLID STATE LASERS DIODE LASERS
e Slab e Rod Disk e Diode stacks
e Sealed e Disk
e  Flux e Fiber
e Slab

Fiber lasers (Solid-state lasers)

In solid state lasers, Neodymium (Nd) or ytterbium (Yb) ions are used as dopants of the active
medium, which are excited using radiation from an external source, typically another laser. The
wavelength of the laser beam varies depending on the dopants: 1.064 nm wavelength for

neodymium and 1.030 nm for ytterbium ions.

Fiber lasers emerged as a variation of the rod solid-state lasers, where instead of using a Nd:YAG
rod, the active medium is a coiled fiber. The main advantage of the fiber lasers is their high ratio
surface/volume, what improves the heat distribution and the cooling efficiency of the active
medium, which increases the laser generation performance. Thanks to this, a high quality beam
is produced and Beam Parameter Product factor (BPP) values under 4 mm-mrad are obtained at

average powers as high as 3kW [Propawe, 2011].

The active core of the active-fiber is usually several meters length and has a typical diameter of
10 um. The surrounding coating, named as cladding, has a lower refraction index than the active
core in order to achieve a total internal reflection. Thanks to this configuration, the ratio surface
to volume of the fiber is increased and heat is easily removed. When high output laser power is
required, power scaling is achieved by coupling several active fibers before they all are

connected to a passive transport fiber. Laser powers up to 500 kW can be obtained [IPG, 2017].

In Figure Il. 1 a scheme of a fiber laser generator is shown [Heston, 2010]. Multiple diode lasers
are used to pump light through optical fibers until a coupler, which simultaneously feeds into a
coiled active fiber. This pumped light excites the doped medium and leads to the population
inversion of the active medium. Consequently, the active medium emits light, which goes
amplifying through the active-fiber. Then, the laser beam exits the active-fiber, which is coupled

to a passive transport optical fiber and directs the energy towards the processing area.

12
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Figure Il. 1: Scheme of a fiber laser generator [Heston, 2010].

The main advantage of this type of laser is the wavelength of the laser itself, which is around
1 um and shows a higher absorptivity in metals compared with the CO, lasers. Furthermore,
laser light with this wavelength can be transported through flexible glass fibers, what increases

the flexibility of the process [Koechner, 2006].

Diode lasers

Diode lasers are formed by semiconductors that emit light when they are plugged to an electrical
current. In order to achieve the desired output power, these semiconductors are coupled in

bars, which are stacked forming a diode stack. In Figure Il. 2 a scheme of a diode bar is shown.

Figure Il. 2: Scheme of a diode bar.

A diode bar consists of several emitters arranged in parallel and, therefore, the output beam
properties differ considerably from other types of laser. Once the laser beam is generated, it
needs to be collimated in order to obtain a high intensity laser beam with an acceptable quality,
see Figure Il. 3. The collimation is necessary because of the high divergence of the beam and the

necessity to improve the beam parameter product (BPP) of the laser.

13
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In the vertical direction, diode lasers achieve a high quality beam, whereas in the horizontal
direction, a multimode beam is obtained, with a poor beam quality. BPP values below
20 mm-'mrad are obtained in 3 kW diode lasers and BPP values below 200 mm*mrad in 20 kW
lasers [Laserline, 2017]. Furthermore, diode lasers emit radiation in a wider wavelength than

fiber lasers and therefore, the quality of the beam is lower.

HEAT SINK LASER BAR

FAST AXIS FAC SAC
SLow Axis

LASER BEAM DIRECTION

Figure Il. 3: Fast axis (FAC) and Slow axis collimation (SAC) of the diode laser.

For low laser powers, until 100 W, the diodes can be directly coupled to the transporting fiber.
Nevertheless, for higher output powers, individual diode lasers are multiplexed by installing
diode lasers on top of each other or arranging them in parallel [Bachmann, 2007]. The most
common arrangements are the spatial multiplexing, where individual laser beams are simply set
one next to the other in a 1D or 2D arrays and therefore, the power output is increased. Another
alternative is the polarization multiplexing. Lastly, a very common setup is the usage of a
wavelength multiplexing system to combine four laser modules with different wavelengths into

the same optical path.

SPATIAL MULTIPLEXING POLARIZATION MULTIPLEXING WAVELENGTH MULTIPLEXING
980 ?%%mwmm R
nm £——1940+980 nm |
Vi 4
= =3 = =3 !
[= —] 940 — 808
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Figure Il. 4: Different alternatives for multiplexing the diode lasers.

The main advantage of these lasers is their high efficiency, electrical/optical efficiencies up to
45% are achieved [Laserline, 2017]. Consequently, high power lasers can be obtained from small
volumes of active material. In the Figure Il. 5 a comparison between the efficiencies of the
different laser types is shown. The equipment efficiency is influenced by the maximum laser

power, and therefore, lasers of the same power are compared [Trumpf, 2015].
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Figure Il. 5: Comparison of the efficiency of different lasers [Trumpf, 2015].

I1.1.2. Main parameters of the laser based processes

In the laser-material interaction process, high amounts of parameters are involved and in many

cases, their complete understanding is a complex task to achieve [Tagliaferri, 2013].

Consequently, the laser technology remains a challenge and provides an added value to the

manufactured parts. Some of the main laser material processing parameters are defined below:

Laser Power: Represents the total power of the laser beam and it is usually limited by
the laser source or the process optimum parameters. It is usually measured in watts (W)
or kilowatts (kW).

Energy density: The energy density measures the amount of radiated energy per surface
unit by the laser beam. It is usually measured in J-cm and combines the laser power,
the time of interaction between the laser and the part and the size of the laser beam
diameter.

Laser beam diameter: The laser beam diameter “w” in a perpendicular plane to the laser

beam is defined according to equation (Eq. Il. 1). The variable “z,” is the beam waist

position and “w,” is the beam waist diameter.

2 2
w?(z) = wy? + (—) (z — z)? (Eq. 11.1)
T - WO

Laser beam quality: According to the norm UNE-EN ISO 1146/1999, the laser beam

quality is described by means of the Beam Parameter Product (BPP) and it is defined as
the product between the radius of the waist of the laser beam “wy/2” and the

divergence of the beam in the far field “6/2".

Wo

BPP = — (Eq. 1. 2)
2

N|
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I1.2. Introduction to the Laser Metal Deposition process

Laser Metal Deposition (LMD) is an Additive Manufacturing (AM) technique based on the
generation of new geometry by adding filler material over a substrate [Thompson, 2015]. The
ASTM (American Society for Testing and Materials) defines the additive manufacturing as “the
process of joining materials to make objects from 3D model data, usually layer upon layer, as
opposed to subtractive manufacturing technologies” [ASTM, 2012]. During the last decades,
since the beginning of the additive manufacturing, the process has evolved drastically and the
generated parts are almost 100% dense and functional, what opens new challenges and

opportunities to the LMD process.

With the aim of comparing the LMD process with other additive alternatives, such as the thermal
spaying or arc based processes, and highlighting its advantages, Michael Breitsameter, Director
of Sales & Marketing at F.W. Gartner Thermal Spraying Ltd stated the following: “The Thermal
spray is a low cost method for recovering the original part dimensions, but the resulting part
does not recover the original mechanical properties. On the contrary, the LMD process gives an
excellent integrity and, in some cases, the mechanical properties of the resulting repaired part

may exceed the original’s” [Riedelsberger, 2013].

IL.2.1. LMD and SLM comparison
In the present section the different laser based AM processes are addressed and a comparison
between them is presented. Nevertheless, the PhD concentrates on the LMD process in the

following chapters.

Two main branches can be distinguished within the laser based AM processes: the Selective
Laser Melting (SLM) or the “Powder bed” based processes and the Laser Metal Deposition (LMD)
or the “Direct Material Deposition” processes. It is necessary to make a difference between
them, since the process principles are completely different. Both processes are laser based AM
processes that use powder as filler material, but the deposition process and the type of objective

parts are completely different.

In general terms, powder bed processes are addressed to the manufacture of whole parts
starting from zero. On the contrary, in direct material deposition methods filler material is added
to a previously existing part. They are mainly used for the repair of damaged parts, the addition
of some geometrical details or the enhancement of the surface properties by the addition of a
coating layer. Moreover, they can also be used for the generation of whole parts starting from

Zero.
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to these high velocities, the HAZ is reduced to almost zero and current finished parts show a
microstructure with high mechanical properties. One of the main limitations of the Powder Bed
based processes is the size of the part. Since the process is carried out in a closed chamber full
of inert gas, the size of the part is limited to the chamber size. Currently, SLM machines are
becoming larger, but are still limited to parts smaller than 800x800x800 mm in metal

applications.

Overhung geometries Overhung geometries
solved using support solved using modified
structures geometries

Figure Il. 9: Different alternatives to generate overhung geometries [Renishaw, 2017].

In addition, contrary to what is stated in many publications, SLM process presents some design
restrictions, which are usually solved by using support structured during the layer-by-layer
building process. Consequently, when the deposition process is finished, these support
structures must be removed by conventional methods using machining, EDM or even manual
tools. Finally, finishing operations are required to achieve the desired surface roughness and

dimensional accuracy.

The SLM has wide applications, such as: automotive, aerospace and consumer goods. All these
applications show the common denominator of a complex geometry. The first industrial serial
production using SLM machines was focused on dental restoration, see Figure II. 10.
Furthermore, the capability to use lightweight materials such as titanium and create parts with
internal hollow structures, gives the possibility to generate ultra-lightweight and functionally

optimized parts.

Figure Il. 10: An Aorta pendant on small build plate with supports (left) and an image of a SLM manufactured bridge
model (right) [Renishaw, 2017].
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Thanks to these characteristics, a relevant number of companies have paid special attention to
this process. In this context, General Electric is becoming one of the most relevant players in the
PBF processes with the recent acquisition of Concept Laser [GE Aviation, 2016] and ARCAM
[Arcam, 2016] companies. Likewise, EOS [EOS, 2017] and Renishaw [Renishaw, 2017] are the
current worldwide leading SLM machine manufacturers and their benefits are increasing every
year thanks to the widespread of the SLM technology. Besides, many companies like Mizar in

Spain are betting directly on this technology [Mizar, 2017].

In the Laser Metal Deposition (LMD) process, the filler material is directly injected through a

nozzle into the melt pool. The resulting part is a near-net-shape component with an almost 100%

density and properties comparable to those of the wrought or cast material.

Figure Il. 11: LMD process using a coaxial continuous nozzle.

LMD can be used for the generation of entire parts starting from zero, but it is more likely used
for the addition of some substructures or details. The LMD process offers the possibility to repair
damaged parts or even increase the wear or corrosion resistance properties of the bulk material
by adding a coating layer with specific properties. Moreover, various materials can be fed
simultaneously, what enables to adjust the chemical composition and consequently modify the

mechanical properties of each layer according to the final utility of the part.

The LMD process can be carried out in a Cartesian machine, similar to a milling center or even
in an anthropomorphic robot, see Figure Il. 12. The manufactured part size is only limited by the
size of the LMD nozzle handling system. Nevertheless, the dimensional accuracy of this process
is comparatively lower than that of the SLM and bigger allowances are required for the

subsequent finishing operations.
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IL.2.2. Laser Metal Deposition process basics

In LMD process, the laser beam is used as an energy source to generate a melt pool on the
surface of the substrate. The reasons for using a laser are the technical advantages which offers
in comparison with other heat sources like electric arcs or plasma. Thanks to the properties of
the laser beam mentioned in the section “/I.1. Introduction to the lasers”, the laser beam can be
concentrated in a small area (0.1-2 mm diameter) on the surface of the substrate and the size

of the HAZ is reduced.

As it can be seen in Figure Il. 13, the process is based on the melting of a substrate by a laser
beam. Part of the energy is absorbed by the substrate, whereas the rest is reflected and
therefore lost. The heat absorbed by the substrate is transmitted towards its interior by means
of conduction and a melt pool is generated. Filler material is added into the melt pool in powder
particle shape and they are also melted by the laser beam. During the inflight time, powder
particles or wire interact with the laser beam and they get heated as well as the laser beam is
attenuated. Consequently the power of the laser that reaches the surface is lower than the
programmed. Laser beam attenuation values up to the 20% of the nominal laser power are

obtained in the LMD process [Tabernero, 2012_1].

Once the laser beam moves, the solidification of the deposited material occurs. Due to the
relatively small total amount of energy introduced into the part and the fact that it is localized
in a very small area, the cooling process is very fast and molten material solidifies almost
instantly. In LMD typical cooling rates up to 10°-10°K-s™ are obtained, what leads to dendritic
structures [Dinda, 2009]. After the solidification of the filler material, a single track of deposited
material is generated. By the overlap of different tracks, a single layer is obtained. Finally, whole

parts can be built using a common layer-by-layer method as in other AM processes.

LMD DIRECTION

NOZzZLE
A POWDER DEPOSITED
°
LASER BEAM \TTENUATION CH ’-/ PARTICLES /
MELT POOL &
ABSORPTION HEAT CONDUCTION MATERIAL ADDITION SOLIDIFICATION

Figure Il. 13: LMD process step by step.

Filler material can be addressed in two different forms (wire or powder) and the process differs

significantly. Inside the realization of the present research work, a comparison between powder

23



Chapter II. State of the art of the LMD process and the latest developments

and wire LMD processes is carried out and the results obtained are shown in the section “//.2.4.

Different filler systems: wire and powder”.

Furthermore, as the introduced total amount of energy is very low (compared with other
additive techniques such as plasma), the geometrical distortions resulting in the finished part
are also minimal. Consequently, the apparition of cracks is reduced, what enables to deposit a

wider range of materials.

I1.2.3. Nozzle design for the Laser Metal Deposition process

In order to obtain a stable process, simultaneously to the generation of the melt pool on the
surface of the substrate, filler material needs to be addressed and injected using a specific
nozzle. There are different types of nozzles for the LMD process and based on their geometry
and depending on the powder injection system, three nozzle types can be distinguished, see

Figure Il. 14.

Depending on the design of the nozzle, the powder mass distribution into the melt pool can
change. Since powder particles that are injected outside the melt pool bounce away and are
lost, the main objective of a nozzle for the LMD process is to focus the maximum amount of
powder into the melt pool. The efficiency of the nozzle can be defined as the ratio between the

trapped powder into the melt pool and the total amount of injected powder.

CLADDING HEAD CLADDING HEAD
a) CLADDING HEAD / b) <)
LATERAL OrTICS
INJECTOR
POWDER ©
INLETS POWDER
INLETS
LASER DISCRETE
POWDER POWDER INJECTOR Y
[ /F \\ [ »
SUBSTRATE Mewr pooL CLAD SUBSTRATE  MELTPOOL  CLAD SUBSTRATE MELT POOL  CLAD

Figure Il. 14: Different types of nozzles used in the LMD, a) Lateral; b) Discrete coaxial; c) Continuous coaxial nozzle.

Lateral nozzles present the simplest and more economical alternative for the LMD process.
However, this simplicity results to be a drawback itself, because the process turns to be
unidirectional and its efficiency is rather low. These types of nozzles are usually used for rotatory

part coatings, where the deposition strategy is unidirectional.

As an evolution of lateral nozzles, coaxial discrete nozzles have been developed. The coaxial

discrete nozzle principle is based on a number of discrete injectors that are positioned around
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the rotatory axis of the nozzle. Depending on the design, three or four injectors may be
positioned in order to cover the complete range of directions. Their main characteristics are the
capability to add material in all directions and their intermediate price. The major advantage of
the coaxial discrete nozzles is that they enable to tilt the cladding head without influencing the
powder flow at the nozzle exit due to the gravity forces. This characteristic enables to use this
type of nozzle in 5-axis operations where the laser processing head includes tilting movements

[Zekovic, 2007].

Lastly, the coaxial continuous nozzles have been also developed and their main characteristic is
the fact that they distribute uniformly the powder among the whole periphery of the nozzle.
Coaxial continuous nozzles achieve the highest focalization of the powder particles, resulting
also in the highest efficiencies. Coaxial continuous nozzles have gained a wide acceptance
because of their higher efficiency and capability to deposit material in all directions with a high
quality [Weisheit, 2001]. However, their main disadvantage is the comparatively higher price

due to their more complex geometry.

Later on, in section “/.5.3. Review of the evolution of designs and patents of industrial LMD
nozzles” the latest developments and patents with regard to the nozzle design are described,

focusing particularly on coaxial continuous nozzles.

I1.2.4. Different filler systems: wire and powder

In the present research work, when referring to the LMD process, powder is applied as the filler
material. However, there are two alternatives for delivering the filler material into the melt pool
in the Laser Metal Deposition process. Therefore, two different processes should be

distinguished: Wire or Powder LMD.

The present work includes a 7 month stay in the IPT Fraunhofer research center in Aachen,
Germany [IPT, 2017]. During that stay a comparison between both processes has been carried
out with the aim of generating the sufficient knowledge to determine which process is more

adequate in different situations [Arrizubieta, 2016].

Powder and Wire LMD processes are based on the same principle, but even both processes may
look similar, there are some relevant differences between powder and wire LMD. In powder
LMD, the laser beam is attenuated as a result of the powder cloud generated above the working
plane, see Figure Il. 15. As a consequence of this attenuation, powder particles are heated, but
the laser power that reaches the surface of the substrate is lower than the programmed value.

In wire LMD this phenomenon does not occur, nonetheless, a percentage of the heat introduced
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software and deposition strategy design, material documentation and process control.
Additionally, The LASERTEC 65 3D includes various control and monitoring systems, such as laser

power control based on an artificial vision that measures the size of the melt pool.

Figure Il. 19: The hybrid machine LASERTEC 65 3D developed by DMG-Mori (left) and an additive operation (right)
[DMG Mori, 2017].

Almost simultaneously, the Japanese company Mazak launched the 5-axis hybrid machine
Integrex i-400AM that combines milling and LMD processes [Mazak, 2017]. This is the first
additive machine manufactured by the Yamazaki Mazak Corporation and it is developed in
collaboration with Hybrid Manufacturing Technologies. The machine uses the Ambit™ range of
tool-changeable cladding heads and offers the possibility to switch between different LMD
nozzles: high speed nozzle, fine nozzle, etc. what enables to adjust the height and width of the

deposited line depending on the process requirements.

Figure Il. 20: The hybrid machine Integrex i-400AM developed by Mazak (left) and a demonstration part (right)
[Mazak, 2017].

The Austrian company WFL Millturn Technologies launched its latest machine M80 Millturn that
combines LMD and milling/turning processes [WFL, 2017]. It includes a 6 kW diode laser, what

enables to deposit high amount of materials.

In view of the large investment that worldwide machine tool manufacturer leaders are

performing in the field of the LMD and hybrid machines, smaller companies have also invested
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in the field of hybrid machines. An example of it is the ZVH 45/L1600 ADD+PROCESS machine

developed by the Basque company Ibarmia [Ibarmia, 2017].

Traditionally, the hybrid-manufacturing has been related to milling and turning operations, but
also new hybrid manufacturing alternatives have arisen. In the Paris Air Show that took place in
2015, the first hybrid machine that combines LMD and grinding technologies was presented
[Hybrid, 2017]. The machine was developed by the Elb-Schliff WZM GmbH (“ELB”) and equipped
with Ambit™ laser cladding heads [ELB, 2017]. The main advantage of the machine is that it

offers a new standard for precision by integrating grinding and LMD in a single setup.

Figure Il. 21: Rebuilding the surface using AMBIT™ laser cladding head (left) and in-process finishing via grinding
(right) [Hybrid, 2017].

II.4. Laser manufactures and market numbers

In the present section the market numbers related with the laser technology and the laser

manufacturers are detailed. Especial attention is paid to the AM numbers.

The growth of the laser industrial applications led to an increase in the number of sold lasers
and so have done the incomes of the laser manufacturers. Since the world economy started to
slow down, especially in Europe, the global numbers of the manufacturing companies have also
suffered. However, industrial laser sales have remained strong, particularly high power fiber
laser sales. In Figure Il. 22 the evolution of the laser manufacturer companies revenue during
the last years is shown. The figure includes all types of lasers used in material processing: Lasers

for welding, cutting, drilling, additive, marking and other material processing operations.

Figure Il. 22: Revenue of the laser manufacturer companies.
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In order to give some numbers to illustrate this laser boom period, Trumpf (the world's largest
industrial laser equipment and system manufacturer and supplier) reported a 3% increase in
sales during the year 2015/2016 that finished on June 30, 2016. During this period, sales reached
a value of 2800 million Euros [Trumpf, 2015].

Challenging Trumpf for market leadership is the fiber laser manufacturer IPG Photonics, which
sales have increased exponentially during the last years. In the year 2015, it reported an
outstanding growth of the 22%, reaching the amount of 243.5 million Euros growth. At the end
of the year 2015 they reached the value of 901.3 million Euros net sales. This increase of the
revenue consolidates the astonishing growth of the 17% that has experienced during the last 4
years [IPG, 2015]. Following this two companies are Coherent and Rofin-Sinar, which reached
revenue values of 760 and 492 million Euros respectively during the year 2015 [Belforte, 2016],
values obtained according to the exchange rate USD/EUR at the 11/12/2016.

This continuous increase of the laser technology is due to the ambitious projects launched by
various governments with the aim of promoting the additive manufacturing. A global view of
the most important projects and programs to support the additive manufacturing is given in the

following paragraphs.

The United States of America founded in the National Additive Manufacturing Innovation
Institute (NAMII) in the 2012 and since then, they have funded over 20 projects with a $13.5
million public investment and $15 million industry cost share [Martin, 2013]. Furthermore, in
March 2014 it was announced that Obama's government would increase the funding to $50
million [Wholers, 2014]. Furthermore, the US government designed the National Network for
Manufacturing Innovation (NNMI) to coordinate private and public investment with the aim of
bringing together industry, academia and government partners and accelerating

commercialization.

On this side of the Atlantic, the European Commission (EC) is strongly supporting the goal of
achieving the 20% of the total European Union (EU) Gross Domestic Product (GDP) from the
manufacturing industry, a 5% increase compared with the current 15%. During the last years,
the funding from different Framework Programs (FP) has increased significantly to support the
Additive Manufacturing, especially during the last years of the FP7, from 2011-2013. Only with
the FP7, the EC funded more than 60 successful projects in AM. The EU made a contribution of

over 160 million Euros and the program had a total budget of 225 million Euros [FP7, 2014].
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The trend continues with the Horizon 2020 program that the EU launched with an 85 billion
Euros in funding available from 2014 to 2020 (in addition to private investments). The aim of the
Horizon 2020 program is to generate breakthroughs between science and industry and ease the

path of new ideas and projects form the laboratory to the marketplace [FP7, 2014].

An example of the readiness level of the additive manufacturing is the ACAM (Aachen Center
for Additive Manufacturing). The ACAM was founded in September 2015 and is a strategic
partnership between Fraunhofer IPT and ILT and many partners from science. The ACAM is
directed by Dr. Kristian Arntz from Fraunhofer IPT and Dr. Johannes Witzel from Fraunhofer ILT
and its objective is to explore new opportunities for the additive technologies towards the
Industry 4.0, as well as to enable manufacturing companies to take advantage of the AM
technology in a profitable way for their production processes. Moreover, the center promotes
the exchange of information and offers training seminars to expertise the future workers in the

AM sector.

In the same direction, the Chinese government has presented an ambitious project hamed
“Made in China 2025” based on the German initiative “/Industry 4.0” for the creation of a smart
factory. In Figure Il. 23 the roadmap of the project is shown.The aim of this project is China to

become the world leader manufacturer country within the next years [HKTDC, 2016].

2025 2035 2049

Enhancement of the
innovation capability of
the manufacturing
industry by advancing
industrialization and
computerization to a
new level. Rise of
China’s position in the
global industrial division
of labor and value chain.

Figure Il. 23: Made in China 2025 Roadmap for Building China into a Manufacturing Powerhouse [HKTDC, 2016].
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I1.5. Characteristics of the filler material and different

delivery systems

IL.5.1. Powder characteristics

As it has been previously mentioned, filler material for the LMD process is usually supplied in
powder form. Powder particles used in the LMD process have typically a spherical morphology
and their diameters range between 20 and 200 um. The powder is obtained by gas atomization
or water atomization (which is less common) [Zekovic, 2007]. The sphericity of the particles is
very important for the correct powder flow inside the feeder and the nozzle and the proper

concentration of the powder particles at the focal plane.

Figure Il. 24: Inconel 718 powder: SEM image and particle size distribution.

The usage of different powder materials enables to build tailored parts and the development of
Functionally Graded Materials (FGM) [Udupa, 2014]. Functionally Graded Materials are very
important in engineering and other applications but their production cost makes their use
prohibitive in some applications [Rahamood, 2012]. Nevertheless, the LMD offers a high

manufacturing flexibility together with an acceptable cost in the generation of FGM.

The main characteristic of these advanced materials is the possibility to change the properties
gradually within the part. The overall properties of FGM are unique and different from any of

the individual material that forms it [Naebe, 2016].

Moreover, the existence of sharp interfaces, where failure initiates, between the different
materials that conform the part is avoided. Instead of that, smooth interface gradients between
adjacent materials are obtained [Kievack, 2003]. Thanks to it, FGMs offer the possibility to
withstand very high thermal gradients without failure, what makes these materials appropriate

for applications in aerospace, automobile, medicine, sport, energy and sensors [KMM, 2017].
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v If powder particles are not spherical, the drag forces that actuate on them would not be
uniform and the particles would not be injected properly. Consequently, the LMD nozzle
would not be able to concentrate the powder particles correctly. Similar problems are
encountered if the powder particles have a sticky or cohesive behavior, like the copper
particles. Same effects could be present if the powder is not preheated and the moisture
is not properly eliminated.

In Figure II. 28 (left) a deficient concentration of the powder at the nozzle exit is shown.
In this case, this effect is due to the humidity of the powder particles, that are stuck to
the nozzle walls and do not flow properly. In the limit case, the nozzle output can get
blocked. In Figure Il. 28 (right) the functioning of the same nozzle with the same Inconel
718 powder is shown. In this case, the moisture of the powder is removed by preheating
it up to a temperature of 60 °C before starting the process. As it can be observed, the
powder flow presents a conical shape and powder concentration is significantly

improved.

Humid powder Preheated powder

Figure II. 28: Comparison between the nozzle functioning with humid (left) and preheated (right) powder.

IL.5.2. Powder feeder types used in Laser Metal Deposition

One of the most important variables in the LMD process is the powder mass flow, which
determines the amount of powder per time unit. The powder flow does not only have a direct
impact on the height of the generated clad [Ocelik, 2007], but it also affects the stability of the
process [Arrizubieta, 2016]. Therefore, the achievement of a constant powder flow is a key

factor in the LMD process.
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Because of the huge variety of powders used in the LMD process (different size, shape,
properties, etc.) it is almost impossible to feed all of them using a unique powder feeder. The
selection of a suitable powder feeder is a key element for achieving a stable powder flow.
Powder feeders may be categorized based on their operation principle and the following types

can be distinguished in industry [Toyserkani, 2005].

1. Gravity-based powder feeders.

2. Mechanical wheel powder feeders.
3. Fluidized-bed powder feeders.

4. Vibratory powder feeders.

1) Gravity based powder feeders

Gravity based powder feeders are probably the most extended powder feeder types thanks to
their simplicity and reliability. Different systems can be found in the market, but those with a
rotating wheel for metering are normally employed in the LMD application. In Figure Il. 29 a
scheme of a gravity based powder feeder with a rotating wheel is shown. Due to the
gravitational force, powder falls from the hopper into an annular slot manufactured in the
metering disk. The hopper may include some stirrers inside in order to prevent the powder from
caking and ensure a smooth feeding. Afterwards, the powder is lifted in a suction unit thanks to
an overpressure generated inside the powder feeder by the drag gas and it is transported

through a pipe to the nozzle.

SUCTION UNIT

HOPPER ——e
EXIT PIPE

ROTATING - £5
WHEEL AN TOWARDS THE
LMD NozzLE

RAG GAS
INLET
MoTor
Figure Il. 29: Scheme of a gravity based powder feeder with a rotating wheel.

The powder mass flow of the system is controlled by the dimensions of the slot and the rotation
speed of the disk. With the aim of adapting to the process requirements and keeping the
rotation speed of the disk within the admissible range proposed by the manufacturer, the size
of the slot in the rotating wheel may be changed. In Figure Il. 30 the relationship between the
rotation speed of the powder feeder and the real powder mass flow for different materials is

presented.
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3) Fluidized-bed powder feeders

They are based on the principle of fluidizing the powder particles and their subsequent transport
using the same gas stream that lifted the powder particles. Fluidized-bed powder feeders offer
the advantage of an aerated feeding of the particles, a simple construction and a stable flow

rate for small and medium scale operations [Pugsley, 1996].

The feeding system is designed in the following way: a gas flow is delivered to a closed hopper
that contains the powder. The gas flow passes through a filter located at the bottom of the unit,
becoming diffused and catching the stored powder, which is fluidized. Once the powder is
fluidized, the gas flow passes over an obstacle in order to control the amount of powder that

goes to the LMD nozzle.

Various configurations have emerged over the last decades. Each design offers a series of
advantages and disadvantages and is appropriate for a certain material. Different existing

configurations have been collected and summarized by Suri and Horio [Suri, 2009].

CLOSED
HOPPER — e
L] .‘.“. .
15
*-.:- ".\.. FLUIDIZED BED

FILTER

FLUIDIZATION GAS —»
TOWARDS THE
LMD NOzzLE

DRAG GAS —» tete—>

Figure Il. 32: Scheme of a fluidized-bed powder feeder.

4) Vibratory powder feeders

Vibratory powder feeders have also a simple design and are based on angled trays that are
excited using an external vibratory device. Powder particles that exit the hopper bounce along
the tray until they reach the outlet [Tolochko, 2004]. A vibratory based powder feeder can feed
materials with mass flow rates between 8 and 2000 g'min? with a *1% precision
[Toyserkani, 2005]. In the following figure a scheme and a real photo of this type of powder

feeder are shown.
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Table Il. 6 Main patents focused on LMD nozzles from 2011 until the date.

Patent Reference Authors Company Country | Year Characteristics
Miyagi, M. .
o Ts:,liaagrlr;oto, Laser processing head
US0089151A1 | [Miyagi, 2011] ’ HITACHI, Ltd. Japan 2011 and laser cladding
T., Kawanaka,
method
H.
FRAUNHOFER-
Nowotny, S., UNHOFE Machining head with
. GESELLSCHAFT .
Schmidt, A., integrated powder
[Nowotny, 2012] ZUR FOERDERUNG i
US8129657 B2 ’ Scharek, S., DER Germany | 2012 | supply for deposition
P&T | FORSCHUNGE. V. '
The present
. application claims
lwatani, S., ..
. TOYOTA JIDOSHA priority from Japanese
P A I 4 A. 4
EP3012060A1 | [Iwatani, 2014] ISE?I::‘;M v | KABUSHIKI KAISHA Japan | 2014 | tent application JP
r 2014-207490 filed on
October 8, 2014
Miyagi, M. .
Ts:iaagr;otol Laser processing
US8901453B2 [Miyagi, 2014] ! HITACHI, Ltd Japan 2014 system and overlay
T., Kawanaka, .
H welding method
. Additive
Bruce Patrick
ILLINOIS TOOL manufacturing system
US0021379A1 Albrecht, 2015 Albrecht, B.P. USA 2015 L
[Albrecht, I recht ! WORKS INC. for joining and surface
Hsu, C.
overlay.
Whitfield . .
RI Ple ! Laser cladding device
US9352420B2 | [Whitfield, 2016] o én.i:ers Whithfield, R.P. USA 2016 with an improved
gO L ! nozzle.

Miyagi et al. [Miyagi, 2011] developed a laser processing head that enables to change the width

of the cladding track during the process without stopping it. They proposed two embodiments,

one for a coaxial continuous nozzle and another for a coaxial discrete one. In both cases the

nozzle has two positioning mechanisms, with their corresponding control systems.

On the one hand, the distance between the laser emitting unit and the substrate can be adjusted

by means of the positioning mechanism of the nozzle, see Figure Il. 35. On the other hand, a

powder angle adjustment unit is included, what allows to vary the angle of the powder stream

at the nozzle outlet and focus correctly on the workpiece. Therefore, combining both positioning

mechanisms, the developed laser processing head enables to change the width of the deposited

track without interrupting the process.
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Besides the patents described above, many companies have gone one step beyond and they
manufacture and commercialize LMD nozzles. In the following paragraphs, some of the most

important LMD nozzle manufacturers and their products are described.

The Fraunhofer Institute for Laser Technology (ILT) together with the Reis Lasertec GmbH has
developed the LMD processing head VarioClad. For this purpose, both companies have joined
forces and have taken advantage of the ILT knowledge on LMD nozzle design [ILT, 2017] and the
Reis Lasertec expertise on beam guiding and monitoring systems [Reis, 2017]. The VarioClad has
a compact design and includes a motorized optic that permits to vary the diameter of the laser
beam during the process. The diameter of the laser spot can vary from 0.7 mm to 4 mm. As it
can be seen in Figure Il. 40 (right), the VarioClad includes its own control system that eases the

usage.

Figure Il. 40: LMD processing head VarioClad (left) and the control unit (right) [Reis, 2017].

The German company Precitec has a big expertise in the design and manufacture of all type of
welding and cutting heads and they have also entered into the LMD field [Precitec, 2017]. They
offer two cladding heads, the discrete nozzle YC30, with a 2 mm minimum powder focus
diameter, and the continuous coaxial nozzle YC52, with a 0.7 mm minimum powder focus
diameter. The main reason for choosing one or other cladding head is usually the kinematic of
the machine. If the LMD head has tilting movements, the discrete nozzle is required in order to
ensure the correct feeding of the powder. On the contrary, if the LMD head has no tilting
movements, both nozzles would work properly and the decision would be based on economic

or process efficiency reasons.

Figure Il. 41: The continuous coaxial nozzle YC52 from Precitec [Precitec, 2017].

46



Chapter Il. State of the art of the LMD process and the latest developments

The company Hybrid Manufacturing Technologies developed the LMD head Ambit™
[Ambit, 2017]. The main advantage of this LMD nozzle is that it uses a traditional clamping
system based on ISO or HSK tooling. This system enables the automatic change of the nozzle and
its use in any CNC machine for hybrid manufacturing operations. This nozzle was launched to
the market in the 2014 and since then it has received many international awards [Hybrid, 2017].
Moreover, the company Hybrid Manufacturing Technologies is working closely with companies
like Mazak and ELB in the development of hybrid machines that incorporate the Ambit™ LMD
head. In section “/I.3. Latest machines for the LMD and hybrid processes” further details about

these hybrid machines are explained.

Figure Il. 42: The LMD nozzle Ambit™ from Hybrid Manufacturing Technologies [Ambit, 2017].

Another relevant reference regarding the LMD nozzles is the Fraunhofer IWS (Fraunhofer-
Institut flir Werkstoff-und Strahltechnik), located in Dresden, Germany [IWS, 2017]. They have
developed a whole line of coaxial nozzles, offering a suitable solution for each application.
Examples of the different nozzles are the COAXS8, which has a round powder spot, and the

COAX12, which has a square powder spot.

Figure Il. 43: LMD nozzles COAX12 (left) and COAX8 (right) developed by the IWS [IWS, 2017].
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I1.6. Latest developments for predicting the geometry of

the deposited material and process monitoring

The LMD process is based on overlapping material layers for achieving the desired geometry.
Therefore, the process stability is of great relevance when obtaining a constant height and, thus,
the desired final geometry. However, multiple parameters are involved in the LMD process, in
which several physical phenomena are interrelated and they have a direct influence on the

resulting geometry of the deposited material.

With the aim of controlling the process and obtaining a stable growth, the first objective when
depositing material is the determination of the relation between the process input parameters
(laser power, feed rate, powder flow rate, gas flows, etc.) and the output parameters (geometry
of the clad, mechanical properties and the generated microstructure) [Peng, 2007; Tan, 2010].
In Table Il. 7 the main LMD parameters are detailed, where those input parameters that can be

controlled during the process are underlined and highlighted in bold.

Table Il. 7: Main input and output LMD parameters

LMD parameters

INPUT OUTPUT
v’ Laser power v’ Geometry of the v’ Clad geometry
v Machine feed rate substrate v Mechanical
v Powder flow rate v’ Absorptivity of the properties
substrate v Microstructure

v’ Preheating temperature
v’ Laser beam radius

v DC of the laser v Process efficiency
v LMD head position

v' Deposition strategy v
Powder size

v Gas flows

Several authors have worked on the experimental determination of the optimal process
parameters for different materials, such as tool steels [Navas, 2005], stainless steels
[Pinkerton, 2004], nickel alloys [Richter, 2004] and titanium alloys [Kong, 2010]. Therefore, it
could be concluded that for easy geometries and 3-axis material deposition, the LMD process is
almost solved. Nevertheless, in 5-axis deposition and complex geometries generation, new
variables, such as the kinematic of the machine and non-uniform feed rates, are introduced into

the deposition process and the problem is not solved yet.

A typical problem in LMD manufactured parts is the generation of porosity. Pores are generated
because gas is trapped inside the deposited material during the LMD process and molten

material solidifies before the trapped gas can exit. Their existence reduces the mechanical
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properties of the generated part and contributes to the generation of future cracks during the

usage of the part.

Figure Il. 44: Appearance of pores in an AlSI 316L clad.

The generation of pores in the LMD process is related with the moisture of the powder, used
laser power, size and shape of the particles and the gas flows (both protective and drag). Zhong
et al. analyzed the generated porosity in single tracks deposited by high deposition rate LMD
and they concluded that the porosity can be reduced by applying the following actions
[Zhong, 2015]:

v" Drying the powder by preheating it before using.

v" Using a finer powder to reduce the amount of gas that is introduced inside the melt
pool.

v" Using a more homogeneous powder particle size.

v Increasing the laser power. If the laser power is increased, the energy introduced in the
part is higher and the solidification process is slower. Therefore, the gas trapped inside

the deposited material has more time to escape.

I1.6.1. Latest CAM developments

The LMD process is focused on the generation of coatings and the repair of high added value
components. However, these parts may have complex geometries and the LMD process
optimum orientation is normal to substrate, what obliges to interpolate the five axes of the LMD
machine simultaneously in order to obtain the desired part. As it is previously mentioned, the
3-axis LMD is almost solved and usually presents no difficulties. However, this knowledge cannot
be transferred directly to 5-axis manufacturing and many research projects orientate their

resources towards this objective.
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With the aim of obtaining a methodology for studying the optimal parameters for the
continuous 5-axis LMD process, Calleja et al. considered the process optimization using a
weighted function that includes the different process parameters [Calleja, 2014]. In that work,
an empirical formula that determines how optimum the process is was stated. The formula was
defined as a function of different process variables, (Eq. Il. 3). Where “DR” represents the
deposition rate, “0” is the wetting angle and “h” and “w” are the height and width of the clad,

respectively.

WV =0.7-DR+03-6—-0.2-Ah— 0.1 -Aw (Eq. 1. 3)

In 5-axis LMD, besides determining the process parameters, the optimal deposition strategy
must be defined in order to obtain high quality parts. The Fraunhofer Institute for Laser
Technology (ILT) has developed a tool called LaCam3D that enables both programmers and end-
users to generate tool paths and translate them into the machine code. Furthermore, it allows

to simulate the process and look for possible collisions [ILT, 2013].

Siemens NX is working together with DMG Mori [DMG Mori, 2017] in the development of the
PLM software “NX Hybrid Additive Manufacturing”. Despite this software is not commercially
available yet, further details can be found in their webpage [Siemens, 2017]. This is the first
commercial solution that allows CAD/CAM additive operations and was presented in Milan at
the Machine Tool World Exposition (EMO) in the 2015. NX Hybrid Additive Manufacturing is
currently specifically configured for the Lasertec 65 3D from DMG Mori and the Siemens
Sinumerik 840D CNC control system. As it can be seen in Figure Il. 45, the in-process workpiece
designed in the NX CAD module can undergo both additive and subtractive operation in any

order.

Figure Il. 45: In-process workpiece and verification works for both additive and subtractive modes [Siemens, 2017].

However, before determining the LMD strategies for the additive process, the geometry of the
substrate must be accurately defined. For this purpose, a 3D laser scanning process is used by

some authors, because it allows digitalizing the surface of the substrate without contact
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[Liu, 2015]. Liu et al. developed a set of algorithms and numerical methods to generate the most

suitable tool paths and enable the LMD process automation.

11.6.2. Process monitoring

The LMD parameters can be optimized for a determined working situation. Nevertheless, as a
consequence of the LMD conditions variability, the process parameters need to be re-adapted
according to their instantaneous values. Therefore, process parameters need to be controlled
instantaneously depending on external variables. Many authors have focused their efforts on
monitoring the process during the last decade and the most relevant works are collected by

Purtonen et al. [Purtonen, 2014].

The main objective of monitoring the LMD process is the enhancement of the reliability and
reproducibility of the process and the improvement of the quality of the deposited material. All
this can be directly translated into economic savings and an increase of the competitiveness of
the process [Pavlov, 2010]. The LMD process can be monitored focusing on different variables.
Up to now, the most promising methods are those based on measuring the size or the maximum
temperature of the melt pool and acting instantaneously on the laser power in order to keep
the measured signals within a desired range. The control is based on a conventional PID

algorithm that adapts the laser power to the new conditions of the process.

Hofman et al. presented a feedback controller system for the LMD process that measures the
width of the melt pool in real time and adjusts the laser power in order to keep the measured
width at a nominal value [Hofman, 2012]. The melt pool length results a more sensitive variable
on the processing parameters than the melt pool width and consequently, when monitoring the
melt pool geometry most authors measure the width value [Liu, 2014]. Furthermore, due to the
directionality of the process, the plasma that may be generated could interfere to a larger extent

in the measurement of the melt pool length than in the width.

Plasma plume

Figure Il. 46: Coaxial photo of the melt pool.
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Ocylok et al. recorded the length and width of the melt pool during the deposition of straight
single lines. As it can be seen in Figure Il. 47, the length is a more unstable dimension due to the
feed motion. They concluded that the total area of the melt pool is less affected by the
disturbances generated during the process than the single values of the length and width of the

melt pool. Moreover, Ocylok et al. determined the relation between the laser power and the

melt pool size [Ocylok, 2014].

Figure Il. 47: Melt pool length and width size measurement during straight line deposition [Ocylok, 2014].

An instantaneous image of the melt pool can be obtained using a CCD coaxial camera. However,
in order to measure the geometry of the melt pool, the obtained image needs to be treated and
binarized based on a threshold value defined experimentally. The threshold value is the
brightness value for which a determined point is considered part of the melt pool or not. In
Figure Il. 48 the importance of the melt pool size measuring method is shown and the differences

between the measured size of a melt pool with a high threshold value in “b” and a low threshold

value in “d” are shown.

Figure Il. 48: Variations of the measured melt pool size due to the differences in the fixed threshold value
[Ocylok, 2014].

The measurement of the maximum temperature of the melt pool is a direct and easy method
for controlling the stability of the LMD process. In this direction, Bi et al. developed a monitoring
system based on the infrared temperature signal of the melt pool. Thanks to this close loop
control, instability problems found in building thin walls were overcome [Bi, 2006 1].

Additionally, other authors have carried out similar works in order to analyze the relationship
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between the nozzle and the workpiece is reduced, the amount of deposited material is increased
and an over-deposition of material is generated, resulting in an unstable process. Therefore, the
LMD process requires constant operating conditions and the deposition rate needs to be kept
as constant as possible for guaranteeing the quality of the deposited material. With this
objective, Boisselier et al. developed an algorithm that ensures smooth trajectories with stable

processing conditions [Boisselier, 2014].

Nenadl et al. studied the geometry of the generated clads depending on the LMD process
parameters. They developed a recursive model employing the following input parameters: the
material feed rate, scanning speed and the overlap ratio between two adjacent lines
[Nenadl, 2014]. The amount of powder and the total heat input per unit length of the laser track
are concluded to be the key factors regarding the geometry of the deposited clad. The article
states that the amount of powder provided per unit length of the laser track is directly related
with the clad height. Therefore, when the machine feed rate is slowed down, the height of the

clad is increased.

In the following figure the empirical dependency between the size of the clad and the process
parameters for Ni and Co based filler materials on Fe based substrates is shown. “F/S” is the
amount of powder provided per unit length of the laser track and “P/S” is the total heat input

per unit length of the laser track.
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Figure Il. 52: Empirical dependence of the laser track height “H” and width “w” on combined processing parameters
observed for coaxial and lateral cladding setups for Ni and Co based alloy cladding; from [Ocelik, 2007] (left) and
from [de Oliveira, 2005] (right).

More authors have focused their efforts on the powder flow rate in order to obtain a stable LMD
process; Ding et al. concluded that measuring the powder flow rate in real time is the key
element for achieving an effective control of the powder flux [Ding, 2016]. They developed an
optoelectronic sensor that detects the powder flow rate at the outlet of the powder feeder.
However, this control of the powder flow is too slow and is useful only for maintaining the

powder flow in a constant value (preset value) and not for instantaneous variations.
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The powder flux variation by means of the powder feeder is too slow for offsetting the machine
feed rate variations. Therefore, a fast powder regulation system is required in order to avoid the

mentioned powder accumulations.

I1.7. Industrial applications

Modern industry is demanding new and sustainable alternatives to reduce production costs. In
this direction, the Laser Metal Deposition process has arisen as an alternative to traditional

additive processes thanks to the advantages that it provides [Toyserkani, 2005].

One of the LMD industrial applications is the coating of high added value parts. Thus, the LMD
process is used for improving the surface properties of existing parts (enhancement of wear,
corrosion or heat resistant properties). Other applications are the generation of new parts or
the repair of high-value but damaged parts. Therefore, the LMD is mainly employed in those
industrial sectors where high added value components are used, such as, the aircraft industry,
automotive industry, shipbuilding industry, heavy industry and machine tool industry

[IPG, 2017].

In the following sections, some LMD application examples inside the different industrial sectors
are detailed. Real applications are explained and special attention is paid to the used materials.
In this way, it is important to remark that most of the industrial applications are protected by
intellectual property rights (IPR), so it is very difficult to find process parameters or even material

specifications used in these cases.

I1.7.1. Aeronautical sector

Unlike the traditional manufacturing processes where huge amounts of material are wasted in
form of chip, laser based additive processes generate near net shape parts [Urtasun, 2014].
Consequently, the buy-to-flight ratio is considerably reduced. This point is really relevant when
expensive material such as nickel based or titanium based alloys are used. Therefore, laser
additive processes are becoming more and more relevant in the aeronautical field and they are
focused basically in two areas: The manufacture of whole functional parts using the Powder Bed

Fusion (PBF) technology and the repair of already existing parts [Sexton, 2002].

PBF processes offer the possibility to develop new designs, with complex geometries and details

in inaccessible zones; such as internal cooling channels, which would be impossible to obtain by
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other manufacturing processes [Richter, 2010]. The first benefit of using the PBF technology is

the resulting weight reduction of the final parts, what is crucial in the aeronautical sector.

Figure Il. 57: Integral NGV manufactured using PBF technology [ILT, 2017].

On the other hand, the LMD process is more focused on the repair of damaged aero engine
components and the enhancement of surface properties. For example, it offers the possibility
to repair the tips of worn turbine blades [Balazic, 2010]. It can be also used for the additive

manufacturing of complex structures onto casted or forged substrates.

With the aim of underlining the readiness of the technology, at the beginning of the 2008 Rolls-
Royce installed its first LMD machine and since then, the Fraunhofer ILT and Rolls-Royce have
certified the LMD process for the repair of 15 different parts. In Figure Il. 58 a repaired case of

the BR715 HPT (High Pressure Turbine) is shown [Gasser, 2010].

Figure Il. 58: BR718 HPT case (left) and a detail of a locally repaired flange using LMD (right) [Gasser, 2010].

In the same direction, Tao et al. presented the whole procedure for the repair of aero engine
blades. These parts have to withstand high pressure and temperature working conditions and
also external factors, such as bird impacts, during the flight time. Consequently, they are
damaged with a higher frequency than the desired. Due to the high cost of the whole part, it is
more economical to repair the damaged blades rather than the manufacture of a new part

[Tao, 2015].
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Another application of the LMD in the aeronautical sector is the coating of existing parts. For
example, it can be used for the generation of wear-resistant coatings on the tips of the turbine

engine blades in order to increase their lifetime.

In view of the potential of the LMD technology, many projects have been launched with the aim
of improving the LMD process and facilitate its industrialization. In the FLEX-ILAS project,
sponsored by the German Federal Ministry of Education and Research, the capability of the LMD
technology to generate whole blades of a Blisk starting from the central cylinder was evaluated.
The project concluded that the mechanical properties and the in-flight behavior of the LMD

generated Blisk blades are comparable to a newly machined part [Richter, 2008].

Other examples of European projects that highlight the importance of the LMD inside the
aerospace industry are the RepAlIR, the FANTASIA and the TurPro projects. The RepAlIR is an
ambitious project launched under the European Union Seventh Framework Program (FP7/2007-
2013). The main objective of this project is the reduction of aircraft maintenance costs by
repairing damaged parts instead of substituting them with new ones. With the same objective,
Iberia Maintenance installed a LMD equipment in their Workshop in Madrid for the repair of
damaged engine parts. Lufthansa Technik also uses the LMD technology for the repair of high-
pressure compressor blades since the beginning of the 2014 [Metzger, 2013]. In general, LMD
process is currently being used by many MROs (Maintenance, Repair and Operations) at

different airports.

Another relevant project related with the LMD is the FANTASIA, which stands for Flexible and
near-net-shape generative manufacturing chain and repair techniques for complex aero-engine
parts. This project was launched in the 2016 and its main aim is the reduction of the repair costs

of the aero-engine parts over the 40%.

With a similar objective, ILT and IPT Fraunhofer Institutes together with the local government of
North Rhine-Westphalia and a consortium of companies from the turbo-engine industry
launched the project TurPro. The project seeks the full integration of production technologies
for efficient turbo-engine manufacturing, maintenance and repair. Both FANTASIA and TurPro
are European and German projects, whose aim is to contribute to the global leadership of

European turbo-engine manufacturers.

One of the characteristics of the LMD manufactured parts is their relative low dimensional
accuracy. Therefore, the parts need to be machined afterwards in order to achieve the desired

surface quality and the final geometrical dimensions [Klocke, 2014]. With this objective, a
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consortium that integrates additive and subtractive processes is formed since the 2008 in the
UK: the RECLAIM (Remanufacture of high value products using a Combined Laser cladding,

Inspection and Machining system) [Jones, 2012].

I.7.2. Die & Mold

Production of die & molds is a complex process that requires a final manual polishing and
adjustment operation before being able to shape the final part. This adjustment process usually
requires the removal of material, but many times the addition of material is also necessary. This
additive process has been traditionally carried out by highly skilled workers using TIG or plasma
welding equipment. Nevertheless, the results obtained always depend on human factor, what
is detrimental for the repeatability of the process. Moreover, due to the tight schedules that die
& mold companies work with, especially those associated with the automotive sector, these

manufacturing periods are critical.

The main characteristic of the LMD is the capability to produce high added value parts, with high
repeatability, good surface quality and relatively low manufacturing costs. Besides, the material
deposition process can be fully automated, what minimizes the human factor in the process.
Consequently, the LMD has caught the attention of many die & mold manufacturers
[Chen, 2014]. Nowadays, the LMD is used for the reparation of die & mold with different filler
materials, both in wire and powder form [Jhavar, 2013]. In addition, the introduction of the laser
hardening process allows also the application of the LMD process in the same machine with a
minimal adaptation. Thus, many die & mold manufacturers that have introduced a laser

hardening system are also using LMD process for the repair of the parts.

The main applications of the LMD in the die & mold manufacturing sector are the repair of
damaged parts and the generation of coatings that enhance the wear and corrosion resistant
properties. Moreover, it offers the possibility to add material on sensitive zones without
damaging the substrate where they are deposited. Moreover, various combinations of materials
can be deposited, enabling the generation of tailor-made parts. Therefore, the LMD results to
be a useful tool when design changes are required once the mold is finished. Besides, it is useful
even when the manufacturing process of the mold is not successful and it needs to be repaired.

In Figure Il. 61 a repaired mold of a car lamp is shown. A 0.15 mm thickness layer is applied.
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I1.7.3. Naval industry and heavy industry

Due to the large size and high manufacturing costs of the components used in the naval industry,
their maintenance and repair is a key factor for reducing costs. Consequently, the main
application of the LMD process is the repair of damaged parts, such as: hydraulic cylinders, pump

shafts, bearing surfaces for propeller shafts, etc.

Besides, the LMD is used for the surface properties enhancement, where it offers a series of
advantages compared to traditional alternatives used for coating applications. An example of
the LMD coating is the usage of a low cost material such as a low carbon content steel for
creating the basic part, and afterwards the generation of a coating using the LMD process, so
that the desired wear and heat resistant properties are obtained. Typical materials used in the
naval and the heavy industry are the nickel based alloy Inconel 625 for enhancing the corrosion
and thermal resistance properties and Tungsten carbides for improving the wear resistance

[Riedelsberger, 2013].

In the case of the heavy industry, the main application of the LMD technology is the repair of
different rotating parts that suffer from erosion and wear. Due to the high cost that entails the
substitution of whole parts, their repair is economically profitable. The shafts belonging to steam
or gas turbines that are often damaged at the raceways are examples of this. In Figure Il. 63 a
scheme and a real photograph of the reparation process of a gas turbine shaft are shown. As

detailed by the company GE Oil & Gas, the application is based on:

v" A 2.2kW fiber laser with the corresponding LMD nozzle and the optical tooling.
v' A gravity powder feeder.

v A 6-axis robotic system as kinematic platform for the LMD system.

v

A first class protection cabin (not shown in the figure).

Figure Il. 63: A scheme (left) and a real photo (right) of the reparation of a gas turbine shaft using the LMD
[Andolfi, 2012]
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The following materials are used depending on the application: Nickel based superalloys are
used for repairing buckets, steel alloys such as the ASTM A322 type 4340 (DIN 1.6511) for
centrifugal compressor shafts, the ASTM A182 F22 (DIN 1.7380) for impellers and stainless steels
such as the X22CrMoV12.1 (DIN 1.4923) for steam turbines [Andolfi, 2012]. Depending on the
total thickness to be added, more than one layer have to be deposited and once the additive
process is finished, the part needs to be re-machined in order to obtain the final geometry and

surface finish.

Another example of the LMD process in the naval industry is the repair of marine diesel engine
crankshafts. Due to the rough working conditions, crankshafts suffer from severe wear at the
friction surfaces. Consequently, their periodical repair is needed in order to keep them working
in the right conditions. Koehler et al. studied the repairing process of the crankshafts and
obtained promising results when adding a Stellite 21 coating over a 42CrMo4 steel

[Koehler, 2010].

a) b)

Figure Il. 64: a) Laser cladding head attached to a 6 axis robot; b) Bottom side at lower dead center position of a
crankshaft; c) Crankshaft segment around oil bore [Koehler, 2010].

Thanks to the developments in the laser technology during the last decade, Nowotny concluded
that it is possible to repair the crankshafts directly in the ship instead of dismantling and
transporting the heavy parts to the workshop [Nowotny, 2011]. In the same direction, Torims et
al. stated that a grinding platform can be extended to its use with the laser cladding technology;
what suits perfectly with the requirements of the repairs of shipboard crankshafts and opens a
new dimension to the LMD process [Torims, 2012]. This combination results in economic
benefits and repair-time reductions, but it is still far from an industrial solution and a much

deeper analysis is required to increase the readiness level of the LMD portable solutions.
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I1.8. LMD process model

The LMD process is being introduced in different industrial sectors and new applications are
being constantly developed. Nevertheless, many difficulties need to be faced as a consequence
of the elevated number of variables involved in the process, see paragraph “I1.2.2. Laser Metal
Deposition process basics”. Moreover, as it is mentioned in the introduction, parts to be
manufactured are frequently unique and there is only one chance to process them correctly.
Therefore, the possibility to simulate the LMD process before going to the machine facilitates
the determination of the process parameters and reduces the number of initial tests required

to optimize the process.

However, due to the complexity of the LMD process and the high amount of involved physical
phenomena, it is almost impossible to consider all of them. Authors usually divide the LMD
process into different steps. Thus, the work done on the modeling of the LMD process so far is

divided into three groups:

a) Powder particle modeling: The trajectories of the powder particles are calculated and
the interaction between the powder particles and the laser beam is modeled.
b) Generation of the melt pool and the thermal field developed in the substrate.

c) Filler material addition and material deposition.

I1.8.1. Powder particle modeling
The simulation of the powder particle paths is important in order to achieve a LMD model. Not

only to simulate the clad geometry, but also to design appropriate and efficient LMD nozzles.

The geometry of the nozzle and the operation conditions are of major importance in the LMD
process. Therefore, many authors have focused their efforts on analyzing the powder
distribution at the nozzle exit and its influence in the resulting LMD process. Liu and Li studied
the influence of the fluctuations on the powder feed rate in the deposited material [Liu, 2005].
They concluded that an increase of the powder concentration results in a higher but narrower

clad geometry. Therefore, if powder flux is not uniform at the nozzle exit, instabilities occur.

Figure Il. 65: Sample produced with an unsteady powder feed rate [Liu, 2005]

66



Chapter Il. State of the art of the LMD process and the latest developments

In the same way, Zekovic et al. concluded in their work entitled “Numerical simulation and
experimental investigation of gas-powder flow from radially symmetrical nozzles in laser-based
direct metal deposition” that the nozzle is a key element in the powder delivery system. A proper
nozzle design increases the quality of the deposited material [Zekovic, 2007]. Moreover, they
highlighted that the best feeding properties are obtained with spherical shaped particles, i.e.

particles obtained by means of gas atomization.

In 1999, Lin stated that the performance of a coaxial nozzle depends on the different gas flows
[Lin, 1999]. Using image analysis and different optical techniques based on the light scattering
and attenuation, he studied the powder distribution at the nozzle exit. The powder stream
shows a Gaussian shaped transverse distribution at the focal plane. Moreover, the influence of

the velocity of the protective gas was studied.

Since then, many authors have focused their work on this field and because of the complexity
of the problem; different simplifications have been considered. A typical assumption is the

omission of the laser beam and the simulation of just what is called the “cold stream”.

Zekovic et al. simulated and studied the powder flow for a LMD nozzle using the commercial
software Fluent [Zekovic, 2007]. They used a standard k-& turbulent model and a standard wall-
function approach to overcome the viscous phenomena that occur near the wall boundaries.
Authors concluded that a 3D model is required for the simulation of a LMD nozzle, because the

generated turbulence inside the nozzle and especially at the exit is a 3D phenomenon.

A Lagrangian approach was used for the two-phase (gas and powder) flow modeling, where the
gas phase is considered to be the continuous medium and the powder particles the discrete
phase. The Lagrangian model treats the disperse phase as a continuous stream of powder
particles moving through the continuous medium (the drag gas). The following assumptions

were considered when developing the model:

e The problem is treated as a steady-state turbulent flow and constant gas velocity is
supposed at the inlets.

e The onlyforces that actuate on the particles are the drag force, gravity and the very own
inertia of the particles.

e The amount of powder particles (discrete phase) is very low compared with the gas
volume (continuous phase), less than 10%. Consequently, the collisions between the
particles are omitted.

e The influence of the gas velocity on the particle trajectory is considered.
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e The laser radiation is neglected.
e The size of the particles is assumed to follow a Rosin-Rammler distribution (statement

validated by [Tabernero, 2010]).

Rosin-Rammler distribution can be expressed by means of the following equation.

Y, = e (/D" (Eq. 1. 4)

Where, “Y;” is the proportion of particle diameter “d” in a unit base. “n” is the dispersion
parameter of the distribution and “d” is the average diameter. The average diameter is defined

as the diameter for which the 36.8% of the particles have a bigger diameter.

if d=d = Y;=e ! >Y,= 0368 (Eq. 1. 5)

With regard to the dispersion parameter “n”, it is defined as the average value of the dispersion

parameter “n;” of each couple ”(di, Yd,i)” and it is calculated by means of (Eq. II. 6).

B ln(— In Yd,i)

k
1
n; = —~ = n= — n; (k = number of analyzed diameters (Eq. 11. 6)
i ln(di/d) k;l( f yz )

Figure Il. 66: Powder particle trajectories colored according to their velocity magnitude [Zekovic, 2007].

Zekovic et al. validated the model with the corresponding experimental tests in three different
situations regarding the LMD nozzle and the position of the substrate: a) Substrate surface far
from the nozzle tip, b) Substrate close to the tip of the nozzle, c) The tip of the nozzle is close to
the top of a thin-wall that is being deposited. Results obtained proved that when depositing on
a flat surface or thin-wall, the protective gas plays an important role in order to prevent powder

particles from getting inside the nozzle and spotting the laser head optics.

68



Chapter Il. State of the art of the LMD process and the latest developments

Figure Il. 67: Image of the powder particles at the exit of the nozzle when depositing on a flat surface (left) and
when depositing on a previously deposited thin wall (right) [Zekovic, 2007].

Yang proposed a model that predicts the maximum powder concentration in a coaxial nozzle for
different powders, nozzle geometries and shielding gas flows [Yang, 2009]. They concluded that

the smaller the nozzle diameter and the nozzle angle, a more focused powder spot is obtained.

Tabernero et al. presented a model based on the CFD program Fluent to predict the powder flux
distribution in a real continuous coaxial nozzle [Tabernero, 2010]. The model solves the
continuous phase based on the Navier-Stokes equations together with the standard
K-€ turbulent model. This same assumption was also considered by other authors in their
research works [Lin, 2000]. The main contribution of this work is the development of a mechanic
method for measuring the powder concentration at the nozzle exit, which is described

afterwards.

Figure Il. 68: (A) Concentration and (B) velocity fields obtained after simulation for AISI D2 [Tabernero, 2010].

Mohagegh et al. also used the CFD software Fluent to study the trajectories of the powder
particles at the nozzle outlet [Mohagegh, 2010]. They focused their work on the analysis of the
effect that the different process variables have on the efficiency of the filler material deposition.

The following conclusions were obtained:

e The increase of the nozzle angle regarding the horizontal axis, brings two benefits:

- Increases the deposition efficiency.
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- Increases the interaction time between the powder particles and the laser
beam, which results in an increase of the temperature of the powder particles.

e The drag flow is the dominant flow in the coaxial nozzles used in the LMD process.

Balu et al. used as well the commercial CFD software Fluent to solve the Navier-Stokes equations
[Balu, 2012]. The gas phase is treated as a continuous phase and the powder particles as discrete
elements, which diameters follow a Rosin-Rammler distribution. The model is based on the work
previously done by Zekovic et al. [Zekovic, 2007] and the following assumptions were

considered:

e The continuous phase is supposed to be viscous, compressible and steady-state.

e Constant velocity at the protective and drag gas inlets.

e The discrete phase model is based on a force balance; where drag, inertial and
gravitational forces are included.

e The volume fraction of the particles is very small compared to the carrier gas flow, lower
than the 10%. Therefore, the interaction between particles and the influence of the
particles on the gas flow is omitted.

e The interaction between the laser and the particles is ignored.

They concluded that an increase of the drag gas flow increases the divergence of the powder
particles at the nozzle exit and therefore reduces the concentration of the powder particles at
the focal plane [Balu, 2012]. Moreover, the velocity of the particles is influenced by the density
of the powder material, shape and diameter of the particles and they have a direct influence on
the flow stability. A comparison between the modeled powder concentration at the nozzle exit

and an image of the real nozzle is shown in Figure Il. 69.

Figure Il. 69: NT-20 powder stand-off distance comparison between (a) experimental and (b) numerical results at a
carrier gas flow rate of 3.94 x 10> m3-s't and a powder flow rate of 0.06 g-s* [Balu, 2012].
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Once the numerical model is developed, it has to be validated. Most authors use optical based
methods for measuring the powder flux distribution at the nozzle exit [Lin, 1999;
Pinkerton, 2007; Balu, 2012], etc. However, the main problem of the optical methods is that
they can only give a qualitative value of the concentration. Powder concentration is represented
as a percentage regarding the 100% value assigned to the maximum. In Figurell. 70 the

experimental setup used by Pinkerton et al. is shown.

Figure Il. 70: Schematic setup used for obtaining the powder distribution at the nozzle exit and the subsequent
digital analysis [Pinkerton, 2007]

Tabernero et al. proposed an alternative method for measuring the powder concentration using
a set of cylindrical containers. Each piece of the set has a different inner diameter, ranging from
2 to 20 mm, but they all have an identical external diameter. All containers are placed in a
common fixture system. Therefore, powder concentration is obtained on the basis of the weight
trapped inside the different diameter holes. In Figure Il. 71 the procedure of the developed

system is detailed.

Figure Il. 71: Experimental measurement system of the powder flux [Tabernero, 2010]

All the works mentioned until now, model the so called “cold stream” and omit the influence of
the laser beam on the powder particles. However, this interaction has a considerable influence
on the process and must be considered. On the basis of this statement, many authors have

focused their work on the powder particle heating.
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Powder particle heating

One of the first works was carried out by Grujicic et al.. They simulated the heating of a single
particle during the in-flight time in order to optimize the deposition process [Grujicic, 2001].
Fu et al. simulated the temperature raise of powder particles in the LMD process. They
concluded that the powder feeding angle affects significantly to the temperature of the particles

and the attenuation of the laser [Fu, 2002].

In the same direction, Liu and Jin developed a simplified approach to solve the thermal problem
of the powder flow in coaxial nozzles. Powder particle heating and even melting under the
irradiation of a CO, laser beam were considered [Liu, 2003]. Authors used a finite-difference
method to solve the governing equations of the problem and the developed numerical model

was based on the following hypotheses:

e Interaction between powder particles is omitted and, therefore, the heating problem
may be reduced to a single particle simulation.

e Powder particles are spherical with constant absorptivity.

e The energy intensity across the laser beam is uniform.

e The protective gas has a constant velocity.

e No interaction between the laser beam and the protective gas is considered.

After the realization of the mentioned research work, Liu and Jin concluded that the velocity of
the powder particles has a big influence on the heating process. Besides, the reached maximum
temperature is influenced by the size of the particles and laser power. Therefore, these variables
must be controlled in order to prevent over-heating problems during the process. In the same
direction, more complete models have been proposed by Vetter et al. [Vetter, 1994] and
Pinkerton [Pinkerton, 2007]. Both of them calculated the particle temperature rise in coaxial

nozzles assuming an average particle radius.

Wen developed a complete model using the commercial CFD software Fluent. The gas phase
was treated as a continuous phase and the particle flow was simulated as a discrete phase
[Wen, 2009]. A k-€ turbulent model was considered. The continuous phase was solved using the
time-averaged Navier-Stokes equations, whereas the discrete phase was solved using a
Lagrangian formulation. The article concludes that at the exit of the nozzle the powder stream

can be divided into three zones named as: (a) pre-waist, (b) waist and (c) post-waist.
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Figure Il. 72: Particle stream structure where a) pre-waist; b) waist; c) post-waist stages can be distinguished (left)
and powder jet temperature profile for a 300 W laser power and a 1.5 mm laser beam diameter (right) [Wen, 2009].

Ibarra-Medina and Pinkerton modeled the LMD process and considered the interaction between
the laser beam, powder particle stream and the substrate [Ibarra-Medina, 2010]. The dynamic
behavior of the particles is influenced by the drag force of the carrier gas, gravity and collisions
with the solid walls of the nozzle. Special attention was paid to the influence of the substrate.
They concluded that the position of the substrate influences both, the distribution of the
particles at the powder focal plane and the particle heating due to the particle bounces.
Furthermore, the consideration of the substrate in the simulations generates more realistic

results and should be considered.

Figure Il. 73: Temperature of the particle stream when no substrate is considered (left) and temperature of the
particle stream when the substrate is situated at a 10mm distance from the nozzle tip (right). In both cases same
process parameters are used. Power 1000 W, powder flow rate: 0.58 g-s, carrier gas: 5 I-min-1, protective gas:
4 |-min! [Ibarra-Medina, 2010].

A discussed point is whether powder particles arrive in solid or melted state to the substrate,
fact that has a direct effect on the material deposition process. Kovalev et al. studied both,
numerically and experimentally the powder flow characteristics and particle heating due to the

laser beam-powder particle interaction [Kovalev, 2010].
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Figure Il. 74: a) Powder flux at standard gas flow parameters without laser radiation. b) Optimal zone with the
highest concentration of particles formed by crossing divergent particle streams [Kovalev, 2010].

Kovalev et al. distinguished between elastic and non-elastic powder bounces inside the nozzle
and developed a numerical model using the commercial software Fluent that studies the effects
of considering one or another assumption. The interaction between the powder particles and
the walls of the nozzle is controlled by the restitution coefficient, which is divided into normal
(1) and tangential () components. If k,, ~ 1 the particle bounces are supposed to be elastic. If
k,, < 1 particle bounces are supposed to be non-elastic and, consequently, part of the kinetic

energy is lost.

(Vpn)z = —ky- (V;m)l = —ky (m) T_i) (Eq.11.7)
(th)z = —k;- (th)l = —k; - (V; T) (Eq. II. 8)

Normal and tangential restitution coefficients are calculated based on the work done by Vittal
and Tabakoff [Vittal, 1987] and using semi-empiric relations. The incidence angle “a” is the angle

between the velocity of the powder particle and the surface.

k,=1-0.4158 a + 0.4994 - a®> — 0.292 - a3 (Eq. I1. 9)

ke=1-212-a+3.0775-a* —1.1-a3 (Eq. II. 10)

Moreover, Kovalev et al. discussed the influence of the shape and size distribution of the powder
particles in the process [Kovalev, 2010]. The article concludes that depending on the LMD
conditions (especially the laser power) powder particles may be melted or even vaporized. The
temperature of the particles when they reach the surface of the substrate varies within a wide

range and depends on the size and trajectories that each particle follows.
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2. The attenuation depends on the powder particle concentration and is considered

to be independent of the laser power.

3. Powder particles are considered spherical and their projection on the plane can

be approximated to a circle.

4. The powder concentration at different planes from the nozzle tip is obtained using

the commercial CFD software Fluent.

5. Finally, since particle size variations due to the temperature variation are minimal,
the model considers that the size of the powder particles remains constant

regardless the temperature.

Figure Il. 77: Laser beam attenuation.

Taking these assumptions into account, the laser attenuation is considered to be proportional
to the ratio between the projected area of the particles and the interaction area (the laser beam
transversal area). Furthermore, the attenuation is proportional to the particle velocity, or what
is the same: the interaction time between the powder particles and the laser beam. In (Eq. Il.
12) “K4¢¢” is @ dimensionless attenuation factor, which varies between 0 and 1, “Sy,grticres” iS
the projected area of the particles per time unit [m?s], “S;,:q;” is the total area occupied by
the laser beam [m?] and “t;,;” is the interaction time between the laser beam and the particles
[s]. The dimensionless material attenuation factor “6” has to be defined experimentally and
includes most of the physical phenomena, such as the scattering effect or the generation of

plasma, that are neglected in the model.

Spartict
Patt = Kate * Pare 5 where Koee = f (9,—pamc es,tint) (Eq. 11. 12)
Stotal
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On the basis of the first assumption, the area occupied by the powder particles can be
considered equal to the number of particles multiplied by their area. In (Eq. II. 13) “Aparticie” is
the projected area of a particle in the plane [m?] and “Nyg;ticies” is the number of particles per
unit time [s].

Sparticles = WNparticles * Aparticle (Eq. I1. 13)

Additionally, Ya et al. developed a simple model on the basis of the mass concentration to
predict the attenuation of the laser power [Ya, 2013]. They used a power meter to measure the
laser power attenuation experimentally and a Particle Imaging Velocimetry (PIV) technique for
obtaining the average velocity of the particles. The results obtained indicate that the attenuation

depends on the nozzle type: coaxial nozzles generate a higher attenuation than lateral nozzles.

Later on, in the 2016 they presented another work entitled “2D modeling of clad geometry and
resulting thermal cycles during laser cladding” [Ya, 2016]. The energy absorbed by the substrate
“Qaps” was defined by the following formula, where “t;;,” is the interaction time in seconds, a,

and a,, are the substrate and powder absorption coefficients respectively.
Qabs = [as (P — Pg) + ap - Pat] “tin (Eq. 1. 14)

With the aim of generating a complete model of the LMD process, Chew et al. developed a
mathematical model considering upstream parameters such as the in-flight powder heating and
the laser power attenuation [Chew, 2015]. A 2D model based on the Beer-Lambert law was used
for the attenuation model. The following assumptions were considered for the powder particle

modeling during the in-flight time:

1) The powder stream has a Gaussian distribution at the exit of each of the three
discrete injectors of the nozzle.

2) Spherical powder particles are considered with a 70 um average diameter.

3) Shadowing effects are neglected.

4) Particles have a 4 m-s! constant velocity at the nozzle exit. Drag and gravity
forces are omitted.

5) The laser beam has a Gaussian distribution.

6) Heat transfer due to the protective gas is negligible.
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Dowden concluded in its book that the geometry of the deposited clad is strongly influenced by
the temperature gradients inside the melt pool [Dowden, 2009]. Therefore, it is really important
to determine the size of the melt pool and temperature field in order to predict the geometry
of the clad. Despite the great relevance of the molten material flow inside the melt pool,
Dowden highlights that a simple conduction model could be advantageous in many cases, what

facilitates the numerical calculation and reduces the computational cost.

The high number of physical phenomena involved in the generation of the melt pool makes its
modeling a complex task to achieve. Therefore, the problem is addressed in a simplified way

with the aim of reducing the computational cost and facilitate the programming.

One of the classical simplifications when simulating the LMD process is the assumption that the
molten material does not move inside the melt pool. For instance, Toyserkani et al. proposed a
3D transient finite element model for powder LMD [Toyserkani, 2004]. This model is based on a
modified thermal conductivity coefficient for calculating the boundaries of the melt pool. Once

the material is melted, the conductivity is enhanced with an experimentally defined coefficient.

In the same direction, Safdar et al. developed a finite element model using the commercial
software ANSYS in order to simulate the thermal transient effects generated by a moving laser
beam on an Inconel 718 substrate [Safdar, 2013]. They concluded that an anisotropically
enhanced thermal conductivity approach gives a better agreement with the experimental data

than an isotropically enhanced thermal conductivity.

Figure Il. 79: Comparison between the predicted and experimental profiles of the melt pool [Safdar, 2013].
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Other authors have gone one step beyond and they have modeled the fluid-dynamic
phenomena inside the melt pool. Dai and Gu defined the convection currents generated inside
the melt pool using the commercial software Fluent [Dai, 2016]. They concluded that as the melt
pool is generated, the molten material has moderate convection velocities. Consequently, the
convection flow can be assumed to be laminar and it is modeled as a viscous incompressible

heat conducting fluid defined by the Boussinesq approximation.

Figure Il. 82: Influence of the oxidation on the formation of the multi-vortex in the molten pool (P=180W,
v=400mm:-s? and t= 0.275ms) [Dai, 2016].

Moreover, they determined that the existence of rust in the process has a relevant importance
in the direction of the generated currents inside the melt pool. The appearance of oxide
generates a change in the flow direction of the molten material. On the one hand, when the
surface tension variation regarding the temperature (0o /dT) has a negative value, an outward
flow of the molten material is generated. On the other hand, when the surface tension variation
regarding the temperature (0g/0T) has a positive value, an inward flow of the molten material

is generated. The same conclusion was reached by Saldi et al. in in their research [Saldi, 2013].

On the basis of the same assumptions and using the SIMPLE algorithm, Saldi et al. [Saldi, 2013]
developed a 2D axisymmetric model that simulates a cross section of the geometry of the melt
pool. An artificially enhanced momentum and thermal diffusivity were used in order to include

the effect of the flow instabilities that were not modeled. Both, Dai and Gu [Dai, 2016] and Saldi
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Microscale laser scan model
(Thermal)
* Moving 3D laser heat flux

* Metal powder melted
Output
_____________ * Melt pool geometry
e Temperature field in a cross
section of the melt pool

Mesoescale layer hatch model
(Thermal-mechanical)
* Residual stress field in hatch layer
* Temperature filed in hatch layer

Output
_____________ e Part distortion
e Residual stress field

Macroscale part model
(Mechanical)

* Residual stress field
* Part distortion

Figure Il. 85: Multiscale methodology for fast prediction of part distortion and residual stress [Li, 2016].

The microscale model was used for solving the thermal problem and defining the geometry of
the melt pool. However, neither the displacement of the molten material was considered, nor

any conductivity enhancement factor was defined in the model.

Based on the different research works, it is not clear whether the fluid-dynamics phenomena
need to be considered or they can be neglected when modeling the geometry of the melt pool
in the LMD process. Moreover, none of the mentioned authors have evaluated the influence of

the melt pool dynamics in the accuracy of the developed model applied for the LMD process.

11.8.3. Filler material addition and material deposition

Once the melt pool is generated, the next step in order to generate the desired clad, is the
addition of the filler material. In the real material addition process, powder particles are directed
towards the melt pool and they have to break the surface tension of the molten material in
order to penetrate into it. On the contrary, if liquid particles fall outside the melt pool, they
would not adhere to the surface of the substrate with a good metallurgical bounding, unless due
to the energy transfer the melting temperature of the substrate material is overcome. In this

case, a joint with almost no penetration is generated.

Most authors simulate the cladding process with the assumption that all the powder particles
that fall inside the melt pool are adhered to the substrate and create a clad [Toyserkani, 2004],

[Tabernero, 2012_2; Ya, 2016]. Whereas, powder particles that fall outside the melt pool,
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With the aim of developing a more complex model, El Cheick at al. went one step beyond [El
Cheick, 2012]. The developed model, besides obtaining the contact angle, predicts the cross
section of the deposited line. The approximation of the profile is based on a circle which
dimensions are determined by analytical relations. However, as it is stated at the article itself, it

does not give a whole description of the geometry of the depositd line.

Figure Il. 88: Superposition of the experimental results (continuous line) and the simulated results obtained with
linear relationships (dashed line) [El Cheick, 2012].

In the same direction, Ocelik et al. presented a recursive model for predicting the profile of the
generated coating [Ocelik, 2014]. The model is based on the results obtained in the deposition
of single clads. Afterwards, it was applied for predicting the clad height and waviness in different
track overlapping situations. Diverse profiles were testes: parabolic, arc, sinusoidal and elliptic.
They concluded that the parabolic function gives the most accurate geometry prediction of the

generated coating.

Figure Il. 89: Comparison between the experimental and calculated profile (black line) using a parabolic profile
function; single clad (left) and multiple clad overlapping (right) [Ocelik, 2014].
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Nenadl| et al. developed a similar model for predicting the profile of the deposited material

[Nenadl, 2014]. The model is based on the following assumptions:

1) The clad width is controlled by the laser beam and remains constant during

the entire process.

2) The shape of the generated clad does not vary with the overlapping of the

successive clads.

3) The amount of filler material introduced to the clad is constant during the

deposition of the successive clads.

Ya et al. used the commercial software Comsol Multiphysics to develop a 2D model for
predicting the thermal field and the geometry of the cross section for different cladding
conditions. They concluded that the shape of the deposited material is mainly determined by
the size of the melt pool and the powder distribution at the surface of the substrate [Ya, 2016].

A parabolic function was proposed to approximate the clad profile:

Fot)=a-y>+b-y+c (Eq. 1. 17)

Figure Il. 90: Schematic view of the clad profile in 2D [Ya, 2016].

The main disadvantage of all these models that predict the clad profile based on recursive
methods is the fact that they require experimental data in order to obtain results. Moreover, all
of them are based on the assumption that the filler material addition is constant, which can
introduce relevant deviations with regard to the real LMD process, because the filler material

deposition rate depends on the thermal field of the substrate.

Toyserkani et al. proposed an alternative two-step model to generate the geometry of the clad
[Toyserkani, 2004]. In a first step, the laser beam heats the surface of the substrate and the
boundaries of the melt pool are determined based on a thermal model. Afterwards, in a second
step, a constant height clad is generated based on the following formula, where “Ah” is the

height of the deposited layer, “r” is the radius of the powder flux and “At” is the elapsed time.
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m- At
Ah=—2 (Eq. 1. 18)
T-T%:p

The model is based on the assumption that the temperature of the generated layer is equal to
the temperature of the substrate below. However, a more realistic approach is the consideration
that the temperature of the powder particles when the reach the surface of the substrate, may
be different from that of the molten material. In fact, the temperature of the powder particles

when they contact with the surface of the substrate differs from the temperature of the melt

pool.
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Figure II. 91: Sequence of calculation in the proposed numerical model [Toyserkani, 2004].

He and Mazumder tracked the interface between the molten material and the surrounding gas
using the level/set method [He, 2007]. However, the model has an error when predicting the
height of the deposited material that reaches almost the 100% of the experimentally measured

height.

Tabernero et al. developed a model that calculates the height of the deposited material based
on the thermal field. On every node that exceeds the melting temperature, generates a
parallelepiped which height is proportional to the introduced amount of powder

[Tabernero, 2012_2].
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Figure Il. 92: Material deposition procedure [Tabernero, 2012_2].

The amount of material injected per element “m;” is calculated multiplying the mass flow “®;”,
that is previously obtained using a CFD model of the LMD nozzle [Tabernero, 2010], by the area

of the element “W?2” and the interaction time “t”.

m; = @;[Kg-m~2-s71] - W?2[m?] - t[s] (Eq. I1. 19)

Therefore, equaling the injected mass flow and the mass of the created parallelepiped, the
height of the deposited material for each element can be calculated by means of the following
equation (Eqg. II. 20). Where, “As” is the length of the discretization step, “p” the material density

and ”Vf" the machine feed rate.

®;[Kg-m=2-s71] - As[m]

H; =
‘T plKg -m] - Vm 5]

(Eq. 1. 20)

However, the model just predicts the geometry of a single line and actually no material is added
to the substrate. Therefore, the model does not add material that in the next steps behaves as

a substrate and cannot be applied to layer-by-layer operations.

Chew et al. developed a thermal model using the commercial software ABAQUS for solving the
numerical equations [Chew, 2015]. Nevertheless, no material displacement was considered and
the convective heat transfer in the melt pool was considered using a modified conductivity

value.
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Most of the developed numerical models are based on a series of simplifications like the
assumption that the deposited material has a fixed geometry or the powder that is
added to the substrate has a determined temperature. Moreover, many models are
orientated towards the achievement of partial results of the LMD process (residual
stresses, geometrical distortions, hardness, etc.), but there are few models that consider

the LMD process from a holistic point of view.

The modeling of the melt pool dynamics in the LMD process has been addressed with
different levels of complexity. However, no quantitative evaluation of the importance
of their consideration or omission is found. Nor the improvement of the accuracy of the

model is evaluated when the melt pool dynamics are considered.

Despite the different works that study the wire and powder LMD processes, no data that
compares the mechanical properties of parts produced by both processes have been

found.

There is a lack of background knowledge in the LMD nozzle design field. The most
important patents and design developments published during the last years have been
studied and it is noticed that no one justifies the design of the nozzle based on CFD

simulations.

In spite of the various control and monitoring systems available in the market or
developed in previous research works, no system that controls instantaneously the

powder mass flow during the LMD process is found.
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Chapter VI. Contributions and future works

In this last chapter, the main contributions of the present research work are
summarized. Besides, the future works derived from the realization of the present
project are also detailed.

VI.1. Contributions

In the present work a holistic approach of the LMD process is presented with the aim of

establishing a landmark in the LMD process setup and modeling, in order to facilitate the

industrial integration of this technology. The main contributions of the present research work

are presented in detail below.

1.-

A new methodology for the nozzle design is developed: The nozzle is one of the most
important elements in the LMD process, since it is used for focusing the powder particles
into the melt pool. Therefore, a proper nozzle design is required in order to ensure good
quality parts and enhance the efficiency of the process. With this objective, a
benchmarking of the industrial LMD nozzles that are available nowadays is carried out.
Besides, the latest patents related with the design of the LMD nozzles are analyzed and
their most important characteristics are highlighted. None of these designs is based on
the CFD modeling of the powder particles and experimental knowledge is applied in most
of the cases. On the contrary, the proposed methodology is based on the powder flux
modelling into the nozzle, which helps on the design of internal cavities and chambers in

order to obtain the required concentration of powder.

Development of a new coaxial nozzle design: In order to validate the methodology for
the nozzle design process, a coaxial continuous nozzle for complex LMD operations has
been designed. For this purpose, the design of the nozzle is optimized using the CFD model
until the initially stablished specifications are accomplished. Afterwards, it has been
manufactured and validated. Favorable correlations between the simulations and the

experimental results are obtained.

Moreover, the nozzle is applied successfully for the deposition of different powder

materials, such as Inconel 718, Hastelloy X, AISI D2, AISI H13, AISI 304, Stellite 6 or copper.
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Different tests, including coating and 5 axis repair operations have also carried out using

the designed nozzle.

Comparison between the powder and wire LMD processes: A thorough analysis that
compares both processes is carried out. For this purpose Inconel 718 tensile test probes
are built layer by layer using a longitudinal strategy and the quality of the deposited
material is characterized for both, powder and wire, LMD processes. Moreover, factors

such as material efficiency, cleanness and robustness of the process are evaluated.

Itis concluded that, both technologies are capable of building high quality parts regarding
the material integrity and mechanical properties. However, powder LMD is a more
suitable process when complex geometries or all-directional geometries are to be
generated. On the other hand, wire LMD results to be in advantage if simple geometries
combined with higher deposition rates are required for the repair or manufacture of large

parts.

Improvement of a mechanical system for measuring the powder distribution at the
nozzle exit: A set of containers are re-designed and manufactured for measuring
experimentally the powder concentration at different distances from the nozzle tip. On
the basis of the different diameters of the entrance holes, the powder distribution can be
easily determined. The measurement of the powder distribution is useful not only for
validating the manufactured nozzle, but also for verifying whether the nozzle is working
properly. This is important when the nozzle suffers a collision or results damaged during

the LMD operation.

The main characteristic of the new design of the containers is the conical shape of the
cover, which ensures that the particles that are injected outside the measuring hole do
not bounce and fall inside. Moreover, the container includes an exhaust hole with a filter
that allows the gas that has entered the container to come out, but not the powder
particles. Thus, there is no overpressure inside the container and the gas flow at the nozzle
exit is not affected. As a result of these re-design, the accuracy of the experimentally

measured powder mass flow is increased.

Development of an instantaneous powder flux regulation system: In order to enhance
the stability of the process and control the dimensions of the deposited material, the
powder mass flow that reaches the surface of the substrate needs to be controlled. The

different powder feeding systems and control mechanisms that exist nowadays are
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analyzed and it is concluded that most of these system are not capable of regulating the

powder flux fast enough.

With this objective, a regulation system based on a solenoid is developed and installed
into the nozzle. The powder flux regulation system is proved to be capable of controlling
the height of the deposited material, which results to vary proportionally to the duty cycle
of the PWM control. Using the appropriate PWM signal, a constant material deposition
rate per substrate surface unit area is obtained. Therefore, powder accumulations due to
variations of the machine feed rate can be smoothed and constant height depositions can

be obtained.

The possibility to switch on or off the powder flow at the nozzle exit enables to stop the
powder flux when the process is not depositing material, for example void movements or
when the nozzle is approaching to the starting point of the LMD process. The collected
powder in the recycling container is completely clean. Besides, as it has not interacted
with the laser beam, it has not been re-melted, and maintains its original size and shape.
Consequently, it can be reused with no drawbacks to the process. This fact results directly

in material saving and a cleaner process.

Evaluation of the importance of melt pool fluid-dynamics in Laser Metal Deposition
modeling: An analysis of the relevance of the melt pool fluid-dynamics in the LMD process
is carried out from an experimental and theoretical approach. On the basis of the obtained
results, a process parameter window where the effects of the melt-pool dynamics can be

neglected without losing accuracy is determined and justified.

First of all, the developed model is validated for a simple case where the substrate is
melted under a static laser beam and no filler material is added. Simulations and
experimental results present a good agreement considering the number of involved

parameters.

On a second step, the same model is used for predicting the geometry of the deposited
material in the LMD process, where filler material is introduced in powder form. On the
one hand, a complex model that simulates the thermo-fluid-dynamic phenomena inside
the melt pool is used, which results to be able to predict the geometry of the deposited
material with an error under the 10%. On the other hand, a simpler thermal model that
omits the movement of the molten material inside the melt pool is used to simulate the

same tests and the obtained results are compared.
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It is demonstrated that even the fluid-dynamic phenomena that occur inside the molten
material have a big influence in the resulting shape of the melt pool when no filler material
is added; their effect in the LMD process is much smaller. A coefficient named as “MP”
that quantifies the importance of the fluid-dynamic phenomena is defined. For values of
MP<1, the melt pool fluid-dynamics can be omitted without losing accuracy, what results
in a much lower computational cost. All of these conclusions have been experimentally

validated.

Development of a model that predicts the temperature of the powder particles before
they are injected into the melt pool: Powder particles result heated as a consequence of
their interaction with the laser beam during the in-flight time from the nozzle to the
substrate. A model that predicts the average temperature of the particles when they
reach the surface of the melt pool is developed. The model considers phenomena such as
the latent heat of fusion and the obtained temperature value of the particles is used as

an input value for the LMD process model.

Development of a 3D model that simulates the complete LMD process and predicts the
quality of the deposited material: On the basis of the statement that melt pool fluid-
dynamic phenomena can be neglected, a 3D thermal model that simulates the geometry

and the thermal field of the workpiece is developed.

The model can predict the mechanical properties of the deposited material based on the
process thermal history. On the one hand, the model is used for predicting the cooling
rate of the deposited material. Using experimental equations and the cooling rate, the
dendritic arm spacing (DAS) is calculated, which is proved to agree with the experimental
measurements. On the other hand, the hardness of the material is predicted based on the
sensitivity process that the material undergoes. The hardness value is experimentally

validated and good agreement is obtained.

Moreover, a porosity model that predicts the pores apparition based on the probability
of trapping gas bubbles or the generation of shrinkage cavities is developed. This model
enables to anticipate the quality of the deposited material and therefore, it can be used

for choosing the best LMD strategy.
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VI1.2. Future works

The contributions of the present work have served to pose new challenges, which can be the

origin of future works. Below are described the proposed main future works:

e Deposition of reactive materials such as titanium alloys. Due to the reactive nature of
these materials a special nozzle design that generates a protective atmosphere is

required.

e Development of specific nozzles to be used coupled with galvanometric scanners. The
main advantages of these nozzles are the high deposition rates and the increased
flexibility due to the use of a mechatronic element such as the galvanometers. However,
these nozzles must be capable of controlling automatically the powder flux in different
zones of the working volume. These nozzles will present complex designs that could be

optimized using CFD modeling.

e Optimize the powder feeding system. Integrate intelligent functions inside the LMD
machine that, based on the powder material and powder grainsize, would be capable of
calculating the rotation speed of the powder feeder in order to obtain a determined

powder mass flow.

e Expansion of the developed model and the inclusion of variables such as the residual

stresses generated during the cooling stage.

e Generation of an APl or Toolbox that facilitates the 5-axis programming of the LMD
process. This solution could be integrated inside a CAD/CAM/CAE module that facilitates
the integration of the LMD technology in the industry and minimizes set-up times of the

process.
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