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PREFACE

This thesis is submitted for the degree of Doctor at the University of Basque Country-
UPV/EHU. The research work was carried out under the supervision of Professor Franck
Andrés Girot Mata (University of Basque Country - UPV/EHU) and Professor Nicolas
Saintier (Arts et Métiers Science et Technologie), in the Department of Mechanical

Engineering.

It is certified that the work presented in this thesis is original and suitable references

are made to any work from the literature or carried out elsewhere.

The motivation for this research began with my desire to pursue a postgraduate degree
outside of my country (El Salvador), and experience a higher level of education in first-
hand. I like research, I like to develop innovation, I like to improve what already exists
and above all I am very curious. I like the experience I have gained over the years

through the people I have met.

I hope that the results of this research will be useful in solving problems related to
additive manufacturing technology of Laser Cladding, a fascinating and multidisciplinary

field of research, but one that is still too much to develop and understand.

This PhD has not only been an intellectual adventure, it has been a very satisfying
experience as part of a group without which I would never have reached the success in
the conclusion of this thesis. Here I have met people who have left their mark on my life,

and to many of them I am truly grateful for their support and confidence in my work.
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OBJECTIVE OF THIS THESIS

The objective of this thesis is:

- Establish the relationship between the process parameters and the mechanical
properties in components rebuilt by Laser Cladding process applied to the

superalloy Inconel 718.
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ABSTRACT

The industry gradually incorporates Additive Manufacturing as part of its manufacturing
processes. Laser Cladding is one of the most interesting Additive Manufacturing
technologies.

Laser Cladding technology has been considered interesting because it is very versatile,
allowing not only the manufacturing of small series of parts, but also the repair and
maintenance of components (via the addition of a cladding). To extend the service life of
high value-added components, the addition of a hard coating is desirable, or in certain
cases, to repair pieces when errors have occurred during manufacturing. One of the most
important drawbacks for the full acceptance of this AM technology is the lack of data
relating process parameters to mechanical properties. A study of the process
parameters, the microstructure that is generated and finally how this microstructure
relates to the static and dynamic mechanical properties by means of appropriate
descriptors, among other things, is necessary. This research was divided into 4 sections:

1. This research started with the study of the process parameters of the Additive
Manufacturing technology of Laser Cladding on an alloy commonly used in
the aeronautical industry, the super-alloy INCO718. The objective of this part
of the research was to establish a general methodology for finding an optimal
set of values for process parameter. Extensive use of Design of Experiments,
and Multiple Linear Regression with Optimization was made.

2. Next, using the aforementioned optimal process parameters were fabricated
series of specimens that allowed to manufacturing samples with very few
amount of defects. The raw material used for the fabrication of that
specimens (new and reconditioned metal powder), and the resulting
microstructural characteristics of the fabricated parts were investigated.
Material characterization was performed by optical microscopy, scanning
electron microscopy (with chemical microanalysis) and X-ray diffraction, in
addition to standardized uniaxial tension tests with different raw materials
(new and reconditioned metal powder).

3. Subsequently, mathematical models were developed for the Laser Cladding
process and the Crystallization Process (related to the grain morphology) for
the alloy used in this research. For the Crystallization Model, a methodology
was developed for the deduction of the constants necessary for its use.

4. For the establishment of the microstructure-mechanical properties
relationships, the use of self-developed coated specimens compatible with
those of standardized type was proposed, since there is no standard for
coated probes. The effect of the texture generated by the Laser Cladding
process was investigated by means of Uniaxial Tension tests and it was tried
to establish some relation with the Fatigue Strength in specimens of similar
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dimension. Hardness and Residual Tension tests were carried out on the
fabricated material. For the relationship between microstructure and
mechanical properties was used the Dang Van Criterion in combination with
Fractal Theory and Multiple Linear Regression models with Optimization (with
hypothesis testing).

As results for each section of this research are mentioned:

- Section 1: The use of values calculated with the Process Parameter Optimization
Method allowed the fabrication of samples for mechanical properties testing of
very high quality. The aforementioned was necessary to characterize the
manufactured alloy. The novel use of polynomial descriptors to describe the
geometry of the cladding beads of the Laser Cladding process was proposed with
very good results, besides the mathematical demonstration of the existence of
optimal values for certain parameters of the above mentioned process. Finally,
the transfer of the methodology for the solution of an industrial problem to a
company was achieved.

- Section 2: The feasibility of the reconditioning of metallic powder was
determined as a method to take advantage of the raw material and as a way to
avoid an excessive waste of the INCO718 alloy powder. It was demonstrated that
the chemical composition of the fabricated material remains homogeneous when
using optimized parameters in addition to avoiding the appearance of
undesirable phases of inter-metallic type. It was observed that the texture and
some phases generated by an additive manufacturing process are different from
those produced by traditional manufacturing of the INCO718 alloy (especially in
the distribution of Laves phase). The number of times that the metal powder can
be reconditioned without a decrease in the mechanical properties in Uniaxial
Tension test is two, and then the increase of porosity and oxygen content within
the alloy gives rise to a significant decrease in the quality of the material
manufactured by Laser Cladding process.

- Section 3: The development of Laser Cladding Model allowed to understand in
depth the effect of the variation of process parameters on the resulting
crystalline microstructure (including the dependence of alloy properties as
function of temperature). As the previous model is semi-analytical, its
implementation is relatively straightforward. The Crystallization Model allowed
using the power of a statistical probability distribution (Gumbel) as a tool to
predict the behaviour of the columnar-equiaxial transition for the INCO718 alloy,
in addition to allowing the use of the information contained in Solidification
Maps of a given alloy and transforming it to an easy to implement equation.

- Section 4: The proposed design of specimens for Tension and Fatigue life tests,
both of uniaxial type, allows distinguishing between the apparent and real
properties of the coating manufactured by the Laser Cladding process. Another
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advantage is the possibility to compare the results with the existing literature on
mechanical properties. It was demonstrated that there is no relationship between
the performance in the Uniaxial Tension test and the Fatigue Strength tests for a
material manufactured by Laser Cladding process. The combination of Dang
Van's criterion for fatigue with Fractal theory was shown to be a suitable way to
relate microstructure to mechanical properties, which was the ultimate goal of
this research.
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AMS5662M, 2009). 181

Figure IL.17. Distribution curve of grain size (a), circularity (b) and aspect ratio (c)
distribution of the NP new powder, CP3 and CP5 cleaned powders obtained after each

iteration 182

Figure I1.18. Scanning Electron Microscope micrographs of the new powder NP (a) and
(b), the cleaned powder of the 3! iteration CP3 (c) and (d), Bakscattered Scanning
Electron Microscope micrographs of the reacted powders RP3 (e) and SEM details of the

acorn-shaped particles of spinel oxide cubic phase (f) 183

Figure. I1.19. Optical micrographs of longitudinal section of clad builds (top and bottom

parts) with NP powder (a), CP4 powder (b), and Evolution of the level of porosity in the

clad builds with the number of powder reuses (c). 185

Figure I1.20. EBSD analysis of samples 1 to 4 for NP (left) and CP4 (right) powders in

both longitudinal and transversal sections. 186

Figure I1.21. Grain orientation in the longitudinal (a) and transverse (b) sections of
sample 1 (bottom of the build) and 4 (top) from clad builds NP (new powder) and CP4 (4

reuses) 187

Figure I1.22. Pole figures for NP and CP4 clad builds 188

Figure 1I1.23. SEM image of the microstructure of INCO718 in a state “as-cast” prior to
heat treatment. The boxes that are shown are areas of analysis by means of the EDXq

method (Energy-dispersive X-ray spectroscopy). 189

Figure I1.24. SEM image of the microstructure of INCO718 in “as-cast” state prior to
heat treatment (detail). EDX analyses have been carried out in specific areas to
determine the approximate composition of the secondary phases that were generated

during the additive manufacturing process. 190

Figure I1.25. Detailed chemical composition map of two sets of phases. In the upper
image it is observed that the SEM image presents “only” two phases (S and Laves
phases). The map shows the existence of more secondary phases than can be seen with

the single image at the top of this figure 192

Figure I1.26. Detail of particle analysis to confirm the chemical composition of the

existence of Niobium carbides within a zone rich in & and Laves phases..........une. 194



In service behavior of components repaired by laser cladding - Process,

microstructure and fatigue behavior relationships
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Figure III.16. Isothermal surfaces for the calculation of temperature gradients at the

T, and T,

Liquidus solicis POUNdary. In this figure the origin of the coordinate system



In service behavior of components repaired by laser cladding - Process,

microstructure and fatigue behavior relationships

(X, =0,y,=0,z, =0)coincides with that of the semi-infinite substrate of (Fig. IIL4).
The positive X coordinates coincide with the direction of advance (V) of the laser beam.
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isotherm does not coincide with the origin of the frame of reference for the vectors-lines

to define the coordinates for the simultaneous calculation of G, and Gg ....ccccccvcuunenns 246
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the projection (S -shape graph orange line) over the width of the equiaxed grain fraction
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Figure III1.27. Solidification map of INCONEL718 with the horizontal and vertical axis
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fraction model (@ ). 273
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CHAPTER IV: APPLICATION TO THE REPAIR OF COATED PROBES TO OBTAIN
MECHANICAL PROPERTIES IN CLADDING MATERIAL

Figure IV.1. Drawings with the main dimensions of standardized specimens applied to
characterize mechanical properties of cladded material made by laser cladding process.
The ratio of the total area to the cladded area is included, with all of test probes on same

scale for comparison purposes (all dimensions in mm). 295

Figure IV.2. Results of finite element analysis for three models of standardized
specimens coated with laser cladding process under different load conditions: (a) “Dog
bone long” in tension-tension test (Lourenco et al., 2016), (b) “Dog bone short” under
pure bending test (Koehler et al, 2012), and (c) Rotating cylinder with artificial notch

(Hutasoit et al., 2015). The zones where the “Max” label appears are within the volume of

the body that represents the cladded material. 299

Figure IV.3. Location for maximum equivalent of von Mises stress in specimen with the
same load configuration as indicated in (Fig. IV.2), section (c), without the use of a stress
concentrator. Note that the maximum stress tends not to be concentrated in the zone
representing the laser cladding repairment (delimited by the black lines, centre of test
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Figure IV.4. Schematic diagram of the three-point bending tests (Meng et al., 2019)...301

Figure IV.5. Tensile specimens: (a) 3D diagram; (b) longitudinal section; (c) vertical view

(Units: mm), (Z. Zhang et al., 2019) 302

Figure IV.6. Top fatigue specimen with laser deposition "as-clad"; bottom, specimen with

extended clad surface and rectified outer surface (Chew et al., 2017). 303

Figure IV.7. Schematic representation of the experimental procedure for the mechanical
testing of AISI 4340 steel: (a) .7mm grind-out depth along the direction of rolling, (b)
multi-track cladding using the optimum processing parameters to fill the grind-out area,
(c) excess clad layer removed by a CNC machine for a flat surface finish and (d)

individual dog-bone specimens machined by wire-cutting, (Sun et al., 2014)..........ccc...... 303
Figure IV.8. Set-up for fatigue testing of crankshaft segments (Koehler et al., 2011)....304

Figure 1V.9. Fatigue testing set-up: (a) rod after laser cladding, (b) four-point bending

geometry, and (c) fatigue test rig; (Alam et al,, 2013). 305

Figure IV.10. Stress field for specimens with uniform cross-section. It is considered that
in the case of the composite test probe (left), both materials show joint behaviour, i.e.
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Figure IV.11. Load balance for a coated specimen. A constant cross-section specimen is
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Figure IV.12. Left, cross-section detail in the area of the fillet radius showing a low-
quality joint of base material + cladding material. Right, effect of low-quality joint on the
tensile test result of the sample; the fracture has occurred in an undesired area of the

probe (neck); with negligible participation in the strength of the coated material............. 311

Figure IV.13. Top; coated specimen prior to uniaxial tensile test. Bottom; specimen after
test. The rupture has occurred in the middle zone of the specimen, within the calibrated

zone designed to calculate the deformation of the probe at fracture. 311

Figure 1IV.14. Coating strategies used in the preparation for uniaxial tensile test
specimens. The number of coating strategies and the number of coating layers have

been limited to isolate the effect of each configuration on the microstructure and

mechanical properties. 313

Figure IV.15. Cross-sectional micrographs of two specimens showing the change in
microstructure generated by the deposition strategy (tool path), used in the laser
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Figure IV.17. Left, drawing of Helix path on CAM code coordinates for a coated
hourglass-type specimen. Right, photographs of the sequence (from top to bottom), of
the implementation of the code on a CNC machine equipped with Laser Cladding AM
process. It should be taken into account that the kinematic elements of the CNC
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Figure IV.18. (A), cross-section of a helical material deposition on a straight cylindrical
section specimen without laser beam power control; a significant HAZ variation is
observed. (B), specimen coated in helix strategy (the area that was coated is indicated
with a red border), and a detail of the probe showing the preservation (as far as

possible), of the HAZ thickness 316

Figure IV.19. Left, coated specimen in different manufacturing stages (a) preform, (b)
coated specimen with longitudinal strategy respect to its axis, (c) coated specimen with
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General introduction: literature review on additive manufacturing and the context

of the laser cladding am process

1 General Introduction to Additive Manufacturing

1.1 Additive Manufacturing

ASTM has defined Additive Manufacturing as: a process of joining materials to make
objects from 3D model data, usually layer upon layer, as opposed to subtractive
manufacturing methodologies. Synonyms: additive fabrication, additive processes,
additive techniques, additive layer manufacturing, layer manufacturing, and freeform

fabrication (Frazier, 2014).

The origins of AM are based on the development of technology for rapid prototyping,
whose original objective was not the creation of functional parts, but simply for the “solid
visualization” of ideas (Wong and Hernandez, 2012). Subsequently, the evolution of
technology was aimed not only at visualizing the parts, but also at their functional

construction.

According to (Ngo et al,, 2018), this technology was developed by Charles Hull in 1986,
through the process known as Stereolithography (SLA). Stereolithography has been
followed by other developments such as powder bed fusion methods or fused deposition

modelling (FDM).

The concept of Additive Manufacturing does not include any restriction on the type of
material that can be used during built-up. It is equally applicable to metals, ceramics,
polymers, or even biological materials (and even a combination of all the materials

previously mentioned).

Fundamentally when we speak of Additive Manufacturing, we are talking about an inverse
process to the typical “subtractive” type of manufacturing. In this process,
manufacturing is done layer by layer, and this distinguishes AM from other traditional
manufacturing processes such as casting. Another concept that sets AM apart is its
versatility. Another concept that distinguishes AM is its versatility. Versatility is defined
as the ability to quickly adapt to the needs of a certain sector, e.g. industrial production

(where different prototypes need to be created quickly).
1.2 General Applications of Additive Manufacturing.

According to (Wong and Hernandez, 2012), some general applications of additive

manufacturing are:
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- Creating lightweight, functional machine parts: the main markets are automotive
and aerospace industry. AM is able to create "organic" parts (e.g. honeycomb
sections) or other features such as in-situ construction of channels for parts
requiring cooling.

- A One field of wide application is medical: the possibility of rapid prototyping of
patient bone models for precise diagnostic and treatment strategies, the
construction of customised prostheses, tissue manipulation for the printing of
"living parts", are just some of the possibilities. The ability to create free-form
(virtually unrestricted) shapes gives clinicians the freedom to create implants
with controlled porosity, maximising biocompatibility (Tofail et al., 2018). Other
possibilities include the use of printed tissues at the molecular-electronic level
for the development of biochips and biosensors.

- Architecture and construction: The application range of AM can be from the
architectural model construction, to the automated construction of buildings
(Ngo et al., 2018). Currently this field of application is very poorly developed. The
use of additive manufacturing can potentially revolutionize the construction
industry, reducing costs and even offering possibilities for making astronauts
shelters in places like the moon (with the use of lunar regolith).

- Improvements in energy production: The deposition of materials in a precise way
can be useful in the development and improvement of equipment such as fuel
cells. In fuel cells it is necessary to uniformly deposit a thin platinum layer
(necessary for oxidation and reduction reactions). Platinum acts as a catalyst, and
it is important to use it efficiently because of its high cost. Another specific
application is the repairment of turbine blades (for aeronautical and energy
production), for more information, see section (General introduction, section
1.12.1).

- Art, entertainment and hobbies: additive manufacturing offers the possibility to
create free shapes. One could mention, for example, its use in the field of
fashion-related art (via SLS), as well as accessories for furniture, lighting and
furnishings. Nowadays, it is also possible to buy additive machines for plastics

(3D printers) at affordable prices, which enables the mass use of this technology.

In the work of (Tofail et al, 2018) a summary table with some applications of Additive

Manufacturing was compiled, as shown in (Table 1).
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Table 1: Some of the key applications of AM (Tofail et al., 2018).

Car Industry

composite part
e Construction of production means

e Production of spare parts and accessories
e Fast standardization

e Integration of many parts in a unified

Aerospace/
Aeronautics

e Production of accessories of complex
geometry

« Control of density, mechanical properties
e Production of lighter accessories

Medicine/
Pharmaceutical
Industry

e Planning of surgical operation with the
use of accurate anatomic models that are
based on the Computed Tomography (CT)

or the Magnetic Resonance Imaging (MRI)
e Development of adjustable orthopaedic
implants and prosthetics
e Use of printed simulated corpse for

medical training in anatomy

e Printing of biodegradable living tissues
for tests during the development phase of
the medicinal product

Sports Industry

e Production of accessories of complex

geometry

e Creation of adjusted protective
equipment for better application and use
« Creation of prototypes of multiple colours
and composite materials for products

testing

Construction
industry

» Additive manufacturing of concretes for

conventional building

e Novel design of functional concretes such
as self-cleaning concrete, high

performance concrete

® Building construction using materials

found in the vicinity
e Cement free building

e Low cost, low energy building

Another interesting table was compiled by (Ngo et al., 2018). The table shows the

average resolution data associated with each Additive Manufacturing process, where it is

observed that the methods capable of producing functional parts generally have lower

resolution, which is a great disadvantage for parts that require high precision, like those

related with aeronautical applications (Table 2).

Table 2: A summary of materials, application, benefits and drawbacks of the main
methods of Additive Manufacturing (Ngo et al., 2018).

Methods Materials Applications Benefits Drawbacks Resolution range (um)
Fused deposition modelling  Continues filaments of Rapid prototyping Low cost ‘Weak mechanical properties 50-200 pm
thermoplastic polymers Toys High speed Limited materials (only
Continuous fibre-reinforced advanced composite Simplicity thermoplastics)
polymers parts Layer-by-layer finish
Powder bed fusion (SLS, Compacted fine powders Biomedical Fine resolution Slow printing 80-250 pm
SLM, 3DP) Metals, alloys and limited Electronics High quality Expensive
polymers (SLS or SLM) Aerospace High porosity in the binder

Inkjet printing and contour
crafting

Stereolithography

Direct energy deposition

Laminated object
manufacturing

ceramic and polymers (3DP)

A concentrated dispersion of
particles in a liquid (ink or
paste)

Ceramic, concrete and soil

A resin with photo-active
monomers

Hybrid polymer-ceramics
Metals and alloys in the form of
powder or wire

Ceramics and polymers

Polymer composites
Ceramics

Paper

Metal-filled tapes
Metal rolls

Lightweight structures
(lattices)

Heat exchangers
Biomedical

Large structures
Buildings

Biomedical
Prototyping

Aerospace
Retrofitting
Repair
Cladding
Biomedical

Paper manufacturing
Foundry industries
Electronics

Smart structures

Ability to print large
structures
Quick printing

Fine resolution
High quality

Reduced manufacturing
time and cost

Excellent mechanical
properties

Controlled microstructure
Accurate composition
control

Excellent for repair and
retrofitting

Reduced tooling and
manufacturing time

A vast range of materials
Low cost

method (3DP)

Maintaining workability
Coarse resolution

Lack of adhesion between
layers

Layer-by-layer finish
Very limited materials
Slow printing

Expensive

Low accuracy

Low surface quality

Need for a dense support
structure

Limitation in printing complex
shapes with fine details

Inferior surface quality and
dimensional accuracy
Limitation in manufacturing
of complex shapes

Excellent for manufacturing

of larger structures

Inkjet: 5-200 pm
Contour crafting:
25-40 mm

10um

250 um

Depends on the
thickness of the
laminates

One of the main markets for the use of Additive Manufacturing is the aeronautical

sector. In the research by (Najmon et al., 2019), the use of AM in the manufacture of

4
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multifunctional structures (those that can perform several functions simultaneously) is
mentioned. Some examples of multifunctional structures would be structures with
embedded electronics (in internal layers), structures with material hardness gradients, or
those with thermal and/or acoustic insulation capabilities included in their own

fabrication.

There are other applications in Additive Manufacturing which are related to the Materials
Processing by means of laser (specifically Laser Cladding process). Laser Cladding and

its applications will be studied in a separate section (General introduction, section 1.12.1).
1.3 Advantages and Drawbacks of Additive Manufacturing

1.3.1 Advantages of Additive Manufacturing

Among the advantages of additive manufacturing as a production method are (Ngo et al.,

2018):

- The manufacturing of complex geometry parts with relatively high precision.

- Maximum material savings per manufactured part.

- Flexibility in part design (new ways to solve problems based on different designs).

- Customization according to the user's needs (for example, in the manufacture of
medical implants).

- Ability to manufacture parts at various scales (depending on the material and the

deposition technology).
In addition (Tofail et al., 2018) mentions other potential benefits:

- Direct transfer of the Design to the Component.

- Creation of hollow parts or pieces with a light and flexible structure.

- Reduction of the need for machining of parts (or directly elimination of
machining), i.e. obtaining parts that are closer to their final functional shape.

- A way of approaching the objective of "zero waste", in terms of materials usage.

- Considerable reduction in time development from the concept of product to its
implementation in the market.

- It is possible to establish a philosophy of “direct production” based on the

demand for a certain product.
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Related to AM, specifically Laser Materials Processing, as in the Laser Cladding
manufacturing process, (Majumdar and Manna, 2011) mention some possible advantages

of an energy source such as laser in manufacturing processes:

- The ability to produce novel microstructures in a non-equilibrium state, as well as
to extend solubility in solids due to rapid cooling rates during material
solidification.

- The possibility to focus an energy source with high precision, so that high
flexibility and significant limitation of local thermal damage to the material being
processed is possible.

- The ability to integrate laser processing technology with computer-aided design,
robotics, machining, etc. is mentioned so that you can get an “all-in-one”

solution.

The research of (Najmon et al, 2019) is related to the aeronautical sector. Specific AM

advantages for the aeronautical sector are identified:

-  Complex Part Consolidation: Traditionally, complex aerospace components
contain multiple simple parts that are joined together using different types of
fasteners (welds, bolts, and welds). These assemblies offer lower reliability and
require higher inspection, tooling and maintenance costs compared to a single
piece. Additionally, geometric errors and unwanted misalignments or
deformations can exceed allowable tolerances in aerospace components.
Consolidation of complex parts can be achieved using AM.

- High material economy: An important factor that contributes to the high
manufacturing cost of aerospace components is the “buy to fly” ratio (which is
defined as the ratio between the initial raw material weight and the final
component weight). Aerospace components with large ratios (for example, thin-
walled structures and turbine blades) have 20 ~ 40: 1 buy-to-fly ratios, which
make planning of CNC tools very time consuming. In these cases, material usage
and manufacturing cost can be significantly improved with AM's free-form
manufacturing capabilities reducing the buy-to-flight ratio closer to 1: 1.

- Advantage for small series production and fast response time: AM is more
profitable to produce custom parts and small production series (common in
aerospace industry). Since aircraft have a useful life of more than 30 years,

maintenance and replacement of legacy parts and tools can involve high
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inventory costs. AM enables production of testing and replacement parts on

demand for fast shipping and installation.

An example of use of AM in the aeronautical industry is shown in (Fig.1).

(a)

Figure 1. (a) AM hydraulic reservoir rack from Airbus consolidating 126 parts, (b)

Consolidated design into one part AM (Najmon et al., 2019).

1.3.2 Drawbacks of Additive Manufacturing

Some of the disadvantages mentioned in the use of Additive Manufacturing

technologies according to (Ngo et al,, 2018) are:

In the case of metals, there are problems in the manufacturing time per part (it
can take a long time to manufacture a component compared to a traditional
process, e.g. casting).

High manufacturing cost, especially due to the complexity of the part and the use
of expensive and difficult to process raw materials.

Inferior quality in mechanical properties, as well as problems of anisotropy or
lack of precision, especially for very small parts (due to low resolution, which in
turn depends on the AM process used).

Lack of diversity in terms of materials available for additive manufacturing
(usually associated with lack of information on properties and process

parameters necessary for the use of a given material in AM).

1.4 Challenges of Additive Manufacturing

According to research by (Tofail et al, 2018), the major challenge is to transfer these

created "shapes" into functional structures (real objects), i.e. the main objective is to

transfer AM technology from a level very close to the research level to the industrial

application level. It should be noted that:
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- As a “single object” it is possible to encompass a wide variety of shapes (from a
slice of pizza to the wing of an airplane).

- The shape of the materials that can be used to create the objects (raw materials),
layer by layer, is highly variable (for example, liquids, powdered metal, or wire).

- Given the variety of forms in which the raw material for the manufacture of the
"object" can be presented, the handling of each type of raw material will be
different, which in turn will limit the functional geometry of the "shapes" that each
AM technology allows to produce.

- Related to the above, the "control" for the handling and deposition of raw
materials to form the "object" layer by layer will be different, with each of the

"controls" also having advantages and limitations.
According to (Frazier, 2014), some of the most important challenges are related to:

- Investigate the variability between the different results obtained from machine to
machine (repeatability and consistency). It is proposed that the sensorization of
the process (as an integrated part of the manufacturing), is a method of solving
the previous mentioned variability/consistency.

- The concept of “qualification” must be redefined. It is proposed that methods,
models, similarity between objects, and probabilistic type methods should be
validated. The idea is to avoid the use of part-by-part type certifications to
produce objects under the philosophy of “manufacture on demand”.

- The design concept must be redefined, and the possibilities offered by additive
manufacturing methods must be integrated from the conceptualization of the
part (the paradigms related to traditional machining must be changed).

- It is necessary to develop the basic science related to additive manufacturing.
The physical models to be developed must relate microstructure, properties, and
performance. The optimization of properties requires the development of new
alloys, a deep understanding of the effect of fatigue on parts created by additive

manufacturing methods, as well as the reduction of surface roughness.

Also, in the research of (Frazier, 2014), some other challenges identified by several

authors and institutions are mentioned, among which are:

- Lack of knowledge related to the metallurgical transformations that materials
undergo during an additive manufacturing process. Many additive manufacturing

processes subject materials to complex thermal cycles.
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- The development of material databases for use in additive manufacturing
processes. There is not much development in terms of the performance of a
given material for different additive manufacturing technologies with very few

exceptions, such as Ti6Al4V and very few other alloys.

Referred to the aeronautical sector (Najmon et al., 2019) mention two specific challenges
related to the fact that all Additive Manufacturing technologies have limitations in terms
of resolution of the manufactured part, quality and consistency of the manufactured part,
and especially deformations (among other defects). The specific challenges that this

research has identified are:

- The need for post-processing: Aerospace applications will always require some
post-processing. Additive manufacturing technologies that use powder as a raw
material leave some residual porosity, and sometimes require an annealing
process (for grain refinement) or a high quality surface finish machining. In
complex parts such as those manufactured by AM, tooling capabilities and post-
processing technology can limit the complexity of the parts, or at best delay their
lead time, production, etc. The proposed solution is to improve capabilities
through hybrid manufacturing systems.

- Development of standards and specifications: In this research (Najmon et al.,
2019), it is mentioned that the use of AM for aerospace applications is not
something new. However, there is a lot of research to be done regarding
certifying a component or part, and consensus is often not reached on how this
certification process should be done. There are some certifications regarding raw
materials, defects, and inspection methods, but there are no specifications
regarding how to achieve a correct surface finish or how to measure the

component tolerance to damage.

A general idea of the advantages and drawbacks of various processing technologies for
Additive Manufacturing can be seen in (Table 3). The processes compared (“SLM, EBM,
powder-fed DED, wire-fed DED, Binder Jetting and Sheet Lamination”), are all applicable

to manufacturing with metals (Sames et al., 2016).
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Table 3: Comparison of defects and features across platforms (Sames et al., 2016).

DED - DED - Sheet

Defect or feature LM EBM powder fed wire fed Binder jetting lamination
Feedstock Powder Powder Powder Wire Powder Sheets
Heat source Laser E-beam Laser Laser/E-beam  N/A,; kiln N/A; ultrasound
Atmosphere Inert Vacuum Inert Inertivacuum  Open air Open air
Part repair No No Yes Yes No No
New parts Yes Yes Yes Yes Yes Yes
Multi-material No No Possible Possible Infiltration Yes
Porosity Low Low Low Low High At sheet

interfaces
Residual stress Yes Low Yes Yes Unknown Unknown
Substrate adherence Yes Material Yes Yes N/A Yes

dependent
Cracking Yes Not typical Yes Yes Fragile green No
bodies
Delamination Yes Yes Yes Yes No Yes
Rapid solidification Yes Yes Yes Yes No No
In situ aging No Yes No No No No
Overhangs Yes Yes Limited Limited Yes Limited
Mesh structures Yes Yes No No Limited No
Surface finish Medium- Rough Medium-poor Poor but Medium-rough Machined
rough smooth

Build clean-up from Loose Sintered powder  Some loose N/A Loose powder Metal shavings
process powder powder

1.5 About the Design Methodology for AM and the use of Software

1.5.1 Design for AM

In the excellent work of (Wiberg et al, 2019), an exhaustive review of the available
resources is made to establish a “Design Methodology” based on the special
characteristics of additive manufacturing applied to metals. The idea of this Design
Methodology is to optimize the structural design, so that aspects of topological
optimization and AM are integrated as a whole. The methodology developed is called
(DfAM)",

manufacturing methods, general guidelines for design and software available to carry out

"Design for additive manufacturing which includes aspects such as

the entire process. The investigation is divided into 5 sections:

1. Method: describes the methodology under which the review of articles was
carried out to establish the state of the art in MA Design.

2. State of the art and classification: the different existing DfAM classifications and
processes are reviewed, where a new classification proposal is presented, as well
as a new proposal for the design process.

3. Existing methods and software: it presents how to couple the different existing
methods and software used for each step of the DfAM process that have been
proposed in the previous section.

4. Automation of the design proposal in sections 2 and 3: An improved process that

aims to automate the new proposal design system is discussed in this section.

10
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5. Conclusion and further work: this is a chapter that summarizes and concludes,

with suggestions, future research in the field of DfAM.

An example of a framework to automate a specific design methodology for AM is shown
in (Fig.2). It is observed that the design validation process is an iterative process, which
includes topology optimization, support structure(s) evaluation(s) and FEM modelling to

calculate stresses in a combined mode within a multidisciplinary framework.
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Figure 2. Proposed design automation framework (Wiberg et al., 2019).

1.5.2 The Role of Software in AM

Additive manufacturing is made possible by the advancement of other ancillary
technologies, such as "Computer-aided design" (CAD), "Computer-aided manufacturing"
(CAM) and "Computer numerical control" (CNC). The use of these previous three
technologies together makes the creation of 3D objects possible. The need for CNC
(basically referring to the machining of printed parts to their final size), is necessary
because the precision of additively manufactured parts is not yet high enough, and it is
generally necessary to give final machining to the objects created (Wong and Hernandez,
2012).

The software must fulfil an assistance and support function, in the sense that its good
design can achieve a fluid communication with the end user of the process, as well as
the coordination of all the subsystems integrated in the manufacturing of a module or
product solution. Furthermore, it should allow high flexibility to enable advanced
processes or sensorization of different configurations, and also the tracking or even
modelling of the part manufacturing (including compensation of possible deviations),
and finally the reduction of the total manufacturing time with the corresponding

economic effect (Stavropoulos et al., 2018).

1
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At the design level (in the case of powder bed technology), the software for additive

manufacturing must meet the following requirements (3D SYSTEMS, 2018):

- Establish conditions for successful 3D printing: perform all the preparatory work
necessary for additive manufacturing. For example, setting the correct
orientation, modifying conditions for correct printing, creating supports, etc.

- Optimize the design: take full advantage of the characteristics of additive
manufacturing; for example, reduce weight or improve functional properties.

- Minimize the complexity of the design to manufacture the part in the required
time: streamline the preparation and optimization workflow.

- Reduce total cost of operations: minimize printing time, material consumption

and post-processing work.

The intention is that good additive manufacturing software should be able to join the
gap between the concept of the object (usually a 3D CAD model) and the set of
instructions that will allow the part to be built on a generic AM machine. An example of a

working diagram for comprehensive Additive Manufacturing software is shown in (Fig. 3).

3D CAD SOFTWARE »» INTEGRATED AM SOFTWARE SOLUTIONS »3» 3D PRINTER
9
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Simulate  Setprinting  Calculate  Arrange build Program
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int operations
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Figure 3. Scheme with the software-assisted workflow intermediate stages description
(from the conception of a part, to its manufacture), in a generic machine (3D SYSTEMS,
2018).

In summary, a strong integration of automation, control and software within AM is
necessary to achieve high repeatability, i.e. that the manufactured parts exhibit low
variability in terms of mechanical properties. In addition, the design freedom achieved
through the various methods in AM must be exploited and integrated from the beginning

as part of the manufacturing process.
1.6 On Hybrid Machines and the Integration of AM in the Industry

According to (Sealy et al, 2018), AM hybrid processes are defined as: “the use of AM

with one or more secondary processes or energy sources that are fully coupled and

synergistically affect part quality, functionality, and/or process performance. Three key
12
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features to this definition include: (a) fully coupled processes, (b) synergy, and (c) part

and/or process improvement”.

The research of (Sealy et al, 2018) focuses on exploring the possibilities of hybrid
manufacturing, especially with regard to changing paradigms about design. To establish
a reference framework, it is first necessary to define what is to be studied, and its scope.
Therefore, in this research, a clarification of concepts is made about changing the
conception that hybrid manufacturing is a sum of consecutive isolated processes, and
moving to a concept where the processes "is at the service” material to turn it into

something with much improved features.

The three key characteristics that define a hybrid manufacturing process are thoroughly

discussed:

- All the processes involved must be fully integrated. It is not possible to call
hybrid manufacturing, for example, a process that is sequential. A process that
could be described as sequential is one in which a part of the piece is printed,
say by the Laser Cladding process, and subsequently machined in a completely
subsequent operation.

- The use of high synergy (it is related to the increase in the characteristics of the
material that is manufactured by the combination of two or more processes): it
seeks to obtain a part with characteristics that are more than the simple sum of
the processes per separate (philosophy of the type 1 + 1 = 3).

- The process improvement (such as a study to carry out a paradigm shift through
the use of hybrid manufacturing technology), transforming it in something
capable of increasing desirable characteristics in the material (for example,

hardness or ductility), compared to other traditional manufacturing methods.

In the research of (Merklein et al, 2016), the possibilities of integrating AM technologies
in a process combined with traditional manufacturing technologies are analysed,
exploiting the advantages of both worlds (traditional manufacturing with additive
manufacturing). Emphasis is placed on the integration of additive manufacturing in CNC-
type machining centres to generate a symbiosis for the production of “all-in-one” parts.
In that research a study of several technologies that can be integrated in machining
centres is made; and it is concluded that the main interest in the creation of hybrid
solutions is the enormous freedom of design, process flexibility and high efficiency in

the use of raw materials. Some limitations related to the increase in the number of

13



General introduction: literature review on additive manufacturing and the context

of the laser cladding am process

control parameters for the manufacturing process of the parts are also mentioned, in
addition to the variability of mechanical properties in the products manufactured by AM,
and the limited capacity of hybrid technologies for large-scale production. But, on the
other hand, the ability of CNC + AM technologies to produce batches of small parts
relatively inexpensively is taken as an advantage. In (Table 4) a summary of the
traditional + additive manufacturing categories that the aforementioned author has

investigated is presented.

Table 4: Categorization of additive manufacturing processes and the combination with
conventional processes (Merklein et al., 2016).

Additive Process Characteristic Process Combination

+ high complex part geometry
- limited on plane building platform
- risk of powder dust by opening the machine

Laser Beam Melting - integration in process chain only

Laser Metal Deposition + build up on any freeform substrate
+ multimaterial production
- risk of powder dust by opening the machine - integration in process chain
Metal Powder Application ~ +small heat input - integration in CNC milling and
- risk of pOWdCI' dust by OI)Cllillg the machine [urning centers for a gcqucmia]
- patented by Hermle process
Gas Metal Arc Welding + high build-up rate

+ well known process
- inadequate accuracy

The limitations for the industrial implementation of Additive Manufacturing technology
are the main topic of the research of (Stavropoulos et al., 2018). Limitations such as: low
work speed, limited work volumes and post-processing of the parts (secondary
treatments) are analysed; as the main causes that prevent the full implementation of AM
in the industry. It is mentioned that the main opportunity to integrate AM in the industry
is its combination with traditional manufacturing technologies (as machining). As a
proposed solution, the use of integral manufacturing cells with a high degree of
automation is proposed. The necessary aspects to ensure consistency in product quality
are also discussed; without sacrificing flexibility, productivity and economy. The use of
integrated technologies in AM would be considered to produce mainly high value parts.
The schematic description of the proposed integration of Additive Manufacturing in

industry is shown in (Fig. 4).
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Figure 4. Schematic representation of the approach proposed using a set of subsystems
(robotic positioning system, Directed Energy Deposition, milling centre, laser ablation,
thermal camera, etc.), (Stavropoulos et al.,, 2018).

In the work of (Tofail et al,, 2018), a representative table is presented with some of the
representative brands and machines for the different additive manufacturing
technologies for metals, observing a large dominance of manufacturers of European and

North American origin (Table 5).

Table 5: General characteristics of AM of metals and manufacturers of AM machines

(Tofail et al., 2018).
AM system and manufacturer Build volume Heat source and process Country of
(mm > mm x mm) manufacturing

Powder bed ARCAM (A2) X =200-300 Electron beam melting (EBM) Sweden
EOS (M280) Y = 200-300 Direct Metal Laser Sintering (DMLS) Germany
Concept Laser Cusing (M3) Z =200-350 Selective Laser Sintering/Melting (SLS/SLM) Germany
MTT (SLM 250) Germany
Phoenix system group (PXL) France
Renishaw (AM 250) UK
Realizer (SLM 250) Germany
Matsuura (Lunnex Advanced 25) Japan

Powder feed Optomec (LENS 850-R) X =600-3200 Laser engineered net shaping (LENS) USA
POM DMD (66R) ¥ = 1500-3500 Direct Metal Deposition (DMD) USA
Accufusion Laser consolidation Z =350-1000 Laser consolidation (LC) Canada
Irepa laser (LF 6000) Laser Deposition (LD) France
Trumpf Germany
Huffman (HC-205) USA

Wire feed Sciaky (NG1) X =600-750 Electron beam melting (EBM) USA
MER plasma FFF Y = 500-600 Plasma arc melting USA
Honeywell ion fusion formation Z =500-5000 Plasma arc melting USA

1.7 Economic Aspects of Additive Manufacturing.

According to (Tofail et al, 2018), the success of the Additive Manufacturing concept
depends on how well these “parts” fulfil the task for which they were designed (direct use
in the market). The desirability of AM (in terms of the flexibility of this technology), must
be in line with the fact that it is necessary to "assure" the quality of the material from
which the "objects" are created, i.e. how well the parts manufactured by additive
technology meet predefined material standards; all the while trying to keep production

15



General introduction: literature review on additive manufacturing and the context

of the laser cladding am process

costs competitive. Much of the current excitement will depend on how well the problems
related to the consistency of the mechanical properties of the manufactured materials
are solved, so that additive manufacturing truly becomes an important field of industrial

manufacturing.

At the level of a business plan, (Frazier, 2014) indicates that many factors must be taken

into account. Among the most important are:

- The ratio of fixed costs / non-recurring manufacturing costs.

- The cost of certification of the manufacturing process and the components
manufactured by it.

- Logistics costs (production orders will generally be on-demand).

- Cost of time (an additive manufacturing process will be slightly slower when a
high volume of production is required).

In the same document (Frazier, 2014), some ideas on cost estimation techniques are
included, in addition to a methodology to allocate these costs based on the stage of
product development: (i) costs based on activities carried out, (ii) total life cycle costs,

(iii) costs based on objectives and (iv) costs totals.

An interesting way to visualize the effect of the number of pieces on the profitability of

an AM process is given by (Fig. 5), a theoretical graph where it is assumed that:

- The total cost is a linear function of the number "x" of pieces that are produced.

- Fixed costs for AM technology are one-tenth of those for conventional
manufacturing.

- Recurring costs for an AM technology are higher by a factor of 1.5x and 2x (taken
as two separate case studies).

The y-intercept on the graphs in (Fig. 5) represents the fixed cost, while the slope is the
ratio of the recurring cost of the process divided by the recurrent cost of conventional

manufacturing.

In general, conventional manufacturing (involving metal working, machining, etc.), has
higher fixed costs, e.g. tools, dies, and fabrication space. However, its recurring costs are
usually lower than those of AM, for example, in raw materials. This makes conventional
manufacturing processes more competitive for large production runs. The crossover
point (equivalent cost point) depends on the relationship between the recurring cost of
AM and the recurring cost in conventional manufacturing. The breakeven point for a 2x
recurring cost index is around 90 units, while it is 175 units for a 1.5x recurring index. For
a 1x recurring cost ratio, AM costs would be lower for all production volumes. In this
16
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research it is argued that the cost of raw materials (powder and wire) is a significant
recurring cost factor for AM technologies, therefore, it is necessary to emphasize their

price reduction.
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Figure 5. Low volume business case for AM vice conventional fabrication methods
(Frazier, 2014).

The factors for and against the two approaches under study (Additive Manufacturing

compared to Traditional Manufacturing), can be summarized in (Table 6).

Table 6: Factors favouring AM Vice conventional manufacturing (Frazier, 2014).

Favor AM Favor conventional manufacturing

Low production volumes Large production volumes

High material cost Low material costs

High machining cost Easily processed/machined
materials

Capital investment Centralized manufacturing

Logistics costs
Transportation costs
Prototyping

One conclusion of this study is that Additive Manufacturing is profitable only for small
production batches, where the high cost of raw materials is offset by the high fixed costs
of conventional manufacturing methods. It is also possible to create business
opportunities by offering certain large organisations (e.g. Defence), the ability to reduce

the cost of inventory holding, logistics footprint or energy.

In the research by (Najmon et al, 2019), the focus is on the application of AM in the
aerospace industry. However, market-related aspects are also studied, such as the use of
additive technology for different types of industry (Fig. 6). The final conclusion of this
study is that additive manufacturing is cost-effective in the aerospace maintenance
industry as long as the repair time will be short and also the use of the technology will be

focused on high value-added parts. It is concluded that most of the time spent on the
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repair of high value-added parts is spent on the preparation of the part, and this is

sometimes comparable to that spent on the manufacture of a new part.

Motor vehicles
14.8%

Architectural ?t;;r
30% __—

Government/military.
6.2%

Academic institutions £
8.1%

Aerospace
18.2%

Medical/dental
11.0%

Consumer Industrial/business
products/electronics machines
12.8% 18.8%

Figure 6. Additive manufacturing market share by industry (Najmon et al., 2019).

At the profitability level, according to (Tofail et al., 2018), the success of additive
manufacturing lies in how well this manufactured "object" serves its intended use in the
market. Translating the superiority and convenience of AM in creating forms and
structures into useful products is essential for their adoption in the industrial matrix.
Commercial success will also depend on how much it can be ensured that the properties
of the materials, in the desired shape or structure, actually comply with the accepted and
predefined standards while the cost of production is competitive. In other words, market
acceptance of products manufactured through AM will occur when the parts produced
through this technology meet the desired properties through appropriate measurement
or metrology. This inter-relationship between market, manufacturing, materials and
metrology is shown in (Fig. 7), (4M methodology). Related to (Fig. 7), the (Table 7) shows

a summary table of the main key issues related to the 4M methodology.
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Table 7: A summary of the issues related to the 4Ms of
additive manufacturing (Tofail et al.,, 2018).

Making - Evolution of the layer-by-layer fabrication technology
with versatility, flexibility and customization
- Wide range of materials including metallic, ceramic,
polymers and their combinations in the form of
composites, hybrid, or functionally graded materials
(FGMs)
- Development of self-contained, robust, user-friendly,
safe, integrated system that would provide the required
power, scan motion and speed, high feature-volume
resolution with concomitant energy for part fabrication
and dimensional control.

Material - Manufacturing techniques, data communications and
system changes within Industry 4.0 or Manufacturing 4.0
- Homogeneity prerequisite
- Surface key properties
- Extent of required finishing
- Nanometers to micrometre feedstock material size

Metrology - Need for real time in line quality assurance
- Monitor and control towards optimization
- High level of customization of the techniques for in situ
measurements
- High accuracy and measurement speed requirement

Market - Factory 4.0 or Manufacturing 4.0 benefit from Digital
Innovation Hubs
- AM industries range from space to toy to food and
represent a multi-billion dollar industry
- Cheaper machines makes AM more accessible

Figure 7. The four M's (4Ms)
of additive manufacturing:
Materials, Making,
Metrology and Market.

Related to the supply chain, the work of (Szymczyk-Zidtkowska et al., 2019) shows that it
is possible to establish production standards based on the particularities of Additive
Manufacturing. A logistics methodology is also proposed that would enable (from the
point of view of the supply chain network), the management of storage and packaging
and delivery processes. The full introduction of AM-based production would minimise the
costs and space required for logistics procedures. In the area of warehouse

management, significant benefits were also identified, such as: lower material stock
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levels, and an optimisation of all logistical aspects of the transition of assets from

traditional manufacturing to additive manufacturing.

In conclusion, significant time and cost savings are possible. The packaging processes

would remain similar to the ones used in traditional production. The summary of the

proposed logistics methodology in this research is shown in (Fig. 8).
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Figure 8. Processes, divided according to the three macro-sectors of logistics (supply
chain management, storage management, packaging), to be carried out in case of
manufacturing technology replacement (Szymczyk-Ziotkowska et al., 2019).
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1.8 Several Classification Approaches to Additive Manufacturing

Regarding to standardization level, (Tofail et al, 2018) mentions that ISO and ASTM

have classified Additive Manufacturing processes in the following seven categories:

—

Binder jetting (BJ).

Directed energy deposition (DED).
Material extrusion (ME).

Material jetting (MJ).

Powder bed fusion (PBF).

Sheet lamination (SL).

N o o Mo Db

Vat photopolymerization (VP).

In (Fig. 9) a general map of the main industrial processes of Additive Manufacturing is
shown. This first classification is a function of the material to be processed. Different raw
materials are included such as: metals, plastics, composite materials, waxes, plaster,

sand and paper.
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A second classification can be made based on the temperature necessary for processing

the raw material:

- Polymers and all associated products (such as those with a composite matrix)
have relatively low melting points. In addition to low melting points, polymers
have the advantage that they generally do not require special production
environments (e.g. the use of protective atmospheres or vacuum). These
polymers are relatively easy to cure and tend to bond easily.

- On the other hand, the fabrication of metal or ceramic parts in the context of AM
is not easy due to the high melting points of the raw material. For this reason,
lasers are a convenient means to use as an energy source for melting these high

melting point materials, especially in the case of metals.

Another possible classification of additive manufacturing technologies is based on the

physical state of the raw material, being it liquid, solid or powder (Fig. 10).

AM
pl‘UCESbES
" Liquid ‘ [ Solid Bk |
. based | | based based
Melting ‘ Polymerizalion‘ ' LOM ‘ Melting Binding
. P
FDM | SL Polyjet | SLS | EBM | LENS | 3DP |[Prometal|

Figure 10. Three-dimensional printing processes (Wong and Hernandez, 2012).

For this research, a different categorisation will be used, based on the ability of a
process (referring to a metallic material) to create parts with the characteristic of being

solid and dense as a result of a single (one-step) manufacturing process.

According to (Azam et al.,, 2018), when a metal is used as a raw material in an Additive
Manufacturing process, there will be a classification depending on the amount of post-

processing of the cladded material.

- If the object has been manufactured without the need for post-treatment, it is
said to be of "Direct Manufacture". An object manufactured from Direct
Manufacturing is consolidated as a single piece from the beginning (the raw
material solidifies to form the final part).

- If the object has been manufactured and needs some other treatment to

consolidate the piece, it is said that the object is of type "Indirect Manufacture".
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In an Indirect Manufacturing object, the metallic material is shaped by means of
a binder, and post-processing generally makes use of a treatment that combines
temperature and pressure to achieve the desired material density. The

classification for these AM processes in metals is shown in (Fig. 11).

Additive Manufacturing of Metals

Indirect Direct
Selective Fused Laminated . . Selective Electron
. . . 3 Dimensional Laser Metal
Laser Stereolithography || Deposition Object Printin Laser Denosition Beam
Sintering Modeling | Manufacturing s Melting P Melting

Figure 11. Classification of metal AM processes (Azam et al., 2018).

1.9 Metal Alloys used in Additive Manufacturing

The primary objective of an Additive Manufacturing process using metals will be to
consolidate the raw material (powder, wire or sheets) into a dense and functional piece.
The consolidation of the material through a melting-solidification process will make use

of an energy source (laser, electron beam, electric arc as the most common).

For metallic materials (DebRoy et al., 2018) shows in (Table 8), a list of alloys commonly

used in AM, along with their applications.

Table 8: Common additive manufacturing alloys and applications (DebRoy et al., 2018).

Alloys => Aluminum  Maraging steel  Stainless steel Titanium  Cobalt chrome Nickel super alloys  Precious metals
Applications J

Aerospace X X X X X

Medical X X X X
Energy, oil and gas X

Automotive X X X

Marine X X X

Machinability and weldability X X X X

Corrosion resistance X X X X

High temperature X X X

Tools and molds X X

Consumer products X X X

1.9.1 Alloys and Material Properties

The properties of materials produced by additive manufacturing are very special. In the
creation of metallic objects (depending on the technology), a small molten bath and the

resulting rapid solidification process are characteristic.

The reasons for the special characteristics of a material manufactured by AM according

to (Aumund-Kopp and Riou, 2019) are: (i) fine microstructure due to rapid solidification,
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(ii) anisotropy in the build direction of the deposited material layers due to their
overlapping (layers are built up in the Z-direction). In the XY directions it is possible to
eliminate anisotropy with a suitable material deposition strategy. On the other hand,
practically porosity-free material can be obtained with a suitable deposition strategy
(with densities of about 99.9% as is common). In addition, additive manufacturing can

be combined with a technique such as HIP to achieve full material density.
1.9.2 Nickel Base Alloys for Additive Manufacturing

Within the types of alloys available for additive manufacturing, this review will focus on
nickel super alloys. In addition, of the common types of raw materials that can be used,

the use of powder metal will be explored.

There are several Nickel-based alloys available for AM. According to (DebRoy et al,
2018), some of the most common nickel-based alloys in AM are also among the most
common alloys used in the aircraft industry: Inconel 625, Inconel 718, as well as Invar
36. The measured mechanical properties for different AM technologies have been

compiled in (Table 9).

25



General introduction: literature review on additive manufacturing and the context

of the laser cladding am process

Table 9: Summary of mechanical properties of Ni-base alloys fabricated by AM in literature, compared to traditionally processed counterparts,
where HT=heat treated (DebRoy et al., 2018).

Alloy P (W) v (mmys) H (J/mm) Orientation  E (GPa) a, (MPa) s (MPa)  Elongation (%) HV

Powder bed fusion -
laser heat source

Invar 36 400 1800-4300 0.22 As-deposited Long. 400 535 14
Transv. 340 455 30
HT Long. 31 447 32
Inconel 625 200 800-1200 025 HIP Long. 380 900 58 347
Transv. 360 880 58 296
Inconel 625 50 130 038 As-deposited  Long. 202244412 800+ 20 1030 £ 50 8-10
Transv. 14066 £8.67 1070+60 720+30 §-10
Haynes 230 200 450-1200 0.44 As-deposited  Long. 205+4 798 +5 1102 £6 281
Transv. 1521 656 +4 94142 32+3

Powder bed fusion -
electron beam heat source

Inconel 625 1800 104 0.18 As-deposited  Transv. 410 750 44 224
HIP Transv. 330 770 69
Directed energy deposition —
powder feedstock
Inconel 718 - - - As-deposited Long. 650 1000 38% (Reduction in area)
HT Long. 1257 1436 13% (Reduction in area)
HT+ HIP Long. 1155 1380 204% (Reduction in area)
Inconel 718 2350 8 294 As-deposited Long. 590 845 11
HT Long. 1133 1240 9
Long. 1170 1360 18
Directed energy deposition -
wire feedstock
Inconel 625 5 As-deposited Long. 180 722+17 4227424 240-270
Transv. 684 +23 4013 237
Inconel 718 5 As-deposited Long. 154 +1 473 +6 828+8 28+2
Inconel 718 As-deposited Long. 163 666 1022 26.1
HT Long. 241 947 1242 235
HT Long. 258 932 942 222
Traditionally processed
Inconel 718  Cast - typical 915 1090 11 266 (max)
Annealed and Aged - 862 1034 20 318
minimum
Inconel 625  Cast - typical 350 710 48 266 (max)
Annealed - typical 430 940 515 145 (min)
Invar 36 Cast - typical 265 483 44 -
Annealed - typical 260 470 37 131
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A different compilation of Nickel-based alloys used in AM is presented by (Graybill et al.,
2018) in (Table 10). Some of the property data in the direction normal to the direction of

the material built layers (Z direction) is included in (Table 10).

Table 10: Achievable room-temperature mechanical properties for various materials and
AM processes (Graybill et al., 2018).

Achievable Properties (Room Temperature)
Yield Strength (MPa) Ultimate Tensile Strength (MPa) | Elongation at Break (%) Hardness
Material Process XY 4 XY 4 XY 4 XY z
Hastlloy X SLM 815 [69] 937 [69] 36 [69] 277 £ 3.9 (HV0.5) [17] -
Inconel 100 | DED 956" [39] 1050 - 1070"* [39] - 9 (39] -
SLM 400" [61] 930" [61) 53*A[60] | 58 [60] | 355-360 (HV0.5/30)" [55] -
EBM - 330 [39] - 770 [39] - 69 [39] 280 (HV0.1/10) [39] 250 (HV0.1/10) [39]
Inconel 625 460-520° | 460-480° | 860- 920" . N ane 225 (HBW 2.5/62.5)
DED 3] [33] [33] 860- 800" [33] 43-46* [33] | 40-48* [33] [12]
BJ 327 [9] 612+ [9] aspg | P74 ““‘E]HVO’” 10y
24511 | 215213 338 + 11 (HV10/10)*
M | 1186* 1180* 14400 1400 HVO.1/1
Inconel 718 SLI 86" [62] 80" [62] 0" [62] 00" [62] [19] [19) 395.8 (HV0.1/10) [20] 63]
DED |1007.6" [64] 1321.0% [64] - - 456.6 (HV0.5/10)* [31] | 281 (HV0.5/10) [65)
1000 - . . as Ax A
Inconel 939 |  SLM 1020n [pe] | 127571300 [86] | 14.5™ [66] | 25" [66] 450 (HV0.5)" [66]
K465 DED 917 [67] 1205 [67] 8.5[67] 498 (HV0.5/15) [67]
Nimonic 263 |  SLM 5"3[7*512”” 709 + 7 [76] 12??5 ™1 estzape  |20:30[6)| 7021178
Rene 142 EBM - 39 (HRC) [68]
A denotes property was achieved through heat treatment. * denotes the value is approximated from research paper.

In (Fig. 12) a selection of mechanical properties values for the uniaxial tensile test from
different investigations compiled by (Graybill et al.,, 2018) is shown. The wide dispersion
of two representative mechanical properties (the fracture strength and elongation at
break) can be noticed for two of the most common aeronautical alloys: Inconel 625 and
Inconel 718. The existence of a wide dispersion can be attributed to the lack of
standards regarding the process parameter window for different types of Additive

Manufacturing technologies.
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Figure 12. Tensile Strength and Elongation at break for conventionally and additively
manufactured IN625 and IN718 (Graybill et al., 2018).
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Regarding the ductility and anisotropy for the Tensile Strength Limits in the longitudinal
and transverse directions of specimens made of Nickel based alloy through AM, (DebRoy
et al, 2018) have created the graphs shown in (Fig.13). The conclusions on this latest
research are: (i) regarding material anisotropy there is no clear trend, which is the result
of lack of data and research to establish the relationship between process parameters,
microstructure and mechanical properties. (ii) The same conclusion can be drawn with
respect to ductility due to the lack of research and data, especially for nickel-based

alloys manufactured by AM.
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Figure 13. (a) Tensile strength versus uniaxial tension ductility for Ni-base alloys
fabricated via AM. Determination of presence of mechanical anisotropy in additively
manufactured Ni-based alloys with (b) transversal versus longitudinal tensile strength
and (c) transversal versus longitudinal ductility (DebRoy et al.,, 2018).

The range of mechanical properties of an additively manufactured material ranges from
being superior in quality to that of a cast material, but inferior to that of a forged

material (Aumund-Kopp and Riou, 2019).
1.9.3 Use of Metal Powders in Additive Manufacturing

According to (DebRoy et al, 2018), the use of powders for Additive Manufacturing is a
convenient method of adding the necessary material for part manufacture. It offers
flexibility in the sense that metal objects with certain specific metallurgical
characteristics can be constructed by simply mixing powders with different types of
alloys. A disadvantage is that it is very difficult to produce high quality metal powder (it
is very expensive). The characteristics that a high quality metal powder must have are as

follows:

- Adequate shape (sphericity).
- Uniform size distribution.
- Surface morphology (smoothness is intended).

- Chemical composition according to alloy standard, without segregation.
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- High fluidity.

- Low porosity (porosity can be transferred to the part during manufacture).

The quality of the powder is highly dependent on the manufacturing process. According
to (Aumund-Kopp and Riou, 2019), the gas atomization process (GA), where a flow of
liquid metal is atomized with the help of an inert gas at high pressure, is the most
common process. The gas atomization process produces very spherical powder, which is
beneficial for its fluidity. Other process uses water instead of a gas to atomize the metal,

with the disadvantage that the powder produced is quite irregular.

Other common powder production techniques are according to (Sames et al, 2016):
rotary atomisation (RA), plasma rotating electrode process (PREP), plasma atomisation
(PA), and others. Some atomisation techniques produce irregular shapes (such as RA),
some produce a large amount of satellites (such as GA), and some produce very

spherical and smooth powder (such as PREP and PA).

A major problem is the porosity of the powder. The porosity of the powder is due to the
manufacturing process, in the case of the gas atomisation (GA) method. This porosity is
then trapped inside the part itself, due to the rapid solidification during the
manufacturing of the object. The spherical shape of the cavities is a characteristic of the

gas porosity, which makes them easy to recognise.

The (Fig. 14) shows the morphology of different types of metal powder and also the effect

on the quality of the deposited material depending on the raw material.
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—
Deposition buyld‘up direction

Figure 14. SEM image of alloy powders manufactured by (a) PREP (b) RA and (c) GA
process. Comparison of shape of powders fabricated by (d) GA and (e) WA process.
IN718 component fabricated using (f) GA and (g) PREP powder, (DebRoy et al., 2018).

The powder size to be used depends on the AM technology (Aumund-Kopp and Riou,
2019). For powder bed technology, the usual particle size will be between 10 and 20 um,
with a maximum of up to 50 um. All powder particles smaller than 1® and even down to
10 um should be discarded. Using too fine a powder will cause flowability problems (due
to the high surface/volume ratio). For the Laser Cladding process (and for the EBM
process), the typical powder size will be between 50 and 180 uym (EBM) and up to a

maximum of 150 ym (for Laser Cladding).

The size distribution of the powder should be as uniform as possible. In addition to a
uniform size, it is also important that the surface of the powder is as smooth as possible.
The use of a good quality powder allows it to be concentrated in the focal plane (the
working area), and in the case of a Laser Cladding process will help the deposition of
material to be efficient. The reduced size of the powder allows this expensive raw
material to be used more efficiently. In the case of Additive Manufacturing processes
using powder bed technology, other sizing factors, such as the packing factor, must be

considered. These aspects for powder bed processes will not be developed in this paper,
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as that technology will not be used in this thesis. For more information, the reference of

(DebRoy et al., 2018) can be reviewed.

Recycling of metal powder is only possible to a limited extent. For example, according to
(Sames et al, 2016), with the reuse of previously collected powder, some of the
sphericity of the powder is lost. It is mentioned that the flowability of the powder itself is
not greatly affected by reusing the powder, because while its moisture is reduced, the
percentage of powder with satellites is also reduced. In (Renderos et al., 2017), it is
concluded that it is possible to recondition and reuse the metal powder for a Laser
Cladding process a certain number of cycles before a noticeable decrease in mechanical

properties is noticed.
1.9.3.1 About the Chemical Composition of Metal Powders

The composition of the metal powder must comply with the standards of the respective
alloy. Just as important as the composition of the powder are the "interstices" within the
raw material itself. Interstices can contain gases such as nitrogen, as well as carbon or
sulphur, and other impurities (e.g. intermetallics), which can negatively affect the
mechanical properties of the alloy. The use of gas atomisation powder production
technology tends to generate a raw material with high oxygen content. The high oxygen
concentration is due to the high surface area/specific area ratio of the powder. The
variation in powder composition can affect the alloy's melting temperature, mechanical
properties, weldability (understood as the ability to form a good quality metallurgical

joint), thermal properties, etc. (Aumund-Kopp and Riou, 2019).

The composition of the metal powder can vary depending on the number of times it is
reused. This is especially true for alloys that are very sensitive to the presence of oxygen,

nitrogen or other gases, e.g. Ti6Al4V (Sames et al., 2016).
1.9.3.2 Regulations Applicable to Metal Powders

Apart from the nominal alloy composition, there are regulations for the quality control of
the powder that include aspects such as: Fluidity, Apparent density, Angle of repose,
granulometry and foreign matters content due to the manufacturing process. For more
details see the references (Aumund-Kopp and Riou, 2019; DebRoy et al., 2018; Sames et

al, 2016).
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1.10 Laser Material Processing and Additive Manufacturing

The variety of processes in which a laser beam can be used is very wide and can range
from basic scientific research and industrial processes to more mundane applications
(Majumdar and Manna, 2011). In this context, all biomedical, spectroscopic, metrological,
etc. processes will be excluded and the emphasis will be on the processing of metallic

materials only.

At the material processing level, a laser is particularly interesting as a source of very high
quality thermal energy. A laser beam makes it possible to work with a material through a

heating process that can be very focused and fast.

According (Majumdar and Manna, 2011), it is possible to classify the use of lasers in
materials processing into four different categories: Forming, Joining, Machining and
Surface Engineering, all of which are laser assisted. It is also possible to divide laser

material processing according to the amount of energy used in the process:

- "Low Energy" processes are those where the amount of energy used in the laser
beam is limited, with very small changes at the level of microstructure and
affected volume, absence of phase change (there is no perceptible change of
state). Two examples of Low Energy processes are polymer curing and integrated
circuit marking.

- “High Energy” processes are characterized by a high amount of energy used in
the laser beam and generally require a change of state or phase transformation
in the material being worked. Examples of this type of process are laser cutting,
in addition to welding, tempering and the deposition always by laser (Laser

Cladding).
1.10.1 The Laser and its use in the Industry
1.10.1.1 Definition of Laser.

Light amplification by stimulated emission of radiation (laser) is a coherent and
monochromatic source of electromagnetic radiation that can propagate in a straight line
with negligible divergence. In other words, a laser is simply a specific type of light that
has been amplified giving energy to something called the active medium (stimulating
this medium), creating in turn radiation and this radiation in turn stimulates the medium

that generates it (Berkmanns and Faerber, 2010).

32



General introduction: literature review on additive manufacturing and the context

of the laser cladding am process

1.10.1.2 Principle of Operation of a Laser

The active medium will be simplified as a set of atomic nuclei surrounded by electrons.
The form of excitation (the way in which the active medium is stimulated) is by means of

electromagnetic radiation of energy E according to (Eq. 2).

The operational process of a laser can be described in four distinct stages (Berkmanns

and Faerber, 2010):

- It start from an active medium in a low energy state (state E;), as shown in (Fig.
15a), to which energy E is supplied.

- Atoms are excited to a state of higher energy, which is reflected as a transfer of
electrons (e), towards layers that are also of higher energy (from state E; to state
E,), as shown in (Fig. 15 b).

- Atoms in the excited state begin to oscillate, making the "high-energy state" very
unstable. To return to a "low-energy state", a process known as "spontaneous
emission" takes place, as it is not triggered by any external agent. In general, the
half-life of an excited state is very low, in the order of 1078 s, but in certain cases
a meta-stable state can be reached with duration of the “high energy state” on
the order of 10~° s. The photons emitted by spontaneous emission from an atom
are neither monochromatic, nor directional, nor coherent (Toyserkani et al.,
2005), as shown in (Fig. 15 c). The energy degradation can also take the form of
heat or other energy pulse E. This process does not allow the emission of a beam
with the characteristics of a laser by itself.

- To make the light emission monochromatic, directional and coherent, it is
necessary to change the way the atoms return to the “low energy state”. The
process consists of "irradiating" the active medium with radiation of a frequency
lower than that of the active medium during the “high energy state”. When the
active medium is stimulated while in “high energy state”, two photons will be
released (the atom will no longer store energy). The two photons that will be
emitted will be at the frequency of the light at which the active medium is
radiated, as well as travelling in the same direction. The emission that is
generated in the active medium in the previous manner is called “stimulated
emission”. The stimulated emission process is an amplifier of the original
incoming radiation. If the process is “fed” with sufficient energy, the emission of
radiation will be brought to a state such that amplification with a “snowball”

effect is generated, as shown in (Fig. 15 d).
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a) Atomic model b) Excitation
| c) Spontaneous emission t~108 s | | c) Stimulated emission t~10¢ s
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AN: atomic nucleus, e: electron, E: energy, E; and E,: energy levels

Figure 15. Model for: atomic model, excitation, spontaneous emission, stimulated
emission (Berkmanns and Faerber, 2010).

The stimulated emission process described in (Fig. 15) is for a single atom. However, in
practice a laser requires the interaction of a large number of atoms. The number of
atoms that can be found in an active medium in a “high energy state” at any given time

can be described by (Eq. 1):

Ny, = Nye~E1=E2)/0T Eq. 1
Where:

No: number of atoms in a high energy state within the active medium.

Ny: number of atoms in a low energy state within the active medium.

T: equilibrium thermal temperature.

o is the Boltzmann constant (~1.38065 x 10-23) J.K™

1.10.1.3 Characteristics of a Laser Beam

The fundamental theory of laser was established by Einstein (Carpene et al.,, 2010), but it
was not until 1960 that a practical laser was created due to the works of Maiman (a ruby-
based laser). The monochromatic wavelength for lasers varies from the ultraviolet to

infrared range, as shown in (Fig. 16), (Majumdar and Manna, 2011).
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Figure 16. The regions of the electromagnetic spectrum, highlighting the optical
spectrum which includes the visible and ultraviolet regions (Zwinkels, 2015).

The monochromatic wavelength of lasers is around the wave range of visible light, as

shown in (Table 11).

Table 11: Regions of the electromagnetic spectrum (Zwinkels, 2015).

Wavelength range (nm) Frequency range (s ') Description
<0.1 nm 107°-10% Gamma rays
0.1-10 nm 10"7-10%° X-rays

10-400 nm 10"°-10" Ultraviolet
400-700 nm 10''-10" Visible

700 nm to 1 mm 10"-10" Infrared

I mmto 1 cm 101°—1p"! Microwaves

1 cm to 100 km 10°-10'° Radio waves
100—1,000 km 10%-10° Audio frequency

1.10.1.4 Main Components of a Laser Equipment

A laser consists of three main components: a gain medium (sometimes called “active
medium”), a device for the excitation of the gain medium, and an optical device that
allows the resonance/delivery of monochromatic light from the active medium to a

suitable place for the work to be carried out (Majumdar and Manna, 2011).

Each of the basic components for the generation of a “practical” laser beam is described

below (Berkmanns and Faerber, 2010):

- The active medium of the laser: this is the element responsible for emitting the
energy stored inside it in various forms, generally in the form of laser radiation.
Each active medium is capable of generating a specific wavelength, as shown in
(Table 12), although there are some exceptions such as free electron laser type.

In (Toyserkani et al, 2005), the following classification of laser types is
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mentioned, related to the physical state of the active medium: Gas lasers,
Excimer lasers, Solid state lasers, Semiconductor lasers, Liquid dye lasers and
Fibre lasers. Each type of laser has different potential applications, as shown in
(Table 12), but the emphasis in this document will be on those related to
materials processing.

- The active medium exciter: to excite the active medium it is possible to use
different forms of energy (electrical, photons, chemical reactions, flash lights and
even a lower power laser). The way as active medium is excited limits the
frequency of the pulses. For example, for a CO, laser, for excitation with direct
current (DC of several kV of magnitude), the practical frequency of excitation
used is in the order of 1 kilohertz. In the case of the use of electromagnetic
radiation as a form of excitation of the active medium (CO,), radio frequencies
allow a practical range of excitation in the order of a few megahertz (with high
instrumentation cost), (Fig. 17).

- The resonator: this is the set of elements necessary to feed back the laser
radiation arranged as a single vessel. The simplest case (e.g., for a CO, gaseous
active medium laser), will consist of two mirrors between which the radiation will
be generated in a reciprocating path, as shown in (Fig. 17). Note that in (Fig. 17),
the excitation of the gas (active medium), can be either direct current (DC) or

radio frequency (RF).

11 a) Cathode

Anode
{ — e TDSERATGE |||
\ | i

O G Laser Beam

Partially

\ Mirror
Mirror
Mirror Gas In b) Gas Out
Electrode
( ) Laser Beam
—( Uniform Discharge )-b- -
Electrode Partially
I Mirror

Gas In Gas Out

Figure 17. A schematic of a fast axial gas flow CO, laser with a) DC excitation, b) RF
excitation (Toyserkani et al.,, 2005).
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- The cooling of the active medium: most of the energy used in the excitation of
the active medium is transformed into heat. Increasing the temperature of the
active medium interferes with the generation of laser radiation. Different
strategies can be used to cool the active medium. In the case of active medium
of gaseous type, the circulation of the gas itself through a heat exchanger allows
an adequate evacuation of excess thermal energy. In the case of solid active
mediums there are different strategies. In Nd: YAG type lasers, cooling can only
be used outdoors, which restricts the amount of heat that can be removed and
the maximum performance of this type of laser. The Yt:.YAG and Diode lasers can
be mounted directly on a heat exchanger, and therefore be cooled efficiently (the
performance of these equipment is improved). In the case of Fibber Lasers
(made up of many optical fibbers), the power is distributed evenly within each
fibber. By distributing power, the amount of energy dissipated by each individual
fibber is small, and therefore the laser assembly is capable of handling powers of

a few kW without the need for liquid cooling (Berkmanns and Faerber, 2010).
1.10.1.5 The use of Lasers for Different Types of Physical Processes

In general, the interaction of lasers with matter can be very complex, and can rarely be
simplified to just a heat source. A laser can be used not only for heating, but also for
evaporating material, forming plasma, creating laser-supported absorption waves
(LSAW), creating Marangoni convection, studying Kelvin-Helmholtz instabilities, and so
on. A laser beam interacting with a solid will mainly depend on the excitation of
electrons from their equilibrium positions (equilibrium states) to other excited states

through photon absorption (Carpene et al, 2010).
1.10.1.6 Principles of Laser Interaction with Matter

The type of interaction that a laser will carry out with a given material will be a function

of the energy that the beam deposits on it.

The energy of a given light radiation is function of the frequency of the light, according

to (Eq. 2):

E=hv Eq. 2
Where:

E: individual energy of a photon.
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h: is the Planck constant (~ 6.6261 x 18-34) J.s

The way in which the power of a laser is delivered to a specific material has to do with an
excitation/de-excitation process in an extremely short period of time only on the surface

of the material.

The delivery of the energy of a laser beam can be in continuous wave (CW) mode, or in
the form of pulses. The typical energy density of a laser is in the order of 10'° W.mm2,
which allows the evaporation of the material, and can even start a nuclear fusion
reaction. The power that can be obtained for the processing of a given material depends
mainly on the geometry of the resonator, the mirrors and all the optics necessary to
"carry" the beam to the desired work area. In general the quality of the focus will be
better for the lower transverse magnetic radiation modes (e.g. TEMO® or Gaussian),

(Carpene et al., 2010).

The conversion of electromagnetic energy into heat involves interactions of the type
excitation of the valence electrons of the surface (or electrons of the conduction band),
interactions of the excited electron/phonon type (in a time lapse of 10~11~10712 s), and
interactions between electrons (including recombination of electrons by Auger effect
with time lapses of the order of 107°~1071° seconds), that is, the free charge carriers
are always involved within the material (the electrons). Since the main path of energy
absorption in metals is in turn the absorption of free charge carriers (the electron
conduction band), the energy of the laser beam is transferred directly to the crystal
lattice almost instantaneously. This is the reason why a laser beam is capable of locally
heating a section of material almost instantaneously. Coupling of laser radiation with the
crystal lattice, in the case of metals, occurs best in the range from infrared (1® ym) to
ultraviolet (0.2 pm) approximately. Lasers for industrial use in metal treatment are
generally not in the visible light range. In the case of semiconductors, the range from a
wavelength of the order of 10 to 8.2 um is the one that best interacts with the valence
electrons (for conduction of energy and especially its transformation into heat),

(Majumdar and Manna, 2011).

A simple way of relating the interaction of a laser with a solid is based on the change in
the ratio of distribution between electrons (as free carriers of charge), and phonons
(which are the quantization of the vibrations of the crystal lattice). The vibrations of the

crystal lattice are due to the collisions between electrons and phonons, and these

38



General introduction: literature review on additive manufacturing and the context

of the laser cladding am process

collisions are the origin of the electronic temperature T,. The variation of the electronic
temperature T, (Carpene et al,, 2010) is given by (Eq. 3):
oT, T,—-T,

—°_ Eq. 3
at Tep @

Where:
T,: is the crystal lattice temperature.

Tep- 1S the coupling time of the electron-phonon pair. The time 1., is in turn dependent

on other coupling constants.
1.10.1.7 Utility of Lasers for Industrial Material Processing

On an industrial level, the laser beam is especially useful because of its high coherence
(spatially and temporally), where both the phase and the amplitude of the wave remain
constant, as well as the tendency of the beam to a low divergence (high parallelism with
respect to an optical axis). Another interesting feature is a high energy density (the

energy can be concentrated in a very small and precise point).

Typical energy delivered to the surface is in the order of 18- 3 to 0.1 J.mm2 which in
effect results in surface temperature gradients (cooling rates) being on the order of 103
to 10'%) K.s' (depending on the material properties). The conditions under which the
energy is delivered allow the processed material not to be affected too much internally
(e.g. at the level of thermal affectation), yet it is possible to reach extreme surface
working conditions (Chapter II1.3.5). This document will focus on the use of laser as a
heat source for processing materials at level of material interaction, it will not take into
account the possible chemical reactions due to the high temperatures involved in the
process. In addition, surface phenomena such as vaporization, recondensation, plasma
formation, or absorption of waves supported by laser (where a self-induced reaction by
the laser itself generates wave absorption through a phenomenon related to plasma

formation), will not be taken into account (Carpene et al, 2010).

1.10.1.8 Types of Lasers commonly used in the Industry for the Processing of

Materials

Not all types of lasers are suitable for processing materials commonly used in industry.
The most common of laser on industrial use according to (Berkmanns and Faerber,
2010) are:
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- Gas lasers (generally CO,).
- Excimer lasers (excited dimer).

- Solid state lasers (YAG and Fibber type).

Each type of laser has different configuration, as shown in (Fig. 17) and (Fig. 18).
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Figure 18. Different types of lasers for industrial applications: (a) Transverse gas flow
CO; laser, (b) Diffusion-cooled CO; laser, (c) Nd:YAG laser, lamp-pumped, (d) Nd:YAG
laser, diode-pumped, (e) Yt:YAG laser (disk laser) and (f) Fibre laser (fibre diameter: 260
um), (Berkmanns and Faerber, 2010).

For more details on each specific type of laser according to the active media used,

consult the references (Berkmanns and Faerber, 2010; Toyserkani et al., 2005).
1.10.1.9 Available Powers and Wavelengths for Different Types of Lasers

The available power ranges found for lasers are in the range of a few mW to
approximately 120 kW (IPG Photonics, 2019), in addition to various types of active media
(medium that allows to generate monochromatic light in a resonance chamber), which

gives rise to a wide range of applications as shown in (Table 12).

Table 12: Commercially available lasers and their industrial applications (Majumdar and
Manna, 2011).

Laser Discovery Commercialisation Wavelength/nm Application

Ruby 1960 1963 628 Metrology, medical applications, inorganic
material processing

MNd:glass 1961 1968 1060 Length and velocity measurement

Diode GaAs/GaAlAs 1962 1965 780-905 Semiconductor processing, biomedical
applications, welding

He-MNe 1962 1152 Light pointers, length/velocity measurement,
alignment devices

Carbon dioxide 1964 1966 10 200 Material processing - cutting/joining, atomic fusion

Nd:YAG 1964 1966 1064 Material processing, joining, analytical technique

Argon ion 1964 1966 480-515 Powerful light, medical applications

Dye (sodium 1966 1969 535-600 Pollution detection, isotope separation

fluorescein)

Copper 1966 1989 511 Isotope separation

Excimer 1975 1976 300-350 Medical application, material processing, colouring

Free electron laser 1971 1997 2000-10 000 Medical surgery, surface modification of polymer
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1.10.1.10 Quality Parameters of a Laser Beam

The productivity of a laser beam within materials processing technologies depends
fundamentally on its power, although the “quality” of the beam is very important when

precision operations are required, such as cutting or drilling.

There are many parameters to determine the "quality" of a laser beam. Among the most

important are (Toyserkani et al,, 2005):

- The beam parameter product (BPP): gives an indication of how focused a laser
beam is (and quantitatively measure its focal depth). The BPP is defined by (Eq.
4). The geometric meaning of the BPP parameters is shown in (Fig. 19). In
general, the higher the laser power, the higher the BPP of the beam and
consequently the poorer the quality of the laser beam. Typical values for a laser

cutting process in metal processing range from 3 to 3@ mm.mrad.

BPP = — Eq 4
Where:

1o;: is the beam spot radius in the waist of the laser beam.

0: is the far-field full divergence angle (rad).

Figure 19. Laser beam geometry (Toyserkani et al., 2005).

- The quality parameters K and M2% are mainly used for the laser cutting process. It
allows quantifying and comparing different types of lasers in a simple way by
means of a formula. Both parameters are related by K = 1/ M2, and are related to
the propagation and the ability of a device to focus a laser beam on a very small
focal spot over a certain distance close to the beam (Eq. 5). Geometrically, the

meaning of the parameters is shown in (Fig. 20).
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Figure 20. Geometric interpretation of the quality parameter K with the ability to focus a
laser beam on a small diameter spot size over a certain focal depth (Berkmanns and
Faerber, 2010).

Propagation is defined as the variation of r (z) from the minimum value rg, along
the direction of the laser beam axis, as expressed in (Eq. 6), and as shown in (Fig.
19).

n(2)? =& + 40%(z — zy)? Eq. 6

The ideal energy distribution would be the one where the laser beam has the
smallest possible divergence when working in the TEMO®O® fundamental mode.
This is only possible in Gaussian mode, that is, K = M2= 1, (Toyserkani et al,,
2005). For a real high-power CO, laser (on the order of kW), the K factor is on the
order of 8.5 to 0.8, and for YAG-type lasers of the same power range the quality
of the laser beam tends to be lower.

- Absorptivity/Reflectivity: these parameters are related to productivity in materials
processing in terms of utilisation of the laser beam energy. For a cold metal, the
radiation generated by a CO, laser is absorbed very little at the surface of the
material, whereas radiation from diode and solid-state lasers is more absorbed
(Fig. 21). The excess energy is reflected from the surface (reflectivity) and is
considered as lost energy. Once the surface is sufficiently heated, the efficiency
(in absorption) of the energy improves significantly.
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Figure 21. Absorption rate for laser radiation in cold metal (Berkmanns and Faerber,
2010).

The relationship between Absorptivity and Reflectivity is given by (Eq. 7),
(Toyserkani et al., 2005).

R= {1 —A , for opaque materials

Eq. 7
1—A—T, for transparent materials L

Where:

R: is Reflectivity.

A: is Absorptivity.

T: is Transmissivity.

It is possible to calculate the reflectivity of the clean flat surface of an opaque
material in open air with respect to an angle of incidence normal to the surface
itself based on indices of refraction appropriate to the wavelength generated by
the laser, (Eq. 8).

(1 =n)? +k?

R«
(1+n)?+k2

Eq. 8

Where:

n: is the refraction coefficient.

k: is the extinction coefficient of material.

The coefficients n and k are optical properties that are a function of the surface
temperature of the material. In (Table 13) typical values of these coefficients are

shown for a wavelength of 1.86 um at room temperature.
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Table 13: Optical properties of several materials for 1.06 mu light wavelength at room
temperature (Toyserkani et al., 2005).

Materials k n

Al 8.50 1.75
Cu 6.93 0.15
Fe 4.44 3.81
Ni 5.26 2.62
Pb 5.40 1.41
Ti 4.00 3.80
7n 3.48 2.88
Glass 0.10 0.50

An example of the variation of Absorptivity as a function of temperature for a
given material is presented in (Fig. 22), where it is also observed that the
Absorption itself will even be a function of the surface finish of the material (in

this case mild steel).
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Figure 22. Absorptivity measured at 10.6 um (COZ2 laser), as a function of temperature
for AISI 1045 steel (Sainte-Catherine et al., 1991).
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For different types of material, different wavelengths should be used in order to
improve the productivity in processing that material. As an example, (Table 14)
describes the suitability of two types of lasers with different wavelengths for

cutting different materials.
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Table 14: Cutting suitability for different materials as function of laser wavelength
(Berkmanns and Faerber, 2010).

Material Wavelength (micrometer)
Nd:YAG laser: 1.06 €0, laser: 10.6
Construction steel highly highly
Stainless steel highly highly
Aluminium well well
Copper well difficult
Gold well not possible
Titanium well well
Ceramics difficult well
Perspex meanly highly
Polyethylene meanly highly
Polycarbonate meanly well
Plywood meanly highly

- The guidance system of the laser beam to the working area: In CO, lasers with a
wavelength of 10.6 um, the beam cannot be guided through the optical fibre, only
mirrors and lenses can be used to condition the light until it reaches the point
where it will work with it (work area). It is also necessary to use special shields to
cover the entire path of the laser beam from the generator to the working area.
Depending on the power, the mirrors must be cooled to avoid overheating and
the confinement tubes that protecting the beam must be filled with a gas to
create a protective atmosphere and other measures must be applied to avoid
condensation or other disturbances that could interfere with the proper
functioning of the optics. In YAG lasers, the laser beam can be delivered to the
working area by the use of fibre optics, so that robots or other flexible guidance
equipment can be used. The diameter of the fibres for guiding the laser beam is
typically in the order of 100 to 19000 um. The use of glass fibres allows greater
flexibility in the handling of the laser beam, as the same fibre can be used to
deliver the light to several workstations, as well as to send several lasers (of

different wavelengths) through the same fibre (Fig.23).

—— Mirror Flexible
robot arm —
Purging gas D

Solid state laser

optical fibre Beam coupler

Figure 23. Example of Beam guidance system with: (a) mirrors for CO, laser system with
processing head, (b) fibber optics (YAG laser), with a beam coupler and a focusing unit
(Berkmanns and Faerber, 2010).

46



General introduction: literature review on additive manufacturing and the context

of the laser cladding am process

1.11 Direct type Additive Manufacturing Methods using Powder Bed
Technology for Metals

A brief description of AM technologies by direct manufacturing to metals is presented
for the Powder Bed type of technologies. The description of what is a direct
manufacturing technology is detailed in (Fig. 18). The Laser Cladding process will be

dealt with in a separate next section.
1.11.1 Selective Laser Melting method (SLM).

SLM is a method of Additive Manufacturing that involves the creation of a bed of powder
of a very controlled thickness in a work area. Once the powder bed is uniformly
deposited, an energy source (laser beam), programmed with precise movements, "draws"
a layer of the part to be manufactured on the surface of the powder bed. The energy
beam passing over the powder bed is sufficient to melt the entire layer of deposited raw
material (metal powder), together with a part of the preceding material (previous layer),
so that once all the melting of the material of the manufactured layer is completed, the
substrate itself is lowered, and a new layer of raw material is deposited. The process is
repeated consecutively until the desired part is built and shaped. The process has the
ability to produce parts with very high resolution, and features such as internal passages,
as well as very high control over the dimensions of the manufactured object (Frazier,

2014). A generic illustration of the process is shown in (Fig. 24).
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Figure 24. Selective Laser Melting (SLM) mechanism (Azam et al., 2018).

1.11.2 Electron Beam Melting (EBM).

It is a process similar to SLM. EBM is based on the fusion of metal powder particles

using a high-speed electron beam instead of a laser beam. The generation of electrons
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is done from a filament at high temperature. Later the electrons are accelerated by
means of a strong electric field, and they are focused and directed to work area with the
help of magnetic fields. The typical speed for the electrons in beam is ¢c/2, where c is
the speed of light. A disadvantage of this process is that it must be carried out under
vacuum conditions, to avoid scattering of the electron beam in air. As in SLM, the part is

manufactured by superimposing fused powders onto a substrate, as shown in (Fig. 25).
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Figure 25. Electron Beam Melting (EBM) mechanism (Azam et al., 2018).

1.12 Additive Manufacturing by Laser Cladding Process
According to (Toyserkani et al., 2005), Laser Cladding is:

“An interdisciplinary technology utilizing laser technology, computer-aided design and
manufacturing (CAD/CAM), robotics, sensors and control, and powder metallurgy”, where
“Laser cladding utilizes a laser heat source to deposit a thin layer of a desired metal on
a moving substrate. The deposited material can be transferred to the substrate by
several methods: powder injection, pre-placed powder on the substrate, or by wire
feeding. Among these methods, laser cladding by powder injection has been
demonstrated to be most effective. In this process, the laser beam melts the powder
particles and a thin layer of the moving substrate to deposit a layer of the powder

particles on the substrate”. A schematic of the process is shown in (Fig.26).
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Figure 26. Typical conflguratlon of a Laser Cladding system and detail of trapped and
wasted powder.

In this thesis, this AM method will be used, transferring the filler material to the
substrate in the form of metallic powder. The technology is known by several names
according to: the institution that has worked with the technology, the amount of
integration between different technologies for the objects manufacture, and even the

geographical region.

A summary made by (Toyserkani et al, 2005) on the different names that have been

given to the Laser Cladding technology is presented in (Table 15).

Table 15: Different names given to the additive manufacturing technology known as
Laser Cladding, (Toyserkani et al., 2005).

Abbreviation | Name Used by Notes
Automated Automated laser cladding
ALPD Laser Powder University of Waterloo | technology for coating and
Deposition prototyping

. . . To describe a process has
Directed Light | Los Alamos National P
DLF been developed for free

Fabrication Laborato . .
v forming and prototyping

University of Michigan | This process incorporates

DMD Direct Metal in Ann Arbor, The features of laser cladding,
Deposition University of Missouri CAD/CAM package, vision,
at Rolla and control system

AeroMet Corporation
.. of Eden Prairie at
Laser Additive .
LAM Minnesota, fully owned
Manufacture .
subsidiary of MTS
Systems Corporation
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To describe the process, in
Laser Direct ) ) ) which a coaxial nozzle is
LDC ) University of Liverpool .
Casting utilized to produce 3D
components
Laser . .
. Sandia National
LENS Engineered )
] Laboratories
Net Shaping
Laser Aided
Manufacturing
Processes Laboratory
Laser Metal . .
LMF . at the University of
Forming . .
Missouri, at Rolla, and
at Swiss Federal
Institute of Technology
Used by several
Laser powder .
LPD ... research groups in
deposition .
China and England
Used by some
LPE Laser Powder industries that are
Fusion involved in turbine
blade repair
This name can be confused
. Research group at with another laser-based
Laser Rapid .. .
LRF ) Shanghai Jiaotong technology, laser bending,
Forming . . C
University which is also called laser
rapid forming
The Integrated
Manufacturing
Laser Technologies Institute
Consolidation | (IMTI) of National
Research Council of
Canada (NRC)
“Solid free-
form Stanford University,
fabrication” or | Carnegie Mellon
“Shape University, and Penn
deposition State University
manufacturing”

It is necessary to clarify that there are certain technologies analogous to the Laser
Cladding process, known as Laser Alloying and Laser Glazing. The difference between

them is a function of the amount of material added to the substrate.
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- In "Laser Alloying" the amount of material added to the substrate (in the molten
bath) is small. The result of this process is a homogeneous mixture in the
resulting material throughout the fusion zone.

- In "Laser Glazing" again a very small amount of material is deposited on the
substrate (with the help of a laser as a heat source), but under super-fast cooling
conditions. The goal is to create a molten layer of material in a "metallic glass"
state. The molten layer that is deposited is intended to be resistant to corrosion

and wear (Kear et al., 1979).

Another important difference can be seen in the interaction times and in the specific

energies associated with each AM process, as shown in (Fig. 33).

In (Fig. 27) the difference between the three processes is shown schematically through
the difference in the microstructures generated when joining two materials of
composition A and B. In the process of Laser Alloying the objective will be to create a

hybrid composed of substrate material A and filler material B (compound A + B).

The objective of Laser Glazing is to create a very thin layer of vitreous material B, on
substrate A. The microstructure of this "thin" layer is very different from that of the
substrate (due to rapid cooling). The technology does not aim to change the chemical
composition, only tries to improve the behaviour of the material via the modification of

the microstructure.

In Laser Cladding, the technology deposits a material that is distinguishable as a well
differentiated phase. If the substrate material is different from the cladding material, a

very marked composition gradient will be generated, as indicated in (Fig. 27).

A Clad B
A+.B 100%  Composition  100%
— C—
Laser Alloying A I:: >
o
Laser Glazing A =
A Clad B
B 100% Composition 100%
4
Laser Cladding A /
A+B

Figure 27. Different microstructures of laser alloying, glazing, and cladding (Toyserkani
et al, 2005).
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1.12.1 Applications of the Laser Cladding Process

The main characteristics of the Laser Cladding process are that it allows the creation of
small parts with complex and intricate shapes. Some specific applications for this

technology are:

- Prototyping and manufacturing of moulds using the additive process of Laser
Cladding together with traditional machining techniques (Majumdar and Manna,
2011).

- Coatings: the deposition of a material (e.g. metal or ceramic), allows the
substrate to acquire the characteristics of the added material rather than those
of the base material. The coating can provide the substrate with characteristics
such as corrosion resistance, wear resistance or high impact resistance (for use
on power shafts, valve seals, tools, moulds, etc.). The limitation in this application
is mainly due to the physical metallurgy of the materials being combined. An
interesting application is the coating of turbine blades with high temperature
resistant alloys that meet the requirements for the passage of very hot gases into
the turbines (Toyserkani et al., 2005).

- Part maintenance and rebuilding: One of the most common applications is the
repair of high value-added components, especially when errors have occurred
during machining or manufacturing. The reason why Laser Cladding allows parts
to be "recovered" that would otherwise be discarded is because the application of
the laser beam as a heat source is much localised. If the amount of heat
affecting the substrate is too high (or not localised enough), the repaired part is
affected by metallurgical degradation due to excess heat, and is prone to
cracking and reduced service life. In the specific case of aircraft turbine blades
or repair within the power generation industry, the contribution of laser cladding
has been recognised as a critical and essential technology. An example of the
application of this technology is shown in (Fig.28).

Figure 28. Application of laser
cladding to repair a tip of rotor blade
made of precipitation hardened CC-
superalloy Inconel 738 (Toyserkani et
al, 2005).
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- The creation of prototypes and tools for the metal sector: The creation of rapid
prototypes (RP, Rapid prototyping) and the creation of tools (RT, Rapid tooling),
can be adapted to the Laser Cladding process. In general, it is desirable that the
development of functional tools will be as fast as possible to take advantage of
market opportunities. Additive manufacturing is well suited to the requirements
for rapid prototyping. Within additive manufacturing processes, Laser Cladding
also meets the requirement that parts manufactured for the tool sector can be
functional (Toyserkani et al., 2005). In general, the development of very complex
functional tools and prototypes requires the use of highly specialized CNC
personnel, and it can sometimes lead to a delay in the implementation of a
solution. An example is shown in (Fig. 29).

Figure 29. Fabrication of a blade by LENS(R), (Toyserkani et al., 2005).

1.12.2 Modelling and Simulation of the Laser Cladding Process

The importance of mathematical models is that they help to improve and understand the
process and theory underlying a specific process. The models can be used in predicting
process outcomes, as well as assisting in the design of the controller (automation),
without performing any physical experiments. The latter is important to reduce the cost

of system development in an automated laser cladding process.

According to (Toyserkani et al., 2005), the mechanisms and physical phenomena

involved in the modelling of the Laser Cladding process are:

- The laser beam reaches the substrate, and a significant part of its energy is
absorbed directly by the substrate. A small part of the laser energy is absorbed by
powder particles. The energy absorbed by the substrate then develops a melt
pool. Molten or semi-molten particles are added simultaneously to the melt
mixture (Fig. 30, a). This process step is expressed solely by the heat conduction
equation.
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- The surface tension gradient drives the fluid flow within the molten pool. As the
flow field penetrates the substrate, the energy transfer mechanism changes to a
mass convection mechanism. During this phenomenon, the molten particles mix

rapidly in the melt bath (Fig. 38, b). This step in the process must be expressed

by the equations of momentum, heat transfer, and continuity.

-
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.s s _ Powder Stream

®e
oo

Absorption
v
(a) Laser Beam

Rapid
Solidification

Heat Conduction
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Figure 30. (a) Schematic of physical phenomena during different laser material
processing techniques, (b) Schematic of the influence of convection during the laser
cladding process (Toyserkani et al.,, 2005).

The equations corresponding to the Laser Cladding process are shown below

(Toyserkani et al., 2005):
Equation of temperature distribution for the transient state within the substrate (Eq. 9):

%+V.(pCPVT)—V.(kVT) =Q Eq. 9

The equation of momentum conservation applied to fluid flow is another of the
equations that govern the physical laws within the Laser Cladding process (Eq. 19), in

conjunction with the continuity equation (Eq. 11).

a(pv)

+ (pVvV)V = pg-Vp+ uV.(VV) Eq. 10

Vv=0 Eq. 11

The boundary conditions necessary to solve analytically or numerically the (Eq. 9) to (Eq.

11) will be:

Boundary condition of the laser beam energy together with the boundary condition of the
interaction of the powder flow on the substrate surface (surface heat source), (Eq. 12) as

shown in (Fig. 31).
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Figure 31. Scheme of the associated physical domains of the laser cladding process
(Toyserkani et al., 2005).

The surface tension on the molten bath surface (melt pool), when g is vertical, is given

by (Eq. 13). The (Eq. 14) indicates that the relative velocity of the substrate has no vertical

component.

Ap+pgz:(2yﬂ.nj+ Vot Eq. 13
an Rmelt

v.n=0 Eq. 14

For a pure element, it is necessary to establish an additional boundary condition such
that it represents the shape of the solidification front during its hardening (Eq. 15), (Eq.

16) and (Eq. 17). In the case of alloys, it will be necessary to consider their solidification

range.

f(x,y,z,t)=Const. Eq. 15
u,=u,=u,=0 Eq. 16
T=T_ Eq. 17

Finally, the temperature conditions at the beginning and at the end of the Laser

Cladding process are expressed by (Eq. 18) and (Eq. 19).
T(x,y,2,0)=T, Eq. 18
T(X! y,Z,OO)ZTO Eq. 19
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The modelling of the Laser Cladding process is highly dependent on the configuration of
the equipment to carry out the process. For example, there are several ways to deposit
metal powder in the work area. The most common configurations are concentric nozzle

and lateral nozzle, as shown in (Fig. 32).
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Figure 32. (a) Coaxial nozzle, (b) lateral nozzle, (Toyserkani et al.,, 2005).

In addition, there are different approaches with respect to the resolution of (Eq. 9) to
(Ea. 19). For the model interactions, methods can be used that consider the transient
(time-dependent) state, steady state or with different types of physical simplifications

(thermo-mechanical coupling, non-linear, phase-shifting, etc.).

For this investigation, to resolve (Eq. 9) to (Eq. 19) the approach used were the steady
state (not dependent on time), by means of a semi-analytical heat transfer equation with
the use of a surface heat source in local coordinates of the laser beam (Eq. 20). The
absorption and attenuation effect of the energy of the laser beam by the powder will be

based on a negative enthalpy balance (Chapter 111.3.7).

L(X,y,2)=1(r,2'=5,),V r =X’ +Y, Eq. 20

As a complement, a statistical modelling method will be used to optimise the conditions
of the deposition parameters of the INCO718, material used in this thesis. The
usefulness of using statistical modelling is to obtain a solution adapted to the laser
cladding process, without the complexity of solving the complete physical equations of

the model describing the laser deposition phenomenon (Chapter 1.2.2).
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1.12.3 Laser Requirements for the AM Process with Laser Cladding

The laser cladding process requires certain special characteristics regarding the

parameters of the light beam to ensure a successful material deposition:

- High power density: the main characteristic is the need for sufficient power to
carry out the additive process. According to (Toyserkani et al., 2005), the Laser
Cladding process requires at least a power density in the order of 70 to 100
W/mm?, with interaction times close to 0.01 to 1's. Equipment that does not meet
this requirement of power to be delivered is not suitable to carry out the laser

deposition process (Fig. 33).
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Figure 33. Power density and interaction time for various laser material processing
(Toyserkani et al., 2005).

- High beam quality: As mentioned previously, there are many different types of
laser equipment (CO,, YAG, Fibre and Diode are the most common at industrial
level). Regardless of the type of laser used, all of them must have a very high
energy distribution (beam quality). The laser deposition process not only involves
interaction with the substrate surface of the material to be processed, but also
with the metal powder or wire that will provide the material to make the part. If
the beam quality is poor, the material addition process is likely to result in a
deposition with low mechanical properties. A Gaussian energy distribution is
generally preferred, as it produces a weld bead with a more uniform and
homogeneous microstructure (Toyserkani et al., 2005).

- High stability in energy delivery to the working area: in material deposition by
Laser Cladding process, the way of delivering energy through the laser beam can
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make use of a continuous wave (CW) or pulse working configuration, as shown in
(Fig.34).

Power Normal-pulsing super-pulsing

VN

Time
Figure 34. CW operation, pulsing and super-pulsing for laser (Berkmanns and Faerber,
2010).

In the pulse mode, special care must be taken in the use of peaks with very high-
power delivery (“super-pulses” must be avoided). If the energy peaks are too high
(even with low-medium power lasers), the laser beam may be able to vaporize the
metal powder before reaching the surface for deposition (Toyserkani et al,
2005).

- Long focal length: when the focal length is long, it is possible to decrease the
sensitivity by changing the propagation of the laser beam (Fig. 20). With a long
focal length, it is also possible to better accommodate the nozzle containing the
metal powder injection system, protect the optics from the gases generated
during the deposition process, and even prevent the formation of plasma in the
working area.

1.12.4 About of Laser Cladding Nozzles

The versatility of the Laser Cladding process is also a function of the nozzles used for
material deposition, especially at the level of process stability. A nozzle consists of
different body types, tips, adapters, powder delivery shapes and even monitoring within
the device itself (all ensuring compatibility between the various components). There is
no such thing as a "universal" nozzle, although the same nozzle can be used in various
applications. The objectives of a good nozzle design should be: to maintain the same
powder flow rate (uniform focal density on the working plane), with relative
independence of orientation during the material deposition process; to efficiently utilise
the raw material (high nozzle efficiency), to create an effective protective atmosphere
during the manufacturing process and to allow high scalability to handle different types
of powder at various feed rates, as needed in each specific application (Arrizubieta et al,,

2014; Nowotny et al, 2003). In the Laser Cladding process, the versatility of the nozzle
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allows to manufacture/repair parts of complex geometry with the help of a robot or other

control mechanism (Fig. 35).

Figure 35. (a) COAX10 in a robot guided 3D cladding system, (b) High-speed generation
of a tool section by induction assisted laser beam build-up welding (Nowotny et al.,
2003).

1.12.5 Material Deposition Strategies for Laser Cladding

Related to the feasibility of the integration of Additive Manufacturing technologies in
industry is the physical limitation of the available deposition strategies (trajectories in
the nozzle workspace) used commonly. Emphasis will be placed on the study of the
strategies used in AM technologies by powder or wire deposition with the use of a laser
beam energy source, specifically for the method of Laser Cladding of deposition using

metal powder as raw material.

In the case of Laser Cladding process, deposition strategies tend to be relatively simple
compared to those used in powder bed technologies. The most common deposition
strategies for a layer of material in the laser cladding method are shown in (Fig. 36). The
feed ratio of deposited material (m'), and the speed at which the nozzle that deposits the
powder moves relative to the substrate (v), play an important role in the number of
defects found in the deposited material, and in the mechanical properties of the

manufactured part (Sames et al., 2016).
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Figure 36. Scan strategies used to determine heat source path in metal AM as seen in
the X-Y plane (perpendicular to the build direction): (a) unidirectional or concurrent fill,
(b) bi-directional, snaking, or counter-current fill, (Sames et al., 2016).
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There are other possible strategies of material deposition that will depend on the type of
object to be built / repaired. An example is shown in (Fig. 37), where several strategies

are shown for a simple infill layer that aims to create the same geometric shape (a

J_A__—h A“
: ol E’r
‘t__v___lrJ y

Zigzag_x Zigzag y Zigzag_xy Spiral

square).

Figure 37. Different tool trajectory patterns used for fabrication of a cubic component
(Toyserkani et al., 2005).

Strategies used in additive manufacturing methods using powder bed technology will not
be discussed in this document. The reason is that the disposition and consolidation of
the raw material for the manufacture of the object is very different. In powder bed
technology the raw material is previously deposited in the work area, and it is not
necessary to "carry" it to the manufacturing area (the laser source basically has a free
movement). In contrast, with powder-deposition-type technologies, the amount of
movement is limited by the ability of the powder or wire to be carried into the work area
along with the laser source. Some common strategies for AM with powder bed

technology are shown in (Fig. 38).
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Figure 38. (a) Island scanning, (b) spot melting, (c) spot melting contours with snaking
fill, and (d) line melting contours with snaking fill (Sames et al., 2016).

1.13 Important Differences between Direct Manufacturing Processes

based on Metal Powder Technology

An important difference between the Laser Cladding process and those of SLM and EBM
(also considered as a powder-based process), is that the raw material is not “pre-
deposited” in the work area. In the Laser Cladding process, the powder is "injected" into
the work area, by means of a gas that acts as a transport medium. The transport of the

metallic powder to the work area is carried out by means of nozzles. In general, the work
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area is locally protected by means of a protective atmosphere (an inert gas such as

argon is introduced in the work area).

In Powder bed processes, it is always necessary to use a closed chamber that provides a
protective atmosphere in the case of a SLM process, or a vacuum chamber in the case of
EBM. The use of a chamber limits the size of the part that can be manufactured. To get
an idea of the relative volumes of the pieces that can be manufactured by different AM
processes of the Direct Manufacturing type, (Frazier, 2014) presented a comparative
table of some commercial equipment available for the processes that were been

mentioned in this section (Table 16).

Table 16: Representative AM equipment sources and specifications (Frazier, 2014).

System Process Build volume (mm) Energy source
Powder bed
ARCAM (A2)(a) EBM 200 x 200 x 350 7 kW electron beam
EOS (M280)(b) DMLS 250 x 250 x 325 200-400 W Yb-fiber laser
Concept laser cusing (M3)(b) SLM 300 x 350 x 300 200 W fiber laser
MTT (SLM 250)(b) SLM 250 x 250 x 300 100-400 W Yb-fiber laser
Phenix system group (PXL)(c) SLM 250 x 250 x 300 500 W fiber laser
Renishaw (AM 250)(d) SLM 245 x 245 % 360 200 or 400 W laser
Realizer (SLM 250)(b) SLM 250 x 250 x 220 100, 200, or 400 W laser
Matsuura (Lumex Advanced 25)(e) SLM 250 x 250 diameter 400 W Yb fiber laser; hybrid
additive/subtractive system
Powder feed
Optomec (LENS 850-R)(f) LENS 900 x 1500 x 900 1 or 2 kW IPG fiber laser
POM DMD (66R)(f) DMD 3,200° x 3°,670° x 360°  1-5 kW fiber diode or disk laser
Accufusion laser consolidation(g) LC 1,000 x 1,000 x 1,000 Nd:YAG laser
Irepa laser (LF 6000)(c) LD Laser cladding
Trumpfib) LD 600 x 1,000 long
Huffman (HC-205)(f) LD CO, laser clading
Wire feed
Sciaky (NG1) EBFFF(f) EBDM 762 x 483 x 508 >40 kW @ 60 kV welder
MER plasma transferred arc selected FFF(f) PTAS FFF 610 x 610 x 5,182 Plasma transferred arc using two
350A DC power supplies
Honeywell ion fusion formation(f) IFF Plasma arc-based welding

Country of Manufacturer: (a) Sweden, (b) Germany, (¢) France, (d) United Kingdom, (e) Japan, (f) United States, and (g) Canada

Another interesting table is the compilation of (DebRoy et al, 2018). In (Table 17), the
two main additive manufacturing technologies for metals (powder bed process, and
powder / metal wire deposition process) are compared. In the previous author's
research, it is mentioned that one of the major difficulties in choosing between the
various AM processes is the relationship between the cost of the raw material and the
precision of the manufactured part. In the case of powder metal as raw material, higher
precision, higher flexibility in terms of part complexity and reasonably good surface
finish are obtained; but the raw material is very expensive. With wire or sheet metal as
raw material, less precision and surface finish is obtained. However, the raw material is

relatively cheaper.
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Table 17: Comparison of two main categories of additive manufacturing processes for
metallic components: directed energy deposition (DED) versus powder bed fusion (PBF),
(DebRoy et al., 2018).

Process DED PBF
Feedstock Powder Wire Powder
Heat source Laser E-beam Electric arc Laser E-beam
Nomenclature DED-L DED-EB DED-PA/DED-GMA PBF-L PBF-EB
Power (W) 100-3000 500-2000 1000-3000 50-1000
Speed (mmy/s) 5-20 1-10 5-15 10-1000
Max. feed rate (g/s) 0.1-1.0 0.1-2.0 0.2-2.8 -
Max. build size 2000 x 1500 x 750 2000 = 1500 x 750 5000 = 3000 x 1000 500 = 280 x 320
(mm x mm x mm)
Production time High Medium Low High
Dimensional accuracy (mm) 0.5-1.0 1.0-15 Intricate features are 0.04-0.2
not possible
Surface roughness (pm) 4-10 8-15 Needs machining 7-20
Post processing HIP and surface Surface grinding and Machining is essential HIP is rarely
grinding are seldom machining is required to produce final parts required to reduce
required to achieve better finish porosity

1.14 Scope of this Thesis Work in Relation to AM

With everything written previously, the scope of this thesis can be clearly expressed: "In
this research, using an Additive Manufacturing technology, a metallic material in powder
shape (Nickel based and with high melting temperature) will be processed by the Laser
Cladding process, with the help of a suitable high power laser source for the
creation/repair of Direct Manufacturing type parts with post-processing (probes), in
order to investigate the relationship between the generated microstructure and

mechanical properties of the INCO718 alloy".

2 Nickel-based alloy Microstructures Generated by AM

2.1 Difference between Generated Microstructures for Powder Bed

and Nozzle Powder Technology in AM Processes

It was been mentioned previously in this paper that "Direct Manufacturing" type
processes for dense metal parts are divided into two types: powder bed based and
powder nozzle injection technologies. While both additive manufacturing methods share
some characteristics (use of metal powder, fast solidification, texture in the
microstructure, etc.), they differ in some important aspects at the microstructure level
(Nguejio et al., 2019):

- The grain recrystallization (dependent on the thermal cycle in the post-
processing), originates grains of different size and orientation. In the

investigation with the Nickel base alloy INCO625, the SLM process in
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conjunction with annealing produces a complete recrystallization (no dendritic
grains). For the LMD process, the annealing is not complete, which results in a
more heterogeneous structure (mixture of columnar and equiaxed grains).

- Precipitates derived from recrystallization after the annealing process are more
common at the grain boundaries for a DLD process than for a SLM process
(despite the high temperature involved in heat treatments). The effect of the
precipitates that are generated (if they are well distributed in the grain
boundaries), is the reinforcement of the mechanical properties in the case of an
AM process by means of DLD. A comparison of both types of microstructures is

shown in (Fig. 39).

v‘
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Figure 39. SEM images of the manufactured Inconel 625 samples annealed 1 h at
different temperatures. (@) SLM at 700°C; (b) SLM at 900°C; (c) SLM at 1100 °C; (d) LMD
at 1100°C, (Nguejio et al., 2019).

As the microstructures generated by both addictive manufacturing processes are slightly
different, emphasis will be placed on the microstructural characteristics of the alloys

manufactured by Laser Cladding (when possible), specifically for Nickel-based alloys.

2.2 Microstructural Characteristics of Nickel-based Alloys generated

by AM

In the work of (DebRoy et al, 2018) an excellent summary of the microstructural
characteristics of Nickel-based alloys manufactured with AM was made. Basically, Nickel-
based alloys are very sensitive in terms of intermetallics that are formed during the

manufacture itself and the post-treatment (Table 18).
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Table 18: Microstructure of Nickel-based alloys by various AM processing conditions. AD:
as deposited, ST: solution treatment, DA: double aging, TSRHT: thermal stress relief heat
treatment v: Ni (fcc) solid solution, y’: Ni3Al and Ni3Ti, cubic (ordered face-centered) LI2
crystal structure, v”: Ni3Nb, metastable coherent in y-matrix, body-centered tetragonal
(bct) (DO22) crystal structure, &: Ni3Nb, stable incoherent in y-matrix, orthorhombic
crystal structure, (DebRoy et al., 2018).

Alloy Process  Condition Microstructure
Inconel 625 DED-L AD v-Ni (fcc) solid solution
AN (700 °C/1 h/AC) " in y-matrix
AN (800°C/1 h/AC) & in y-matrix
AN (1100 °C, 1200 °C{1 h/AC) v solid solution
Inconel 718 DED-L AD Laves phase in interdendritic region of
¥-matrix
AN (700°C/1 h/AC) ¥+ " in y-matrix
AN (800 °C/1 h/AC) ¥+ " in y-matrix
AN (900 °C/1 h/AC) ¥+ 6 in y-matrix
AN (1000 =C, 1100 =C, 1200 °C/1 h/AC) ¥ in y-matrix
DED-L AD Laves phase + " with y-matrix
DED-L AD " in interdendritic regions and close to laves
phase and NbC in y-matrix
DED-L HT (1080 °Cf1.5 hfAC, 980 °C/1 h/AC, Nb-rich MC type carbides along grain
720°C/8 h(FC, 620 °C/8 h/AC) boundaries
Inconel 718 PBF-L AD Oblate spheroids/ellipsoids " in y-matrix
AN (1160 °C/4 h/AC) Spherical ' + & in y-matrix
PBF-L ST (980 °C/1 h/AC) & + Laves phase in y-matrix
DA (720 =C/8 h/FC, 620 =C/8 h/AC) ¥ +7v", &+ Laves phase in y-matrix
Inconel 738 DED-L AD ¥+, eutectic on the grain boundary
PFB-L AD Small carbide precipitates
HIP (1180 °C/4 h), 1120 °C/2 h, 850 °C{20 h Duplex-size ¥’ in y-matrix
René 41 DED-L AD ¥+, with 7' larger in dendritic cores than in
interdendritic zones
René 80 PBF-L TSRHT (1082 °C/2 h heating and cooling/FC) v +7
René 142 PBF-EB  AD Cuboidal y' 59 vol%, v 41 vol%
CMSX-4 AD Cuboidal y' 72 + 5 vol% with y
IC221W (NisAl based DED-L AD Mainly NisAl and some 7y and NisZr

single crystal alloy)

As explained in (Chapter 11.2.2), the main hardening phase of the alloy INCO718 is
created during post-treatment (tempering and aging), and the mechanical properties will
be highly dependent on heat treatment. It is necessary to establish a careful heat
treatment to achieve the mechanical properties required for the application of the
manufactured part. For example, in the research of (Sames et al, 2016), various heat
treatments are proposed according to the mechanical characteristic to be improved on

the material, as shown in (Table 19).
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Table 19: Common post-processing procedures for Ti-6Al-4V and Inconel 718 (Sames

et al, 2016).

Treatment

Ti-6Al-4V Inconel 718

Stress relief

2 hours, 700-730°C 0-5 hours at 982°C

1065 + 15°C for 90 min

(=515 min)
Hot isostatic 2 hours, 900°C, 900 4 hours at 1120°C, 200
pressing (HIP) MPa 180+ 60 min, MPa
895-955°C, >100
MPa
Solution treat  Not typical 1 hour at 980°C
(ST)
Aging Not typical 8 hours at 720°C
Cool to 620°C
Hold at 620°C for 18
hours total

An additional complication is the fact that AM processes of Direct Manufacturing type

(for dense parts), generally involves a series of complex heating-cooling cycles, which

can modify the evolution of the microstructure. In addition, the high cooling speeds

produce strong grain size refinement. Other observations on the microstructure of

Nickel-based parts manufactured by AM are (DebRoy et al., 2018):

- Different layers of the manufactured part have different phase proportions (v, v ’,

5, etc.), depending on the number of thermal cycles to which the area is

subjected, (Fig. 40). The previous explanation applies on certain occasions to

grain growth (there may be more pronounced recrystallization in the lower part of

the deposition than in the upper part of it).

2500 -
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Figure 40. Thermal simulation of a point during powder-fed DED showing cyclic heating

cycles, (Sames et al., 2016).

- The supersaturation and microsegregation during deposition in Laser Cladding
process, can give rise to an important variation in the morphology of the

dendritic microstructure (spatial heterogeneity). Spatial heterogeneity will give
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rise to variability in mechanical properties. An example of the morphology

variation during the Laser Cladding process is shown in (Fig. 41).

— o canary -
X = laser scan direction Grain growth » P\
Z = building direction

60°

Substrate oo

Figure 41. EBSD analyses of the LMD Inconel 625. Inverse pole figure (IPF) of the
transverse section observations of samples printed at the same scan speed of 2500
mm. min~" and different laser power. (a) 270W:; (b) 3OOW: (c) 330W, (Nguejio et al.,
2019).

- The formation of intermetallic during the AM process is a function of the
solidification conditions. Intermetallics will form near the end of the alloy
hardening process and will be largely controlled by the cooling rate. Solidification
under high cooling rates and low G, /V ratios is beneficial because they form
discrete Laves phases.

- The vast majority of the drawbacks or defects of the microstructure can be solved

via a suitable heat treatment.
2.3 Texture generated by the Laser Cladding Process

In the research by (DebRoy et al, 2018) is commented that the textures in the
microstructure are the result of a compromise solution between the alignment of the
easy-growing directions of a crystal during solidification, and the direction of the
maximum temperature gradient within the melt pool. Grain growth will be favoured when
the maximum direction of heat flow aligns with one of the easy-growing directions of the
crystal system. A particular case is the “alternate type” textures, where the direction of
heat flow (the direction of the laser beam) does not coincide with the direction of
epitaxial grain growth of the previous layer. An example of alternating growth is shown in

(Fig. 42), where the change of direction in the strategy of deposition (keeping all the
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other parameters constant), gave rise to a change in the growing orientation of the

dendrites from approximately 60° to 45°, (Dinda et al,, 2012).

100.4m % l ;

Figure 42. (a) and (b) Optical micrographs of the as-deposited IN718 samples produced
with two different laser beam scanning patterns, as schematically shown in (c), (Dinda et
al, 2012).

3 Context and Motivation for this Research

Summary:

- Additive manufacturing is an interesting technology, very versatile and has
unique characteristics that other manufacturing processes do not have.

- Laser Cladding is an excellent application of additive manufacturing technology
that has the potential to solve many problems in the industry; however, it has the
problem that there is not enough information about the mechanical properties of
cladded material that is added during the process (lack of knowledge is a
problem to ensure reliability in the repair of a component).

- By other side, Inconel 718 alloy has many applications in the industry, is easily
weldable (making it suitable for application in the laser cladding process), and is
generally used for high value-added components, and is therefore a suitable
material to investigate the relationship between microstructure and mechanical

properties.

The motivation of my doctoral thesis will be to slightly close the information gap
between a technology that is an excellent solution to industry problems (Laser Cladding),
in a material that has applications in high value-added components and that is suitable

for the laser cladding process (INCO718), but for which there is insufficient information
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on its mechanical properties of the deposited material when used in processes where it

must work in conjunction with the substrate in part repairment applications.
4 Organization of this Thesis

This thesis is organized in 6 sections:

- GENERAL INTRODUCTION: LITERATURE REVIEW  ON ADDITIVE
MANUFACTURING AND THE CONTEXT OF THE LASER CLADDING AM PROCESS

- CHAPTER I. PARAMETER OPTIMIZATION FOR THE LASER CLADDING
PROCESS

- CHAPTER II: MICROSTRUCTURE CHARACTERIZATION OF NEW AND
RECYCLED IN718 POWDER AND RESULTING LASER CLADDING MATERIAL

-  CHAPTER III: MODELING OF LASER CLADDING PROCESS AND GRAIN
MORPHOLOGY

- CHAPTER IV: APPLICATION TO THE REPAIR OF COATED PROBES TO OBTAIN
MECHANICAL PROPERTIES IN CLADDING MATERIAL

- CHAPTER V: GENERAL CONCLUSIONS

- ANNEXES

- REFERENCES

Each chapter develops different topics of study and the objective is to separate the
investigation into models that may be useful individually, but that together will serve to

fulfil the objective of this thesis.
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CHAPTER I: PARAMETER OPTIMIZATION FOR THE LASER

CLADDING PROCESS

1.0 Nomenclature and Abbreviations

AM: Additive Manufacturing
ANOVA: Analysis of variance

CAM: Computer aided manufacturing
CNC: Computer numerical control
DOE: Design of experiments

EBSD: Electron backscatter diffraction
HAZ: Heat affected zone

HRC: Rockwell Hardness measured on the C scale
MRA: Multiple regression analysis
RSM: Response surface methodology
A. Generic area (m?)

%, 8, &:

Constants for the polynomial equation of the shape of the laser cladding
bead

Transversal area of bead for the adhered material above the level of the
substrate for a Laser Cladding process (m?)

Transversal area of the substrate material melted during laser cladding
process and mixed together with the clad material (m?)

Ao Spot area of laser beam in work plane (m?2)
laser

b1 b b3 Constants for the polynomial equation of the shape of the laser cladding
" “" %" | melt zone in substrate

Dil : Dilution in a single bead (-)

Dil ,: Dilution in a multiple bead (-)

H: Height of a single cladding bead (m)

H . Transversal height of bead for the adhered material above the level of the
Ac substrate for a Laser Cladding process (m?)

H . Transversal height of the substrate material melted during laser cladding
Am -

process and mixed together with the clad material (m?)

L[_tr :

Total width between the ridges of the clad layer (m)
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m: Schmid factor (-)
n,: Number of layers in a multiple bead clad (-)
n, : Number of tracks in a multiple bead clad (-)
0 Off - Percentage of offset (-)
%0Ove: Percentage of overlap (-)
Poacer - Reduced composite variable of Laser beam power (-)
sv
Por - Porosity in a single bead (-)
Por . . Porosity in a multiple bead (-)
ml -
P . Specific power (W.m2)
spe *
S. Coordinate on the z' axis of the powder consolidation plane (m) (Chapter
" I11.3.1)
t . Thickness of the cladding material (m)
clad -
V: Scanning speed of laser beam (m.s™)
Vcl: Auxiliary variable of the Scanning speed of laser beam (m=-5.585)
Reduced composite variable of Auxiliary variable of the Scanning speed
Vel
v of laser beam (-)
V.. Reduced composite variable of Scanning speed of laser beam (-)
SV -
W - Width of a single cladding bead (m)
Voo y coordinate of the fourth degree polynomial equation for the shape of a
Ac: clad bead (m)
Voo y coordinate of the fourth degree polynomial equation for the shape of a
Am laser melt zone in substrate (m)
a. - Wet angle for a single laser cladding bead measured from the centre
¢ thereof (°)
Netaa Efficiency of the deposition of clad material on the substrate (-)
deposition
Metad mi: Mass efficiency of powder feed deposition in a multiple bead clad (-)
clad_ml -
o Standard deviation (-)
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I.1 Introduction

I.1.1 Characteristics of Laser Cladding Process

The Laser Cladding process consists of the addition of metallic material (usually in the
form of powder or wire) into a melt pool generated by a high-power laser beam moving
over a substrate (also metallic), with the objective of creating a high-density cladding.

The addition of material is performed at a specific location called the focal plane.

The filler material is melted by the action of the laser beam and consolidated together
with the base material by metallurgical bonding in a series of beads (similar to welding

beads). For this research, the filler material will be a metal powder type.

The process has interesting characteristics such as (Fayazfar et al., 2018; Hofmann et al,,

2014; Toyserkani et al., 2005):

- The possibility of adding material with low thermal affectation over the substrate.

- Rapid solidification rates, allowing large deviations in chemical composition from
the alloy's equilibrium constitution (resulting in a substantial increase in solid
solubility).

- The possibility of creating very small grain size microstructure and improving
metallurgical uniformity.

- Metallurgical uniformity can be improved by eliminating the segregation defects
typical of thick sections and by improving the response to heat treatment and
cold working.

- In some cases, it is possible to improve the service life of components and, in
special cases, to increase the cold working percentage of alloys on the basis of
the higher ductility that has been achieved.

- It also allows the production of material combinations that would be impossible
with other ingot-type processes, e.g. the creation of alloys with gradient-type

compositions.

In addition, the Laser Cladding process allows the creation of free forms by adding and
controlling the geometry of the bead cladding; in addition to the precise control of the
generated microstructure by varying its process parameters (Chapter I11.4).
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In certain cases, the Laser Cladding process allows the elimination of redundant
machining and most finishing operations, as the addition of material to the workpiece
can be roughly adjusted to the final shape of the built object. This is especially
advantageous for small series of products (in this case, the Laser Cladding process

offers advantages at the production and prototyping level).

I.2 Modelling and Input Parameters of the Laser Cladding

Process

A drawback of the laser cladding process is the difficulty of modelling a process that is
complex. So-called "input parameters" (a number of variables characteristic of the

process), can significantly modify the final properties in the deposited material.
The main input parameters include:

- Relative velocity of the laser beam compared to the substrate surface.

- Type and flow rate of gas used to entrain the metal powder particles to the
melting zone (melt pool), to the substrate in the so-called working zone. To
deliver the particles (metal powder), a noble gas is generally used to serve as
protection against oxidation.

- Shape distribution and spatial density of the metal powder delivered to the
substrate (the powder mass density in the working space depends in general on
the geometry of the nozzle and the mass flow of the carrier gas).

- Geometry of the metal powder (generally characterised by its mean diameter and
sphericity).

- Surface finish (roughness) of the powder and substrate surface as well as its
opacity change due to oxidation. The effect on the change of opacity on surfaces
is perceived as a variation in the spectral absorptivity of the laser beam.

- Laser beam power density, geometry and volumes of the beads deposited on the
preliminary layers.

- CAM path trajectories according to the desired application (the trajectory
strategy in which the coating beads are deposited allows for anisotropies in
certain mechanical properties). All the previous factors are regardless of thermal

material properties (which are temperature dependent).

72



Chapter I: Parameter optimization for the Laser Cladding process 2621

An example diagram with a summary of the parameters for the laser cladding process
following the sequence methodology: inputs, processes and outputs is shown in (Fig. 1.1)

(Toyserkani et al., 2005).

Inputs Processes Outputs
Laser Mation Device Fiysical (L
" plienomena qialin:
® Average power ®Relative velocity Al -
: -i.?ﬂt T: . *Relative acceleratior ® Absorpiion Geometry
e 1 - .
N W'I:’;t c:i'-" ® System ACCurRy * Canduction ® Microstoenire
* Beam profile . Ambient Fropertics * Diffusion ® Hardness
|® Laser pulse shapin
« Prelicating = Melr poal dynamics ® Cracks

Muarterial Pawedler Feeder

» Shield gas velosity | |¢ | i'- * Fluid convection * Pores

1
® Substrate geomtry| [« Powder feed rate # Eind of shield gas ) m R
U cnpasiion * Inert gas flow mie |_.'|r—| .1-':;?“::;1;5001 _J'I'—lr = Ragidual strasons
'M:i:]'llwgi:‘n_i. * Nozzle specification * Surfnce roughness
thenmo physizal & « Powd » Laser attenuation by
optical properties order SIrcal povwder = Chemical
* Povwder size profile composition

& Surface tension - Rx\piv.‘l solidification

® Dhlwtion

Figure I.1. Summary diagram of parameters for the Laser Cladding process (Toyserkani
et al, 2005). Note the variety of parameters that can influence the previous mentioned
process.

The number of input parameters is very large, and not all of them are of equal
importance in generating "quality" deposited material. However, it is first necessary to

define what quality for cladding material is.

An example list is presented by (Ghosal et al., 2018) with a summary of the main
characteristics for the Laser Cladding process that must be taken into account to define
“quality”:

- Precision on deposition of material and surface finish.

- The porosity.

- The surface hardness.

- Mechanical properties.

- Texture at the microstructure of the deposited material.

- Residual stress and distortion.

It is therefore not possible to define the term "quality" on the basis of a single criterion,

which may in principle lead to the existence of a compromise solution.
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In (Mondal et al., 2011) another extensive study was conducted on the effect of process
parameters, and the cause-effect relationships were expressed by means of an Ishikawa
diagram (Fig. 1.2). In this case, the division by factors influencing the process is by

branches related to the following aspects:

- Material properties.

- Local conditions in the cladded area.

- Characteristics of the cladding material itself and kinematic conditions (tool path
strategy).

- Characteristics of the energy source (laser beam).

The usefulness of the following diagram is that it gives an idea of the influence of how
the different "physical components" in the equipment (machine configuration), influence
the process parameters. For example, in the case of the "Laser branch", the "amount" of
energy is controlled by varying the characteristics of the laser beam.

Powder Feeder Motion Device

Ambient Properties Relative acceleration
Kind of
Shield gas

Preheating Inert gas Powder feed rate

flow rate .
Svstem accuracy

Powder

Relative velocity

Shield gas Nozzle o\ < 3
"eloci Specificatior ream proiile <
! clocn}\ P glﬂd -y
eometry,
Microstructure,

Surface tension Hardness etc

Beam profile

Powder size Average

Laser pulse
Power

Shaping

Composition

Substrate Wavelength
geometry
\ Metallurgical, Spot size
Material 1300 physical & Laser

Oprical properties

Figure 1.2. Ishikawa diagram for performance characteristics in laser cladding process
(Mondal et al., 2011).

I.2.1 Premises to use for this Research

It was necessary to establish a series of premises to enable the development of a
methodology to address the optimisation of the Laser Cladding process. The aim of the

premises was to obtain a high quality deposited material. These premises were:
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- At a basic level, a single bead on a flat substrate is the minimum amount of
coating material that can be added to the substrate by the laser cladding
process. It is assumed that the "quality" of the coating (for a given volume of
added material and for a specific application), is the sum of consecutive single
beads. Therefore, it is first necessary to establish an optimisation of a bead as
the basic coating unit.

- Because there is a large number of possible combinations of input and output
parameters in Laser Cladding process, it is necessary to establish a basic set of
them applied to the simplest amount of material addition (that is, a simple bead),
so that a single high quality cladding can be obtained by modifying a minimum
number of input process parameters. In other words, only the minimum
necessary number of parameters will be used (not all parameters are equally
important).

- Based on the previous paragraph, an optimisation of a set of coating beads to
form layers (understood as "layer" as a sum of individual beads), must retain the
same quality of the basic unit of coating material for the formation of aggregate
material volumes (due to the successive build-up of layers). In other words, the
transfer of the "good characteristics" of the optimised coating bead to the whole

bead assembly should be sought in order to meet the "quality" requirements.

It is now necessary to define the "quality" of a laser cladding coating, i.e. a set of
parameters to be considered as observable and measurable "output" of the process. As a
basis we will take the work of (Toyserkani et al,, 2005), which shows a list of the most
important aspects to be taken into account in order to quantify the quality of the
deposited material. Each aspect is related to a property that should be taken into
account regarding the quality of the deposited material. The property "to be taken into

account" for the quality of the material is shown in brackets:
- Geometry (related to the stability of the process).
- Microstructure (associated with the intrinsic properties of the material).

- Cracks and porosities (affect the structural integrity of the material, as they are

origin of stress concentration).
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- Surface roughness (related to the consolidation of consecutive layers of cladded
material).

- Residual stresses (increased sensitivity to failures in static strength, but
especially in dynamic strength, such as fatigue).

- Alloy segregation (undesirable separation and recombination of the original
constituents of an alloy resulting in inhomogeneous metallurgy).

- High Dilution (excessive thermal damage to the substrate).

I.2.2 State of Art. The Use of Statistical Models in the Laser Cladding

Process

Statistical models are useful for finding an optimised set of process parameters to
achieve a high quality deposited material when applied, but without the inconvenience of

physically modelling the Laser Cladding process.

For a specific application, it is very useful to avoid the complexity of modelling the Laser
Cladding process using the statistical modelling tool. At this point is necessary a
clarification on the term "specific application”. It can be assumed that it will not be
possible to use “the statistical model” in more than one case (i.e. only a very tight
optimisation is possible, and without any flexibility). However, “specific application” in
this case will mean processes with “similar” characteristics (e.g. use of the same filler
material and the same type of substrate). This means that the process optimisation for
by example flat geometry could be used for another with curvature on the surface, as

long as both are using the same cladding material and substrate.

Sometimes, statistical parameter optimisation will not be directly applicable to a
particular circumstance (e.g. extremely complex geometries). Even so (from the author's
own experience), it was observed that the values obtained from a preliminary process
optimisation are close to the new optimum for a particular case, thus saving a lot of

resources (human, material and time).

Another usefulness of the statistical modelling approach comes from the fact that the
number of process parameters chosen for the optimisation of the laser cladding process
is significantly reduced. In other words, a tool is obtained that allows precise control of
the process with few parameters (a great advantage for targeting the deposition of high

quality material).
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There are various approaches to the use of statistical methods. One of the most
common is the use of RSM-type models in combination with an experiment design
methodology such as Taguchi (Fatoba et al., 2017; Mondal et al., 2011). Another common
method is the use of linear correlation analysis (Ansari et al., 2016; Nabhani et al., 2018),

where combined parameters of type (P yPF7”) are used for each of the response

aser

systems (outputs). T These methods often rely on the use of an analysis of variance

(ANOVA) to identify the sensitivity of parameters within the system response.

Another approach is to use neural networks to model the behaviour of the system
(Mondal et al., 2014, Saqib et al., 2014; Toyserkani et al., 2005), used particularly related
to the geometry of the bead deposited over the substrate and in multi-objective

optimization.

For this research the use of Multiple Regression Analysis (MRA) is proposed, with certain
primary set of process parameters that will be established later. It is also proposed (as a
novelty) the use of polynomials to characterize the shape of the bead geometry. As will
be seen later, the previous approach will avoid a number of ambiguities (subjectivities)
that are common when characterising a laser cladding bead. The Henry's diagram test
was used for the verification of the linear correlations, in combination with the study of

the difference in error prediction of the correlations themselves (Pardoe, 2020).

I.3 Optimization of a Single Bead for the Laser Cladding

Process

The first step will be to determine a suitable set of parameters to model the Laser

Cladding process and its effect on the outputs (responses).

The same set of variables used by (Oliveira de et al., 2005; Pinkerton, 2014) will be taken

as input parameters:

- Power of the laser beam (P_,, ).

- Scanning speed (V).

- Powder flow (M").

These previous parameters were determined as the most influential for modelling the

resulting geometrical characteristics of a single chord. From (Fig. 1.1) it is obvious that

there are many other parameters (but they will not be considered). It is important to limit

the number of process parameters, because the combined effect of all of them in the
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formulation of a statistical optimisation based on experimentation applied to the laser

cladding process would excessively increase the complexity of the model.

Sometimes, it is possible to use the so-called combined parameters (the combination of
two or more simple parameters), with the aim of reducing the number of variables
considered. For example, instead of the raw laser power, it is possible to use the specific

power (the power per unit area of the laser spot Poe = Plaser / At + where Aot is the area

laser laser

of the laser beam over the flat surface on the substrate. The advantage of combined
parameters is the possibility of extending the applicability of the same (increasing the
versatility of a parameter to be independent of a specific type of equipment). For
example (if a given equipment can be configured for different power and point area
values), the application of a certain set of optimal parameter values may not be possible
to transfer easily in other equipment, simply because similar conditions cannot be
established. However, it is more likely to achieve the transfer of optimal parameters by
using combined ones (such as P..)- The use of combined parameters is limited due to
factors related, for example, to the energy density required to carry out a certain process.
That is, other elements (such as the type of laser beam distribution) must be considered
to ensure easy transfer of parameters to other equipment than the one used to obtain an
optimal set of values. A laser beam can have different types of energy distribution:
TEM®1, uniform, Gaussian, etc., and it is not possible to standardize it simply applying
the formula Poe = Baser / Aot -

laser

For a single bead, the Dilution (Eq. I.1) will be taken as the first output parameter. From

(Ocelik et al., 2007) the Dilution ( Dil ) will be defined from the geometric measuring of

the cross transversal section of a single bead as indicated in (Fig. 1.3):

Dil=A /(A +A,) Eq. L1

Figure 1.3. Cross-section of a cladding bead using a Laser Cladding process with
description of the main geometrical characteristics: clad heightH, clad widthW , clad
anglea,, clad area A, and melted area A,,.

78



Chapter I: Parameter optimization for the Laser Cladding process 2621

During the laser cladding process, dilution quantifies the relative amount of substrate

area that has been melted and mixed in a cross-section of a cladding bead (as a

reference usually taken from the original substrate surface), with added filler material. A,

and A shall be taken as absolute values, so it is a positive value.

The Dilution measurement, as expressed in (Eq. I.1) is only the geometrical
quantification of the measured cross-sectional areas in the cladding bead. That is, a
phenomenon of thermal affectation expressed as geometrical through clearly
measurable areas. The precise measurement is possible because the solidification
process during a coating process generates very clear differentiated crystalline

microstructures (not only at the bead level, but also at the layer level).

The added material can then be observed after adequate metallographic etching
preparation, which generally includes attack with a suitable chemical to reveal the

difference in microstructures.

Dilution is an inherent characteristic of the process (Laser Cladding always requires a
slight melting to ensure a good metallurgical bond), but it strongly depends on the
material characteristics used in both the clad and the substrate (both can be different).
Throughout this research, the INCONEL 718 alloy will be used as substrate and cladding
material (in the shape of metallic powder). The physical characteristics of this Nickel-

based product are described in (Chapter 111.3.4).
I.3.1 General Objectives of Optimization for a Single Bead

Based on literature research for different materials (Ansari et al, 2016; Ocelik et al,
2007; Oliveira de et al, 2005; Tabernero et al, 2013), a set of optimal process
parameters will be sought that meet the following requirements as far as possible. It will
not always be possible to find an optimal solution; sometimes a compromise solution will

be necessary:

- Maximize the clad area (A). This avoids wastage of filler material and helps the
economic viability of the process (metal powders, as raw material, are generally
very expensive to produce).

- Minimize the Dilution value (Dil). It is important to note that the value of this
parameter should be kept as low as possible (non-zero), as a high value of this

parameter indicates excessive addition of heat to the substrate (with risk of
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segregation of alloying compounds in general), or may indicate low material
deposition efficiency (when Dil is zero).

- Minimize the value of Porosity (Por ). A porous material has poor mechanical
properties. In general, porosity can be caused by the shielding gas trapped
during the formation of the molten bath, and by the lack of fusion of the material
supplied (beam power deficiency), (Wang et al,, 2007). On the other hand, the use
of too little shielding gas causes oxidation, and the use of too much energy can

result in the formation of intermetallics (hard, but also brittle).

Once this first set of measurable output variables ( A, and A, derived from Dilution, plus
Porosity), has been defined, in addition to knowing the temperature-dependent
properties of both the coating material and the substrate, it is necessary to establish a

window (working range) of the chosen input variables:

- Power of the laser beam (P_,, ).

- Scanning speed (V).

- Powder flow ( m').
I.3.2 Initial Working Range for Design of Experiments

The initial working range for the three main input parameters is shown in (Table 1.1). It is
important to note that the working ranges for the input parameters also depend on the
equipment available. It may be the case that they have "local optimum values" that are
not valid on other Laser Cladding process machines because the machine is not able to

overcome certain functional limitations in the parameters (e.g. laser beam power).

On the other hand, the optimisation procedure described in this chapter is of a general
nature and can be used independently of the equipment available for a given
application. In laser cladding processes, the use of certain units is common (e.g. speeds
are generally expressed in mm/min instead of m/s). By convention, the usual units for
this type of process will be used. Therefore, when making a change of units or using a
combined variable, the necessary conversions shall be made to maintain the consistency

of the unit system.
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Table I.1: Initial input parameters for the working window of a laser cladding process for
INCOZ718 alloy (single bead). In all cases, the beam profile has been of cylindrical type

and the spot diameter remains constant at ¢d,,.,, =1 mm.

.. ) AStep between minimum
Minimum | Maximum p

and maximum value

V (mm/min) 200 600 200
m' (gr/min) | 6.49 8.77 114
Pacer (W) 200 600 200

The previous range of parameters was established based on the author's experience.

Other process parameters were kept constant during the course of the experiments:

The focal working distance from the nozzle to the plane of maximum
concentration of metallic powder (S, ).

Spot diameter (laser beam) at focal distance (¢d,, )-

Continuous laser beam working mode (at constant frequency in the order of 10
kHz).

Wavelength of the laser beam (in this case for a fibber laser it is 1063 NM).

Flat substrate with uniform surface (all substrate samples were machined and
sanded with 80 grit metal sandpaper to ensure a similar surface finish,
presenting the same clean but opaque appearance).

Similar powder particle size distribution (metallic powder was purchased from

the same supplier under the same specifications).

I.3.3 Configuration of the Clad Bead Experiment on the Substrate

1.3.3.1 Constraints and Modelling of Simple Clad Beads

The next step is the physical deposition of the beads. It is important, when establishing

the DOE configuration of the bead array, to take into account the following aspects for

the sample set in order to obtain consistent data:

Leave enough space between each of the beads to avoid overlapping of the heat-
affected cross-sectional areas (in general a spacing of 4 times the average width
of the bead, about 4 mm, has been left). In addition, a bead of sufficient length is
necessary for the establishment of steady state in the process (approximately 20

times the width of the bead).
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- The substrate must be large enough in mass to act as a good and robust heat
reservoir. It must be of sufficient thickness to avoid thermal deformation during
the addition of the material. Substrates with a thickness of less than 5 times the
bead width are not recommended. As far as possible, substrates should be
clamped to restrict their movement. If substrate deformation is not avoided, the
focal length from the nozzle tip to the deposition base will change (S, variable).

- After completing the series of experiments, the surface must be cleaned in a
suitable way (for example, a wire brush or other available ways), to remove
powder particles that are not adherent due to the risk of distorting the reading

during the taking of the cross section area of the beads, (Fig. 1.4).

o ST

Single beads of Laser Cladding
for design of experiments

OCM 1 2 3 4 5

Figure 1.4. General aspect of the beads made by the Laser Cladding method. The length
of each bead is made in such a way that the geometric transversal section in steady
state is measured.

I.3.4 Geometric Characterization of the Beads. Use of 4th degree

Polynomials

The geometrical characterisation of the beads samples were carried out by cutting and
metallographic preparation of the aforementioned samples. The series of beads were cut
in the direction transverse to the deposition path. After encapsulation in phenolic resin,
they were polished with sandpaper and diamond solution of different sizes until the

surface irregularities were removed and then etching with a suitable reagent.

In this research, for the case of a nickel-based alloy, Kalling reagent #2 according to the

procedure of (ASTM Subcommittee EQ4.01, 2015), is suitable. The appearance of a set of
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beads and a specific detail one of them in optical microscope micrograph is shown in
(Fig. L.5).

Figure 1.5. Left, general appearance of a set of encapsulated tests cut perpendicular to
the direction of deposition of the bead (the diameter of the capsule is 4® mm). Right,
detail of the section of a bead delimited by the green and red lines (note the frame of

reference in the centre of symmetry at the same height as the substrate surface).

The beads present, according to the parameters with which they are deposited, different
geometric shapes in their transverse cross-section. In the literature, individual cross-

sections of beads are fitted as circumferential sectors (Gong et al,, 2013; Pinkerton and
Li, 2004).

In the case of our experiments, it was observed that the shapes of beads obtained are,
in some cases different from the geometry that can be modelled by a circumference
sector. For the previous reason, a 4th degree polynomial function was chosen to model
the shape of the transversal bead section above the level of the substrate according the
associated frame of reference of (Fig. 1.5, right). The use of a 4th degree symmetric
polynomialy,, =a x* +a,x* +a,, rather than a sector of circumference, allows a greater
flexibility in modelling the bead cross section shapes. It is possible to reduce the
number of constants of the characteristic polynomial to only 3 (&, &, and a,), and thus
keep the mathematical complexity low with satisfactory results, at level of transversal

bead section fitting.

Another advantage when using the derivative of the function y, = ax* +a,x’ +a, for

Y. =0 was to calculate the slope (and therefore the wet angle «, of (Fig. 1.3)), in an
objective way. In most cases, the calculation of the wet angle in beads is done by visual

inspection dependent on the user's point of view.
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In the melted area shown in (Fig. 1.5, right), the previous methodology is applied to

fitting the area with a 4th degree polynomial of the form y, =bx*+b,x*+b, (with

b, b, and b, as constants to be determined).

The methodology of 4th degree symmetric polynomial can be applied for the heat-
affected zone (HAZ), although in this case it will not be done because it is unnecessary

to determine at this moment this quality parameter for a single bead.

The next step (with the help of an image analysis software), consists of taking some
measurements of the cross-sectional area for each input image (A, and A ), in order to
deduce the appropriate constants for each characteristic polynomial, specifically the

data of height (H ) and width (W) (Fig. 1.6).

L

Clad area Ac

Substrate
surface

y = >
<
-
b ’ \\ﬂ
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~

> - Melting
i P area A,

Figure 1.6. Diagram showing the main dimensions of the cross-section of a cladding
bead for data collection to model the clad area and the melted cross-sectional area.

Choosing for fitting and model the values such as A, H and W in the melted and added
areas is not random. From the author's experience it has been observed the three
previous geometrical parameters present a high dimensional reliability, they are easily

measurable and with high precision, which in turn allows to obtain a good fit regarding
the characteristic polynomials (y,, and Y, ), and therefore good Dil output parameter

values.

To fully define a cladding bead (the part of the material added over the surface), it is
necessary to know the following parameters:A, H,. and W. Any other geometric

characteristic can be deduced from the previous three.

The calculations to obtain the coefficients for the modelling of each previously

mentioned areas are then deduced from simple calculation. The sign for H,. (+) and
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H,, (-) must be taken into account. In the case of W, A and A, only its absolute value

is necessary. The calculations of coefficients are shown in (Eq. 1.2) to (Eq. 1.7):

a, = 0(2H val/ -3A) Eq 1.2

a, = SGA ;v43H V) Eq 1.3

a,=H, Eq. 1.4

b, = 40(2H,:,;VV:/ +3A)) Eq L5
6(5A, +4H , W)

b, =— E A Eq. 1.6

b,=H,, Eq. 1.7

The wetting angle ¢, (whose measurement can now be done in an objective way), (Fig.

1.3), is calculated from (Eq. 1.8):

2
a, =—atan (W W 321 +22,) j 180 (°) Eq. 1.8

T

The deposition efficiency of the laser cladding process for a single bead is obtained
from a mass balance (considered in steady state), between the deposited area /-\ and

the powder flowM', (Eq. 1.9):

PoVA
Metad = Eq. L9
deposition m

The use of 4th degree polynomials, allows to model a wide variety of shapes within the
variation of parameters of the DOE, as the cladding area, the heat melted zone and the

wetting angle ¢,. An example of application is shown in (Fig. 1.7).

85



Chapter I: Parameter optimization for the Laser Cladding process 2621

Figure 1.7. Example of application by using fourth degree polynomials for the calculation
of constants to estimate the cladding cross-sectional area and the melting area for a
representative set of experiments.

I.3.5 Presentation of Preliminary Results. Limitations and Defects

Observed in the Process Parameters Using 5D Graphics

During the development of the DOE, when using the data in (Table I.1), lack of fusion
(poor union between the material supplied and the substrate), was observed for the
experiments with a laser beam power of 200 W. It was suggested that the lack of
adherence was due to the effect of the low power of the laser beam (without enough

energy to create a proper melt pool).

As a correction, it was decided to increase the lower power value in the DOE window
from a value of 200 W to 300 W, in addition to a significant variation in the working
window of the variable “scanning speed” (V ). This has been done in order to explore the

effect on a combined variable defined below.

The linear energy density is defined according to (Eq. 1.19), at a constant power as:

P
Dline = —2C Eq. 110

energy Vv

When using the previous equation, care must be taken to convert the units of the

numerator and denominator to consistencies.

The effect of varying the energy density by modifying the work speed in the process,
allows quantifying the minimum threshold of the energy-speed combination necessary to
establish a good metallurgical bond between the cladding material and the substrate in

a single combined variable.
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For the second variable in (Table 1.1), i.e. m', it was decided to keep the amount of
powder flow at a fixed value (the intermediate value in the original work window was
chosen, which is considered a compromise solution). This can be justified because the
magnitude of the attenuation due to the effect of powder shadow on the substrate which

is relatively small (Tabernero et al., 2012).

The change in the parameter window values for the low beam power values in the DOE is

presented in (Table 1.2).

Table 1.2: Variation in the lower value of power of the window of parameters in the DOE
for the optimization of a bead clad. The beam profile and beam diameter parameters
remain similar to those of (Table I1.1).

AStep between minimum
and maximum value

Minimum | Maximum

v (mm/min) 200 700 100
m' (gr/min) constant=7.63
Plaser (W) constant=300

For the corrected parameters of (Table I.1) and (Table 1.2), the results are shown in

(Table 1.3):

Table I1.3: Results of the calculations of the parameters "Clad Area", "Dilution", "Efficiency
of deposition" and "Linear energy density" for the DOE on INCONEL 718 material
according to (Table 1.1) and (Table 1.2).

lad
Speed | Powder | Power cla A n Pline
# area | Dilution Clad ition
(v), flux (m"), | (Plaser), . P , energy
CLAD , ) (Ac), | (Dil), % .
mm/min | g/min W 2 (%) (J/mm)
1 200 7.63 200 0.145 39.0% 3.1% 60.0
2 300 7.63 200 0.095 47.3% 3.1% 40.0
3 400 7.63 200 0.065 54.6% 2.8% 30.0
4 200 7.63 400 0.179 73.0% 3.8% 120.0
5 300 7.63 400 0.122 78.5% 3.9% 80.0
6 400 7.63 400 0.085 81.2% 3.6% 60.0
7 200 7.63 600 0.202 79.3% 4.3% 180.0
8 300 7.63 600 0.144 82.1% 4.6% 120.0
9 400 7.63 600 0.125 83.2% 5.4% 90.0
10 200 6.49 200 0.122 43.3% 3.1% 60.0
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1 300 6.49 200 0.088 | 57.4% 3.3% 40.0
12 400 6.49 200 0.85 62.9% 2.5% 30.0
13 200 6.49 400 0.162 74.3% 41% 120.0
14 300 6.49 400 0.112 80.4% 4.2% 80.0
15 400 6.49 400 0.071 84.1% 3.6% 60.0
16 200 6.49 600 0.175 83.0% 4.4% 180.0
17 300 6.49 600 0.122 85.6% 4.6% 120.0
18 400 6.49 600 0.109 85.5% 5.5% 90.0
19 200 8.78 200 0.198 31.0% 3.7% 60.0
20 300 8.78 200 0.101 45.2% 2.8% 40.0
21 400 8.78 200 0.073 53.5% 2.7% 30.0
22 200 8.78 400 0.224 68.5% 4.2% 120.0
23 300 8.78 400 0.155 71.6% 4.3% 80.0
24 400 8.78 400 0.095 79.1% 3.5% 60.0
25 200 8.78 600 0.248 78.1% 4.6% 180.0
26 300 8.78 600 0.178 78.5% 5.0% 120.0
27 400 8.78 600 0.182 80.0% 6.8% 90.0
28 200 7.63 300 0.191 64.7% 41% 90.0
29 300 7.63 300 0.115 70.1% 3.7% 60.0
30 400 7.63 300 0.08 66.3% 3.4% 45.0
31 500 7.63 300 0.084 | 74.6% 4.5% 36.0
32 600 7.63 300 0.053 | 75.4% 3.4% 30.0
33 700 7.63 300 0.054 | 75.9% 4.1% 25.7
34 500 7.63 600 0.1 84.7% 5.4% 72.0
35 600 7.63 600 0.067 | 86.8% 4.3% 60.0
36 700 7.63 600 0.058 | 88.4% 4.4% 51.4
37 100 8.78 600 0.692 64.7% 6.5% 360.0
38 350 8.78 600 0.165 78.2% 5.4% 102.9
39 700 8.78 600 0.086 | 80.3% 5.6% 514

The calculated value of the wetting angle ¢, has not been included in this table. This is

because this parameter will receive special treatment because it is directly related to the
creation of multiline beads. In this section, emphasis will only be placed on optimizing a

single cladding line.
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Once these first results have been calculated (Table 1.3), certain data will be represented
graphically due to their special importance for displaying trends, specifically the values

of "Clad Area" and "Dilution".

The computer program (XLSTAT (R)) will be used, which allows drawing a composite

graph (5D). This representation is advantageous in that it shows in a simple way the

relationship between the three main input parameters (P m' and V, each on the

laser ?
main coordinate axis of a 3D graph), and two of the responses (output) parameters. In
the outputs parameters, Dilution (Dil ) is represented as a colour scale (associated with
a sphere-like object), together with the cladded area (A,), expressed as the size of the
sphere-like object for each coordinate point based on the input parameters for the

experiment.

The (Fig. 1.8) shows all the behavioural trends in the output parameters as a function of
the input parameters for the DOE in (Table 1.3). This graph will serve together with the
data in the previous mentioned table as the basis for the next stage of optimization for

the Laser Cladding process from a single INCONEL 718 alloy bead.
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Figure 1.8. 5D graph with the representation of the results of the calculations of "Clad
area" (A) and "Dilution" ( Dil ) according to the input parameters "Power" (P,
"Scanning speed" (V ) and "Powder flux" (m"). The input parameters are represented on
the main coordinate axes, the “Clad area” by the sphere-object size and the “Dilution” by
the colour scale.
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1.3.6 Formation of Secondary Phases during Laser Cladding Process

(Effect on Optimization)

It is necessary to mention that, in the early stages of optimization for the manufacturing
of a single bead of a given material (in our case INCO718), it is important to put
attention for the formation of secondary phases and to avoid from the beginning the
conditions for the appearance of those. Secondary phase is defined as any compound or
compounds formed from the same original elements of the alloy, but with a chemical
composition different from it or outside the tolerance range from the original nominal

composition of the alloy.

The origin of these secondary phases is because the Laser Cladding process involves

high energy densities, in the order of 10" ~ 10° W/m? (Han et al, 2804). For the
previous reason, despite the short local interaction time of the laser beam with the
substrate, and depending on the input parameters used during the cladding process
(Fig. 1.1), it is possible to reach very high temperature values in the zone of convergence
of the laser beam with the substrate (molten pool). This is sometimes sufficient for the

chemical disaggregation of the alloying elements.

For example, if a high power laser beam is used to adhere a larger amount of material to
the substrate surface (without changing other process parameters, which is a way to
increase the efficiency of the process, according to (Eq. 1.9)); the undesired effect of

secondary phase formation can occur.

The consequence of the formation of the secondary phase (based on mass
conservation), is an impoverishment of the necessary alloying elements in another
volume within the bead (necessary for the hardening phases that would be expected as a
result of the application of the heat treatment after the cladding process). The formation
of secondary phases is easy to identify at the level of observation by optical microscopy

for the alloy used in this research, INCO718.

The beads formed by Laser Cladding process of Inconel 718 (with a suitable protective
atmosphere of 99.999% purity Argon), after a standard metallographic encapsulation
process (ASTM Subcommittee EQ4.01, 2015); present a brilliant appearance (Fig. 1.9, left

inside of the bead).

However, the presence of secondary phases is revealed as areas of different colouration
(from a shiny to a dull-dark appearance), that in the deposited material cannot be
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attributed to a change in the microstructure. It was been observed that the secondary
phase is generally located in the periphery zones of the coated area (on the surface or

between the beads themselves when a complete layer is deposited by simultaneous

beads), as shown in (Fig. 1.9, top left of the "top").

Detail of “dark area”
(EBSD) on top of a clad

made by Laser Cladding

Figure 1.9. Optical micrograph of INCO718 Laser Cladding beads, and scanning electron
microscope detail highlighting rectangles in selected areas for compositional analysis
using EDX.

The appearance of "strange" looking areas was the reason for a detailed examination.
The quantitative composition of the dull-opaque areas was verified by EDX (Fig. 1.9,

right).

This chapter will not go into detail about the phases created during the Laser Cladding
process with Inconel 718 alloy. The objective of this optimization chapter is to establish
a criterion to quantify the absence of undesirable secondary phases and avoid their
appearance, and thus use process parameters that allow an addition of material with a
nominal composition similar to the original alloy. However, as a small guide, the results
of qualitative composition in the areas indicated as A1 to A4 are shown in (Table 1.4).
The areas A3 and A4 (Table 1.4), have a notoriously different composition from that of
the initial material (INCONEL 718 raw powder); see (Chapter I1.2.1.1). Areas A1 and A2
have the nominal composition of the original alloy. The “strange” phase type could not
be accurately established, although it is suspected that it may be an intermetallic or an

oxide.
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Table I.4: Composition of areas selected A3 and A4 by means of an SEM-EDX analysis.

Spectrum | Al Ti Cr Fe Co Ni Nb Mo
A3 132 |13 423 | 29.6 | 0.22 | 13.45 |7.97 |3.87
A4 0.76 | 5.68 | 41.9 | 5.14 111 45.4

All results in weight%

For more details on the phases found in the material used for the fabrication of the
different samples used in this research using the Laser Cladding process (INCO718),

before and after heat treatment, see (Chapter 11.2.2.2.2).

It was also observed that the hardness of the foreign phases is very high (a micro-
hardness test sampling within the "opaque zone" (Fig. 1.9), resulted in a value in the
order of 70 HRC). The “strange” compounds found will be assumed to be intermetallic
due to their hardness. The presence of hard particles can serve as stress concentrator
and crack initiator. Regarding these (intermetallic) compounds, they are hard, brittle and
have high melting points. With respect to the position that an intermetallic occupies
within the alloy, the types of primitive unit cells that are formed will be a function of the
interstitial positions (generally cubic or hexagonal in the base metal of the alloy), so that
metals are located in positions in the cell and non-metals in the interstices (Merino
Casals, 2012). Therefore, an intermetallic will not be incorporated into the cell structure

easily, but will preferentially be located in the interstices between the crystalline cells.

For the initial optimisation tests, the process parameter combination limits will be taken
as those at which the occurrence of secondary phases is not generated. It was been
observed that a powder flow higher thanm' = 8.78 g/min gives rise to undesired phases

(regardless of B, and V). Therefore, this previous values of value m' will be taken as

aser

an upper fixed limit with the aim of establishing a compromise between maximizing

Metad (and thus improving overall efficiency of the process), and also keep the beads

deposition

generated free of segregations.
I.3.7 Modification of the Process Experiment Parameters

The (Table 1.3) shows that very low deposition efficiencies (7,,_, ) were obtained, an

deposition
average of 4.2%, indicating a possible process parameter selection problem, or an

equipment problem.

The explanation was found in the poor quality of the cone formation of the powder

concentration by the nozzle (Fig. 1.10, left). As a correction, certain internal features
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within the nozzle configuration were modified (specifically, the internal surface
roughness was decreased), which resulted in a much better quality powder concentration
(Fig. 119, right).

Figure I.10. Variation in the quality of the powder concentration in the work plane before
(left), and after the modification of roughness in the internal surfaces of the nozzle

(right).
The purpose of mentioning the above drawback was to show that a modelling and
optimisation process is robust enough to observe general trends in system behaviour
despite not being in optimal working condition, in this case due to a physical defect in

the equipment.

Once the mass flow was been set (for the reasons explained in the previous paragraphs),
the way forward in the optimization process is to carefully explore the effect in the

variation of the process parameters Power (P

laser

) and Scanning Speed (V) over the
values of measurable quantities of outputs that define the “quality" of the cladding.
Therefore, the range of process parameters for experiments was repeated and expanded,
as shown in (Table 1.5). It was decided to increase the power range of this new Design of

Experiments because in tentative tests, it was observed that at low powers (P... < 436

laser =

W), the porosity due to lack of bond between the substrate and the powder increases.
The powder mass flow rate was also kept at m' = 8.78 g / min as excessive dilution was

observed for values lower than indicated above.

Table 1.5: Extended values data table in DOE to model and optimise the process of a
laser cladding bead for INCO718.

# Power Speed (v), | Clad Area Dilution Moad

CLAD | (Puser)) W | mm/min (Ac), mm?2 (Dil), % deposition (04)
1 436 325 0.503 57.3% 15.3%
2 436 375 0.517 45.1% 18.1%

93



Chapter I: Parameter optimization for the Laser Cladding process

2021

3 436 425 0.438 34.3% 17.4%
4 436 475 0.441 37.5% 19.5%
5 436 525 0.340 321% 16.7%
6 504 325 0.542 52.0% 16.4%
7 504 375 0.524 36.2% 18.3%
8 504 425 0.484 33.0% 19.2%
9 504 475 0.513 35.7% 22.7%
10 504 525 0.536 39.4% 26.3%
1 571 325 0.727 58.7% 22.1%
12 571 375 0.637 42.6% 22.3%
13 571 425 0.619 36.1% 24.5%
14 571 475 0.603 40.7% 26.7%
15 571 525 0.676 50.7% 33.1%
16 631 325 0.838 51.3% 25.4%
17 631 375 0.814 42.5% 28.5%
18 631 425 0.826 42.6% 32.8%
19 631 475 0.843 46.4% 37.4%
20 631 525 0.757 47.0% 37.1%
21 705 325 1.020 63.5% 30.9%
22 705 375 0.960 48.1% 33.6%
23 705 425 0.933 47.3% 37.0%
24 705 475 0.850 48.2% 37.6%
25 705 525 0.881 48.5% 43.2%
26 504 580 0.458 62.2% 24.8%
27 504 635 0.433 58.6% 25.6%
28 504 690 0.41 56.5% 26.5%
29 504 745 0.387 56.2% 26.9%
30 504 800 0.368 57.5% 27.4%
31 631 580 0.671 68.7% 36.3%
32 631 635 0.635 66.0% 37.6%
33 631 690 0.651 60.6% 41.9%
34 631 745 0.597 52.6% 41.5%
35 631 800 0.543 52.5% 40.5%
36 705 580 0.776 68.7% 42.0%
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37 705 635 0.721 58.6% 42.7%
38 705 690 0.817 62.4% 52.6%
39 436 800 0.326 62.5% 24.3%
40 436 745 0.308 61.1% 21.4%
41 436 690 0.341 56.8% 22.0%
42 436 635 0.353 60.1% 20.9%
43 436 580 0.327 57.5% 17.7%
44 571 580 0.574 64.5% 31.0%
45 571 635 0.580 68.0% 34.3%
46 571 690 0.541 65.1% 34.8%
47 571 745 0.536 64.0% 37.3%
48 571 800 0.514 62.0% 38.4%
49 393 800 0.252 58.4% 18.8%
50 393 745 0.262 57.3% 18.2%
51 393 690 0.262 56.7% 16.8%
52 393 635 0.292 55.8% 17.3%
53 393 580 0.292 57.1% 15.8%
54 350 580 0.187 53.2% 10.1%
55 350 635 0.182 52.9% 10.8%
56 350 690 0.217 59.4% 14.0%
57 350 745 0.232 56.6% 16.1%
58 350 800 0.207 57.4% 15.5%
59 350 325 0.330 52.0% 10.0%
60 350 375 0.331 51.8% 11.6%
61 350 425 0.373 55.7% 14.8%
62 350 475 0.318 56.1% 14.1%
63 350 525 0.278 54.1% 13.6%
64 393 325 0.625 58.4% 18.9%
65 393 375 0.687 70.8% 24.0%
66 393 425 0.340 34.0% 13.5%
67 393 475 0.317 29.2% 14.0%
68 393 525 0.389 34.4% 19.1%
69 700 745 0.394 37.9% 27.4%
70 700 800 0.378 47.3% 28.2%
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Again, a 5D composite chart was drawn to visualize graphically the best trends for input
process parameters. The order of the axes is as follows: X axis is laser beam power (

P.sr W), Y axis is scanning speed of laser beam respect the surface of substrate (V,

mm/min), Z axis is cladding area (A, mm?), Sphere Size for each coordinate (X, Y, Z)

represents dilution (Dil , %) and Sphere Colour represents material deposition efficiency

(740 %) (Fig. L11).
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Figure 1.11. 5D graph to visualize the behaviour of the deposition efficiency versus
dilution for a range of power and speed variation with m' = constant. The graph allows
observing for trends such as the largest cladded area that is obtained in combination
with minimum dilution and maximum deposition efficiency.
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Analysis of the graph in (Fig. 1.11), shows that the region where the laser beam power is
in the order of 400 W to 600 W and speeds between 300 to 600 mm/min offer the best
conditions for the input process parameters. It is important to have an "idea" of the
optimal parameter range, as it allows efforts to be focused within a given range of values
to find the best set of final parameters. The usefulness of the previous 5D plots is
justified in the sense that they save time and resources by not doing too many

experiments in a process parameter range that is not optimal.

I1.3.8 Optimal Cladding Process Parameters for a Single Bead,

Statistical Modelling

A database of experiments will be considered as "sufficient" when useful information can
be extracted from it on the entire dominion of parameters on which it was been defined.
The database in (Table 1.5) is considered suitable because in combination with the 5D
type graph in (Fig. I.11), it allows to visualise the trend in the values to determine the

optimum in the parameters for a laser cladding process.

When a sufficient database has been established to model the most important output

parameters for a single bead (in this case the thermally melted area (Aﬂ), and the

deposited area ( A\ )), it is convenient to use an optimization and compromise software.

The 5D chart or other type of visual aid is useful in order to verify by more than one
method whether the results of an optimization have physical "sense", but they do not

allow to directly obtaining the sought "optimal" values.

The Software Lumiére (Logiciel a Usage de Modélisation Industrielle Et de Recherche
Expérimentale) was used to search for “optimal” process parameters values. LUMIERE is

a computer statistics program used in Research for:

- Development, improvement, optimization of products and processes,

- Analysis and control: repeatability, reproducibility, calibration, comparison of
control methods,

- Manufacturing: statistical production control (statistical process control), capacity
studies, centring, analysis of the effects of factors on responses, modelling,

optimization and commitment.

From previous analysis, it has been established that the mass flow of powder will remain

constant. Then the relationships to look for will only be a function of V and P, It is

aser *
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very appropriate to take advantage of the fact that by reducing the number of input
variables to only two, it is possible to represent the behaviour of each measurable output
parameter (Clad area, Dilution and Efficiency), using a 3D graph. (Fig. 1.12) shows the

surfaces generated from the database in (Table 1.5).
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Figure 1.12. Surface graphs to visualize the response values that define the cladding
quality: (a) Clad Area, (b) Dilution and (c) Cladding deposition efficiency as a function of f
(Paserr V )-

aser !

Some variables are more stable as a way for characterizing the geometry of a bead.
Later (in the modelling details by means of statistical descriptors), it will be
demonstrated from the data in (Table 1.5), that the variable Dil tends to be less stable

than A“as a process parameter to model the amount of material that was been melted
below the substrate level. It is easy to deduce that if Dil is known (and of course ﬂ), the

value of A is derivable, since both quantities express different but related quantities.

To compare data from different samples or populations, or in this case of magnitudes
with a wide range of values, the data in (Table 1.5) will be transformed into reduced
variables (DeVore, 2011). This allows reformulating the data with null mean and a
standard deviation equal to one and allows all the input variables to have the same
statistical dispersion (sometimes called standard score). It is important to remember
that the reduced variables are dimensionless, and therefore during the transformation of

data all units must be consistent.

It is was been observed that different authors use compound variables to facilitate data
management in the modelling of the input-response parameters (Ansari et al, 2016;

Ocelik et al., 2007; Oliveira de et al.,, 2005). In this research, we will use the compound
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variable of (Eq. I.11). This variable will be used for the data in (Table 1.5) for our statistical

modelling:
vel=1/Wv Eq. 111

The reduced compound variables for the correlations of H,., w, A and A will

therefore be (Eq. 1.12) to (Eq. 1.14):

P —P

PI — 'laser — Tlaser Eq. .12
8%59" Sd (Plaser)
v, =~V Eq. 113
= 5dW)
_ Vel-vcl Eq. 114

cl,=——
sd(Vcl)

The use of two reduced compound variables related to the same parameter is
highlighted: v, and Vcl, (which could seem redundant), but it was been observed that
the correlations obtained are more complex than simply the combination by Linear

Multiple Regression of the simple variables P, and V. Later it will be shown that, for

aser

example, for the variableH, , one of the correlations is of the shape:

H, =f(R

laser ?
sv

v,,,Vcl,) without any redundancy. The results for the application of the
previous equations are shown in the (Table 1.6).

Table 1.6: Data for statistical modelling from the application of the equations for
compound variables to the data in (Table 1.5) for the DOE to single beads.

# | Rowr v,,, () | Vel,, (=) Ha: W A Dil, | "Tgled
CLAD ) (mm) (mm) | (mm?2) (%) (%)
1 -0.635 | -1.519 1.853 0.657 | 1255 | 8.503 | 42.7% | 15.3%
2 | -8.635 | -1.193 1.253 0.577 1231 | 0.517 | 54.9% | 18.1%
3 | -0.635 | -0.866 | ©.762 0.508 | 1270 | 0.438 | 65.7% | 17.4%
4 | -8.635 | -8.539 | 0.351 0.491 1271 | 0.441 | 625% | 19.5%
5 |-0.635| -8.212 | 0.000 0.440 1241 | 0.340 | 67.9% | 16.7%
6 | -8.872 | -1.519 1.853 0.713 1376 | ©.542 | 48.80% | 16.4%
7 | -0.872 | -1.193 1.253 0.608 | 1393 | ©.524 | 63.8% | 18.3%
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8 -0.072 | -0.866 0.762 0.561 1319 | 0.484 | 67.0% 19.2%

-0.8072 | -0.539 0.351 0.573 1.319 0.513 | 64.3% 22.7%
10 -0.072 | -0.212 0.000 0.584 1319 | 0.536 | 60.6% 26.3%
1 0.482 -1.519 1.853 0.766 1400 | 0.727 | 41.3% 221%
12 0.482 -1193 1.253 0.693 1318 | 0.637 | 57.4% 22.3%
13 0.482 | -0.866 0.762 0.605 1428 | 0.619 | 63.9% 24.5%
14 0.482 | -0.539 0.351 0.634 1463 | 0.603 | 59.3% 26.7%
15 0.482 | -0.212 0.000 0.662 1468 | 0.676 | 49.3% 33.1%
16 0.979 -1.519 1.853 0.803 1469 | 0.838 | 48.7% 25.4%
17 0.979 -1.193 1.253 0.771 1.521 0.814 | 57.5% 28.5%
18 0.979 | -0.866 0.762 0.790 1602 | 0.826 | 57.4% 32.8%
19 0.979 | -0.539 0.351 0.761 1535 | 0.843 | 53.6% 37.4%
20 0.979 -0.212 0.000 0.705 1.554 | 0.757 | 53.0% 371%
21 1.591 -1.519 1.853 0.918 1509 | 1.8020 | 36.5% 30.9%
22 1.591 -1193 1.253 0.865 1519 | 0.960 | 51.9% 33.6%
23 1.591 -0.866 0.762 0.818 1561 | 0.933 | 52.7% 37.0%
24 1.591 -0.539 0.351 0.775 1552 | 0.850 | 51.8% 37.6%
25 1.591 -0.212 0.000 0.768 1585 | 0.881 | 51.5% 43.2%
26 -0.8072 | 0.147 -0.332 0.558 1296 | 0.458 | 37.8% 24.8%
27 -0.072 | 0.506 -0.620 0.539 1238 | 0.433 | 41.4% 25.6%
28 -0.072 | 0.866 -0.873 0.547 1242 | 0.411 | 43.5% 26.5%
29 -0.072 1.225 -1.897 0.535 1225 | 0.387 | 43.8% 26.9%
30 -0.072 | 1585 -1.298 0.494 1264 | 0.368 | 42.5% 27.4%
31 0.979 0.147 -0.332 0.719 1337 | 0.671 31.3% 36.3%
32 0.979 0.506 -0.620 0.677 1344 | 0.635 | 34.0% 37.6%
33 0.979 0.866 -0.873 0.672 1.317 0.651 | 39.4% 41.9%
34 0.979 1.225 -1.897 0.666 1.289 | 0.597 | 47.4% 41.5%
35 0.979 1.585 -1.298 0.630 1282 | 0.543 | 47.5% 40.5%
36 1.591 0.147 -0.332 0.775 1401 | 0.776 | 31.3% 42.0%
37 1.591 0.506 -0.620 0.753 1356 | 0.721 41.4% 42.7%
38 1.591 0.866 -0.873 0.744 1465 | 0.817 | 37.6% 52.6%
39 -0.635 | 1585 -1.298 0.432 1184 | 0.326 | 37.5% 24.3%
40 -0.635 1.225 -1.097 0.462 1121 0.308 | 38.9% 21.4%
41 -0.635 | 0.866 -0.873 0.465 1.215 0.341 | 43.2% 22.0%
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42 -0.635 | 0.506 -0.620 0.472 1228 | 0.353 | 39.9% 20.9%
43 -0.635 0.147 -0.332 0.463 1227 | 0.327 | 42.5% 17.7%
44 0.482 0.147 -0.332 0.650 1.331 0.574 | 35.5% 31.0%
45 0.482 0.506 -0.620 0.685 1320 | 0.580 | 32.0% 34.3%
46 0.482 0.866 -0.873 0.643 1287 | 0.541 | 34.9% 34.8%
47 0.482 1.225 -1.097 0.599 1258 | 0.536 | 36.0% 37.3%
48 0.482 1.585 -1.298 0.607 1264 | 0.514 | 38.0% 38.4%
49 -0.991 1.585 -1.298 0.355 1126 | 0.252 | 41.6% 18.8%
50 -0.991 1.225 -1.097 0.380 1195 | 0.262 | 42.7% 18.2%
51 -0.991 0.866 -0.873 0.387 1165 | 0.262 | 43.3% 16.8%
52 -0.991 | 0.506 -0.620 0.399 1179 | 0.292 | 44.2% 17.3%
53 -0.991 0.147 -0.332 0.411 1162 | 0.292 | 42.9% 15.8%
54 -1.347 0.147 -0.332 0.276 1.083 | 0.187 | 46.8% 10.1%
55 -1.347 | 0.506 -0.620 0.274 1010 | 0.182 | 471% 10.8%
56 -1.347 0.866 -0.873 0.296 1086 | 0.217 | 40.6% 14.0%
57 -1.347 1.225 -1.097 0.298 1122 | 0.232 | 43.4% 16.1%
58 -1.347 1.585 -1.298 0.317 1.066 | 0.207 | 42.6% 15.5%
59 -1.347 -1.519 1.853 0.477 1.054 | 0.330 | 48.0% 10.0%
60 -1.347 -1.193 1.253 0.474 1076 | 0.331 | 48.2% 11.6%
61 -1.347 | -0.866 0.762 0.501 1119 0.373 | 44.3% 14.8%
62 -1.347 | -0.539 0.351 0.455 1177 0.318 | 43.9% 14.1%
63 -1.347 | -0.212 0.000 0.396 1072 | 0.278 | 45.9% 13.6%
64 -0.991 -1.519 1.853 0.662 1295 | 0.625 | 41.6% 18.9%
65 -0.991 -1193 1.253 0.694 1369 | 0.687 | 29.2% 24.0%
66 -0.991 | -0.866 0.762 0.438 1.161 0.340 | 66.0% 13.5%
67 -0.991 | -0.539 0.351 0.432 1203 | 0.317 | 70.8% 14.0%
68 -0.991 | -0.212 0.000 0.496 1203 | 0.389 | 65.6% 19.1%
69 1.550 1.225 -1.097 0.515 1217 | 0.394 | 621% 27.4%
70 1.550 1.585 -1.298 0.522 1147 | 0.378 | 52.7% 28.2%
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I1.3.8.1 Confidence Levels and Global Restrictions for all Single Bead

Models

Not all of the above compound variables (Eq. 1.12) to (Eq. 1.14) have the same weight in
the statistical correlations to be calculated, some variables contribute more than others

to the explanation of the results.

The restrictions to be fulfilled for the statistical modelling of H,., w, A, Dil and

nclad are.

deposition

- The confidence level will be defined as 95%, with a minimum of 2.5% and a
maximum of 97.5%.
- The maximum risk level for the coefficients will be 5%.

- The correlation coefficient will be established at a minimum value of 8.985

In addition, the previous restrictions will be indicated with coloured green highlights in
(Table 1.8), in which some of the variables have greater weight within the modelling. This
will be observed in the “Analysis of Effects Contributions” section for each set of the

input variables.

It should be noted that the confidence level for each of the Multiple Linear Regressions
is near to the 100% value (see section “Decomposition of the sum of squares” for

specific information of each of the modelled variables).

In the same previous section (“Decomposition of the sum of squares”), the level of
residuals (literal “Residues”) is highlighted, where it will be observed that their quantity
with respect to the total of the Regression is very low (around 1% for all correlations).
Therefore, the fraction of experimental data that the model is not capable of explaining
by modelling is very low. All these restrictions are intended to demonstrate the

robustness of the statistical regressions.
1.3.9 Variable Correlation Matrices and Regression Models

The summary with the results of the modelling of process parameters is presented in the
(Table 1.7) and (Table 1.8).
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Table 1.7: Correlation matrix for modelling the response variables of a single bead for the laser cladding process. The confidence level is
specified in 95% with a range of [2.5% 97.5%] of the data.

Multiple Linear Regression

Defined Confidence Level: 95.00 %.

Correlation matrix

Significant correlations at 95.00 %
r=0.2352 (70 - 2)

P_laser_sv#* |v_sv#*Vc1_s| P_laser_sv#*
P_laser_sv# V_Sv# Vcl_sv# P_laser_sv#*v_sv# P_laser_sv#2| v_svi#?
Vcl_sv# v# V_SV#*Vc1_sv
P_laser_sv# 1.0000
V_Ssv# -0.0017 1.0000
Vcl_sv# 0.0014 -0.9822 1.0000
P_laser_sv#*v_sv# -0.0053 -0.0012 0.0009 1.0000
P_laser_sv#*Vc1_sv# 0.0045 0.0009 -0.0006 -0.9821 1.0000
V_Sv#*Vcl_sv# 0.0010 0.1135 -0.2982 0.0016 -0.0016 1.0000
P_laser_sv#*v_sv#*Vc1_sv# -0.7339 0.0023 -0.0021 0.0846 -0.2094 -0.0006 1.0000
P_laser_sv#?2 0.2326 -0.0063 0.0054 -0.0130 0.0111 0.0037 -0.1661 1.0000
V_svi#f? -0.0014 0.0679 0.1172 -0.0020 0.0019 -0.9672 0.0012 -0.0053 1.0000
Range of variation of the Factors
Factors to consider Minimum Average Maximum | Standard deviation
P_laser_sv -1.3466 0.0000 1.5913 1.0000
V_sV -1.5194 0.0000 1.5847 1.0000
Vcl_sv -1.2983 0.0000 1.8534 1.0000
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Table 1.8: Regression matrices with statistical control parameters for each of the variables for the modelling process of a single laser cladding
bead.

Regression of Hac

Summary of Coefficients

Table with the residual standard
deviation.

Sr=0.0515- Nur =62

Variable Coefficient Standard deviation t Student Confidence % Risk % | Centring

P_laser_sv# 0.9223 0.3553 2.5957 98.82 118 No

v_sv# -2.785 0.8565 -49.3351 100 0 No

Vel sv# -2.8312 0.858 -48.8521 100 ) No
P_laser_sv#*v_sv# 3.6561 1.6754 21822 96.71 3.29 -
P_laser_sv#*Vc1_sv# 3.8095 1744 21844 96.73 3.27 -
v_sv#*Vcli_sv# -0.613 0.01 -61.2606 100 0 -
P_laser_sv#*v_sv#*Vcl1_sv# 0.8179 0.367 2.2287 97.85 2.95 -
P_laser_sv#? -0.0186 0.0076 -2.4508 98.29 1.71 -

Confidence Interval 95%

Variable Coeff Mini (2.50 %) Maxi (97.50 %)
P_laser_svi# 0.9223 0.212 1.6326
v_svi#t -2.785 -2.8978 -2.6721
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Vci_sv# -2.8312 -2.9471 -2.7154
P_laser_sv#*v_sv# 3.6561 0.307 7.0051
P_laser_sv#*Vcl1_sv# 3.8095 0.3234 7.2956
v_sv#*Vcl_sv# -0.613 -0.633 -0.593
P_laser_sv#*v_sv#*Vcl_sv# 0.8179 0.0843 1.5515
P_laser_svi#? -0.9186 -0.9338 -0.9034
Decomposition of the sum of squares
Confidence
Source Sum of the squares Ddl Medium Square Fisher % Risk %
Regression 24.6456 8 3.0807 1160.7193 100 )
Residues 0.1646 62 0.0027
Total 24.8101 70 0.3544
Correlation coefficient (R): 0.997
Residual Standard deviation Sr: 0.0515 Ddl 62
Analysis of Effects Contributions.
Effects Contributions %
P_laser_sv# 8.0871 32.6
v_sv# 12.8545 51.81
Vel sv# -13.3968 -54
P_laser_sv#*v_sv# -0.8095 -3.26

106




2021

Chapter I: Parameter optimization for the Laser Cladding process

P_laser_sv#*Vcl1_sv# 0.0826 0.33
V_sSv#*Vcl_sv# 24.7691 99.83
P_laser_sv#*v_sv#*Vcl1_sv# -6.1865 -24.94
P_laser_svi#? -0.7548 -3.04
Residues 0.1646 0.66
Total 24.8101 100
Regression of W
Summary of Coefficients
Table with the residual standard
deviation.
Sr = 0.1347 - Nur = 67
Variable Coefficient Standard deviation t Student Confidence % Risk % | Centring
vV_sv# -6.2243 0.1149 -54.1773 100 o No
Vci_sv# -6.4172 0.117 -54.8647 100 o No
V_SV#*Vcl_sv# -1.3316 0.0166 -80.0742 100 o -

Confidence Interval 95%

Variable

Coeff

Mini (2.50 %)

Maxi (97.50 %)

v_sv#

-6.2243

-6.4536

-5.995
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Vcl_sv# -6.4172 -6.6506 -6.1837
V_sSv#*Vcl_sv# -1.3316 -1.3647 -1.2984
Decomposition of the sum of squares
Confidence
Source Sum of the squares Ddl Medium Square Fisher % Risk %
Regression 116.6106 3 38.8702 2141.8466 100 ]
Residues 1.2159 67 0.0181
Total 117.8265 70 1.6832
Correlation coefficient (R): 0.995
Residual Standard deviation Sr: 0.1347 Ddl 67
Analysis of Effects Contributions.
Effects Contributions %
v_sv# 24.7026 20.97
Vci_svi#t -23.6045 -20.03
V_sv#*Vcl_sv# 115.5125 98.04
Residues 1.2159 1.803
Total 117.8265 100

Regression of Ac
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Summary of Coefficients

Table with the residual standard
deviation.

Sr=0.0708 - Nur = 64

Variable Coefficient Standard deviation t Student Confidence % Risk % | Centring
P_laser_sv# 0.2075 0.0127 16.2988 100 o No
v_sv# -2.4846 0.8597 -41.6323 100 0 No
Vcl_sv# -2.4911 0.0608 -41 100 0 No
P_laser_sv#*Vci_sv# 0.031 0.0089 3.4833 99.91 0.09 -
v_sv#*Vcli_sv# -0.5286 0.0086 -61.1905 100 0 -
P_laser_sv#*v_sv#*Vc1_sv# 0.8332 0.8099 3.3522 99.87 0.13 -

Confidence Interval 95%

Variable Coeff Mini (2.50 %) Maxi (97.50 %)
P_laser_sv# 0.2075 0.182 0.2329
v_sv# -2.4846 -2.6038 -2.3654
Vel sv# -2.4911 -2.6124 -2.3697
P_laser_sv#*Vc1_sv# 0.031 0.0132 0.0489
v_sv#*Vcli_sv# -0.5286 -0.5458 -0.5113
P_laser_sv#*v_sv#*Vcl_sv# 0.8332 0.0134 0.0529
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Decomposition of the sum of squares

Confidence
Source Sum of the squares Ddl Medium Square Fisher % Risk %
Regression 211421 6 3.5237 719.5676 100 ]
Residues 0.3134 64 0.0049
Total 21.4555 79 0.3065
Correlation coefficient (R): 0.993
Residual Standard deviation Sr: 0.07 Ddl 64

Analysis of Effects Contributions.

Effects Contributions %
P_laser_sv# 2.5152 .72
v_sv# 15.7954 73.62
Vel sv# -15.674 -73.05
P_laser_sv#*Vc1_sv# 0.0495 0.23
v_sv#*Vcl_sv# 18.8021 87.63
P_laser_sv#*v_sv#*Vcl1_sv# -0.346 -1.61
Residues 0.3134 1.46
Total 21.4555 100
Regression of Dil
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Summary of Coefficients

Table with the residual standard
deviation.

Sr = 0.0855 - Nur = 67

Variable Coefficient Standard deviation t Student Confidence % Risk % | Centring
v_sv# -2.3121 0.8715 -32.3208 100 o No
Vci_svit -2.2851 0.8717 -31.8801 100 o No
v_svit? 0.4775 0.0102 46.733 100 o -
Confidence Interval 95%
Variable Coeff Mini (2.50 %) Maxi (97.50 %)
v_sv# -2.3121 -2.4549 -2.1693
Vci_sv#t -2.2851 -2.4282 -2.142
v_sv#? 0.4775 0.4571 0.4979
Decomposition of the sum of squares
Confidence
Source Sum of the squares Ddl Medium Square Fisher % Risk %
Regression 16.1249 3 5.375 734.601 100 N
Residues 0.4902 67 0.0073
Total 16.6151 70 0.2374
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Correlation coefficient (R): 0.985
Residual Standard deviation Sr: 0.8855 Ddl 67
Analysis of Effects Contributions.
Effects Contributions %
V_sv# 6.3065 37.96
Vcl_sv# -5.4327 -32.7
v_svi#t? 15.2511 91.79
Residues 0.4902 2.95
Total 16.6151 100
Regression of nclad
Summary of Coefficients
Table with the residual standard
deviation.
Sr=0.80367 - Nur =63
Variable Coefficient Standard deviation t Student Confidence % Risk % | Centring
P_laser_svi# 0.6709 0.2529 2.6533 98.99 1.01 No
v_sv# -1.2181 0.0313 -38.9561 100 o No
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Vci_sv# -1.2928 0.0318 -40.6105 100 o No
P_laser_sv#*v_sv# 2.6748 11923 2.2434 97.16 2.84 -
P_laser_sv#*Vcl_sv# 27784 1.241 2.2387 97.13 2.87 -
V_SV#*VCl_sv# -0.2615 0.0045 -57.7744 100 o -
P_laser_sv#*v_sv#*Vcl_sv# 0.6028 0.2612 2.3081 97.57 2.43 -
Confidence Interval 95%
Variable Coeff Mini (2.50 %) Maxi (97.50 %)
P_laser_sv# 0.6709 0.1656 11762
vV_sv# -1.2181 -1.2806 -1.1556
Vcl_sv# -1.2928 -1.3564 -1.2291
P_laser_sv#*v_sv# 2.6748 0.2922 5.8574
P_laser_sv#*Vc1_sv# 27784 0.2983 5.2586
v_sv#*Vcl_sv# -0.2615 -0.2705 -0.2524
P_laser_sv#*v_sv#*Vcl_sv# 0.6028 0.0809 11247
Decomposition of the sum of squares
Confidence
Source Sum of the squares Ddl Medium Square Fisher % Risk %
Regression 5.8919 7 0.7274 5411352 100 o
Residues 0.0847 63 0.0013
Total 51766 79 0.074
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Correlation coefficient (R): 0.992
Residual Standard deviation Sr: 0.8367 Ddl 63
Analysis of Effects Contributions.
Effects Contributions %
P_laser_sv# 4.0443 78.13
v_sv# -2.0852 -40.28
Vci_sv# 2.3339 45.09
P_laser_sv#*v_sv# 1.213 23.43
P_laser_sv#*Vcl1_sv# -1.8347 -35.44
v_sv#*Vcl_sv# 4.2874 82.82
P_laser_sv#*v_sv#*Vcl_sv# -2.8667 -55.38
Residues 0.0847 1.64
Total 5.1766 100
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1.3.10 Validation of Correlations

A convenient way to check the validity of the previous correlations calculated is by
means of Henry's plots (Thode, 2002). In these plots, the error between the value
estimated by the MRA for each parameter studied and the actual value of that parameter
(both reduced variables) were calculated and plotted. If the calculated error follows the
trend of a statistical distribution (assumed to be Normal), then it can be concluded that

the error distribution is random and, therefore, all the most significant parameters were
considered during the modelling of each variable. Henry's graphs for the variables H,_,

W, A, Dil and 5, ,  are presented in (Fig. 1.13):
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Figure 1.13. Henry graphs to verify the normality on the error of the modelled variables
H,. W, A,Dil and 7;,,,  compared with the real values obtained from experiments.

deposition

For this Figure, n: sample size, y: average value of the data, s: standard deviation.
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To check the normality of the previous calculated errors in a way that is not subjective
(by simple visual inspection), a hypothesis test of normality was used. When the average
and variance of data are unknown, a modification of the Kolmogorov-Smirnov test known
as the Lilliefors test (specially developed to test normality) is used. The Kolmogorov-
Smirnov test assumes that the population average and variance are known, which in
most cases is impossible to know. This makes the test very conservative and

underpowered.

The Lilliefors test assumes that the mean and variance are unknown (Lilliefors, 1967).
The results for the test applied to the Error data between the values in (Table 1.6) and

the values obtained by the modelled variables in (Table 1.8), are shown in (Table 1.9).

Table I1.9: Results of the hypothesis test for the Lilliefors test for the Error between the
modelled variables of the (Table 1-8) and data from (Table 1-6).

Null hypothesis: the data in Error for the parameters HAC, W, AC, Dil

and 77,4 comes from a distribution in the normal family (5%
deposition

significance level).

Parameter Not rejects = © (p> 0.85) Rejects = 1 (p<=0.05)

H,.: Ph a = 0.143 No

W: py = 0.500 No

A: Py = 0.0661 No

Dil: Ppi = 0.267 No

ngle%%sition ' p77C|ad = 0.0588 No

Once the main response variables that define the geometry of the single bead for a
Laser Cladding process were modelled, we will proceed to obtain the optimal values for

those variables that will be considered as "important".
I.3.11 Multi-Objective Optimization for a Single Laser Cladding Bead

It is possible that the simultaneous optimization with more than one target objective
results in an optimized value that cannot satisfy all the restrictions. In our case, this

requires using a compromise solution.
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The selection of the "important" response parameters was based on three of the main
desirable characteristics of a single bead, and each one will be given the same weight.

In general, it will be sought that:

- The Dilution (Dil) will be the less possible. It is desirable to thermally affect the
less the substrate material if that is possible.

- The measured cross-sectional area (A ) will be maximum, that is, the amount of
material added will be the most that the process allows without compromising
the chemical integrity of the alloy, and thus optimizing the time invested in the
material deposition process.

- The deposition efficiency (7, ) will be maximum. Metal powder is an

deposition
expensive and difficult raw material to treat (recycle), so the maximum amount to

be adhered during the cladding process must be sought.

Three optimizations were done using the Grid Method (Ensor and Glynn, 1997), each for
the previous mentioned three variables. Grid searching is a very traditional technique for
implementing hyper-parameters. It is based on brute force applying all the combinations
and restricting the responses for each one of them by restrictions of the other variables,
see (Table 1.10) to (Table 1.12).
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Table 1.10: Optimization for the modelled variable “Dil” based on other parameters of
the Laser Cladding process input variables.
Optimization of Dil# in the domain under
constraints of other responses

Number of constraints: 0

Responses Objectives Calculated Values

H_Ac 0.2736 <=H_Ac<=0.9183 0.5302
w 1.0102 <= W<=1.6022 1.0027
Ac 0.1821 <= Ac<=1.0198 0.4543
Dil Minimize 0.3951
n_clad 0.1002 <= n_clad<=0.5258 0.2514

Table 1.11: Optimization for the modelled variable “Ac” based on other parameters of the

input variables of Laser Cladding process.

Optimization of Ac# in the domain under
constraints of other responses

Number of constraints: 0

Responses Objectives Calculated Values
H_Ac 0.2736 <= H_Ac<=0.9183 0.6928
w 1.0102 <= W<= 1.6022 1.5337
Ac Maximize 0.739
Dil 0.2924 <= Dil<=0.7078 0.6001
n_clad 0.1002 <= n_clad<=0.5258 0.3071

Table I.12: Optimization for the modelled variable nciaq depositon based on other

parameters of the input variables of Laser Cladding process.
Optimization of n_clad# in the domain under
constraints of other responses

Number of constraints: 0

Responses Objectives Calculated Values

H_Ac 0.2736 <=H_Ac<= 0.9183 0.6614
W 1.0102 <= W<=1.6022 1.1396
Ac 0.1821 <= Ac<=1.0198 0.5863
Dil 0.2924 <= Dil<=0.7078 0.447
n_clad Maximize 0.3334
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Each separate parameter for the optimization (A, Dil and Metaa ) converges to

deposition
different numerical solutions. However, they are all in the same range of values, which
indicates the existence of a possible optimal set of input process parameters, or at least
that for these three optimised parameters all optimums are in the same range. A
summary of the numerical values for each of the parameters is presented in (Table 1.13),
on the left in the form of a reduced variable, and on the right its corresponding
transformation. The average of the calculated coefficient values for the three

optimizations is also presented.

Table I1.13: Optimal values for the coefficients of the parameters “Ac”, “Dil” and
“Nelad_deposition” @S @ function of “Ppsers,”, “Vs,” and “Vcls,” in reduced variables and their
transformations into standard variables. The average values of the coefficients for the
real transformed variables are on the extreme right of this table.

Reduced compound Real value of parameter
variables (optimal)
Average real
Param. gand val Ac n_clad Dil  [Param. rea Ac n_clad Dil value of
- parameter
(optimal)
P_laser_sv 0.6087 | 0.6161 0.2385 |P_laser (W) 586.3 587.2 541.5 571.7
V_Sv -0.2531 [ -0.2252 | -0.2207 [v (mm/min) 518.8 523.0 523.7 521.8
Vel 1/v(v)
Vcl_sv 0.0068 | 0.0429 | 0.0606 ) 0.0437 | 0.0439 | 0.0440 0.0439
(1/vY(mm/min))

From (Table 1.13), it should be noted that the averaged compound variable Vcl= 1/\/7 =
0.0439 is equivalent to V= 519.5 mm / min, which allows a double confirmation of the

optimized values calculated with respect to v =521.8 mm / min. The value derived

average
optimal

directly from the variable Vv, will be taken as the optimal one, since it differs by less

than 0.5% from VCl,, (both are approximately the same).

I.3.12 Optimization Results for a Simple clad Bead

Finally, the optimal values for a laser cladding process based on the DOE of (Table 1.5)
for a single bead are:

- m' =8.78 g/min.
-V =522 mm/min.

- P.. =571 W (for a spot diameter of ¢d, . = Imm, multimodal with cylindrical

laser — laser

energy distribution).
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I.4 Optimization of a Multiline/Multilayer Bead for Laser

Cladding Process

1.4.1 Defects in Multiple Layer Beads

The optimization for multiple beads and layers aims to minimize / avoid the appearance
of defects like those shown in (Fig. 1.14).

Figure I1.14. Image with typical examples of various types of defects for multilayer laser
cladding deposition.

The (Fig. 1.14) shows the sum of the most important defects that are listed below:

- Multiline/Multilayer pores (it will be represented by the area Por ).

- Excessive Multiline/Multilayer dilution (it will be represented by Dil ), and its
instability. The instability of Dil , can give rise to a lot of melting on the
substrate or to its lack of fusion with the clad material, causing low quality on
metallurgical bond.

- Excessive surface roughness after adding cladding material (too much instability
in the laser cladding process leads to uneven deposition of the cladding material

and deviation from the steady state conditions of the flat substrate).
1.4.2 Geometric Parameters for Multiple Beads and Initial Premises

Once the optimal conditions for a single clad bead are calculated, the next step is to

replicate the process for multiple beads.

It will be assumed that in the formation of layers based on multiple single beads, a

steady state is established that preserves the optimal calculated parameters (that is, the
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optimal values of the parameters for a single bead are maintained for the entire volume

of cladded material).

Since there are many ways to deposit single beads, it is necessary to limit the number of
possible strategies (tool paths). For this investigation, strategies that add the material in
the same direction will be used (zig-zig or zig-zag strategy according to the path
followed when two attached beads are deposited following a repetitive pattern), (Fig.

1.15).

Meaning of colors:

- Laser off, movement at maximum speed. ——
- Laser on, movement at speed "v".  —

Y Y

Clad strategy in zig-zag Clad strategy in zig-zig

Figure 1.15. Schemes of Zig-zig and zig-zag deposition strategies (tool paths).

As complexity in geometry increases, it is necessary to include two extra parameters in

the description of multiple beads: %Ove and %Off , (Fig. 1.16).

Both new previous parameters will be a function of the width W of a simple bead, where
%0Ove Wwill have a value between [0 and 1] * W and %Off one between [® and 0.5] * W.

The range for the case of %Off is less respect to %Ove because of its symmetry.

Hac

%0ve= 1- Ac/(HAC*W)

Figure 1.16. Scheme of several consecutive single beads showing the geometric meaning
of parameters %Ove and %Off .
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The objective of the %Ove -parameter is to achieve an overlap between beads in such a
way that when depositing a layer, the resulting surface after solidification is as flat (and
parallel) as possible with respect to the previous one. The idea is that when the material

is deposited (and melted due to the energy of the laser beam), an excess of it will fill the
empty space of the overlap (by mass balance), i.e. the space between the ridges (Al = A2

) as shown in (Fig. 1.17).

From (Fig. 1.17), for a single cladding bead with a characteristic polynomial geometry

Yac :alx4 +a2x2 +a, and taking advantage of the symmetry between two consecutive

beads, the mean areas A and A, will be (Eq. I.15) to (Eq. 1.16):

.&.I

j:g Y Line of symmetry
1 | \
> I
w

Figure 1.17. Scheme of two consecutive bead clad for deduction of the coordinate xpa; for

which A7=A2.
Where:
Xpal 3 3 5 5
%sza"HAC_ | (X" +a,x" + H , )dx = — ( 31;%. +98) Eq. 115
0
> T ) ? w 81W5 a2W3 a X, |5 X, |3
2 X*+ax +H, )dx=| ——x_, |+ n X .
2 XB[. (& 2 ac) > bal 160 Y 5 3 Eq. I1.16
Solving for X, (Eq. 1.17):
W (240H,. +3aW* +20a,W?
) : . : : ) Eq. I.77

X
bal 480H

Because a = f(A.,H, W) and a, = f(A.,H,., W), %Ove (theoretical optimum), can
be expressed as (Eq. 1.18):
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%0ve =1- A Eq. .18
Ac
For example, for the optimum process parameters which have been determined for a

single bead (m' = 8.78 g/min,, V =522 mm/min., B, = 571 W), it could be obtained:

aser

- a=-1454

- a,=-0.873

- 8=H, =0.659 mm.
- W=1322 mm.

- A=0.629 mm2

And therefore:

X =0.478 mm.

- 9%0Ove (theoretical optimum) = 0.278 = 27.8 %

The idea of an optimal value of 9%%0Ove is related to the stability of the process. It is
desirable that the conditions throughout the deposition of the coating material remain
constant. It has been mentioned before (as a premise), that the quality of a complex
coating process is the sum of the individual qualities of all the beads involved. Therefore,
when performing a DOE with the objective of finding the best conditions in the
parameters for a single bead, one objective will be to maintain that "optimum"

throughout the process for multiple beads.

If the growth per layer is not uniform (that is, the resulting surface after creating a layer
is not “flat”), the following layers of cladding beads will not meet the same “flat”
substrate at initial conditions, and therefore the following series of cladding beads “will

grow” in conditions outside of those established as “optimal” (flat surface).

If the resulting geometry for a bead is modified, for example, by a temperature increase
for a system without any automatic temperature control, it is easy to adjust the process
conditions to a new optimal overlay looking for stability conditions by applying (Eq. I .17)

and (Eq. 1.18). It is important to remember that the above equations are applicable to

individual bead profiles of the form:y, = a,x* +a,x* +a,.
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Authors such as (Chen et al.,, 2018; Li and Ma, 1997; Ocelik et al.,, 2014), have deduced
optimal overlap values for modelled bead geometries such as parabolas and
circumference sections. The disadvantage of the previous approach is that cladding
beads do not always fit geometry as close to these geometric shapes (parabolas and
circumference sections), as is shown in (Fig. 1.7), and therefore it is more difficult to
establish a good model to describe and predict the geometry of the bead, as well as the

molten area.

If there is the need to increase or decrease the %60Ove from its optimal value of (Eq.
1.18), that is, modifying the thickness of the layer deposited from H, , a change in
height per layer will be assumed as a function of the difference of area AA=A, — A

(Fig. 1.18).

If the overlap (%Ove ) is greater than the optimal value, there will be more growth per

deposited layer; otherwise the opposite will be true. It is assumed that the change in
height with respect to H ,_, the variable (h’) is given by the value of the area AA (delta
area positive or negative), divided by the total width between the ridges of the clad layer
(L ) as is shown in scheme of (Fig. 1.18).

L tr=W(ntr-1)*(1-%Ove)

(H)ot =(A27A)io

W %VW W
T A ?& i (eot =(A27A)ior ,_\
| | =
[

Hh

h

Figure 1.18. Scheme to determine the value of the variable h’ as function of the total
difference of area AA (total), for overlapping on consecutive beads.

The height change (h’) will be given by (Eq. 1.19):

., A

h _ My Eq. 119
Lo

Where:

W (n, —1)(240H ,.%Ove +3aW* + 20a,W ?)
240

A, = and L, =W(n, —1)(1—%Ove)
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The height H, ., for a layer of clad beads with any overlap (%Ove) will be given by
(Eq. 1.20):
HAc_corr = HAc + h' Eq I2®

The analogous parameters for quantifying the quality of multilayer/multilayer coatings (in
the same way as for single beads) have the suffix "ml" (multilayer/multilayer), to

distinguish them from those for single beads.

Substituting in (Eq. 1.20) the (Eq. 1.19), and multiplying by n-layers (n, ) the theoretical

total height (for a multilayer cladding), for a bead with height H is given by (Eq.

Ac_corr

1.21):
n,(240H W?%(3aW? +20a
Ac_ml — Iy( ~ ’ ( al i 2)) Eq 1.21
tot - 240(1—%0Ove)
The total width of the cladding will be given by (Eq. 1.22):
W, =W (%Ove —n, (%Ove —1)) Eq.1.22

No analytical mathematical solution for the optimal theoretical value of %Off was found.

Once the theoretical height for a multi-line, multi-layer coating was calculated from a
series of single bead, a set of experiments were carried out under different conditions to
verify to verify the theoretical calculation. In the tests on multilayer coatings, the optimal
process parameter values for a single bead were used. In addition, tests were carried out
under different conditions to verify the efficiency and stability of the optimisation

solution.

In addition to the previous paragraph, it is desirable that the efficiency on the deposition

of material will be as higher as possible (represented by 7., ., ). The appearance of

strange secondary phases is avoided using the optimal conditions for a single bead.

A series of test beads were deposited modifying some of the following parameters: V,

P %0ve and %Off .

laser ?

DOE images from multilayer / multiline test are shown in (Fig. 1.19). The areas are
delimited by colours, green for the deposited material, and red to delimit the molten

area. The numbers at the bottom of each test of cladding will serve as index.
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After, cross sections corresponding to each test were cut. A metallographic etching was
carried out, and the values corresponding to the cladded, melted and pore areas were

measured through an image analysis software.

Figure I1.19. DOE images for a multiline/multilayer series of trials for different Laser
Cladding deposition parameters.

For each DOE, a trial was considered as steady state when a multilayer/multilayer test

was formed by the deposition of 3 layers with 8 beads each.

The number of layers and beads for each multilayer / multiline trial for the DOE has not
been increased because the quantification of, for example, the multilayer dilution ( Dil
) is dependent of the number of layers cladded. That is because in (Eq. 1.23) if the
cladded area tends to be large, the ratio Dil , considering the total melted area tends

to zero.

Dil,, = —

| Eq. 1.23
" A:_ml + An_ml

Porosity and Efficiency (both multilayer) will be defined in (Eq. 1.24) and (Eq. 1.25):

A
Por, = —2" Eq. 1.24
Ah_ml + Ap_ml
ppVA\: ml
= E . I.25
77c|ad_ml m .(nly . ntr q

It is important to note that the data values concerning the measurements of the
different areas, as shown in (Fig. 1.19), do not fully describe the characteristics of the
coating, as it is in the case of a single bead. Thus, for example, the coating named as
N1® in (Fig. 1.19), apparently presents a very low Dilution level (depending on its area

A, ) but the shape the melted area is distributed is very uneven, and can lead to

metallurgical bond failure problems in the substrate/coating junction zone (and thus an
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increase in porosity). Therefore, area data values without prior analysis are not sufficient

and some kind of mathematical treatment needs to be applied.

The DOE for multiline / multilayer data is presented in (Table 1.14). The experiment

number (# CLAD,, ) matches the one shown at the bottom of each trial in (Fig. 1.19).

Table 1.14: Design of experiments to study the effect of the variables P, V, %Ove

and %Off on the responses expressed as a measure of the areas on a
multiline/multilayer deposition (8 beads and 3 layers).

# Pocer v (mm) %ove | Y%Off A A A W,
CLAD, | (w) (=) ) | (mm?) | (mm?) | (mm?) | (mm)
1 436 475 0.36 0.25 17.74 1.07 3.80E-03 6.44
2 436 475 0.26 0.25 16.15 2.43 0.00E+00 7.43
3 436 522 0.36 0.25 16.14 1.57 9.18E-02 6.36
4 436 522 0.26 0.25 17.39 1.81 1.25E-01 7.45
5 393 475 0.36 0.25 13.57 2.24 5.94E-02 6.57
6 393 475 0.26 0.25 19.14 1.38 6.41E-02 7.21
7 571 522 0.36 0.25 19.95 3.04 2.53E-02 7.25
8 571 522 0.26 0.25 21.97 3.92 2.48E-02 8.88
9 436 475 0.5 0 13.14 1.90 4.88E-02 5.75
10 436 522 0.5 o 14.97 0.91 2.09E-02 5.46
1 393 475 0.5 o 13.55 0.53 1.61E-02 4.62
12 571 522 0.5 0 18.31 1.77 3.17E-02 6.23
13 436 475 0.26 0.375 21.51 2.69 4.40E-02 7.64

I.4.3 Characterization of the Stability of a Multiline/Multilayer Clad
Bead

Characterizing the molten area is important. If the previous area is uniform and stable
from the beginning of the cladding process, it means that the energy density towards the
substrate has been kept approximately constant, and therefore the metallurgical bond

should present better quality and uniformity.

In a previous paragraph it was mentioned that the measurement of areas (e.g.
multiline/multilayer dilution) is not sufficient to adequately characterise the quality of a

laser cladding coating.
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To characterise the stability of the multilayer / multilayer coating, it is important not only
to measure the areas that serve as control parameters for the process, but also the way
in which these areas are distributed. It is proposed to use the measurement of the

height of the coating bead ridges as a way to quantify the process stability.

A convenient statistical parameter was the standard deviation (o). The standard
deviation was applied to two sets of data: the height of the coating beads for the area
above the substrate surface, and the height of the melted areas below the substrate

surface. The procedure was as follows:

- The first was a sample of the data set corresponding to the height coordinates of
the multiline / multilayer deposition, as shown in the example in (Fig. 1.20, Left),
red dots on the surface of the cladding. This sampling of points will be done with
high density, in such a way that there is a representative statistical sample to
characterize the final stability of the surface based on the distance (heights) with
respect to a reference frame (in the substrate surface).

- The second was a sample of lower density coordinates on the molten area that
gives rise to the dilution area, (Fig. 1.20, Right), red dots at the bottom of the
molten area). The lower number of data for the melted area is due to the desire
to obtain values related to the period at the ridges of the fused area for the
substrate. Thus, the spacing between beads of the laser beam was used to

characterise the depth at which the source of heat fused the substrate.

Set of coordinates of the

upper zone of multiline / i Set of coordinates of the
v Ac_ml multilayer clad lower zone (melt) of
Am ml multiline / multilayer clad
L Y A
- X X \ R -
N . Y o - v O 4 =
o & . o o -

Figure I1.20. Example of data collection to quantify the stability of a multi-line / multi-
layer Laser Cladding deposition. Left, high point density to characterize the surface;
right, low point density following the period of the molten area as a function of the
overlap (%Ove ) of the beads.
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The standard deviations of each set of coordinates were calculated as in the example of
(Fig. 1.28), as well as their normalization with respect to the smallest value (for

comparison purposes the values were converted to natural scale).
Natural scale normalization is defined as (Eq. 1.26):

Gi _data

min[o-(izl...n)]data

GSV

Eq. 1.26

The standard deviations for H and H_, their respective natural-scale

Ac_ml _
data

data

normalizations (o,,0, ) and the average of both normalizations are shown in (Table I1.15).

Table 1.15: Standard deviations in absolute value and in natural scale (with respect to the
smallest value), of the data collection for the variables H, . v H from the tests

data

m_ml’
data

for a multiline/multilayer deposition.

Ca_ Oy _
v, | M) {Mn) CRES
(mm) | 7 ( : el j (mm) s (H e j ?
1 0.190 1.00 0.171 2.05 153
2 0.348 1.83 0.142 170 177
3 0.335 176 0.259 3.12 2.44
4 0.248 130 0.155 1.87 159
5 0.705 370 0.118 142 2.57
6 0.332 175 0.133 160 168
7 0.297 156 0.165 198 177
8 0.277 1.45 0.119 1.44 1.45
9 0.558 2.93 0.160 192 2.43
10 0.367 193 0.175 2.1 2.02
11 0.446 2.35 0.161 194 214
12 0.515 270 0.244 2.93 2.82
13 0.355 1.87 0.083 1.00 144

Along with the previous table, other compound variable were calculated from the data in
(Table 1.14):
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- H,. ., :total height of each set of filler beads test (its geometry is assumed as a

real

rectangle of base W, and area A, ), (Eq. 1.27):

H —__cm Eq. 1.27
W
- P and Vv, according to (Eq. I.12) and (Eq. 1.13), and the data values of the
sV
(Table 1.14).

- H,. = f(Multiple linear correlation): height of a single bead according to the
correlation model with the coefficients of (Table 1.8).

- W = f(Multiple linear correlation): width of a single bead according to the
correlation model with the coefficients of (Table 1.8).

H,. ,,: total theoretical height of a set of filler beads according to (Eq. 1.21).

tot

W, : total theoretical width according to (Eq. 1.22).

Nuaa_m - @Ccording to (Eq. I.25), with m* = 8.78 g/min. The value of mass flow was
the same as the optimum for a single clad bead.
- Dil_, : according to (Eq. 1.23).

- Por,,: according to (Eq. 1.24).

I.4.3.1 Error Estimation between Model for a Single Bead and Multiline/

Multilayer DOE Data as a Stability Criterion

To quantify the deviation between the values calculated by the different models, and
those obtained from the experiments, the percentage error was used between the data
sets. The values obtained from the DOE test experiment were assumed as the reference

values.

The error %err is defined as (Eq. 1.28):

t —dat
%err = ( da afeg'atada Arnogel J*100% Eq 1.28

real
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To express concisely the (Eq. 1.28), the following nomenclature will be used:

- da‘ta‘model )

real

%err = ( data“-g' ;datamde' J*lOO% equals %err (data
ata

real

The percentage errors to calculate were the following:

Ac_ml - HAc_ml
real teo

- %err(H j: percentage error between the total height obtained

from the set of filler beads test versus the theoretical height calculated from the
(Eq. 1.21).

- Y%err (W, ~W,

ot ): PErcentage error between the total width obtained from the set

of cladding beads test versus the theoretical width calculated from the (Eq. 1.22).

Finally, to quantify the total error with a single parameter, the average of the absolute

value of both previous errors were used, (Eq. 1.29):

abs|:%err£HAC_ml N HAc_mI H"‘abs[%err (Wml ~ Wi )] Eq. 1.29

e real teo
%err =
2

Absolute error values were used for the calculations because some of the data calculated
for the same experiment were positive and some were negative, so that the sum of both
can give a total error value close to zero if both data have approximately the same

numerical value, but different signs.

The calculation values from the previous compound parameters are presented in (Table

1.16).
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Table 1.16: Compound parameters calculated from DOE data in (Table 1.14) to model the behaviour of multiline / multilayer Laser Cladding
coating.

%err
H H i Por., berriH rer™ | werr(W,,

# Ac_ml _ H w Ac_ml W n Dil .

real Plaser () V., (-) Ac tot tot clad _ml ml X 103 ~H ) ~W ) o o

CLAD (mm) v sv (mm) (mm) (mm) (mm) (%) (%) tAeg_ml tot 0€rT (%)

1 275 -0.6349 -0.5391 0.530 | 1.354 1.489 7.418 | 32.9% 57% | 0.214 -15.2% 45.9% 30.6%
2 217 -0.6349 -0.5391 | 0.530 | 1.354 1.288 | 8.366 | 29.9% | 13.1% | 0.000 -12.6% 40.8% 26.7%
3 2.54 -0.6349 -0.2124 | 0.490 | 1.320 1403 | 7.232 | 331% | 8.9% | 5.655 -13.8% 44.8% 29.3%
4 2.33 -0.6349 -0.2124 | 0.490 | 1.320 1.214 8.156 | 35.6% | 9.4% | 7.132 -9.4% 48.0% 28.7%
5 2.07 -0.9907 -0.5391 0.472 1.354 1.227 7.418 251% | 14.2% | 4.359 -12.9% 40.6% 26.8%
6 2.65 -0.9907 -0.5391 | 0.472 | 1.354 1.062 | 8.366 | 35.5% | 6.7% | 3.337 -16.0% 60.0% 38.0%
7 2.75 0.4823 -0.2320 | 0.657 | 1.320 2227 | 7.232 | 40.9% | 13.2% | 1.267 0.2% 19.1% 9.7%
8 2.47 0.4823 -0.2320 | 0.657 1.320 1.926 8.156 | 45.0% | 15.2% | 1.128 8.2% 22.1% 15.2%
9 2.28 -0.6349 -0.5391 0.530 | 1.354 1.906 6.092 | 24.3% | 12.6% | 3.701 -5.9% 16.6% 11.3%
10 2.74 -0.6349 -0.2320 | 0.490 | 1.320 1796 | 5.939 | 30.7% | 5.7% | 1.395 -8.7% 34.4% 21.6%
1 2.93 -0.9907 -0.5391 0.472 1.354 1.571 6.092 | 25.1% 3.7% 1187 -31.9% 46.4% 39.1%
12 2.94 0.4823 -0.2320 | 0.657 | 1.320 2.850 | 5.939 | 37.5% | 8.8% | 1.728 4.7% 3.1% 3.9%
13 2.82 -0.6349 -0.5391 0.530 | 1.354 1.288 8.366 | 39.9% | 11.1% | 2.041 -9.5% 54.3% 31.9%
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I.4.4 Analysis of Results to meet the Overall Objectives of

Multiline/Multilayer bead Optimisation

With the information in (Table 1.15) and (Table 1.16) it is possible to establish some

trends. In order to clearly establish the optimisation objectives, the following aspects

were taken into account:

Porosity must be minimal and if possible it should be absent.

The dilution for multi-line/multi-layer deposition should be as low as possible
and above all uniform (to avoid adhesion problems of the bonded material to the
substrate).

The stability of the multilayer/multilayer coating surface deposition must be
maximised (so that the conditions for material deposition are as similar as
possible to those optimal for a single bead).

The efficiency of material deposition must be maximised (economical use of raw

material).

Considering the previous 4 literals, the following observations can be made from the

data in the (Table 1.15) and (Table 1.16):

All the porosities are low, as can be seen in column ( Por,, ) of (Table 1.16), with a
maximum in experiment # 4 as the only value to highlight.

The Dilution for multiple cladding beads ( Dil , ), remains low on average (9.87%)
(Table 1.16). However, this value does not have meaning by itself, since, as
mentioned previously, it depends on the stability of the molten area across the
entire cladding and the number of layers deposited. However, low values are
generally beneficial, as it shows little thermal damage to the substrate for multi-
line/multi-layer deposition.

In addition to the Dilution, the values of the parameter of normalized standard

deviation for the data of H expressed by the variable (o

Ac_ml and Hm ml al

data data

p) 1N

(Table 1.15), should be closer to 1. A value close to 1 means that the stability
conditions during the manufacturing of a multilayer/multilayer coating are
maintained throughout the whole process. Noteworthy are cladding #1, 8 and 13

in the aforementioned table.
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- The (Table 1.16) shows that the best test for the variable Netag_m WETE #CLAD 7, 8

and 13, especially number 8 with a maximum of 45% in cladding deposition
efficiency.
- Experiments # 8 and 13 in (Table 1.15) and (Table 1.16) excel in stability and

material deposition efficiency parameters respectively.

The Lumiére software (Logiciel a Usage de Modélisation Industrielle Et de Recherche
Expérimentale) was used again to model three of the most important variables of the

deposition process parameters for Multiline/Multilayer as a function of

f (P,aser \V,, %00ve, %Off j The responses for the model were as follows:

- Dil, (%).
- Por, (%).
nclad_ml (%)‘

The restrictions to be fulfilled for the statistical modelling of Dil , Por v 7.4 .

were:

- The confidence level will be defined as 95%, with a minimum of 2.5% and a

maximum of 97.5%.
- The maximum risk level for the coefficients will be 5%.

- The correlation coefficient was established at a minimum of 0.985.

1.4.5 Variable Correlation Matrices and Regression Models for

Multiline/Multilayer

The results for the modelling are shown in (Table 1.17) and (Table 1.18).
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Table 1.17: Correlation matrix of the variables to be modelled. The confidence level is specified in 95% with a data range of [2.5% 97.5%].

Multiple Linear Regression

Defined Confidence Level: 95.00 %.

Correlation matrix

Significant correlations at 95.00 %
r=0.5529 (13- 2)

Ove# Off# P_laser_sv#*v_sv# P_laser_sv#*Off# | v_sv#*Ove# | v_sv#*Off# | Ove#*Off#
Ove# 1.0000
Off# -0.9122 1.0000
P_laser_sv#*v_sv# -0.0406 0.0588 1.0000
P_laser_sv#*Off# 0.4463 -0.5051 -0.6725 1.0000
V_sv#*Ove# -0.4820 0.4135 -0.7360 0.1385 1.0000
V_Sv#*Off# 0.7419 -0.8401 -0.4318 0.7339 -0.0228 1.0000
Ove#*Off# -0.7874 0.9598 0.0424 -0.4692 0.3669 -0.7800 1.0000
Range of variation of the Factors
Factors to consider Minimum | Average Maximum Standard deviation
P_laser_sv -0.9907 | -0.4592 0.4823 0.5570
V_SV -0.5391 -0.3883 -0.2124 0.1695
Ove 0.2600 0.3646 0.5000 0.1033
Off 0.0000 0.1827 0.3750 0.1313

Control statistics for Multiple Linear Regressions are presented below. In all cases, the correlation coefficient (R) will be assumed to be valid

for values> = 0.95, with risks for each variable less than 1% and without the use of "constants" in any of the linear correlations.
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Table 1.18: Regression matrices with statistical control parameters for each of the variables for the modelling process of a multiline / multilayer
laser cladding deposition.

Regression of Dil_ml

Summary of Coefficients

Table with the residual standard
deviation.

Sr=0.80365 - Nur =11

Standard Confidence
Variable Coefficient deviation t Student % Risk % Centring
Ove# 0.1534 0.0356 4.3105 99.88 0.12 No
Off# 0.2301 0.0606 3.7997 99.71 0.29 No
Confidence Interval 95%
Variable Coeff Mini (2.50 %) Maxi (97.50 %)
Ove#t 0.1534 0.0751 0.2317
Off# 0.2301 0.0968 0.3634
Decomposition of the sum of squares
Confidence
Source Sum of the squares Ddl Medium Square Fisher % Risk %
Regression 0.1282 2 0.0641 481116 100 Y
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Residues 0.0147 1 0.0013
Total 0.1429 13 0.0M1
Correlation coefficient (R): 0.95
Residual Standard deviation Sr
: 0.0365 Ddl 11
Analysis of Effects Contributions.

Effects Contributions %

Ovett 0.069 48.28

Off# 0.0593 41.46
Residues 0.0147 10.26

Total 0.1429 100

Regression of Por_ml
Summary of Coefficients
Table with the residual standard
deviation.
Sr=0.0011-Nur=9
Standard Confidence
Variable Coefficient deviation t Student % Risk % Centring
Off# 0.0271 0.004 6.7406 99.99 0.01 No
P_laser_sv#*Off# -0.0201 0.0037 -5.4556 99.96 0.04 -
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v_sv#*Ove# -0.0092 0.0026 -3.5364 99.37 0.63 -
v_sv#*Off# 0.8746 0.0116 6.4196 99.99 0.01 -
Confidence Interval 95%
Variable Coeff Mini (2.50 %) Maxi (97.50 %)
Off# 0.0271 0.018 0.0362
P_laser_sv#*Off# -0.0201 -0.0284 -0.0117
v_sv#*Ovett -0.0092 -0.815 -0.0033
v_sv#*Off# 0.0746 0.0483 0.1009
Decomposition of the sum of squares
Confidence
Source Sum of the squares Ddl Medium Square Fisher % Risk %
Regression 1.29E-04 4 \ 26.9865 99.99 0.01
Residues 1.08E-05 9 o
Total 1.40E-04 13 Y
Correlation coefficient (R): 0.961
Residual Standard deviation Sr
: 1.10E-03 Ddl 9
Analysis of Effects Contributions.
Contributions %

Effects
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Off# 0.0002 126.42
P_laser_sv#*Off# 0.0001 59.65
v_sv#*Ove# 0 27.94
v_sv#*Off# -0.0002 -121.7
Residues ] 7.7
Total 0.0001 100
Regression of pciad_mt
Summary of Coefficients
Table with the residual standard
deviation.
Sr=0.0341-Nur=29
Standard Confidence
Variable Coefficient deviation t Student % Risk % Centring
Ovet#t 0.6856 0.0387 17.7199 100 o No
Off# 1.8058 0.269 6.7131 99.99 0.01 No
P_laser_sv#*v_svi# -0.2037 0.0415 -4.914 99.92 0.08 -
Ove#*Off# -3.5797 0.8965 -3.9929 99.69 0.31 -
Confidence Interval 95%
Variable

Coeff

Mini (2.50 %)
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Ove# 0.6856 0.598 0.7731
Off# 1.8058 11973 2.4143
P_laser_sv#*v_sv# -0.2037 -0.2975 -0.1099
Ove#*Off# -3.5797 -5.6078 -1.5516
Decomposition of the sum of squares
Confidence
Source Sum of the squares Ddl Medium Square Fisher % Risk %
Regression 14974 4 0.3743 322.1021 100 )
Residues 0.0105 9 0.0012
Total 1.5079 13 0.116
Correlation coefficient (R): 0.997
Residual Standard deviation Sr
0.0341 Ddl 9
Analysis of Effects Contributions.
Effects Contributions %
Ove# 1.86 70.3
Off# 1.5246 10111
P_laser_sv#t*v_sv# -0.1834 -12.16
Ove#*Off# -0.9038 -59.94
Residues 0.80105 0.69
Total 1.5079 100
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1.4.6 Validation of Correlations

The verification of the correlation models (based on the values of DOE data) will be done
through the Shapiro and Wilk Test (Mohd Razali and Yap, 2011), one of the test for
normality considered most powerful. The results of tests to verify the normality between
the error generated by the values calculated by the correlation model and the

experimental data is shown in (Table 1.19):

Table I.19: Results of the hypothesis evaluation for the Shapiro and Wilk test for the
Error between the modelled variables in (Table 1.18) and the data in (Table 1.14).

Test of normality for residuals of multiline and multilayer for Porosity
model, Dilution model and Efficiency model.

Adequacy to a Normal Law

CHARACTERISTICS OF THE
SAMPLE
Error_Por_ml#

Defined Confidence Level: 95.00%.

Number of Standard
observations: Average: deviation: D.D.L.
13 0.0001 0.0009 12

Normality Test: SHAPIRO AND WILK

Confidence Risk
Calculated Statistics Law % (alpha)%
0.8712 Normal Distribution 94.7289 5.2711
The distribution is not significantly
different from a normal distribution.
CHARACTERISTICS OF THE
SAMPLE
Error_Dil_ml#
Defined Confidence Level: 95.00%.
Number of Standard
observations: Average: deviation: D.D.L.:
13 0.0008 0.0349 12
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Normality Test: SHAPIRO AND WILK

Confidence Risk
Calculated Statistics Law % (alpha)%
0.9708 Normal Distribution 14.2253 85.7747
The distribution is not significantly
different from a normal distribution.
CHARACTERISTICS OF THE
SAMPLE
Error_Eff_ml#t
Defined Confidence Level: 95.00%.
Number of Standard
observations: Average: deviation: D.D.L.
13 0.0007 0.8295 12
Normality Test: SHAPIRO AND WILK
Confidence Risk
Calculated Statistics Law % (alpha)%
0.9395 Normal Distribution 57.4834 42.5166

The distribution is not significantly
different from a normal distribution.

Once the validity of the model correlations was validated (since the error follows the
trend towards a normal distribution, and therefore it means that all significant variables
that affect the process were taken into account), optimisation proceeded with a process
of finding compromise values in the model's responses based on previously established

objectives (minimize Por,, and Dil ,, and maximize 7, .,)-

ml ?

The results of this optimization were not independent of the parameters applied to a
single bead, therefore, an important restriction was applied, which was that all numerical

solutions converge for values near P = 0.4823 and Vg, = -0.2320, that is, to the

aser
sv

optimum of a single cladding bead, thus the non-appearance of undesirable

metallurgical phases (intermetallic) was guaranteed.
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Remember that the variables with subscript “sv” are reduced compound variables, as
defined in (Eq. 1.12) and (Eq. 1.13). The (Table 1.20) shows the search results for optimal

solutions, where the variations were given by the changing the values of %0ve and %Off.

Table 1.20: Optimization for Por, Dil , and 7., ., based on input parameters for a
multiline / multilayer cladding model.

Optimization of Dil_ml# in the domain under
constraints of other responses

Number of constraints: 0

Responses Objectives Calculated Values
Dil_ml Minimize 0.0489
Por_ml 0.0000 <= Por_ml<= 0.0071 0.0006
Eff_ml 0.2434 <= Eff_ml<= 0.4500 0.2392

Optimization of Eff_ml# in the domain under
constraints of other responses
Number of constraints: 0

Responses Objectives Calculated Values
Dil_ml 0.0370 <= Dil_ml<= 0.1515 0.1251
Por_ml 0.0000 <= Por_ml<= 0.0071 0.0002
Eff_ml Maximize 0.5495

Optimization of Por_ml# in the domain under
constraints of other responses
Number of constraints: 0

Responses Objectives Calculated Values
Dil_ml 0.0370 <= Dil_ml<= 0.1515 0.1496
Por_ml Minimize 0.0001
Eff_ml 0.2434 <= Eff_ml<= 0.4500 0.4414
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I1.4.7 Obtaining a Compromise Solution for the Optimisation of

Multiline/Multilayer Beads Model

As for a single bead, it was observed that each optimization of the previous section

separately converges to different optimal values. However, in this, case it is noteworthy

that the response values of %0ve and %Off are not in the same close range, unlike

what

happened in the optimization for a single bead. Therefore, an analysis of the

various solutions was necessary to establish a compromise between them.

From

There

%O0Ve,,,, = (%0ve*Wt) .o my + (%0ve *Wi)

%Off

(Table 1.20), it is noteworthy that:

When applying the different found solutions (regardless of the value of the
optimized parameter), all the values for Por , were very low, therefore it can be
assumed that the porosity will remain low regardless of which optimization
solution was taken as valid. Therefore, compromises in the solutions were made
on the basis of the two remaining parameters: 7., ,, and Dil .

A weighted factor will be used as a criterion to quantify the optimum solution
found for %Ove and %Off based on the remaining parameters (Dil , and

Neaa_m )- The respective weights for the calculated responses were 7., = 0.67

and Dil_, = 0.33, so that the sum of the weights is equal to one. The weighting
of the cladding efficiency parameter as twice as important as the dilution was
due to the fact that the former parameter in a multilayer deposition is an
important value only for the first layer. On the other hand, the efficiency will be of
higher importance (with a high probability), depending on the final height of the

coating material.

fore, the compromise solution for %0ve and %Off were (Eq. 1.30) and (Eq. 1.31):

=0.257=25.7%  Eq. L.30

comp max(r7_clad _ml)

comp (%Off *Wt)min(DiI_mI) +(%Off *Wt)max(q_clad_ml) = 0.263 =26.3% Eq. 1.31
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With this compromise solution calculated on the basis of weighted parameters, the
calculated porosity was (according to the Multiple Linear Regression (Table 1.18)), Por,
= 5.73E-04 = 0.80572%, which being practically zero is considered valid in terms of the
objective of limiting porosity to a minimum. The values of the other parameters

calculated with the compromise solution were: P = 0.2843, v, =-0.232, equivalent in

sV

normal parameters to P| =571 W and V = 522 mm / min respectively:

aser

Finally, the values of the compromise solution were taken as suitable for the following

reasons:

- The process parameters were maintained under conditions in which the
undesirable phases (intermetallic) do not appear, as for the case of a single bead.

- When comparing the value of %Ove (Eq. 1.30), with the one mathematically

comp
deduced in (Eq. 1.18), it was observed that both values are very close to the one
obtained when applying the same parameters as for a pair of single beads
(25.7% versus 27.8%). The previous results help to confirm that the solution
obtained by mathematical deduction is accurate (a geometric optimum versus a
statistical optimum gives approximately the same result).

- The values of the compromise solution that were most similar to those of the
DOE in (Table 1.14) were #CLAD 7 and 8.

- With respect to the stability of the process (characterized by the sum of the
standard deviations in natural scale (Table 1.15), where a lower value of (o)
means greater stability), the #CLAD 7 and 8 were the best test results, together
with the of experiment # CLAD 13. However, the #CLAD 13 presents a higher

porosity and parameters of P and V further away from the optimum for a

aser

single bead; as a result, it was not taken into account. In (Fig. 1.21) the values of

Oy = |:O-sv (ch_ml jJro-SV (Hg‘—m'ﬂ/z and Por,, were presented for comparison
ata ata

from the data of (Table 1.15) and (Table 1.16).

146



Chapter I: Parameter optimization for the Laser Cladding process

Porosity and sum of standard deviations in DOE geometry data of
multiline/multilayer cladding

AN AT
AN MY/ \ L
A

~@-Por_ml x 1000

——(s_sv(H_Ac_ml)+
s_sv(H_m_ml))/2

L~ A .
7/ N N

1 2 3 4 5 6 7 8 9 10 11 12 13
# CLAD (DOE)

Porosity x 1000

H_Ac_mland H_m_ml

3 Standard deviation natural scale

0.0

Figure I1.21. Comparison of the sum values of the standard deviation for height and total

width of a multiline / multiline cladding (o, ); and for the porosity ( Por ) from the data

of DOE in (Table I1.14). For the sum of the standard deviations (o, ), values close to one
are better. In the case of porosity values the lowest are better.

- The deposition efficiency for multiple beads (Metag i ) is maximum for
experiments #CLAD 7 and 8. The disadvantage is that the amount of Dilution is
one of the highest for both of the previous test. However, the test # 7 and 8 were
very stable and ensures a good metallurgical union between the substrate and

the cladding material, as well as between the successive layers of metal powder.
The (Fig. 1.22) shows the values of 7, ,, and Dil  from the DOE data in

(Table 1.16).

Percentages of n_clad_ml and Dil_ml in DOE geometry data of
multiline/multilayer cladding

50% 30%
45% . 27%
40% /\ 24%
35% / \ f/' 21% =
RN \ / \ / -

25%

D A //\\\/ i

15%

—o—Eff_clad_ml

Percentage n_clad_ml

- Dil_ml

Percentage Dil_ml

6%

10%
5% 3%
0% 0%

1 2 3 4 5 6 7 8 9 10 11 12 13
# CLAD (DOE)

Figure 1.22. Percentage of material deposition efficiency and Dilution from DOE data in
(Table 1.16). In the case of efficiency, a high values are better, in the case of Dilution, a
lower values are preferable.
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- For%Off , no physical explanation has been found for the compromise value (as
it is the average of two solutions). Separately, they can be interpreted as follows:

When (%Off ) is calculated based on minimizing Dilution (%Off oy ) its

value is in the order of 2.13%, that is, there will be no gap between consecutive
layers of cladding, and therefore the previous layer serve as a “shield” for the
laser beam to protect the material at its bottom. In the case of the substrate, this
would explain the tendency for minimum dilution. On the other hand, if %Off is

obtained based on maximizing efficiency ( %Off )), the calculated value

max(z7_clad _ml
is 38.2%, that is, shifting the beads in such a way that the beginning of the next
layer would be between the two ridges of the previous layer (in the gap between
two beads). This would be an area where there would be a trend towards a
greater efficiency of powder capture for growth than, for example, one of the
edges, and this would explain the predisposition of that area to a greater

efficiency in deposition.

Both phenomena are depicted in (Fig. 1.23), where the crest of the first cladding bead on

the left (%Off ) protects the previous ones (attenuation that allows low dilution),

min(Dil _ml)
and instead the one in the centre (%Off . .4 ) Would be deposited in a “hole
between two ridges” (trapping more powder). As a compromise for both solutions, it has

been decided to take the average of both compromise values (Fig. 1.23, right side).

!L‘ 2.13%*W=% Offmin(Dil_ml) _WJ 38.2%*W=%Offmax(nclad_ml) IF‘ % Offcomp=26.3 %*W

)=

+775 '
w w ] w ]
Figure I1.23. Description of the compromise solution for the values of the variable %Off

as an average of the solutions obtained to minimize dilution and maximize the efficiency
of the multiline/multilayer cladding.
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1.5 Optimal Process Parameters for a Multiline/Multilayer Beads

for INCO718

Finally, the summary of the cladding process parameters for INCONEL 718 is presented

in (Table 1.21):

Table 1.21: Summary of the optimal process parameters for multiline / multilayer laser
deposition.

m’: 8.78 g/min.

Paser 571 Watt (¢, =1 mm, Fibber
Laser, Multimode).

V: 522 mm/min.

%Ove: | 2675% | (-)

%Off 263% | (-)

1.6 Application of the Optimization Methodology of Process
Parameters for the Laser Cladding Technology and Transfer of

Research to Companies

The University of the Basque Country (through the Department of Mechanical
Engineering, via the High Performance Manufacturing Group), has worked in consortium
with private companies to develop projects, one of which was developed in consortium
with IBARMIA INNOVATEK, S.L.U. (https://www.ibarmia.com/es/) a recognized machine

tool manufacturer and TECNALIA technology centre (https://www.tecnalia.com/es/).

The objective of this collaboration was the development of a hybrid manufacturing
machine (machining and deposition of metal material by the Laser Cladding process,
with the name ADD + PROCESS), to be presented at the EMO machine tool fair held on 5
to October 109, 2015 in Milan.

A schematic of the contributors to the collaboration consortium is shown in (Fig. 1.24).

149



Chapter I: Parameter optimization for the Laser Cladding process

Recognized Machine Tool manufacturer

Developmentof a new
HYBRID MACHINE:
LMD + MACHINING
‘ - 48 ;

Universidad  Euskal Herriko
del Pais Vasco  Unibertsitatea

= . 5 RTO: Applied researchin
Wi pLeets — Advanced Manufacturing

researchin LMD Technologies

[ IBARMIA. }

Figure 1.24. EHU / UPV, IBARMIA and TECNALIA consortium established for the
development of the hybrid manufacturing machine IBARMIA ADD + PROCESS. The
picture in the centre shows the working area of the hybrid machine.

Part of the set up process (which was carried out by the Laser Group, part of the High
Performance Manufacturing Group), consisted of obtaining the optimum process
parameters for the manufacture of a prototype part that would be exhibited at the
company's stand IBARMIA, in addition to those that would be produced "live" during the
EMO machine tool fair itself. The material used was type 316 stainless steel.

The DOE and optimization method described this Chapter was used. The summary

sequence of setting up is shown in (Fig. 1.25).

(a) (b)

(d)

Figure I1.25. Images of the set up sequence of a Laser Cladding process in the hybrid
machine IBARMIA ADD + PROCESS, (a) design of experiments, (b) application of the
optimal parameters to the manufacturing of demonstration piece, (c) a finished
demonstration part, (d) machining the part manufactured by AM to verify the absence of
pores and defects in the cladding material.

An independent (confidential) laboratory carried out an in depth metallurgical analysis of

parts of the demonstration piece (Fig. 1.26).
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= Aspecimen manufactured by additive manufacturing was analyzed:
— Two pieces were cut in fransversal and longitudinal cross sections

T;amversal and
Transversal Longitudinal longitudinal sections
cross section cross section cut

Cross section analysis Part analysis manufactured

Figure 1.26. Images from the report of an independent (confidential) laboratory, which
analysed sections of the demonstration piece manufactured with the optimised process
parameters based on DOE and the method described in this Chapter of the thesis report.

The results of the analysis shown that the composition of the material was homogeneous
(a constitution analysis of the clad material was carried out by means of EDS / SEM), no
segregations of the alloy were identified within the manufactured material and only very

few pores were found (with a maximum diameter in the order of 1® ym).

From the above paragraph it is concluded that the optimisation method developed for
the process parameters for Laser Cladding is versatile enough to be applied to an alloy
other than INCO718 with good results.
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CHAPTER I1I: MICROSTRUCTURE CHARACTERIZATION OF NEW
AND RECYCLED IN718 POWDER AND RESULTING LASER
CLADDING MATERIAL

II.0 Nomenclature and Abbreviations

AM: Additive Manufacturing

CCT: Continuous Cooling Transformation
CET: Columnar to Equiaxed Transition
CP: Cleaned Powders

Cw: Continuous Work Mode

DLD: Direct Laser Deposition

DMLS: Direct Metal Laser Sintering
EBM: Electron Beam Melting

EBSD: Electron backscatter diffraction
HIP: Hot Isostatic Pressing

IMT: Incipient Melting Temperature
LAM: Laser Additive Manufacturing
LFC: Low Cycle Fatigue

LMD: Laser Metal Deposition

NbC: Niobium Carbide

NP: New Powder

QCW: Quasi-Continuous Work Mode
RP: Reacted Powder

SD: Standard Deviation

SEM: Scanning Electron Microscope
SLM: Selective Laser Melting

STH: Standard Heat Treatment

TCP: Topologically Close-Packed Phases
TiN: Titanium Nitrides

WAAM: Wire Arc Additive Manufacturing
XDR: X-rays Diffraction
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II.1 Introduction

The Laser Cladding process consists of the addition of a metallic material (generally in
the form of powder or wire) into a molten bath generated on a base material (also
metallic), by means of a high power laser directed at the surface of the substrate in a
specific area (focal plane). The cladding material is melt by the laser beam and
consolidated together with the base material by means of metallurgical bonding in a

series of beads (similar to the welding ones).

This chapter deals with the analysis and characterisation of a material deposited by the
Laser Cladding process and the design of a procedure to collect and reuse the powder

wasted during the cladding process itself for a nickel-based superalloy (INCO718).

The analysis and characterisation of the material deposited during the Laser Cladding
additive manufacturing process is important to determine whether this manufacturing
method changes the chemical composition of the alloy that is deposited, due to the
characteristics of the process itself when the material is manufactured (rapid

solidification, high temperature gradients, extended solubility, etc.).

The chemical composition of the alloy that was been used in this research (INCO718),
should be investigated both at a general level (macro scale) and at the level of secondary
phases (micro scale). The variation in the formation and distribution of secondary phases
within INCO718 (depending on the manufacturing process of the material, as well as

their transformations) are mainly a consequence of heat treatment.

Not all secondary phases have the same effect on the mechanical behaviour of the
material. Some of the so-called "undesirable phases" can affect very differently

depending on their location within the grain matrix within the alloy.

The additive manufacturing process by Laser Cladding generates very particular
microstructures to those obtained from traditional methods such as the casting of
ingots. The particular microstructure that is obtained prior to heat treatment changes
much after the alloy has been subjected to heat treatment (Special Metals, 2007). After
heat treatment there are phases that are very persistent and remain completely
undiluted regardless of the alloy manufacturing method (e.g. Laves phases), but are
distributed differently than in a traditionally manufactured INCO718 alloy. To compare

the effect of the material manufacturing method ("traditional” or by additive
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manufacturing), all heat treatments used shall be of the standard type whenever

possible, as shown in (Fig. I1.31).

This chapter will start with the study of superalloys (with special emphasis on INCO718
alloy), their phases and components, and the effect of these phases on the mechanical
behaviour. Subsequently, a characterisation of the IN718 alloy powder will be carried out

and a methodology for its reuse will be proposed.

I1.2 State of Art

I1.2.1 Super-Alloys and INCO718

INCO718 is one of the so-called nickel-based superalloys, nickel being the main alloying
element. The combination of nickel with chromium provides the high oxidation
resistance necessary for high temperature service. In addition, these INCONEL-type
alloys do not become brittle at cryogenic temperatures and have excellent mechanical
properties (Thomas, 2005). Most of these Nickel + Chrome-based alloys increase their
resistance with the addition of other elements (Aluminium, Titanium, and Niobium). In
the particular case of the INCO718, the amount of Iron is significant (close to 20% of

total weight).
At a formal definition level, a superalloy is defined as (Akca and Gursel, 2015):

- An alloy that is rich in at least one of the following elements: Nickel, Cobalt, or
Iron.
- An alloy that maintains its structural, superficial and mechanical properties at

high temperatures, under high stresses and severe working conditions.

The characteristics that are described in the two previous literals fit with the main
characteristics of INCO718 alloy, and therefore it is justifiable to call this material a

super-alloy.

According to (Thomas, 2005), INCO718 is a relatively recent alloy, invented in 1959 and

used at an industrial level since 1965.

The range of use of this alloy is close to 650°C, and its normal use is above 548°C for

high temperature applications (Hassan and Corney, 2017).

The main use of this material is in gas turbines for power generation or maritime
propulsion, aircraft turbines for both civil and military use, coal conversion plants,
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chemical industry (mainly pressure vessels and heat exchangers), oil industry,
submarines, and nuclear reactors or in any application where high resistance at high
temperatures or corrosion is required. An interesting characteristic of super-alloys is that
their working range is close to 70% of their incipient melting temperature, a fraction

that very few alloys of any kind are capable of achieving.

In general, nickel-based alloys are some of the most complex materials developed by
engineers, and for many metallurgists, superalloys are among the most interesting.
According to (Akca and Gursel, 2015), they constitute more than 50% of the weight in

advanced aircraft turbines.

The drawback of superalloys is that they are very expensive (because of the cost of nickel
and the addition of rare elements, such as niobium, which is used in the alloy to solve
problems such as the tendency to crack during welding). The use of alloying elements in
superalloys leads to the fact that these materials are approximately 5 times more
expensive than high quality turbine steel. In most superalloys, most of the dominant
effects (mechanical properties) are due to the alloying elements, with the exception of

iron.
I1.2.2 Metallurgy of INCO718

The chemical composition of INCO718 can be seen in detail in (Table II.1). The main
effect of the different alloying elements will be mentioned below, as well as the

metallurgical phases (main and secondary) they will form:

- Nickel: it constitutes approximately 53% of the INCO718 alloy, and contributes to
its resistance to corrosion. The amount of Nickel in this alloy is defined as a
compromise solution between the Yield Strength and the Ductility of the material

according to (Fig. I1.1) (Keiser and Brown, 1976).
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Figure II.1. The effect of nickel content on yield strength and stress rupture strength of
Alloy 718 (Keiser and Brown, 1976).

- Chromium: it constitutes approximately 18% of the alloy, its effect is to
contribute to the resistance to corrosion at high temperatures.

- Niobium: between 4.3 to 6% of the alloy. It is responsible for the main hardening

phase of the INCO718 alloy due to the formation of ¥ " precipitates. The amount
of Niobium in the alloy is a compromise between the amount of hardening that is
sought and the ductility of the material itself, as shown in (Fig. I1.2). A value close
to 5% in content of the element Niobium in the INCO718 alloy is assumed as
optimal.

- Molybdenum: its effect is to increase the resistance in service at high
temperature of INCO718 through the precipitation hardening mechanism. At
moderate temperature, Molybdenum remains in the alloy as a solid solution. If
too much of this element is used in the material, the hot workability of the alloy is
affected, so the amount of Molybdenum is kept at a maximum value close to 3%.

- Titanium: fundamental element in the hardening of the INCO718 alloy through
the mechanism of precipitates due to aging within the j» matrix of the alloy. The
effect of Titanium is highly variable, especially in combination with Aluminium
and Carbon (and also depends on the heat treatment to which the INCO718 alloy
is subjected). The optimal amount of Titanium in the alloy in the INCO718 alloy is
around 1%. Beyond a content of 1% of Ti, there is no perceptible increase in the

value of the Rupture Strength of the material, but there is a significant reduction

156



Chapter II: Microstructure characterization of new and recycled IN718 powder and

resulting laser cladding material

in Ductility. Titanium together with Aluminium form }/' precipitates. The }/'

precipitates play a less important role than ¥ " precipitates for hardening the

INCO718 alloy (Thomas, 2005).
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Figure II1.2. The effect of columbium (Niobium) content on room temperature yield
strength and ductility (Keiser and Brown, 1976).

- Aluminium: this element works in conjunction with Titanium and Carbon to
modify the mechanical properties of the INCO718 alloy through the formation of
hardening phases. As in the case of Titanium, the hardenability is highly
dependent on the heat treatment that the INCO718 alloy has undergone. The
optimal amount of Aluminium will be around 0.5%, according to (Keiser and
Brown, 1976). Beyond the previous value there is a decrease in the Rupture
Strength of the alloy.

- Carbon: Carbon shows a great tendency to react with Niobium to form NbC . The
formation of Niobium carbides depletes this element to the hardening phases
necessary for the 7' and ¥ " precipitates, therefore, the content of C must be kept
low, in the order of 8.05%. However, for a C content greater than 0.05%, the
formation of Niobium carbides can help maintain the fine grain size under high
temperature working conditions (again the amount of Carbon is a compromise

solution).

Other elements:
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- Boron: In small amounts it helps to improve the Fracture Strength value of the
INCO718 alloy, with an optimal value close to 0.805% (the AMS5662M standard
establishes the Boron value at a maximum of 0.006%).

- Nitrogen: This element has a tendency to form nitrides, and should be kept as low
as possible. Titanium Nitrides are extremely hard (they can cause stress
concentration points), in addition to generating an effect similar to Carbon in
terms of depleting an element in a “useful” way in the alloy itself for the
formation of hardening phases (Nitrogen "sequesters" Titanium).

- Silicon: This element is believed to brittle the solid solution matrix of the
INCO718 alloy. In addition, it has been observed that this element reduces the
amount of hot work that can be applied to the material and reduce the material's
Rupture Strength value. It should be kept at a maximum value of 0.35%
according to (SAE AMS5662M, 2009).

I1.2.2.1 INCO718 Solidification and Dissolution Phase Sequence

The solidification sequence of the INCO718 alloy is described. A number of phases will
be mentioned in which several of the chemical elements mentioned in the previous
section will be involved. The details of each specific phase will be described later (5,7 ",
y", 5, etc.). The solidification phases of INCO718 are well documented, and the purpose
of mentioning them is to explain and clarify the morphology that is normally observed

when making a detailed examination of the microstructure of the alloy.

According to (Ram et al., 2004), the solidification sequence of INCO718 is as follows:
Liquid Phase — y —( » + Laves).

In detail, the process is as follows.

It begins with the solidification from a phase of primary liquid, towards a j reaction.
During the gamma reaction an enrichment of the interdendritic liquid of the alloying
elements (Nb, Mo, Ti, C, etc.) is generated. Due to this enrichment, solidification takes on
a eutectic morphology until is complete. A very small amount of the » + NbC reaction is

formed also on eutectic morphology (which is considered negligible).

The amount of y + Laves eutectic is very important due to the low carbon content of the
alloy. It is important to mention that there is no a single Laves phase composition, but

that the compositions of the Laves phases will strongly depend on the local solidification
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conditions. The variation in the composition of the Laves phases can be observed in
data of (Table II.1), (Pautrat, 2013).

Table II.1: Measurement of chemical compositions of crystallographic phases of Inconel
718 (Pautrat, 2013).

I 1 S Y K N K

TUUET Max 580 205 210 115 008 035
JENEl i 460 165 17,0 4,8 2,8 0,2 070 002 0

Max 584 255 220 96 40 144 16 0,6

min 489 74 84 16 214 04 034 0,1

Max 688 22 086 104 040 108 940 0,35

min 18 021 83 018 80 78 0,11

Max 700 23 153 251 136 56 85 0,13

min 073 071 120 026 044 465 0,01

Max 495 15 153 290 102 1.6 49

min 396 76 91 188 34 01 06 1,0

Max 225 47 25 804 25 01 800 1,9

min 1,5 05 073 125 00 00 51 0,0

648 53 34 204 22 08 30 0,1

The heat treatment of INCO178 alloy requires a series of reheating steps. There is a
temperature that is associated with the nucleation of undesirable phases, called the
"incipient melting temperature (IMT)". The IMT lies in the range of 1160 to 1180 °C. In
the specific case of the undesirable Laves-type phase, dissolution of the phase will be
achieved at a temperature below the IMT (by back-diffusion of the solute atoms into the
alloy matrix). The heat treatment is essential to achieve the homogenization of the
INCO718 superalloy (Sohrabi et al.,, 2018), in such a way that it is possible to minimise or
completely eliminate undesirable phases in the material and at the same time create the

hardening phases of the alloy.
I1.2.2.2 Common Phases on INCO718 Alloy
The metallurgical phases generally found in INCO718 super-alloy are as follows:

- Gamma matrix ( » ). The basic matrix of the INCO718 alloy is formed by the Y
phase (FCC type). The gamma phase is austenitic, with a high capacity to retain
elements in solid solution (e.g. cobalt, chromium, molybdenum, etc.), when these
previous elements are part of the alloy (Reed, 2007). The y phase has the same
structure as pure Nickel but with other chemical substitution elements. In the

INCO718 alloy, the proportion of gamma phase is close to 98% under the
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conditions obtained for the base material (“as-cast” condition). Then the j phase
ratio can drop to about 80% after heat treatment (it varies greatly depending on
the heat treatment itself). The characteristic that the gamma phase is strongly
alloyed results in a tendency to form dendritic growth in a columnar or equiaxial
form. The dendritic growth during solidification of the alloy results in a large
gradient in chemical composition within the same phase, especially of the
chemical elements Nb and Mo (Pautrat, 2013). By itself in the solution annealed
state, the gamma phase is relatively weak, with Yield Strength in the order of 275

to 415 MPa.

It is known that INCO718 is an alloy that obtains its strength properties after heat
treatment by the formation of hardening phases and especially by the phase 7"
(Hassan and Corney, 2017; Ram et al,, 2004). The main reason for the hardening
of the INCO718 alloy is the precipitation of intermetallic compounds within the

y phase (matrix). The crystalline cell structure of the phase is shown in (Fig.

11.3).

Al or Ni
1

A - Yol

e
\ _

s \ -

‘a. —
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Figure II1.3. Crystal structure of y phase (Bhadeshia, 2020).

- Gamma prime phase (7'): it is an intermetallic of the type Ni, (Ti, Al). The
approximate chemical composition (in atomic percentage) is: 75% Ni, 15% Nb,

5% Ti and 5% Al The structure of this phase is meta-stable with an FCC (L1,)

ordering. The structure of the }/'-phase crystalline cell is shown in (Fig. I1.4).
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Figure II1.4. Unit cell structure of gamma prime phase (Bhadeshia, 2020).

At level of microscopic observation, this phase appears as extremely small fine
white dots within the j matrix, and is coherent with the gamma matrix itself. The

morphology of white dots is due to the fact that this phase tends to deposit as

small spheres when is coherent with the matrix. The formation of the }/' phase
begins at temperatures close to 650°C for periods of time close to one hour, with
the highest speed within temperatures in the range of 732 to 760°C. It is
estimated that the percentage of hardening contribution by the phase with
respect to the total of INCO718 after heat treatment is in the order of 10 to 20%.
The gamma prime phase plays an important role in the inhibition of “stacking
fault mode of shear” (Keiser and Brown, 1976), to the point that this super-alloy is
considered as not very susceptible to this failure mode still in hot deformation
(Zhang et al, 2010).

- Double prime gamma phase (]/" ): It is an intermetallic of the type Ni,Nb, with a
crystal structure of the kind centred on the tetragonal body, as shown in (Fig.
IL.5). The crystalline structure is of the DO, class. The DO, structure is a

variation of the FCC structure, and can be described as two FCC structures

stacked on top of each other.

Figure I1.5. Unit cell structure of gamma double prime (Bhadeshia, 2020).
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At level of microstructure, the double prime gamma phase is deposited as disks
with an arrangement on the planes (100) with respect to the austenitic matrix
(gamma phase). At level of microscopic observation, they cannot be seen by
optical microscopy, since the average size of this phase is in the order of 60 nm
in diameter and with a thickness between 5 to 9 nm. The dimension of this phase
is highly dependent on the heat treatment, since above 760 °C, it tends to
thicken. In general, it is very stable in the temperature range between 500 and
900 °C (Sundararaman et al., 2001).

The phase is said to be metastable due to its tendency to decompose at

temperatures greater than 650°C in 0 phase.

- Delta phase (6 ): It is produced by over-aging of the INCO718 alloy during the
heat treatment from the transformation of the 7/" phase. At very high
temperatures, the 6 phase is generated directly from the matrix () phase)
(Sundararaman et al,, 2001). The crystalline structure of this phase is of the DO,

class as shown in (Fig. II 6).

Figure II1.6. The unit cell of NisNb - D®a structure of 5 phase (Mahadevan et al., 2010).

The composition of delta phase according to (Keiser and Brown, 1976), has the
formulation Ni,(NbygTi,,). The § phase precipitates have an acicular or cuboid
appearance (the latter shape is less common). The 6 phase tends to germinate
at the grain boundaries and has a composition very close to the double prime
gamma hardening phase of the INCO718 alloy. The " phase and the § phase
tend to be located in the same Niobium-rich spaces of the grain boundaries, and
therefore compete for the latter element (Pautrat, 2013), however this

competition apparently has no effect on the 7/' phase. The & phase is
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particularly useful to control the grain size during the solidification of INCO718;
however it is not consistent with the orientation of the j matrix. According to

(Sundararaman et al, 2001), the & phase has the tendency to crystallize

according to the orientations (010)5//{111}7 and [100];//<110>,  with

respect to the matrix. The delta phase nucleates at different times depending on
the temperature to which the alloy is exposed. For example (Hassan and Corney,
2017) mention temperature ranges from 700 to 1020 °C (does not specify
exposure time), and (Keiser and Brown, 1976) time ranges for the appearance of
this phase from 15 minutes to 5 hours (at different temperatures). It is important
to mention that this phase is very stable at high temperatures. At the level of
mechanical properties, it does not contribute to the hardening of the alloy

(because their orientation it is not consistent with the matrix). The effect of the

) phase on the behaviour of INCO 718 is mixed. On one hand it allows to control
the grain size, and on the other it can reduce ductility (at room temperature).
Depending on the desired material requirements, it may be necessary to avoid an

excess of this phase.

- Laves phase: This phase belongs to the so-called TPC type phases (Topologically
Close-Packed Phases). These intermetallic phases can be described as those in
which the atoms are packed into very compact separate layers with relatively
large inter-atomic distances between each layer. An example of this is shown in
(Fig. I1.7).

° chromium

G molybdenum

Figure I1.7. C14 Laves phase crystalline structure (Krakow et al., 2017).

The phases 0 and u also belong to this group of phases (TCP). The constitution
of the Laves phases is approximately 40 to 45% Ni, 25% Nb, 10% Fe, 18% Cr,
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where the general composition follows the AZB structure. The A atoms are Ni,

Fe, and Cr, and the B atoms are Nb, Mo, and Ti.

Under the optical microscope the Laves phases of the INCO718 alloy appear as
bright spots with a globular shape, often elongated, or as platelets in the case of
long-term exposure to high temperature. The formation of Laves phases can
occur during solidification or during heat treatment. During solidification, Laves
phases tend to form in segregated areas of interdendritic zones at relatively low
temperatures, in the range of 1149 to 1204 °C for INCO718 (Keiser and Brown,
1976).

Laves phases can be harmful for two main reasons: they “steal” elements

necessary for the hardening phases (the }/' and ]/" phases), transforming the
“stolen” elements into a less useful phase, and they can also act as crack

initiators due to their brittle nature (Reed, 2007).

In general, it is desired to minimize the appearance of Laves phases. One way is
to promote the formation of NbC, which limits the segregation of Nb in
interdendritic spaces (Pautrat, 2013). Another way is by hot working at
temperatures above 1093 °C (Keiser and Brown, 1976). Sometimes,
homogenizing heat treatments are not capable of eliminating intermetallics, even

applied over long periods of time.

According to (Pautrat, 2013), the amount of intermetallic Laves phase is
determined by the solidification conditions, the cooling rate, the thermal
gradient, and therefore the texture generated (columnar or equiaxial). The effect
of Laves phases on mechanical properties is mainly a function of the distribution
within the alloy matrix. For an equal fraction of Laves phases in a certain volume
of alloy, it is much more advantageous to spread it finely within the interdendritic
spaces, like a tissue. The worst case is continuous chains formed at the grain

edges (sites prone to cracking).

The relationship between the & phases, the Laves phases and the Y matrix is
like a kind of sequential growth. Laves phases are generally surrounded by a
series of & phases. The germ of the & phases will be a Laves phase. For a given
Laves phase (which would serve as the nucleus), all & -phases starting from it will
have the same crystallographic orientation (both phases have the same origin).

The germ of the Laves phase requires a large enough interdendritic space to
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cause chemical segregation in the alloy; therefore, the Cooling Rate will
determine the distribution of the Laves phase. The higher the cooling rate (V), the
smaller the grain size and the less space there will be for the Laves phase and &
-phase nucleus to form, or at least both components will be reduced in size
(Pautrat, 2013).

- Phases NbC and TiN : According to (Keiser and Brown, 1976), these phases do
not have much effect on the in the mechanical properties behaviour on the
INCO718 alloy, due to the low amount of them that are formed during
solidification, but it will depend a lot on their distribution. For example (ASM
Handbook, 1985) indicates that the function of carbides is beneficial if they are
distributed at the grain boundaries in the form of a discontinuous chain. Another
effect is to provide constitutional stability to the alloy during its service; however,

if there is an excessive formation of carbides, these can degrade the content of

C and reduce the resistance to creep, as well as the ductility in Nickel-based
alloys. There are many different types of carbides:MC,M,,C,M.Cand M,C,,
where M represents one or more metallic elements. The most commonly
observed carbides in INCO718 are of the NbC kind, with an appearance under
the optical microscope as a grey phase, roughly angular in shape. Compared to
other phases, carbides are relatively large. They are very stable at high
temperatures, but not as stable as TiN .

- Titanium Nitrides (TiN ) are observed under the optical microscope as particles
with an angular appearance, pink colour. They are the first intermetallic to form
during the solidification of the INCO718 alloy; even before the 3 matrix (TiN are
stable at temperatures close to 1480 °C). In the case of the Laser Cladding
process, it is important to mention that the amount of TiN will be a function of
the amount of Nitrogen dissolved in the medium where the alloy solidifies. In the
centre of the TiN -particles, it is common to find Al,O,-type oxide particles.
Titanium Nitrides are generally considered to have little effect on the mechanical
properties of the INCO718 superalloy, but consume Titanium which will not
participate in the formation of the 7' hardening phase. In addition to previous
information, the TiN particles tend to act as the germ of carbide formation
(Pautrat, 2013).

- NbC particles have a tendency to “steal” Nb from the hardening phases, and

therefore can lead to a reduction in the strength of the material.
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Those NbC that can be observed in the raw INCO718 alloy (before any heat
treatment), tend to dissolve during annealing at temperatures above 18038 °C.
When the aging heat treatment is applied (between 704 and 982 °C), they tend to

precipitate at the grain boundaries.

I11.2.2.3 Effect on Mechanical Properties due to the Presence of Laves and

o Phases

Homogenization is important to eliminate (or at least significantly reduce), the amount
of undesirable phases. During the reheating of INCO718 alloy, it has previously been
mentioned that there is a temperature value known as incipient melting temperature
(IMT), in the range of 1160 to 1180 °C (Sohrabi et al., 2018). The IMT temperature allows
the back-diffusion of solute in the regions of the INCO718 alloy that are over-saturated
(solute atoms), towards the matrix (), without a local melting of the alloy. The
homogenization process is especially useful to eliminate the vast majority of Laves
phases. As will be shown later, it is not always possible to eliminate the entire Laves
phase, and therefore it is necessary to study its effect on the mechanical properties of

the INCO718 alloy.

In (Schirra et al, 1991), Laves phases are reported to have a detrimental effect on
mechanical properties. The mechanical properties that are affected according to this
author are UTS and Ductility (reduction on both values), for the INCO718 alloy at room
temperature. At higher temperatures, a reduction in ductility is also reported. The lack of
ductility results in a decrease in the Fatigue Strength value for low cycle fatigue (LCF)
rare, due to an increase in the rate of growth of cracks within the material. With respect
to the welds, a reduction in Ductility and Toughness (energy accumulation in the elastic
range of the material) is also reported. It is reported that the decrease of ductility in the
material is mainly due to the brittleness of the Laves phases. Additionally, the Laves

phases consume Nb in such a way that it will not be available for the formation of the

useful hardening phases (7' and 7" phases). An important detail that is reported is that
most of the decrease in mechanical properties is attributed to the formation of long
continuous chains of Laves phases at the grain boundaries (Pautrat, 2013), which are
even capable of forming segregated rich layers of this undesirable phase (Schirra et al,,
1991). For a material produced by casting, the appearance of the Laves phases will be

like that of globular particles, as mentioned above.
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The & phase influences the mechanical properties of INCO718, especially when the
forged material. According to (Pautrat, 2013), the & phase mainly influences the grain
size and the mobility of the dislocations. The effect of the & phase on the mechanical
properties will not be taken into account for this study, since it was been observed that it
was completely eliminated by the heat treatment (standard), for a material deposited by

the Laser Cladding process (Fig. 11.29).

I1.2.2.3.1 Nucleation of the 5 phase in the Laser Cladding Additive Manufacturing

Process

According to the CCT diagrams for INCO718 from (Garcia et al., 1992; Zhao et al., 2020),
such as the one shown in (Fig. I1.8), the formation of the & phase requires cooling rates
less than approximately 15 K/s. The value of 15 K/s was established in the case of the
work of (Zhao et al., 2020), as a critical value above which & phase nucleation should
not occur even in the case of additive manufacturing processes for the superalloy
INCO718.

167



Chapter II: Microstructure characterization of new and recycled IN718 powder and

resulting laser cladding material

AM alloys Suction-cast alloys
(a)1200 el , (b)1200 L !
—
- 3 L 1100
Osolvuss 1040°C (TCNIS)
1000 N 1000 |
&) X @)
o ]
$ 9004 g 900+
= = =]
S 80043 S 800
S o —
(5] o (9]
S 7000 S 700
= = g
o 5 (3]
= 6004 & = 600 e
2 \ Start End
- \
500 ® 500 - HAC12h = =ee- -
28 HAC20m —— =
400 400 +———rrrrr——i—t bt ——rrrr
10° 10 10° 10" 10° 10
Time, h

(d) 200
- 1100 -
1000 -\ RN\ N . 1000 -
%) \'\, ) g)
o 900+ \- V'3 \ 3 o 900+
— X -
= \ \ =
= 800 \ -, - & 800+
— \ i \ -
= )
g 700 - - S 700
5 \ 5
= 600 ‘ = 600 :
: Start End \ Start End
500 HAM20m=—— ===-f- 500 HAM12h —— -----t-
‘ EA(‘Z()m—- .......... _ 2§A(‘|2h SE—
4m LSS B e - T R IELAL Y | LIS B BLS fi 400 MR RN 5 - ”"[:. LR AR L | LA 02 B 8 0 A Li
103 102 10" 10° 10 10 102 10" 10° 10
Time, h Time, h
1180°C-20min 1180°C-12h
homogenization homogenization
Figure I1.8. CCT diagrams of Inconel 718 alloys measured in the work of (Zhao et al,,
2020).

However (Fig. I11.24) clearly shows the delta phase formation within the matrix material,
despite the fact that the cooling rates in the Laser Cladding process are much higher

than the critical value of 15 K/s mentioned above, see (Chapter I11.3.5).

The explanation for this behaviour is given by the overheating that is generated due to
the consecutive crosses of the laser beam typical of the Laser Cladding process, as
described by (Ding et al, 2015), where it is reported that, during the deposition of
material, sufficient temperature can be reached to activate the germination of the delta
phase from the Laves phases (phenomenon observed in (Fig. I1.25)). High temperatures
are required to generate delta phase from the gamma phase directly (Sundararaman et

al,, 2001), which seems to be the case in our investigation.
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Another phenomenon that requires explanation is the segregation of the & phase within
the gamma matrix of the alloy (intragranular segregation), since it has been mentioned
previously that the delta phase is prone to germinate at the grain edges of the material

(Keiser and Brown, 1976).

The explanation that has been found for the intragranular segregation of the & phase

within the matrix is a combination of phenomena as described below:

- The origin of the phases of intragranular Laves (which are the germ of the &
phases in our case), is the overheating by the successive crosses of the laser
beam. It is proposed that these passes of the laser beam (in the layer
immediately below which is deposited) are equivalent to a homogenization of the
material at high temperature for long periods of time, which allows the
supersaturation of Niobium in the matrix (Garcia et al, 1992), and the
disappearance of supersaturation at the grain boundaries. If the cooling rates are
too high, the formation of the & phases will be suppressed.

- The passes of the laser beam in the innermost layers of the material will be
sufficient to increase the temperature to the point where the cooling rates will be
lower than the critical values for the formation of the Laves phases and the delta
phase according to (Fig. I1.8).

- Therefore, the formation of Laves phases and delta phases will be a sequential
process depending on the successive passes of the laser beam, where: first the
concentration of Nb will be diluted due to over-saturation at the high
temperatures of the process and the high cooling rate (in the upper layers of the
cladding), and then the germination of the secondary phases (Laves and &) will
result from the segregation according to the CCT diagram of INCO718 due to the

lower “cooling rates” for the innermost layers of the material.

11.2.2.3.2 Review on the Decrease in Mechanical Properties Values due to the

Distribution of Laves Phase within the INCO718 Alloy Matrix

The effect of the Laves phase on the mechanical properties is a function of how it is
distributed within the INCO718 matrix alloy itself.

According to (Schirra et al,, 1991), the decrease in Ductility values (at room temperature
and elevated temperature), Ultimate Tensile Strength, as well as Impact Toughness are
mainly the effect of the presence of Laves phases at the grain boundaries. The variation

in the decrease of mechanical properties due to the presence of Laves phases seems to
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be mainly dependent of: the alloy texture (average grain size in the case of a wrought

material), and the composition in the case of a cast material.

When the amount of Laves phase deposited in the interdendritic matrix is considerable
(i.e. not at the grain boundary), a reduction in the mechanical properties of the INCO718

alloy has been reported (Manikandan et al,, 2015).
I1.2.2.3.3 Laves Phases Formation in Additive Manufacturing Processes

Little information is available regarding the formation of Laves phases in additive

manufacturi ng processes.

For the Laser Cladding process (Xiao et al, 2017) report that the formation of Laves
phase can be substantially reduced by varying the laser's working mode (CW continuous
mode, or QCW quasi-continuous mode). The quasi-continuous mode has an average
energy of half that of the continuous mode. It is reported that the amount of Laves
phases that formed in the material after the additive manufacturing process and heat
treatment was lower when the energy density in the manufacture of the INCO 718 alloy
was also low. In the article by (Xiao et al., 2017), no mention is made on the variation of
the effect in the amount of Laves phase on the mechanical properties. The texture of the
Laves phases generated for each type of working mode (CW and QCW) is shown in (Fig.
I1.9).
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Figure I1.9. SEM images showing the morphologies of Laves phase particles and Nb
element distributions in the interdendritic regions: (a, ¢ and d) CW sample and (b, e and
f) QCW sample (Xiao et al., 2017).

As a reference image to the appearance of a typical microstructure of INCO718 alloy
before and after standard heat treatment, a series of microphotographs of a material
that was manufactured by a "traditional" process are shown, (Fig. I1.19). A "traditional"
process, as used in the research by (Ling et al, 2020), consists of melting INCO718

ingots under very controlled conditions, and then applying different heat treatments to
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them. The morphology of the INCO718 alloy is shown for the case before and after
standard heat treatment by means of optical photography. The (Fig. I1.11) shows the
morphology of a material manufactured in a traditional way (after standard heat

treatment), but through an image obtained by scanning electron microscope (SEM).

Later in this research, a comparison will be made between morphologies in the
microstructure generated by traditional manufacturing process (Fig. I11.18) and by the
Laser Cladding process (Fig. I11.23) for the alloy INCO718. In the comparison to be made
below, the differences in morphology that the two processes produce in the manufacture
of IN718 alloy will be sought.
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Figure II1.10. The optical microstructures of the Inconel 718 superalloy after different
heat treatments: (a) the cast case; (b) standard heat treatment (SHT), (Ling et al., 2020).
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The use of the SEM technique allows observing in more detail the secondary phases that

have been generated during the fabrication of the alloy mentioned above.
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Figure I1.11. SEM images of the Inconel 718 superalloy after different heat treatments:
(a, b); standard heat treatment (SHT), (Ling et al.,, 2020).

The resulting microstructure shown (Fig. I1.9) is significantly different from that of the

INCO718 super-alloy manufactured in a "traditional" way, as shown in (Fig. I1.19), in both
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cases with standard heat treated material. In the case of a material manufactured in
“traditional” way (Fig. I1.10), it has not been possible to completely eliminate the &
phase (the phase with appearance in the shape of needles). The dilution of the & phase
was possible for INCO718 manufactured by means of additive manufacturing, as in the
case of (Xiao et al, 2017), thus in (Fig. IL.9) only the » matrix and some possible
nitrides and carbides are observed. The only well-defined secondary phases in the

previous mentioned figure are some discrete Laves phases.

It is necessary to clarify that in the research of (Xiao et al,, 2017), only SEM images of the
microstructure after heat treatment are available, but not before heat treatment
(therefore, it is difficult to compare the change in the secondary phases). Again, in the
investigation of (Xiao et al., 2017), optical micrographs of the alloy in the state “as-cast”
were presented. The microstructure generated depending on the amount of energy used
during the manufacturing process (Fig. I1.12). The optical micrographs in (Fig. I11.12) do
not allow observing the secondary phases that were formed, only the texture of the

material itself.
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Figure II1.12. Optical micrographs of the as-deposited Inconel 718 samples produced

under two different laser modes: (a and b) CW sample and (c and d) QCW sample, (Xiao
et al, 2017).

In the research of (Ding et al, 2015), emphasis is placed on the microstructure
generated by the DLD additive manufacturing process (direct laser deposition). Not all
the experimental conditions used in the manufacturing of the samples were specified, so
it is difficult to compare results with the other works in this review regarding the
formation of Laves phase. It was reported that two material deposition conditions were

used, one with high power laser beam (low cooling rate) and other with low power (fast
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cooling rate), corresponding to 550W and 358W respectively. The main objective of the
research of (Ding et al, 2015), was to identify the main secondary phases in the

deposited material. Regarding mechanical properties, the presence of a low amount of

the 7// Laves constituent at the grain boundary is mentioned as a possible cause of the
degradation of mechanical properties (although it is not confirmed by any experimental
test). It was also reported that the amount of secondary phases observed was not
affected by the different cooling rates used to manufacture the material through the DLD
process. The appearance of & phases from the Laves phases was reported, possibly due
to the repeated heating-cooling cycles typical of the additive manufacturing process of

Laser Cladding.

On the other hand (Seow et al, 2019) used the WAAM (Wire + Arc Additive
Manufacturing) process as an additive manufacturing method with INCO718 alloy. The
results of the research by Seow et al. shown how a heat treatment different from the
standard (Special Metals, 2007), is capable of profoundly modifying the dissolution of
undesirable phases that were formed in the as-cast material (in this case Laves phases).
The manufacturing method on this research is different from the Laser Cladding
process, which may result in a different morphology of the deposited material. The
usefulness of this research is that tests were carried out to evaluate the mechanical
properties based on specimens obtained from the deposited material (INCO718), taking
into account the effect of the Laves phases. From the data obtained in the unidirectional
tensile tests on this research, it is concluded that a standard heat treatment (without
homogenisation) was not capable of diluting the Laves phases in a material
manufactured by additive manufacturing, at least for the WAAM process. It is reported
that the use of a standard heat treatment with homogenization dissolves the Laves
phases, but at the same time generates the precipitation of the & phase at the grain
boundaries (the Ductility obtained from experimental tests in the last case was the
lowest of all samples subjected to heat treatment). Based on the results of this
investigation tests, it was possible to conclude that the most damaging undesirable
secondary phase in terms of ductility is the appearance of the acicular delta phase at the

grain boundaries, and to a lesser effect the Laves phases.
I1.2.3 Recyclability of Metal Powder for the Laser Cladding Process

One of the main drawbacks of the Laser Cladding process is the trapped powder

efficiency. The powder needs to be injected into the melt pool, but high ratio of the
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particles hits against unmelted area and directly bounces off the area for deposition of
material. The efficiency ratio of trapped particles can drop 40% depending on the
configuration of the nozzle and the laser spot size (Arrizubieta et al,, 2014). Therefore, a
relatively high amount of waste metallic particles is generated. A large part of these
particles is not damaged and can be reused. On the other hand, a certain amount of the
particles is affected by heat and may: (I) partially oxidise, (II) partially melt and/or (III)

undergo variations of their chemical composition.

Many research in Laser Cladding has been mainly focused on process parameters, as
overlap proportion (Cao et al.,, 2013; Kamara et al,, 2014; Liu and Qi, 2014), laser power
and/or feed rate (Tabernero et al., 2011) or metallurgical properties of the AM
manufactured components (Lambarri et al, 2013). Few studies have been conducted to
evaluate how the recycling of metal particles after the high power laser manufacturing
process affects the properties and mechanical behaviour of the components.
Considering the specific characteristics that the metal powder used in the LMD process
must possess (such as spherical shape or flat grain surface), the cost of high quality
powder is higher than other raw material geometries such as wire or foil, and it is

therefore important to make efficient use of metallic powder raw material..

In the last years, researchers were interested by powder recyclability in Selective Laser
Melting (SLM) (Strondl et al,, 2015) and Electron Beam Melting (EBM) (Nandwana et al,,
2016; Nifierola and Petrovic, 2015). The powder outside the melting area for the previous
mentioned process can be recycled. The recycling contributes to economic viability and
sustainability of these technologies. In each case, the powder characteristics and
chemical composition are critical parameters to ensure repeatable process and suitable
mechanical properties of metal components built. To ensure reliable and repeatable
fabrication, the controls of powder stock properties as well as the variation in chemical
composition limits are necessary. It is also important to understand how high power and

high temperature during AM processes affect the characteristics of recycled powder.

Strondl et al. (Strondl et al, 2015) have reported that in the case of IN718 recycled
powder that was screened and mixed with 5% new powder for the SLM process, resulted
in: (I) no change in particle morphology or composition but the disappearance of smaller
particles, (II) some oxygen uptake which may explain a slight increase in porosity in the
fabricated part, (III) no change in the generated microstructure, Yield and Ultimate
Tensile Strength and (IV) decrease in ductility and impact toughness probably

associated with oxygen uptake.
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Niferola et al. (Nifierola and Petrovic, 2015) used only sieved Ti6Al4V powder for
manufacturing by EBM process, and concluded after test that: (I) there is no change in
powder composition, (II) a large oxygen absorption but hydrogen decreasing (III) no
change in general morphology apart from occasional aggregates and (IV) a maximum of

12 cycles for reusing the powder as an optimal.

Nandwana et al. (Nandwana et al.,, 2016) for a powder bed process demonstrated that
IN718 powders can withstand a large number of reuse cycles with no change in the
chemical composition of the same. There are no significant changes in the flowability,
morphology and size distributions of IN718 powders with the number of part build cycles.
The initial powder chemistry and the alloying system under consideration are the key
factors governing recyclability in powder bed systems, with oxygen uptake being the

limiting factor.

Ardila et al. (Ardila et al, 2014) created a simple methodology based on sieving and
drying of the IN718 powder for SLM process, and pointed out: (I) material use efficiency
larger than 95%, (II) stable and sound properties obtained in all test samples
irrespective of the iteration number. The IN718 powder morphology does not
significantly change during its reuse: most of the particles remained spherical and
particle size distribution after several production cycles was similar, with the exception
of a small amount of particle aggregates that were detected with sizes between 50 and

100 um. Alloy composition remained also unchanged.

LPW Technology (LPW TECHNOLOGY LTD, 2016) analysed the IN718 powder
degradation during the SLM process. The wasted powder is sieved to remove coarse
particles generated during the melting process and dried. After 25 builds, there was a
significant increase in UTS, reduction in ductility from 20% to 13% and a little increase

in oxygen with each reuse.

Carroll el al. (Carroll et al., 2006) presented a methodology to reuse Waspaloy!™ powder.
The recycling methodology was similar to the above mentioned process, with filtering
and drying of the wasted particles. Recycling the powder up to 10 times produces only
minor changes in the composition, morphology, surface texture of the powder and in its

size distribution.

Slotwinski et al. (Slotwinski et al,, 2014) showed how virgin powder morphology changes
after being exposed and recycled to one or more cycles of additive manufacturing

process by Direct Metal Laser Sintering (DMLS), in the case of CoCr and 17-4 SS alloys.
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The authors reported that recycling the raw material increases the size distribution of
the powder with progressive builds-up. In the analysis of stainless steel powder from the

residues of a sieve, melting and binding of metal powder particles was reported.

Rao et al (Rao et al., 2006) studied the behaviour of INCO718 powders with varied
oxygen levels of 275, 180 and 140 ppm, and parts consolidated by hot isostatic pressing
(HIP). Tensile test properties of the HIP parts + heat treated alloys have shown that Yield
Strength (YS), Ultimate Tensile Strength (UTS) do not get influenced by the oxygen
content, but the ductility was found to be deteriorated drastically with increasing the

oxygen content within the alloy.

Powder reuse is a hot topic for SLM based processes since powder cost is significantly
higher and the amount of wasted powder is also much higher than in the LMD process.
Furthermore, the metallic powder is a hazardous and difficult to treat waste. It is also
important to consider the typical powder size in LMD process ranges from 45 to 150

microns, and their associated health and safety issues (Benson, 2012).
I11.3 Objectives for this Chapter

- Evaluate the recyclability of IN718 metal powder for the Laser Cladding process,
since no data are available for this additive manufacturing process. The metallic
powders were reused up to four times and corresponding builds were
manufactured.

- Evaluation by means of metallurgical and mechanical tests on the evolution of
the mechanical properties of the material added by the Laser Cladding process,
and of the evolution of the texture of the material with the number of reuses.

- To characterise in depth the microstructure produced by the Laser Cladding
process, and to investigate the effect of the secondary phases on the mechanical

properties.
I1.4 Materials and methodology

II 4.1 Materials

The material used was the nickel base alloy Inconel 718 in the form of metallic powder.

An INCO718 build has been clad on a substrate material made of DIN C45E steel. The
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final dimensions of the sample were 18 x 15 x 187 mm. The INCO718 metal powder used
were an atomized alloy from Oerlikon Metco Company (Metcoclad 718 powder) with
spherical shape and a particle size ranging from 45 to 196 microns. The chemical

composition of the material is given in (Table I1.2).

Table I1.2: Chemical composition of Metcoclad™ 718 powder.

Element Al C Co Cr Cu Fe Mn Mo
Wt% 0.46 0.02 0.02 18.72 0.01 18.18 0.04 2.99
0.20- 0.08 1.00 17.00- 0.30 0.35 2.80-
Range Balance
0.80 max. max. 21.00 max max. 3.30
Element Nb Nb+Ta Ni P S Si Ta Ti
Wt% 4.96 4.97 53.6 <0.01 <0.01 0.04 0.01 0.80
4.75- 50.00- | 0.015 0.015 0.35 0.65-
Range
5.50 55.00 max. max. max. 1.15

The composition of this metallic powder is in the same range as the specifications for
Inconel 718 alloy (SAE AMS5662M, 2009).

I1.4.2 Equipment and Process Parameters

The processing for the different test-builds has been carried out with the following setup:
a cladding cell Aktinos 500 with CNC control equipped with a coaxial LMD nozzle
developed by the UPV/EHU University in previous works. A multi-mode Rofin FL 810
diode laser has been incorporated to the nozzle as well as an argon gas flux regulator
system for protective and powder driving functions. The particles are stored in a hopper
where the temperature can be adjusted to remove moisture (60°C). They are injected
into the coaxial LMD nozzle, with its mass flow being controlled. In order to collect the
wasted powder in a proper way, the laser machine has been equipped with a metallic
tray located at the bottom of the substrate surrounded completely to avoid cross
contamination. The values of the parameters used for the manufacturing of the samples
(powder feed, scanning speed, laser power, spot diameter, offset and overlapping), has
been taken from (Chapter 1.5). The parameters have been kept the same during the
building up of the clad builds (Table I1.3).

Table II1.3. Laser parameters used.

Scannin Spot Overlap b Offset b
Power 9 Powder feed . P e y
speed ) diameter track layer
(W) (gr./min)
(mm/s) (mm) (%) (%)
571 8.75 8.78 1 26 25
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I1.4.3 Recycling Procedure and Manufacturing of Test Samples

Visual inspections of the used powder showed the formation of new phases with
magnetic properties in a very low fraction. This characteristic has been used to
segregate them from the non-deposited and non-reacted metal powder. The production
of the test samples and the recycling procedure of the non-deposited powder have been

carried out following the scheme of (Fig. I1.13).
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Figure I1.13. Scheme of the recycling process.

Once the first test sample has been built with new metal powder, the wasted powder is
collected from the tray and an EDX analysis is subsequently carried out. The wasted

powder recycling has been done following this procedure.

1. The wasted powder slides first on an inclined magnetic tray (activated
electromagnetically or by permanent magnets) which can be vibrated to
facilitate the flowing of the particles. The unwanted phases are removed
by adhering to the magnetic tray as the rest of the material slides into the
sieve. The magnetic tray is cleaned regularly. The separation process can
be repeated several times until no particles stick to the magnetic tray.

2. Once the magnetic fraction is removed, the cleaned fraction is sieved in
order to check particle size distribution. When the particle size has been
measured, all the clean fractions are blended again, trying to respect the
Gaussian distribution curve of the initial particle sizes. The sizes of
different sieves used meet those of the initial grain size of the new
powder, namely: less than 53 um, 53-63 um, 63-71 um, 71-90 pm, 90-105
um, 185-150 um and more than 150 um. During the final blending of the
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clean powder of the i-th iteration, we tried to always maintain the same
proportion of each different size classes.

3. The cleaned powder was reintroduced in the hopper of the feeder system
for manufacturing a new build. New powder is not added and all the used
material comes from the recycled powder obtained following the
procedure. Drying of the cleaned powder is achieved directly in the

hopper.

This procedure has been repeated five times. At the end of each loop, five metallic
builds designed to prepare samples for mechanical properties and microstructure
observations are obtained. The build is cut from its substrate and heat treated as follows:

precipitation hardening, 720°C during 8 hours and 620°C for 18 hours (Fig. I1.31).

The tensile samples were then machined by wire EDM. The (Fig. I11.14) shows one of the

builds built in each recycling loop, as well as the test parts which have been obtained.

J
Sample 4 (top) )
Sample 3 } e

5
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N Sample 1 (bottom) - P

Figure I1.14. a) Geometry of the clad part obtained on its steel support; b) Test part
design and position of the samples within the clad part (dimensions on mm).

I1.5 Results and Discussion

I1.5.1 Chemical Analysis

The wasted powder was analysed by Energy-Dispersive X-ray Spectroscopy (EDX) in
order to define the composition of the powder and X-rays Diffraction (XRD) for crystal
information and structure using a Jeol JSM-6400 SEM equipment. Spectra obtained
from the wasted powder (XRD and EDX) and analysed by PANalytical Xpert PRO, point

out the presence of the base alloy INCO718 and a scarce amount of other phases.
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There is no difference in the spectra of the NP new powder and those of CP1 and CP5
cleaned powders (Fig. I1.15). The crystal structure is then the same whatever the number

of uses.

Once magnetic segregation has been done, the spectra obtained from the reacted
powder (RP1 to RP5) show the presence of other compounds than the base alloy (Fig.
I1.15). Moreover, it has been seen by XDR that magnetic fraction removed also contains
a small amount of IN718 alloy powder (non-magnetic)