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“You are my God, and 1 will give you praise; my God, and 1 will give
honour to your name. O give praise to the Lord, for he is good: for his

mercy is unchanging for ever.” Psalms 118 : 28-29

Effects of Processing Parameters on Direct Laser Deposited Materials for Industrial Components Repair



Acknowledgements

First of all, I would like to thank God for allowing us to reach the end of this long

journey. Thank you, Lord, for Your mercy is infinite.

I'm very grateful to my wife, Lidiane Ferreira and my sons Caetano Ferreira and Pedro
Ferreira, whose constant support and prayers helped me complete it successfully. I
would also like to thank my dear parents, Laci Ferreira and Vania Ferreira, for
believing in and helping me to achieve what I have dreamed of in my life so far. I

thank all my relatives and friends for their support over the years.

I want to express my deepest gratitude to my advisor Prof. Dr Manuel Fernando
Gongalves Vieira, for his support during all these years. He was a caring and
dedicated supervisor who always helped me with his time, advice, insights; he
encouraged me to publish my research and inspired my growing passion for science.
He provided all the necessary resources for my investigation. I am particularly
grateful for the opportunity and confidence he placed with me when he agreed to

supervise me even before we met in person when the first contact was made in Brazil.

I also sincerely appreciate the support of my co-advisor, Prof. Dr Ana Rosanete Reis.
Her support and discussions have been fundamental throughout all these years.

Thank you for providing the resources to complete this PhD thesis.

I thank Prof. Dr Luis Filipe Malheiros and Prof. Dr Laura Ribeiro, for all the
opportunities and advice given to me during this journey. It was, is, and will greatly

contribute to my professional and academic life.

It is essential to thank Prof. Dr Filomena Viana for the advice and all the scientific

discussions that enriched this doctoral thesis.

Effects of Processing Parameters on Direct Laser Deposited Materials for Industrial Components Repair



I also express my thanks to all Professors and Technicians in the Department of
Metallurgical and Materials Engineering who made the work environment very

positive every day in addition to their excellent work at the university.

I am extremely grateful to the SERMEC Group that, through Eng. Jodao Cruz and Dr.
Mario Duarte, it was possible to develop all the experimental activities and technical
discussions that enriched this doctoral thesis. I am also grateful for the opportunity to
be part of this group that has helped me in my technical-scientific growth throughout

these years.

I express my deep gratitude to the GEAR3D project (POCI-01-0247-FEDER-039848)
and to the Associate Laboratory in Energy, Transport and Aeronautics (LAETA), for
their assistance on many fronts, such as finance (experiences, conferences, raw
materials, and so on), for the equipment and resources that were indispensable for the

PhD completion.

I thank the ADDing (reference POCI-01-0145-FEDER-030490) and the Add.Additive
(reference POCI-01-0247-FEDER-024533) projects for all the support given throughout
my PhD.

I am grateful to Dr Omid Emadinia, Dr Rubem Santos and Dr Rui Rocha for countless
discussions, conversations and help along the way. All of our discussions helped me

in the course of this investigation.

It is also essential to thank my colleagues MSc. Aida Beatriz, MSc. Iris Carneiro, MSc.
Marcionilo Neri and MSc. Tania Peixoto at the Department of Metallurgical and

Materials Engineering for their friendship and companionship.

I thank my colleagues at INEGI, MSc. Diogo Fula, MSc. Joao Sousa, MSc. Ricardo
Cardoso, MSc. Roya Darabi, Dr Rui Amaral and MSc. Rui Soares for his friendship,
conversations, assistance, and exchange of experiences were fundamental throughout

this journey.

Effects of Processing Parameters on Direct Laser Deposited Materials for Industrial Components Repair



Finally, I thank the professors at PUC-Rio: Prof. Dr Fernando Rizzo, Prof. Dr Ivani
Bott, Prof. Dr José Roberto D'almeida, Prof. Dr Mauricio de Jesus, Prof. Dr Roberto de
Avillez, Prof. Dr Sydney Parcionik and Prof. Dr Valter Rocha; EQ/UFR]: Prof. Dr
Eliana Flavia (EQ/ UFR]) and INT: Prof. Dr Marcia Lutterbach, for inspiring me

throughout my academic life.

Cofinanciado por:

C ¢5\, M P E T E ’J gy - UNIAO EUROPEIA
2 o 2 0 a 2 O 2 O ::'g’:seenl:/gs::ento Regional

Effects of Processing Parameters on Direct Laser Deposited Materials for Industrial Components Repair



Abstract

The world's ambitious renewable energy goals push wind energy to become a
mainstream energy source. Wind turbines are subject to harsh/hostile environments,
which shorten the life cycle considerably. In many cases, gears are replaced with only
one or two pinion teeth with total or partial breakage, or even worse, with only
excessive wear on one or two teeth. In these cases, the repair would avoid complete

pinion replacement, substantially reducing costs and downtime.

Motivated by this emerging need, this PhD project aimed to explore an additive direct
laser deposition (DLD) technology, derived from the laser cladding technique (i.e.
laser cladding), for the repair/rebuild process of large industrial components, such as
the teeth of gears used in machine organs of wind generator gearboxes. The
introduction of additive manufacturing technologies for repair/rebuild procedures, as
opposed to replacement, will result in a radical and disruptive innovation in the area
of industrial maintenance. A repair procedure with additive manufacturing will

potentially be faster, thus reducing downtime due to breakdown.

The material deposition procedures must allow the deposition of small successive
layers compatible with the dimensions of the pinion teeth. The additive materials
(powders) must be completely compatible with the materials present in the original
teeth to ensure a good metallurgical bond. The bonding properties between the

additive material and the substrate must transfer loads.

The research promoted the process's optimisation and evaluation of preheating
conditions by deposition of single lines of Inconel 625 and AISI 431 powders on
42CrMo4 structural steel substrate. Functionally Graded Materials (FGM) production
aimed to seek the best chemical composition promoted by the powder mixture,
varying the mass composition of powder gradually and initiating the deposition with

pure Inconel 625. Through the characterisations of the FGM, it was possible to
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determine the ideal composition of powder mixture (Inconel 625 + 50% AISI 431). The
production of this innovative material can meet different demands of the wind power

sector and the most diverse industrial sectors.

In order to evaluate the 3D construction by additive manufacturing, bulks were
produced using powders of AISI 431 or Inconel 625, and with the composition Inconel
625 + 50% AISI 431, allowing the comparison of mechanical and microstructural

properties.

However, matching the carburised layer hardness of the gear teeth with the teeth
produced by additive manufacturing is a challenge to be answered in the GEAR3D
project. A new innovative FGM was produced to respond to this task mixing Inconel
625 with a nickel-superalloy, type NiCrWMo. The metallurgical, chemical and
mechanical characterisations, and the correlation with processing parameters, are

established and discussed throughout this investigation.

Keywords: Additive Manufacturing; Direct Laser Deposition; Functionally Graded

Materials; Mechanical Properties; Microstructure; Nickel Superalloys; Repair; Steel.

Vi
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Resumo

As ambiciosas metas mundiais da energia renovavel estdo pressionando a energia
eolica a se tornar uma fonte de energia convencional. As turbinas eolicas estao sujeitas
a ambientes severos/hostis que podem encurtar consideravelmente o ciclo de vida de
um componente. Frequentemente, engrenagens sao substituidas com apenas um ou
dois dentes do pinhao com rotura total ou parcial, ou ainda pior, com apenas desgaste
excessivo em um ou dois dentes. Nestes casos, a reparagao evitaria a substituigao

completa do pinhao, reduzindo substancialmente os custos e tempo de paragem.

Motivada por esta necessidade emergente, este projeto de doutoramento visou a
exploracao de uma tecnologia aditiva de deposicao direta por laser (DLD), derivada
da técnica de revestimento por laser (i.e., laser cladding), para o processo de
reparacao/ reconstru¢ao de componentes industriais de grandes dimensodes, como os
dentes de engrenagens utilizadas em 6rgaos de maquina de redutores de geradores
eolicos. A introducao de tecnologias de manufatura aditiva para os procedimentos de
reparagao/reconstru¢ao em detrimento da substitui¢ao resultarda numa inovagao
radical e disruptiva na drea da manutencao industrial. Um procedimento de reparacao
com manufatura aditiva, potencialmente serd mais rapido, reduzindo assim o tempo

inoperacional devido a avaria.

Os procedimentos de deposi¢ao de material devem permitir a deposi¢ao de camadas
sucessivas de pequena dimensao, de forma a serem compativeis com as dos dentes
dos pinhdes, e 0s materiais de adi¢ao (pds) devem ser compativeis com os materiais
presentes nos dentados originais, de forma a garantir uma boa ligacao metaltrgica.
As propriedades de ligagao entre o material aditivo e o substrato devem ser tais que

permitam a transmissao de carregamentos.

A investigacdao realizada promoveu a otimizagao do processo e a avaliagdo das

condi¢Oes de pré-aquecimento através da deposicio de monocamadas de pds de

Vii
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Inconel 625 e AISI 431 em substrato de ago estrutural 42CrMo4. A producao de
Materiais em Gradiente Funcional (FGM), teve como objetivo selecionar a melhor
composigao quimica promovida pela mistura do pds, variando gradualmente a
composi¢ao massica de po e iniciando a deposicao com 100% Inconel 625. Através da
caracterizagao do FGM, foi possivel determinar a composicao ideal de mistura de po
(Inconel 625 + 50% AISI 431), sendo produzido um material inovador que pode
atender diferentes demandas do setor edlico, como também dos mais diversos setores

industriais.

Com o objetivo de avaliar a construc¢ao 3D por fabricagao aditiva, foram produzidos
macicos com os pos de AISI 431, Inconel 625 e Inconel 625 + 50% AISI 431, permitindo

a comparacao das propriedades mecanicas e microestruturais.

Entretanto, tentar igualar a dureza da capa cementada do dentado, com o dentado
produzido por fabricagao aditiva € um desafio a ser respondido no projeto GEAR3D.
Para isto, um inovador FGM foi produzido através da mistura de Inconel 625 com
uma superliga de niquel do tipo NiCrWMo. As caracteriza¢Oes metaltrgicas, quimicas
e mecanicas e a correlacdo com os parametros do processo foram determinadas e

discutidas nesta investigagao.

Palavras-chave: Aco; Fabricagio Aditiva; Deposi¢ao Direta por Laser; Materiais
Funcionalmente Graduados; Reparacao; Microestrutura; Propriedades Mecanicas;

Superligas de Niquel.
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Chapter 1
BACKGROUND
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Background

Direct Laser Deposition (DLD) is an additive manufacturing (AM) technology capable
of creating net-shaped parts from powders or wires, depositing them in the desired
geometry, ensuring excellent bonding and metallurgical properties [1]-[4]. Due to its
geometric freedom, scalability and adaptability to different scenarios, which other
metals AM technologies cannot offer, this technique is often used to repair industrial
components and confer improved mechanical properties throughout. However, the
most significant advantage of this technology is the expandability of the material
feeders, allowing the processing of various materials in the same operation. Therefore,
this technology can be assumed as a method of deposition of multimaterial and
gradient materials, since it can deposit different materials in sequential layers or

combine them in the same layer.

Previous studies on FGM type processes focus on all additive manufacturing
technologies that can produce them [5]. In this PhD research, an in-depth analysis was
performed on the production of gradient materials and process optimisation to obtain
the best mechanical and microstructural properties for the realisation of the
remanufacturing of industrial components, mainly large gears. This work aims to
describe the approaches adopted by other authors, categorising the advances made in

the process and comparing them with others.

Direct Laser Deposition

Direct laser deposition (DLD) is a kind of advanced rapid manufacturing technology,
which can produce near net shape parts by depositing metal powders layer by layer
[6]. DLD technology is an emerging laser aided manufacturing technology based on a
new additive manufacturing principle, which combines laser cladding with rapid
prototyping into a solid freeform fabrication process that can be used to manufacture

2
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near net shape components from their CAD files [7]. Recent studies have indicated
that DLD can repair deep or internal cracks and defects in metallic industrial
components. Metal deposition by DLD is also referenced with an additive
manufacturing process because, compared to other processes, the formation rates and
processing time are high. The mixture of powders creating their alloys increases
resistance (fatigue, corrosion, wear, mechanical) following the component's specificity

and current standards.

DLD is an additive manufacturing process featuring in the industrial context, which
uses metal alloys in powder and is melted by a source of energy, the laser beam. It is
a technique that can be used in cladding production for repair and components
reconstruction. Compared to conventional processes, it has many advantages, such as
arc welding, due to better coatings with controlled heat input producing better surface

quality and resistance to wear and corrosion [8]-[10].

Many components are operated under extreme conditions involving impact, abrasion,
high temperature and pressure, making them prone to fracture. The main failure
modes, such as wear, local corrosion, crack formation and fracture, are directly related
to loading during service. Equipment failures cause significant economic losses to
businesses. Repair of industrial components is an effective way to favourably reduce
a large part of primary resource use and energy consumption, and emissions of
pollutants into the environment. If a successful repair cannot be achieved, the

damaged components will have to be disposed of, and a significant loss will be caused.

The conventional repair methods currently include mechanical machining, arc
welding, and thermal spraying processes such as High-Velocity Oxygen Fuel (HVOEF).
Although these methods have different advantages, there are still many
disadvantages in this repair, such as being time-consuming and laborious, having a
limited thickness of deposition layers, low metallurgical bonding, formation of a large
number of porosities and cracks, and distortion of substrates (caused by excessive

components heating). Therefore, it is of great industrial interest to develop high
3
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efficiency and precision repair technologies aiming at increasing the lifetime of the

components.

DLD deposition is one of the appropriate techniques for developing these processes
when producing high-quality repairs. With proper addition material, structures with
mechanical properties similar or superior to those of the substrate can be obtained.
These structures present an excellent metallurgical bond, the formation of a small
heat-affected zone (HAZ) by the control of heat transfer and minimum dilution. The
localised repair of components in necessary positions with high precision, associated
with low distortion that minimises machining time after the repair, are major
attractions for different industrial sectors for the use of laser processing [11]-[14].
Moreover, innovative material systems can be produced by gradually changing the
chemistry of the individual layers, thus adjusting the composition of the materials to
the desired properties of the component [15]. DLD is advantageous with high
precision, allowing high economic gain, and due to its unique characteristics, the laser

enables material processing with high efficiency and ease of automation.

Due to these factors, DLD is one of the most attractive and competitive component
repair processes. This technique consists of an effective way to minimise monetary
losses and environmental impacts resulting from the transformation of resources (raw
materials, water and energy) by repairing or rebuilding components that have

suffered breakdowns, putting them back into service.

The growing demands for quality and reliability/reproducibility of results have
contributed to the increasing use of automated special welding processes. DDL has
occupied a space in the most diverse industrial sectors. Numerous industrial
applications demonstrate the technological and economic feasibility of repairing
components by laser in sectors as diverse as aeronautics, petrochemicals (offshore),
energy, rail, maritime transport, steelmaking, among others. Examples of products

that DLD can repair are gearboxes, gears, blowers, combustion engine parts,
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couplings, extruders, pumps, shafts, turbine parts, rollers, winches, among other

components [16].

The process can produce high energy densities, forming a melt pool that will allow
the powder deposition. High cooling rates are characteristic of this process, where the
laser beam promotes a localised thermal delivery, and the dimensions of the structures
are an industrial problem. Preheating (PHT) of the substrate is one of the processes
that allow the reduction of the cooling rate. PHT decreases the hardness in HAZ [17],
reduces accentuated thermal gradients and increases the laser absorption rate in a
substrate, improving the stress distribution and avoiding the formation of hard

structures that are harmful to the cladding mechanical properties [18].

The efficiency of the process depends mainly on the formation of the melt pool, which
allows the capture of the injected powder particles. In particular, the material
efficiency is strongly dependent on the melt size relative to the size of the impact area
of the powder flow [19], [20]. Many operational parameters and physical phenomena
determine the cladding quality produced by laser processing, such as geometry,
microstructure, dilution, defects, residual stresses, distortion, surface roughness, and
metallurgical changes in the substrate the efficiency of the process. The functional
properties and quality of the claddings produced with laser are strongly dependent
on the final microstructure. The first prerequisite for a successful laser cladding

process is the homogenisation of the melt, which is guaranteed by convection.

The relationships between processing conditions and material responses are not well
established or understood. There is a need for further research in this area to optimise

the process allowing for generalisation.
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Process Parameters

Many operational parameters and physical phenomena determine the quality of the
cladding produced by DLD, such as the geometry, microstructure, dilution, defects,
residual stresses, distortion, surface roughness, metallurgical changes in the substrate

and the efficiency of the process.

The DLD process is determined by beam characteristics, materials and operating
parameters. Beam and feed rate parameters are generally fixed and dictated by
equipment, laser, and optics. Materials parameters relate to the choice of additive
material and substrate and include the properties of the powder particles (particle size
and morphology, chemical composition, thermophysical and optical properties) and
the properties of the substrate (geometry and mass, chemical composition, surface

condition, thermophysical and optical properties) [19][21].

Operating parameters can be changed, and their variation affects the process results.
Among these, laser power (P), scanning speed (V) and feed rate (F) are considered the
main parameters as they have the greatest effect on the cladding characteristics. The
cladding height increases proportionally with increasing feed rate. In DLD, the
correlations between height and feed rate (F) and height and powder feed rate per
unit length (F/V) are generally linear. In addition to height, the coating cross-sectional
area (A) increases with increasing F and F/V. Above a feed rate threshold value, the
increment of A can accelerate due to the multiple scattering of the laser beam caused

by the dense powder cloud [21][22].

While other parameters are held constant, an increase in laser power increases the
bead height. The cladding width is mainly dictated by the focal point of the laser beam.
However, a width greater than the spot size can be obtained at very low processing
speeds and high laser powers. In general, the cladding width increases with
decreasing scanning speed and increasing laser power. These correlations are linear

in the laser cladding process using a coaxial nozzle [23]-[25].
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Characteristics of a Cladding Produced by Direct Laser Deposition

According to the information previously mentioned, the properties of claddings
produced by DLD can be determined by a wide variety of factors. In this point, the

main characteristics of cladding will be discussed.

Dilution

The laser cladding process requires achieving a strong metallurgical bond between
the cladding material and the substrate, which in turn requires the formation of a melt
pool on the substrate. However, the depth of this melt (additive material + substrate)
should be as small as possible to obtain a pure surface layer that is not fully diluted

by the base material [26].

Dilution is considered an important factor in controlling the contamination of the
cladding by the substrate material and can be used to characterise the deposition
quality. Indeed, although a minimum level of mixing is required to ensure a good
metallurgical bond to the substrate, as noted above, excessive dilution can negatively
influence cladding properties [27], [28]. Dilution can be measured in two ways. The

tirst method is based on the cladding geometry layer (Figure 1).

Figure 1. Schematic representation of the cross-sectional area emerging from the original
surface of the plate (AN) and submerged part of the cross-sectional area (AD). Adapted from
[29].
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This geometric approach assumes a homogeneous distribution of elements in the
cross-section. The dilution is given by Equation 1, being the ratio of the depth of the
coating on the substrate (Al) to the total height (A1 + A2) [29]. It is important to
highlight that dilution increases with increasing laser power but decreases with
increasing scanning speed.

Ay

P00 =@, A

x100 Equation 1

In alternative to Equation 1, dilution can be calculated by the percentage of the total
volume of the surface layer that results from substrate fusion, as indicated by Equation

2 [30].

D= pc(Xc+s —X.)

= Equation 2
ps(Xs_Xc+s) +pc(Xc+s_Xc) 9

Where 0. is the density of the molten powder [kg/m?], s is the density of the substrate
material [kg/m?], Xc+s is the percentage by weight of element X in the total surface area
of the coating region [%], X. is the percentage by weight of element X in the powder

[%], and X is the percentage by weight of element X in the substrate [%].

Microstructure features

The functional properties and quality of the claddings produced with laser cladding
technology are strongly dependent on the final microstructure. The first prerequisite
for a successful laser cladding process is the homogenisation of the melt, which is

ensured by convection.

The melting pool material flow in processes such as laser cladding directly affects the

bead penetration and width, the solidification structure and the probability of porosity
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and lack of melting. Surface tension and buoyancy force are two of the most important
driving forces for flow in the melting pool. The surface tension force produces
thermocapillary flow due to temperature changes [31], [32]. The material flow driven
by surface tension is also known as Marangoni convection or the Marangoni effect,
where large thermal gradients within the melt generate intense convection. The
buoyancy force is also considered a gravitational force and manifests itself due to
differences in density originating temperature gradients within the melting pool [33]-

[35]. The Marangoni effect is illustrated in Figure 2.

Figure 2. Marangoni flow in weld pool during single weld bead pass [36].

Surface tension gradients are present on the surface of the melting pool due to
temperature differences. In these situations, a material flow is induced where the
material moves from locations with lower surface tension to locations with higher
surface tension [37]. Surface tension gradients are generally dependent on the
presence of temperature gradients, as noted above, and the surface tension gradient
can be negative (i.e. decrease with increasing temperature); in this case, there is a
radial flow out of the molten metal, promoting the formation of a wider and shallower
melting pool [33]. Conversely, the gradient leads to radial inward flow for a positive

tension surface, producing a deeper and narrower melt pool [38]. Marangoni
9
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convection creates a whirlpool at the laser beam periphery, but as the velocity
increases, the maximum velocity of the liquid moves from the sides of the melting

pool to the back of the pool [39], [40].

The solidification microstructure for a given alloy depends on the local solidification
conditions determined by the cooling rate (R) and the thermal gradient at the solid-
liquid interface (G). Specifically, the growth morphology of rapidly solidified layers
is controlled by the parameter G/R. If G/R is higher than a critical value (G/R)* a planar
solidification front occurs. Otherwise, if G/R is lower than this critical value, the planar
solid-liquid interface is destabilised, and cellular or dendritic solidification occurs
[41]-[44]. The G/R effect on the microstructure can be schematically represented in

Figure 3.

Planar Cellular

Finer
structure

Cellular

Dendrite High G*R

Columnar
Dendrite

Temperature Gradient, G

Equiaxed Dendrite
Solidification Rate, R

Figure 3. Influence of temperature gradient and solidification rate on the
solidification process [45].

These solidification conditions (G and R) are a function of the size and geometry of
the melting zone, which in turn is influenced by the laser processing conditions, such
as laser power, scanning speed, feed rate, beam diameter or substrate temperature. In
contrast to R, the thermal gradient G is at a maximum at the bottom of the melt pool

and progressively decreases towards the surface [46].

10

Effects of Processing Parameters on Direct Laser Deposited Materials for Industrial Components Repair



In cases where solidification occurs without nucleation, solidification is epitaxial,
starts by growth from the substrate and proceeds unidirectionally towards the top. At
the beginning of solidification, at the bottom of the melt poo], a flat solidification zone
appears as the liquid metal maintains contact with the solid substrate (the
solidification rate is 0, and the value of G/R is infinite) [47], [48]. As the solid-liquid
interface propagates, R increases rapidly, and G decreases, leading to a lower value of
G/R: the planar front evolves to a cellular interface and eventually to a dendritic when
G/R decreases further. Due to the rapid variation of G/R, the planar interface is very

narrow [45].

G/R decreases with the evolution of the solidification process until it reaches a value
that remains practically constant during the final solidification phase: in this region,
which follows the cellular interface zone, dendritic solidification appears [47]. The
cellular and dendritic solidifications are generally columnar and grow perpendicular
to the substrate-cladding interface (or perpendicular to isothermal lines) since the
substrate mainly dissipates the heat and, in this direction, the thermal gradient is
greater. Near the surface of the cladding layer, the heat is mainly dissipated through
the surrounding atmosphere, which significantly decreases the G value, and the
dendrites become very thin and disoriented [48], [49]. G/R determines the

solidification morphology, and GxR impacts the scale of solidification microstructure.

The cladding production requires an understanding of thermal and thermophysical
properties: coefficient of thermal expansion (CTE), melting temperature and thermal
conductivity. The inequality in heat flow is due to the faster dissipation at the material
interface that presents higher thermal conductivity, resulting in distortion and the
possibility of lack of fusion formed in material with lower thermal conductivity,
promoted by insufficient heat [50]. Multiple layers reduce the CTE difference and the
mesh misalighment between the consecutive layers. As the number of layers increases,
an analytical solution for thermal stresses makes the system more complex and

promotes residual stresses formation [51].
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In order to relieve the residual stresses, preheating treatment is a solution, reducing
the cooling rate of both the substrate and the cladding and thus preventing the
formation of fragile phases in the bonding area and gradient minimizing the
likelihood of crack formation. In steels, increasing preheating temperature (PHT)
decreases the cooling rate, thus promoting the decomposition of granular bainite and
increasing the percentage of ferrite [52]. Preheated substrates present a lower
susceptibility cracks formation, decreasing the cooling rate and formation of residual
stresses [53]-[55]. Preheating promotes control of the thermal gradients between the
substrate and the deposited layers as in the case of FGM's, decreasing cooling rate and

residual stresses, promoting better mechanical properties [56].

Repair of Industrial Components by Direct Laser Deposition

In addition to part repair, laser deposition by a powder injection technique has been
widely used in other industrial applications such as rapid manufacturing, surface
coating and innovative alloy development. The ability to mix two or more powders
and control each powder feed rate makes laser cladding a flexible process for

manufacturing heterogeneous and gradient components at the microstructure level.

Materials can be tailored for flexible, functional performance in particular
applications. The inherently rapid heating and cooling rates associated with this
process allow the production of materials with extended solid solubility and out-of-
equilibrium (metastable) phases, offering the possibility of creating new materials

with advanced properties [22].

However, to achieve a successful laser cladding process, a precise and controllable
method of applying filler material at the edge of the melt zone created by the laser
beam is required. Additionally, using an uncontrolled method or inadequate filler
materials results in poor deposition of this often costly material. DLD process for

detail repair on components, such as turbine blades and gears, requires high control
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in powder deposition, leading to innovation in the development of highly controlled

methods [57].

The component repair by DLD follows a series of steps to obtain a structure similar to
the original. Figure 4 describes the sequences of activities involved in the repair

process.

Damage component inspection

Catastrophic damage

Determination of the type and extent of

damage Processing damage

Operational damage

Mechanical removal of the damaged surface

Chemical cleaning

Surface cleaning

Mechanical cleaning

2D and 3D repair

Machining to restore the original shape and
size of the structure

Inspection and evaluation reliability of the
component produced by DLD

Figure 4. The industrial component repair process sequence via Direct Laser Deposition

(DLD).

The major challenges of the component repair operation are:

(i) removing the damaged layer due to the high surface hardness of these transmission

elements;

ii) ensure the metallurgical bond between the additive material and the substrate;
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(iii) produce a new surface coating with high surface hardness and ensure a high

contact fatigue resistance of the repaired element; and

(iv) machining the repaired regions without compromising the area that was not laser-

processed.

Currently, the DLD process is one of the main means of remanufacturing components.
It is an effective way to minimise monetary losses and environmental impacts
resulting from transforming inputs (raw materials, water and energy) by repairing or
rebuilding components that have suffered breakdowns and putting them back into
service [8]. The adoption of new technologies, such as laser, allows remanufactured
components to equal or exceed the performance of new traditionally manufactured

products [58].

Several authors have developed studies to physically model the DLD process [59]-
[62]. However, it is very complex to provide a comprehensive description of the
process due to the interactions in the laser/ powder/ substrate system and the various
physical, chemical and metallurgical phenomena involved in the process [63]-[65].
The remanufacturing of components is also considered a technique of additive
manufacturing to generate complete parts of components and the combination of
different manufacturing processes [16], [66]-[68]. The creation of own and specific

alloys is one of the innovations sought throughout this study.

Proposed Solution Concept

The maintenance of wind turbine gearboxes follows a standardised procedure

consisting of 6 main steps:

i On-site inspection and disassembly (lead time = two days): Determination of
gearbox condition, bearing settings, gear backlash and size and crack check. The exact

condition of the gearbox is identified, with backlash, contact patterns and bearing

14

Effects of Processing Parameters on Direct Laser Deposited Materials for Industrial Components Repair



settings all being carefully recorded before the gearbox is disassembled. This stage
may include tasks such as visual inspection, vibration measurement and analysis;
alignments; replacement of bearings in the wind turbine generator; replacement of

bearings in the gearboxes' high-speed shaft; oil replacement, among others.

ii. Transport to the workshop (lead time = two days): The damaged parts of the

gearbox are transported to the company's premises.

iii. =~ Gearbox disassembly, inspection report and failure analysis (lead time = three
days): The gearbox is disassembled, and an inspection report and damage analysis

will be carried out.

iv.  Rapid gearbox reconditioning and accessory parts manufacturing (lead time =
three weeks): The gearbox will be overhauled, and spare parts can be manufactured
or purchased. This step involves several technologies and tools: machining centres,
milling machines, internal grinding machines, gear grinding machines, reverse
engineering systems, butchers and surface treatment (surface tempering, thermal

spraying, HVOF, laser cladding).

V. Gearbox assembly and advanced test on test bench (lead time = four days): The
gearbox with new parts will be assembled. Bearing and gear backlash are adjusted,
and contact patterns are recorded and checked against specifications. Once correctly

assembled, the gearbox will be bench tested.

vi.  Transportation and on-site assembly of the gearbox and accessory parts (lead

time = six days).

The actual service life of wind turbine gearboxes is generally shorter than the projected
20 years, and the warranty for these components is only seven years (on average).
Failures can be found in several bearing locations, i.e. in the planetary ones, those of

the intermediate shafts and those of the high-speed shafts.
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The most common gearboxes in wind turbines consist of three stages: one planetary
stage and two cylindrical shafts or two planetary stages and one cylindrical shaft. The
high-speed output shaft and its bearings are the most susceptible to failure in both
architectures. These failures often start in one of the bearings, are followed by
misalignment between the shafts and off-centre loading (overloading) at the contact
between teeth, resulting in gear contact fatigue or gear tooth failure (total or partial).
These failures result in costly maintenance interventions due to high repair costs and
equipment downtime. Given the position of the gearbox on the wind generator, its
dismantling and transport to the repair shop represent a considerable effort and cost

as well.

Wind turbines are subject to widely varying temperatures, speeds and loads.
Combined with contamination, moisture, and the chemical effects of lubricants highly
doped with anti-wear agents lead to harsh/hostile environments that can sometimes
considerably shorten a component's life cycle. Much premature damage in wind
gearbox bearings results from failure modes caused by classical rotating contact
fatigue (RCF) mechanisms. Generally, the first cracks occurred in the first and three-

year operating time or 5 to 10% of the calculated nominal service life.

The repair of wind generator gearboxes typically consists of replacing all bearings
(invariant of their damage condition) with new ones, re-fabricating the bearing
housings to meet the imposed geometric tolerance requirements, replacing damaged
gears with new ones and possibly re-finishing gear teeth to correct minor defects and
remove wear marks. Replacement of damaged gears is costly due to their high
dimensions (modules ranging from 6 mm to 20 mm and pitch diameters greater than
500 mm), high-cost alloyed steel alloys and complex and time-consuming
manufacturing processes. In many cases, gears are replaced with only one or two
pinion teeth with total or partial breakage, or even worse, with only excessive wear
on one or two teeth. In these cases, the repair would avoid complete pinion
replacement, substantially reducing costs and downtime.
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The operation and maintenance (O&M) cost for a wind turbine can easily represent
20-25% of the total cost per kWh produced over the turbine's lifetime. If the turbine is
relatively new, the share may only be 10-15%, but this can increase to at least 20-35%
towards the end of the turbine's life. Thus, manufacturers and maintenance service
providers are willing to adopt any costly technology that reduces maintenance costs

and downtime.

Motivated by this emerging need, the present PhD project explores an additive direct
laser deposition (DLD) technology derived from the laser cladding technique for the

3D reconstruction of gear teeth used in machine organs of wind generator gearboxes.

The introduction of additive manufacturing technologies for the repair/rebuild
procedures concerned and repair/rebuild instead of replacement will result in a
radical and disruptive innovation in the field of industrial maintenance, more
specifically in the repair of wind power generators. In the case of an unscheduled
repair due to failure of the gearbox's mechanical parts, the generator downtime can be
quite significant due to the need to manufacture the crowns and the replacement of
the shaft bearings and repair the remaining mechanical elements. Since, unlike the
bearings, the worm gears are not off-the-shelf components, and given their size,
geometric and tolerance complexity, manufacturing them from scratch can be time-
consuming. A repair procedure with additive manufacturing will potentially be faster,
thus reducing downtime due to failure. However, the repair of individual gear teeth

is a complex operation, and several aspects must be considered:

i The methodology to be adopted to remove the damaged cemented layer due to

its high surface hardness;

ii. The material deposition procedures must allow the deposition of small
successive layers to be compatible with the gear teeth dimensions (modules between

6 mm and 20 mm).
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The powders must be completely compatible with the materials present in the original
teeth to ensure a good metallurgical bond. The adhesion properties between the
materials must be such that load transmission is possible. Transition zones between
original and repaired materials and between added materials and surface coatings are
the potential weak points of repaired teeth from a mechanical point of view. The
surface hardness has to be similar to that existing in the original teeth (=60 HRC),
which are normally hardened via carburising (or other similar treatments). This
requirement may require the deposition of different surface materials for the repaired
tooth. The machinability of the added material and its hardened coating must be

guaranteed, as machining and finishing are required to ensure geometric tolerances.

The load-carrying capacity of the additive material and its hardened coating must
withstand the contact pressures between tooth flanks and the stresses at the tooth
sockets to ensure a long fatigue life. The wear of the additive material and its hardened
coating shall be similar to the original material. They should minimise tangential loads

and the coefficient of friction between tooth flanks.

The mechanical requirements and complex loads to which large gears are subjected
were considered in this study, in which innovative and potentially disruptive
procedures were developed. The ability of the repaired machine organs to meet the
imposed requirements was also sought. However, considering the reliability
requirements of this equipment and the general conservatism of the wind power
industry (without the approval of this procedure), there is a need to, in addition to
developing the repair/rebuild methodologies, create a high level of confidence in the

solutions developed.

Thesis Outline

The thesis is composed of papers produced throughout the development of this PhD

thesis in an industrial environment. Chapter 2 comprises two review articles, one
18
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published as a book chapter and the other as a mini-review. This chapter focuses on
Functionally graded materials (FGMs) and the main characteristics promoted by the
interaction of the laser beam on the substrate. Besides the fundamental characteristics
for the production of FGMs, such as the essential process parameters, the solidification
process, the microstructures formed during the laser processing of materials, and the
main associated defects are described. It is highlighted throughout the text the
influence of the essential parameters (laser power, scanning speed and feed rate), as

well as the effect of substrate preheating that has been intensively investigated.

Chapter 3 presents three studies concerning the processing conditions for AISI 431
martensitic stainless steel (M42C) and Inconel 625 nickel superalloy powders on
42CrMo4 steel substrate. The production of single lines was carried out with the
variation of parameters, allowing the optimisation of the process. In this chapter, the
PHT influence in the different conditions used during the processing of the single lines
and the effect on the microstructural, mechanical properties of the produced claddings
are investigated. Samples were produced with and without preheating to evaluate this
effect. Chapter 3 also presents the simulation of a thermal deposition evolution of
M625 powder to DED process using the commercial FEM software ABAQUS. The
transient heat transfer model associated with the phase-field concept is implemented
through user coding in FORTRAN language, taking into account the latent heat of

fusion and vaporisation.

The production of the FGM, produced with the mixture of M42C and M625 powders,
is described in Chapter 4. In this chapter, the microstructural and mechanical analyses

performed to define the best powder mixture composition are described.

In Chapter 5, the properties and microstructures of bulks produced with the
composition of 100% M42C, 100% M625 and one with the mixture of 50% M625 + 50%
M42C were described, allowing a competitive analysis. The composition of the

mixture was selected based on the studies presented on the previous chapter.
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Chapter 6 introduces future and ongoing work focused on producing a new FGM by
mixing Inconel 625 (M625) and NiCrWMo (D4006) powders, leading to an FGM with

an enhanced mechanical response.
General Conclusions are presented in Chapter 7.

Scientific disseminations are shown in the appendices.
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Abstract

This review article analyses recent advances in developing functionally graded
materials (FGM) produced by Direct Laser Deposition (DLD). Industrial development
has supported the production of new materials that are more efficient and effective,
including this new class of composite materials. Initially conceived for the aerospace
and nuclear sectors, their application has been extended to several other industrial
sectors, such as automotive, biomedical, energy, and military. In addition, FGM
manufacturing technologies have evolved from manufacturing conceptual prototypes
to creating full-scale end-use components. This article discusses the principal
mechanical and metallurgical characteristics of an FGM, the manufacturing processes,
with an emphasis on Direct Laser Deposition, material selection, and associated
defects. The main challenges in the production of gradient materials are also

addressed.
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Introduction

Functionally graded materials (FGMs) are characterised by presenting a gradual
change in, density, composition, or microstructure from one side to another. This
combination is associated with a gradient of properties, either mechanical, thermal,
magnetic, chemical, or electrical. FGMs are considered advanced materials that can
have excellent properties, not attainable by the materials used alone. With FGMs it is
possible to tailor the microstructures/properties leading to the desired performance
[1], [2]. This non-uniform set of properties across the whole part makes it attractive for
a wide range of applications. Aerospace industry use FGMs for rocket components
capable of withstanding high loads, presenting a high thermal dissipation capability
[3]-[5]. The automotive industry resources these materials to promote surface wear
resistance in engine cylinders [6], [7]. Biomedical applications are also a point of
interest for FGM materials through the porosity grading of parts, allowing bone or
tissue generation [8]. Overall, properties such as corrosion, wear, and oxidation
resistance can be added to materials in which properties such as mechanical strength
and toughness would prevail [9].

FGM was initially developed for thermal barrier applications by the Japanese space
project [10]. It was intended that the material would be able to withstand a gradient
of 2000K to 1000K through a 10 mm thickness section. The development of a gradient
material was propelled by the constant crack failure of traditional laminate composite
materials due to improper interfacial adhesion between materials. The solution for
this problem was reducing sharp interfaces by decreasing the particle size and
gradually adding the second material, minimizing high-stress concentration points

and consequently the failure of the material [7].
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FGM can be divided into distinct categories. The joining of different materials, from
now on named multi-material FGM, consists in one hand on the fabrication of a part
with a mixture of two or more materials, benefiting from their performance result.
Also, graded parts can be created in the multi-material category by adding distinct
materials in separate layers. The other category is referred to the single material
graded parts. Post-processing is applied, getting its microstructural behaviour
modified locally (usually at surface level) to promote distinct surface properties [11].
The development of additive manufacturing has expanded the possibilities in the
production of these materials, namely allowing FGMs with density gradient [12].
FGMs processing methods are traditionally divided into two groups that depend on
the cross-section of material to be produced: thin films and bulk graded materials.
Thin films or coatings are produced by methods such as physical vapor deposition
(PVD) and chemical vapor deposition (CVD), which are the most common to
introduce a gradient of properties without significantly altering the part geometry.
These methods are often used to improve mechanical properties at the surface level,
distinguishing them from the interior ones. Powder metallurgy and casting
fabrication methods such as centrifugal casting, slip casting, and tape casting, unlike
coatings, allow the part to be created with a full gradient of properties throughout its
entire thickness. Additive manufacturing, specifically Direct Laser Deposition (DLD)
technology, brings the opportunity of an alternative and flexible process, enabling the
production and repair of components with this type of functionality, either in bulk,
through the deposition of several layers, or on the surface, depositing few layers [2][6].
DLD is an additive manufacturing (AM) technique capable of creating near net shape
parts from powder or wire, melting them into the desired geometry, ensuring
excellent bonding and metallurgical properties [13]-[16]. Due to its geometric
freedom, scalability, and adaptability to distinct scenarios, that other metal AM
technologies cannot offer, DLD is often used for the production of complex and
custom parts, and coating/repairing of metal components [17]-[19]. Yet, the greatest

advantage of this technology is the possibility of processing several materials in the
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same operation, granted with the use of several powder feeders. Therefore, this
technology can be assumed to be a multi-material/graded deposition method, as it can
simultaneously take advantage of using different powders enabling the deposition of
distinct materials in consequent layers or the combination of different amounts of each
material in each layer. The DLD equipment, an example of which is shown in Figure
1, is versatile and modular, allowing the manufacture of components with different
geometries, including structures with functional gradients, as already mentioned, by

a single process, without the use of additional equipment [20].

Laser Beam Powder Feeders

Coaxial Nozzle

Figure 1. Direct laser deposition (DLD) equipment. (a) Schematic representation of a coaxial
configuration with two powder feeders and (b) equipment during processing.

Recently, several works have reviewed the knowledge about the production of FGMs
by different AM technologies [7], [12], [17], [21]. In this study, an in-depth analysis is
made only on the FGMs produced by DLD, the metallurgical and mechanical
properties obtained, and the phenomena involved. This review intends to describe the
different approaches adopted, categorizing, and comparing the various advances
achieved in the process.

This review is organized into five sections. After the introductory section, there is a
section that addresses the state of the art and classification of FGM studies produced
with DLD. The description of phenomena involved in the solidification process and

the microstructures formed are summarized in the following section. The most
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common defects in FGMs are described in session four. Finally, the mechanical

properties of the FGMs fabricated by DLD are given in the last section.

Production and Characteristics of FGMs

The production of FGM by AM has been the object of study by several research groups
[22]-[24]. From these studies it is evident that production is generally limited to small
samples. Extending the construction to larger components with functional gradient
properties depends on optimizing the process parameters. These are fundamental for
controlling microstructure and improving properties. High-performance and versatile
FGMs can meet performance requirements and be used successfully in a variety of
industries [3], [25].

The ability to mix two or more types of powders and control the feed rate of each flow
makes DLD a flexible process for manufacturing complex components, for the
innovative development of alloys, and to produce materials with a gradient of
tunctionality [7], [22], [26]. DLD uses a deposition system equipped with two or more
powder feeders that make it possible to create gradients that are traditionally difficult
to achieve. This technology makes it possible to produce materials with a gradient at
the microstructure level; this gradient is achieved due to localized melting and strong
mixing movement in the melt. Thus, materials can be tailored for functional
performance in particular applications.

Using DLD, it is possible to gradually change the composition of a component by
controlling the powder feed rate, as shown in Figure 2. The production of these multi-
materials improves the interfacial bond between dissimilar materials, minimising
chemical and metallurgical incompatibility through the formation of smooth
gradients, avoiding the formation of common defects such as porosities and cracks
[27], [28]. In addition, FGM promotes a better homogenization of the thermal

expansion coefficients of two or more different metallic alloys and even other types of
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material, such as ceramics, where the direct union could lead to the failure of the

deposit.

100%
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Figure 2. A layered deposition scheme with chemical composition gradient for fabricating an
FGM. Adapted from [23].

One of the main factors for producing FGMs by DLD is the proper selection of the
mixing of powders that must be in accordance with the metallurgical, mechanical,
chemical, and tribological requirements of the components, which is an aspect that
promotes innovation [29]. Powders present different densities, and the lighter and
smaller particles are carried by the gas flow more easily than the heavy and larger
ones, promoting an uneven distribution in particle gradient, thus reducing the
performance of the component. The control of the particle size, finding the optimum
mixing condition, promotes the manufacture of gradient materials with great control
of the chemical composition and microstructure [30], [31].

As the composition of the material varies throughout the FGM, several phases with
different chemical compositions will form. These phases help to achieve the intended
performance of the FGM for the selected application. The different phases formed
depend on the composition of the materials (powders and substrate) and the
manufacturing conditions, such as laser power, feed rate, scanning speed, cooling rate,
and treatments conducted on the material, emphasizing preheating.

Traditionally, the manufacturing process of an FGM can be divided into two stages:

gradation, which consists of building a spatially non-homogeneous structure, and
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consolidation, which is the transformation of this structure into a bulk material [2]. In
turn, the gradation processes can be classified as constitutive, homogenizing, or
segregating, depending on the manufacturing process. FGMs produced by DLD have
a constitutive gradation process. The graded structure is gradually built up by the
precursor materials (usually the powders), and the consolidation process occurs
almost simultaneously. DLD is the technology that makes it possible to manufacture
a greater variety of FGMs in a single step and is the result of advances in additive
manufacturing technology that made it technologically and economically viable.
Table 1 presents an overview of the materials used in the production of FGMs in
different studies, as well as the main results and expected applications for these
innovative materials.

From the analysis of Table 1, the importance of steels as a substrate material is
highlighted. This is related to the industrial implementation of steels and the ability
of FGMs to improve the behavior of gears. As for the material of the FGMs, the
highlight goes to nickel superalloys, steels and, in general, materials that can provide
high hardness and resistance to wear or other surface degradation processes.

The selection of austenitic stainless steel (316L or 304L) as the material of choice for
the substrate is due to the fact that this material does not undergo martensitic
transformation unless under very special conditions, such as cryogenic treatments.
Thus, this steel withstands the melting of a superficial layer of the substrate, the rapid
expansion and contraction that substrate suffers, and the high cooling rates from high
temperatures usually imposed on the substrates, without significant microstructural
changes. This allows it to minimize one of the main problems in using DLD, which is
the appearance of high residual stresses in both the clad and the substrate.

In fact, producing FGMs requires an understanding of thermal and thermophysical
properties: coefficient of thermal expansion (CTE), melting temperature, and thermal
conductivity. The inequality in the heat flow is due to its faster dissipation at the

material interface that presents higher thermal conductivity, resulting in distortion
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and the possibility of lack of fusion in the material with lower thermal conductivity,
promoted by insufficient heat [32].

High residual stresses in FGMs can be due to the thermal expansion differences and
to lattice misfit. In DLD, the extremely high thermal gradient enhances thermal
stresses; these are related with the expansion associated with the melting pool and the
contraction during rapid cooling [33]. These mismatches can arise between the first
layers of the FGM and the substrate and through the FGM and be the cause of cracking
or interfacial delamination between the clad and the substrate or between the FGM
layers. The distribution of these stresses is highly dependent on the substrate and on
the FGM materials and can be tensile on the substrate and compressive on the FGM
or vice versa. However, experimental and numerical results have proven that
increasing the number of layers, with a composition gradient to reduce the CTEs
difference and lattice misalignment, can minimize this effect [34][35]. The thickness
and composition of each layer are also critical factors in the residual stress profile [36].
Processing conditions are also determinant in the magnitude of residual stresses, this
being particularly important in processes such as DLD in which thermal energy is
transferred to the cold substrate quickly. For example, in the deposition of an Fe-V-Cr
powder (CPM 9V) on tool steel (H13), it was observed that the normal residual stresses
increase with an increase in laser power and decrease with an increase in scanning
speed [37].

Preheat treatment is a solution to relieve the residual stresses in FGMs. Preheating
reduces the thermal mismatch between the melt pool and the solid material (substrate
or newly solidified clad), thus decreasing the cooling rate of both the substrate and
the cladding and the formation of residual thermal stresses [38]-[40]. The slower
cooling rate also prevents the formation of brittle phases in the FGM and in the
substrate, minimizing the likelihood of cracking. In steels, increasing preheat
temperature prevents the formation of brittle martensite and can promote bainite
decomposition and increase the percentage of ferrite, leading to a reduction of

hardness and residual stresses [41].
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Table 1 - General description of FGM fabricated by DLD

Substrate

FGM Materials

Functionality
(Applications)

Main Results

Ref.

Carbon steel

SS316L
Inconel 718

FGM for wear-resistance
applications.

Production of linear FGMs,
presenting a microstructure with
a transition from columnar to
equiaxial. Increased resistance to

wear.

(42]

Carbon steel

Inconel 690
TiC

Test pieces.

The addition of TiC changes the
microstructure of the Inconel 690
matrix, presenting a refinement
of grains, and promoting a
significant increase in hardness
and wear resistance.

(21]

Carbon steel

SS 316L
CrCo alloy (Stellite 6)

Aeronautical and
biomedical industries.

Development of a process
modelling and a system control
to manufacture FGM parts.
Comparison with experimental

results.

(1]

Carbon steel

Fe-16Ni-4Cr
Fe-21Cr-8Ni

Fabrication of gear parts.

Three different powders were
used to build a gear with a
hardness gradient between the
inner region (lower hardness)
and the outer region (greater
hardness), which is in contact
with other structures. The FGM
was easily produced using the
DLD technique.

[43]

Carbon steel

SS 316
Fe

Test Pieces

The FGM deposited on the mild
steel showed a reduction in the
number of defects (pores and
cracks) compared to the direct
deposition of SS316.

Carbon steel
(A516)
Inconel 718

YSZ (ZrO2, 8 YSZ)
NiCrAlY
Inconel 625

Thermal barrier
claddings

The residual stresses
distribution through the layers
of a functionally graded cermet
were modelled. The model was
validated using two FGMs.

[34]

Carbon steel

(SAE387
Gr22)

Fe-2.25Cr
Pure iron

Pure chromium

Applications in
superheater tubes and
vessels of nuclear energy
generation facilities.

FGM transition joints promoted
the control of carbon diffusion
across dissimilar alloys for
nuclear energy applications

37

Effects of Processing Parameters on Direct Laser Deposited Materials for Industrial Components Repair



Table 1 - General description of FGM fabricated by DLD (continuation)

Components that require

Synchronous preheating

proved to be fundamental for

SS 316L both high corrosion .
. ) the production of crack-free
Inconel 625 resistance and a high FGMs by altering the formed [52]
SS 316L Ti6Al4V strength-to-weight ratio. y 8
phases.
. Cracks were observed in the
Extreme-environment .
. . gradient zone and are
applications such as in . .
erospace or nuclear power associated with small amounts
SS 304L aerospa ucearp of transition metal carbides (7]
SS 304L generation. .
Inconel 625 particles.
FGMs with continuous
composition gradient show
. L strong  metallurgical bond
E fields:
SS 316L neineermg 1 (,js between each deposition. Wear
SS 304L aerospace, biological, R . . [3]
Inconel 625 . resistance  increased  with
nuclear and photoelectric. | . .
increasing Inconel 625 amount.
Higher hardness was obtained
for 50% Inconel 625 + 50% 316L..
The FGM has been successfully
ss 316l Frensth and tenie sirength of
S5 3041, Inconel 625 Test Pieces & & (53]
(50%/50%) FGMs are close to that of pure
o Inconel 625 and pure SS 316L,
respectively.
The brittle Laves phase was
Components to harsh detected when the content of
| -omponentstohats Inconel 718 exceeded 40 %. The
SS 316L situations, such as nuclear .
AISI 304L . fracture mechanism of the [54]
Inconel 728 power plants and oil .
. FGMs was the microporous
refineries. . .
aggregation fracture, induced
by the Laves phase.
Repair of nodular cast iron
Nodular Inconel 625 Repair of components for | structures using FGM's is [55]
cast iron SS 420 different industries. appropriate. The FGM has good
wear resistance.
Controlling process parameters
NiCrSiBC Protective ceramic-metal did not pre.vent cracking.
Inconel 718 ) ) Crack-free coatings could only [40]
WC composite coatings. . .
be obtained by pre-heating the
substrate (300 °C and 500 °C).
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Table 1 - General description of FGM fabricated by DLD (continuation)

The importance of using a
Ti6AIAV buffer materl:fll (tran51t10r.1 layer)
. Mo Test Pieces and controlling the different [56]
Ti6Al4V cooling speeds of the FGM
Inconel 718 . .
materials to obtain a sound
FGM is emphasized.
F ith ki
Materials for blisks of M Wlt out ~ cracks or
. metallurgical defects has been
TI6Al4V turbine blades successfull manufactured
TI6AI4V . (Ti48AI2Cr2Nb) and turbine y e | [57], 58]
Ti48AI2Cr2Nb ) FGM reduces the sensitivity to
disks (TI6AI4V) on aero . . .
. cracking, particularly in
engines. o -
titanium aluminide.

Solidification and Microstructure Formation

The functional properties and quality of claddings produced by DLD are strongly
dependent on the final microstructure. Rapid solidification in additive manufacturing
can lead to solute segregation and the formation of unwanted, and unexpected, brittle
phases. In fact, the DLD process promotes very high cooling rates, in the range of 5x103
- 10° K/s, and diffusive transformations in the solid-state are usually suppressed. For
this reason, homogenisation and control of the solidification process are fundamental
to obtain the desired microstructure. Thus, one of the prerequisites for a successful
process is homogenizing the melt in each layer. Several physical phenomena act in the
melt pool; however, the fluid flow is dominated by Marangoni convection [59]-[61].
The melt pool is well-mixed due to this intense Marangoni convection that directly
affects the shape and penetration of the pool, the chemical composition, the
microstructure, and therefore the final properties of the FGM [62]-[64]. This
convection, in which the surface tension gradient drives the material flow, also
determines the formation of defects, such as porosities and cracks [61], [65]-[68].

Process parameters and material properties influence the Marangoni convection [61],
[66]. An example is shown in Figure 3, which presents computed results evidencing

the influence of laser scanning speed on liquid velocity; as the speed increases, the
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maximum liquid velocity moves from the sides to the rear of the pool, affecting the
extension and the shape of the liquid pool [66]. This directly influences the
microstructure, as illustrated in Figure 4, which shows EBSD images of a Ni superalloy

processed with three different scanning speeds.

liquid velocity u;[m/s]

Figure 3. Simulation of Marangoni convection. The figures represent computed liquid pool
and flow fields for two scanning speeds: (a) 3.5 and (b) 100 mm/sec [66].
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Figure 4. EBSD maps (right) for three scanning speeds [66].

Another example of the influence of processing parameters is shown in Figure 5. The
cross-section analysis shows the influence of laser power on the shape and dimensions
of the melt pool, modification of grain orientations, layer thickness, and surface
finishing. All these modifications are direct effects of the influence of laser power on

Marangoni flow [69].
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Figure 5. Influence of laser power on the microstructure of Ti6Al4V clads. Cross sections of
clads produced with laser powers of (a) 320 W and (b) 500 W [69].

Figure 5 is a typical microstructure of a clad produced by DLD. In this process, the
solidification modes evolve rapidly due to changes in solidification rate (R) and
temperature gradient at the solid-liquid interface (G). These changes lead to the
development of different microstructures that can be observed in laser additive
manufacturing [68], [70], [71]. For a given alloy, the microstructure depends on the
local solidification conditions. Specifically, the morphology of rapidly solidified layers
is controlled by the G/R parameter. If G/R is greater than a critical value, a planar
solidification front occurs, while if G/R is smaller than this critical value, the planar
solid-liquid interface is destabilised, and cellular or dendritic solidification occurs [60],
[68], [72].

At the beginning of the solidification, the planar solidification zone appears at the
bottom of the melt pool, where the liquid metal maintains contact with the solid

substrate (solidification rate is 0, and the G/R is infinite). With the propagation of the
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solid-liquid interface, R rapidly increases, and G decreases, leading to a lower G/R
value: the planar front evolves into a cellular interface and eventually to a dendritic
one when G/R decreases even more. In the DLD process, due to the fast variation of

G/R, the planar zone is very narrow [61], [73], [74], as seen in Figure 6.

% i &’Eﬂ | , & _'.»

FAT

Planar Zone

[®FORT0| mag det | mode| WD 200 pym
CEMFJP 500 ¥ 115.00 kV|BSED |Z Cont|10.0 mm FGM S/PHT

R
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..\

) det | mode WD 100 ym
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Figure 6. SEM micrograph of the cross section of a layer of Inconel 625 deposited on 42CrMo4
steel in which the planar zone and columnar grains can be observed.

With the evolution of the solidification process, the decrease in G/R slows down until
reaching a value that remains practically constant. In this region, which follows the
cellular interface zone, dendritic solidification appears. Cellular and dendritic
solidifications are generally columnar and grow perpendicular to the
substrate/solidified layers. This is due to the rapid heat dissipation by the substrate
and solidified layers, the thermal gradient being higher in this direction. Near the
surface of the cladding layer, heat is also dissipated through the surrounding
atmosphere, which significantly decreases the G value. In this region, dendrites

become very thin and disoriented [61], [73], [75]. For a detailed description of G and
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R influence in solidification modes and microstructure development, see, for instance
[76], [77].

The laser processing conditions and the clad building direction are factors that
influence the microstructure and, therefore, the functional properties of claddings
[78], [79].

In FGMs with composition gradients, the microstructure is also influenced by
different materials characteristics, making solidification control more complex. An
example of the microstructure formed in FGMs materials with a gradual change in
composition is present in Figure 7. This figure shows the microstructure of an Inconel
625/ NiCrWMo superalloy (D4006) FGM. The first layers deposited are 100% Inconel
625, which gradually changes up to 100% D4006. Three intermediate zones have been
sequentially deposited (75% Inconel 625 + 25% D4006, 50% Inconel 625 + 50% D4006,
25% Inconel 625 + 75% D4006).

M625 M625 + 25% D4006 M625 + 50% D4006 M625 + 75% D4006 D4006

Flgure 7. SEM 1mages of the mlcrostructure of an Inconel 625 (M625)/ NlCrWMo superalloy
(D4006) FGM. (a) Microstructure evolution along the FGM, and (b) EBSD inverse pole figures
(IPF).

From the analysis of the figure, some columnar grains that cross several layers stand
out. These grains do not seem to be influenced by compositional changes, indicating
the possibility of epitaxial growth. This type of microstructure occurs because the
deposition of a new layer implies the remelting of part of the previous one, allowing

the grains to function as nucleation sites for subsequent solidification. Despite this
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epitaxial growth, the IPF images do not show the formation of a strong preferential

orientation (texture).

Defects

The most frequently detected defects in claddings produced using the DLD technique
are cracks [80], porosity [81], chemical segregation [82], formation of intermetallics
[83], and unmelted powder particles [84], all of which promote the deterioration of the
mechanical properties of the components. Some of these defects, even if of a
submicrometric dimension, can have serious consequences. In fact, micro segregation,
and the formation of brittle phases, like intermetallics, enhance the nucleation of
microcracks, leading to component collapse. Defect reduction is therefore essential so
that the FGMs do not fail in service.

The main causes of the development of defects are associated with processing
parameters, as in most manufacturing processes. Laser power, powder feed rate,
scanning speed, and powder particle size are factors that can promote cracking and
pore formation. The optimization of processing conditions will allow a good
metallurgical bond between the deposit and the substrate, and an adequate dilution.
Dilution is an essential aspect of DLD clads and assesses the contribution of the
substrate area that is melted by the laser to the total area of the clad, controlling clad
contamination by the substrate and affecting the deposition yield. This optimization
minimizes defects such as cracks and porosities, which can act as stress concentrators
and nucleate fatigue cracks [29], [85]. For some materials, it has been shown that
increasing laser power intensifies residual stresses, cracks formation, and the
deterioration of mechanical properties [33], [86].

The formation of cracks can also be associate with phases that locally introduce high
discontinuity in the hardness, brittleness, and thermal stability of the FGMs (see
Figure 8). Attention has been paid to the formation of intermetallic compounds [58],

eutectics (low melting point) and borides [87], and Laves phase [82], [88]-[93].
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FGM - M625 + M42C (75%/25%; 50%/50%; 25%/75%) M42C

M625

Figure 8. SEM images of the microstructure of an Inconel 625 (M625)/martensitic stainless-
steel (M42C) FGM showing cracking formation in the 25% Inconel 625 + 75% M625 layer.

The formation of the Laves phase in nickel-based superalloys has been widely studied
since this material is one of the most manufactured using DLD, including in the
production of FGMs. The brittle intermetallic Laves phase is formed due to the
interdendritic segregation of chemical elements of the matrix. This phase is a product
of the eutectic reaction, L—(y + Laves), is dependent on local elements concentration
during non-equilibrium solidification [84], [90], and leads to the reduction of useful
alloying elements (Ni, Fe, Cr, Nb, Mo, Ti) in the matrix, as shown in Figure 9 for
niobium. The formation of Laves phase is highly undesirable, as it deteriorates the
mechanical properties of the cladding, such as ductility, tensile strength, and fatigue
life [88], [92]. Furthermore, it increases the susceptibility to hot cracking [89]. The
amount of this phase is higher in FGM regions processed with higher energy density
[91]. A high cooling rate promotes less redistribution of elements, forming larger
Laves phase particles, with a detrimental effect in mechanical response [82], [92]. The
addition of vanadium inhibits niobium segregation, thus reducing Laves phase
formation, positively influencing the microstructure. In addition, vanadium changes

the morphology of the Laves phase from a rod-like to particle-like shape [93].
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Figure 9. SEM images showing the morphologies of Laves phase particles and Nb element
distributions in the interdendritic regions.

Porosity is another extremely harmful defect to the performance of the FGMs. It is
mainly the result of gases encapsulated in the powder feed system or powder particles
and by an inadequate selection of process parameters [22], [81], [85]. Porosity may also
be associated with high melt pool cooling rates [94].

Unmelted powder particles are another defect that induces the degradation of FGMs
performance. This defect is formed due to insufficient energy density, causing low
absorption of laser energy and promoting the non-fusion of the powder, favouring the
formation of cracks due to low metallurgical bond [95], [96]. In the production of
FGMs, this problem increases since the different powders have different
thermophysical properties [56].

One procedure that promotes the reduction of residual stresses and defects, such as
cracks, is the preheating of the substrate and the maintenance of this preheating
during the deposition process [56]. Preheating also inhibits the formation of harmful
phases such as eutectics and borides [87], thus reducing defects in FGMs. Preheating
is also essential in controlling thermal gradients between the substrate and the
deposited layers, by decreasing the cooling rate and residual stresses [40], [97] and

attenuating the difference in thermal expansion coefficients between the several
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powders [58], thus inhibiting the formation of cracks and promoting better mechanical
properties.

In summary, to overcome the current challenges to FGMs production by DLD on
different substrates, it is necessary to develop integrated methodologies that consider
and integrate all processing phases, such as parameter definition, process

optimization, and thermomechanical simulations.

Mechanical Characterisation

Undoubtedly, one of the main objectives of the production of FGMs is to obtain
different mechanical properties from the combination of materials. Another objective
is to ensure gradual and crack-free transition between substrate and last cladding
layers, which also translates into the variation of mechanical properties. This section
highlights some of the most important mechanical properties of several FGMs, such
as microhardness, tensile properties, and wear resistance. As already mentioned, one
of the main groups of FGMs produced results from combinations of steels with nickel
superalloys. This review of the mechanical properties of FGMs begins with the
analysis of this combination.

An FGM with a composition gradient between pure stainless-steel 316L (55316L) and
pure Inconel 718 (IN718), with three intermediate layers (25%, 50%, and 75 of IN718)
deposited on SS 316L was manufactured [47]. The influence of laser power (LP) and
powder feed rate (FR) on the mechanical performance of the material was studied.
Crack-free FGMs were produced for the four laser powers and two feed rates tested.
Tensile tests on the specimens revealed reduced ductility with the fracture starting in
the steel. The tensile strength decreases with the increase in laser power and the
decrease in the feed rate, being 596 MPa for LP = 450 W and FR = 0.834 g/s and 527
MPa for and LP =750 W and FR = 0.632 g/s.

The Vickers microhardness analysis along the FGM shows an approximately

parabolic hardness distribution with an initial decrease as the amount of steel
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decreases, a minimum for the layer with an equal amount of both powders and
increasing to a maximum corresponding to the last layer of pure Inconel, the only non-
reheated layer [47]. As with tensile strength, an increase in laser power leads to a
decrease in hardness.

The Mean Specific Wear Rates (MSWR) of constant composition layers, produced with
the four laser powers and the two powder feed rates, were also determined [47].
MSWR is lower in pure steel for all conditions, goes through a maximum for the 75%
SS 316L + 25% Inconel 718 composition, and decreases with the increasing amount of
Inconel. The highest MSWR values were obtained for the highest laser power and
lower feed rate.

This evolution of the mechanical properties, related to the spacing of the secondary
dendritic arms and carbide formation, shows that tailored mechanical properties can
be obtained by optimizing the processing parameters and composition, allowing the
adequate selection to fulfil the FGMs requirements.

The SS316 L/Inconel718 FGM with different composition gradients were also
fabricated by DLD [54]. The composition changed from pure SS316L to pure IN718,
increasing by 5%, 10%, or 20% the IN718 amount every ten layers. This composition
gradient affects the mechanical response of the FGMs. The fracture of the tensile
sample occurred at layers corresponding to 20-40%, 50-60%, and 25%-30% IN718, for
the composition gradients of 20%, 10%, and 5%, respectively. The best tensile
properties, with the highest tensile strength (527 MPa) and the highest elongation
(26%), were obtained by the FGM with a composition gradient of 10 %. These results
evidenced that the gradient variation is essential for FGMs fabricated by additive
manufacturing.

316L stainless steel (SS5316L) and Inconel 625 (IN625) powders have also been mixed
to make FGMs [98]. In this study, FGMs produced with an abrupt transition between
SS316L and IN625, and with a transition zone, where the relative amount of IN625
gradually increases by 12.5% every two layers, were analysed. Mechanical properties

were compared with those of pure materials produced under the same conditions.
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The mechanical response of the FGMs was determined by the softest material (SS5316L)
and, assuming that the toughest IN625 has negligible plastic deformation, the tensile
properties of both FGMs are almost identical to those of 55316, with no noticeable
differences in mechanical strength and ductility [98]. This means that, in this case, a
good interfacial resistance between the two materials has been achieved and the
transition zone, which makes the manufacture of the FGM much more complex, is not
necessary. Recently, another SS316L/IN625 FGM, deposited on the same substrate
(55304), was produced with other processing conditions, and the mechanical
properties were investigated [3]. The FGM produced had a transition zone in which
the relative amount of IN625 increased by 10% in each region. In this FGM the tensile
specimens also showed a noticeable plastic deformation and ductile fracture. An
analysis of the fracture surfaces indicated that the fracture occurred in layers with 60%
SS316L + 40% IN625. In this analysis, particles rich in Nb were detected at the bottom
of the dimples, indicating that fragile particles resulting from the segregation of this
element, eventually phase Laves, maybe at the origin of the fracture.

The average yield strength obtained for five samples were 823 MPa and the average
tensile strenght 1030 MPa [3]. These values are much higher than the average values
reported in [98] (310 and 540 MPa for yield strength and tensile strenght, respectively)
and even higher than typical of 316L stainless steel.

The microhardness along the transition zone showed a gradual upward trend, with a
maximum of 347 HV for the deposited layer with 50% SS316L + 50% IN625. The wear
of samples with various compositions was also analyzed. It was determined that the
wear resistance first decreases slightly with an increasing percentage of IN625 but
then increases significantly, approaching that of the superalloy for 20% SS316L + 80%
IN625 (as can be seen in the Table 2) [3].
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Table 2. Wear rate for FGM samples and pure materials [3].

Sample composition Wear rate (x10*cm-.N.m)
100% SS316l1 1.58
80% SS316L + 20% IN625 1.60
60% SS316L + 40% IN625 1.32
40% SS316L + 60% IN625 1.15
20% SS316L + 80% IN625 0.79
100% IN625 0.74

The microhardness evolution of an FGM fabricated using two nickel superalloys
powders, Inconel 625 (IN625) and NiCrWMo (D4006), is shown in Figure 10. This
FGM has five different regions; the first layers of the FGM were 100% IN625, and the
amount of the NiCrWMo superalloy increase by 25% in each of the three intermediate
regions, ending the deposition with 100% NiCrWMo. The microhardness increase as
the amount of NiCrWMo powder is increasing. This factor is related to the

strengthening effect of alloying elements (Cr, W, Mo).

= 450-500

Microhardness (HV)

™ 400450
= 350-400
= 300-350
W 250-300
u 200-250

Figure 10. Vickers microhardness mapping of an FGM along the sample. The composition of

the regionsis: 1-100% IN625; 2 - 75% IN625 + 25% NiCrWMo; 3 - 50% IN625 + 50% NiCrWMo;
4 - 75% IN625 + 75% NiCrWMo; 5 - 100% NiCrWMo.

Another group of FGMs that has been studied a lot is the one that uses Ti6Al4V
powders and powders of a much harder material. An example is a FGM deposited by
DLD on a Ti6Al4V substrate, with composition changing from 100% Ti6Al4V to 50%

Ti6Al4V +50% TiC, and with a gradual increase in composition of 5% TiC in each zone
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[99]. One FGM was produced with constant processing parameters (FGM A) and the
other with parameters optimized for each condition (FGM B). The results presented
in Table 3 showed that the optimized FGM has the best wear-resistance behaviour,
with a reduction of 82.5% in the wear volume compared with the substrate. The last
layers of this FGM (with a composition of 50% Ti6Al4V + 50% TiC) has a
microhardness value (1200 VHN) which is four times that of the Ti6Al4V.

Table 3. Wear volume for FGMs and substrate [99].

Sample designation Wear volume (mm?)
FGM A 0.033
FGM B 0.021
Substrate 0.120

These results show how the proper selection of the processing conditions for each zone
(each composition) can be decisive in obtaining an optimized FGM behaviour.

Ti6Al4V/TiC FGM production with a 1% TiC increase in each of the 50 layers of up
50% TiC has also been tested [100]. The FGM microhardness gradually increases from
380 HV in the Ti6Al4V layer to 737 HV in the top layer (with 50% TiC), which means
it almost doubles. This hardness variation is less important than reported in [99],
emphasizing the effect of processing parameters and powders characteristics.

To analyse the tensile properties of this Ti6Al4V/TiC FGM, samples with fixed
composition were deposited (each sample was the result of the deposition of ten
layers). Six compositions were produced, with 0, 10, 20, 30, 40, and 50% TiC. The last
two compositions were not tested as cracks appeared during the FGMs production.
The ultimate tensile strength of the FGM with a TiC amount of 5% is improved by 12%
compared to Ti6Al4V. Contrary to what was expected considering the hardness
evolution, further increase of the TiC amount decreases the tensile strength, and the
elongation drops to less than 1%. This unexpected behaviour was explained by
increasing unmelted TiC particles and dendritic TiC phases, which promote

premature damage of FGMs [100].
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The brittleness of the Ti6Al4V/TiC FGM is a problem that should be carefully
considered during its manufacture by DLD technology. The effect of laser power and
scan speed on hardness of Ti6Al4V/TiC FGM deposited in a Ti6Al4V substrate was
analyzed [101]. FGMs were deposited with increase of TiC through three zones, with
10, 20, and 30% TiC, and laser power ranging from 400 to 700 W and scan speeds of
200, 300, and 400 mm/min. The Vickers hardness gradually increases from 300 HV to
600 HV with the increase of TiC amount. No significant differences were observed for
the set of processing parameters tested. Samples with constant composition (0, 10, 20,
and 30% TiC) were produced for tensile tests [101]. Ultimate tensile strength and
elongation decreases with increasing TiC amount, being this more noticeable for 20
and 30% TiC, which confirms the results reported in [100].

Ti6Al4V and Invar 36 (64 wt% Fe, 36 wt% Ni) powers were used to produce an FGM
[102]. The FGM started with the deposition of 21 layers of Ti6Al4V powder onto a
Ti6Al4V substrate, followed by a 32 layers gradient region with a 3% decrease in
Ti6Al4V per layer (replaced by 3% Invar powder), and, finally, 22 layers of pure Invar.
Hardness shows a noticeable increase for layers with 40-60% Invar. In these layers,
values close to 900 HV were measured, being much higher than the average values of
Ti6Al4V and Invar, which are 380 and 141 HV, respectively. These significantly higher
hardness values were associated with the formation of iron and nickel titanides in the
FGM. These intermetallic phases are very hard but also very brittle, which may
explain the macroscopic cracking of the FGM. Although hardness values measured in
the FGM central region are excellent, the defects preclude Ti6Al4V/Invar from being
used in industrial applications.

Ti/SiC was another metal/ceramic FGM produced by DLD with a combination of
powders similar to the one described above, a ductile titanium alloy gradually
reinforced with a carbide. In this FGM, a layer of 100% Ti was first deposited on a
Ti6Al4V substrate, then eight more layers were deposited with a constant decrease of
10% Ti (an increase of 10% SiC), with the final layer having the composition of 20% Ti

+80 % SiC [103].
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One of the main challenges of these FGMs is to successfully achieve a high volume
content of the ceramic constituent at the exterior layer, surmounting the problems
caused by the great brittleness and the poor melting fluidity of most ceramics. To
achieve this goal, the composition and thickness of the Ti/SiC FGMs layers were
optimized, first eliminating the layers with a greater tendency to cracking (namely the
layer with 70% Ti + 30% SiC), and then halving the thickness of the layers. After this
optimization, it was possible to avoid forming the more cracking and microcracking
inducing phases and producing an FGM without evident defects. In this optimized
FGM, the hardness continuously increases from 339 HV in the Ti layer to 1608 HV in
the outer layer (10% Ti+90% SiC), and average three-point bending strength of 286
MPa was measured at room temperature [103].

These mechanical properties show that it is possible to produce metal/ceramic FGMs
with the proper selection of the layer construction strategy. In summary, some aspects
related to mechanical properties can be highlighted:

* Final mechanical properties are not necessarily a combination of the mechanical
properties of the materials used in the FGM and may vary significantly across the
deposited zone.

* The variation of mechanical properties along the FGM is not necessarily gradual or
linear and is strongly related to the microstructure.

* In some cases, defects induced by the FGM process, such as cracks and porosities,
can negatively affect the mechanical properties, making its industrial application
unfeasible.

* The production of FGMs has often proven to be able to improve mechanical
properties such as wear-resistance and hardness.

* The deposition parameters, including the composition and thickness of the various
layers, play a significant role in the final properties and must be optimized to achieve

the intended requirements.
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Conclusions

Functional Gradient Materials (FGM) combine materials with different compositions,
leveraging the best properties of each and exploring reactions that can give rise to
unexpected properties. FGMs respond to the growing demand from various industrial
sectors for materials with better performance, allowing them to produce components
with unique characteristics and a gradient of properties along a specific direction. The
production of FGMs by Direct Laser Deposition (DLD) is an attractive solution for
many engineering applications, thus opening new perspectives for several industrial
sectors, such as aerospace, automotive, nuclear, and biomedical. In this review, the
current status of research on using the DLD process for manufacturing FGMs has been
summarized. The main characteristics of this manufacturing process, the
microstructures and mechanical properties of FGMs, and their main defects, were
described. DLD is the technology that makes it possible to manufacture the widest
range of FGMs and results from additive manufacturing progress that makes it
technologically and economically viable. This process provides freedom to design
more complex components, built layer by layer, with strategically controlled
compositional variations that enable the directionality of properties. The production
of FGM by DLD has been widely used as it opens up the possibility of blending
different types of materials, such as metals (steel, superalloys, and titanium alloys)
and ceramics. This review also highlights the need for more studies in producing these
materials, expanding the analyzed systems, optimizing processing conditions, and
properly establishing the correlation of microstructures, phase changes, and defects

with the properties of the FGM, thus enhancing its performance in service.
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Abstract

The production of functional gradient materials (FGM) is an option for the various
industrial sectors and a solution for many engineering applications, including
components repair. FGM's are a class of materials that can also be characterized as
metal composites that gradually change composition and structure, where the
properties are not uniform throughout the material, depending on the spatial position
in the bulk structure of the material. This article is a brief approach presenting FGM

as new material and emphasizing the processing parameters and optimization.

Keywords: additive manufacturing; functionally graded material; direct laser

deposition; optimization.

Abbreviations: FGM: Functionally Graded Materials; FGAM: Functionally Graded
Additive Manufacturing; AM: Additive Manufacturing; SEM: Scanning Electron
Microscopy; BSE: Backscattered Electrons; DLD: Direct Laser Deposition; CTE:

Coefficient of Thermal Expansion

Mini-Review
Functionally Graded Materials (FGMs) are a particular class of metal composites with

a spatial variation of properties along a specific direction. By choosing the FGMs, one
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can meet material requirements impossible to be achieved other than in this way.
Among the FGMs advantages, one can cite: (1) connection of two complex and
incompatible materials, thereby improving the bond strength; (2) diminishing of the
internal residual stresses; and (3) reduction of the crack driving force developed

within the materials [1].

In recent years, Additive Manufacturing (AM) technologies evolved from making
conceptual prototypes to creating full-scale end-use components. The technological
advancement of AM systems associated with the FGM approach led some authors to
coin the term Functionally Graded Additive Manufacturing (FGAM). This layer-by-
layer fabrication technique involves gradationally varying the material organization
within a component to meet an intended function [2]. Figure 1 illustrates a higher
magnification of FGM and the compositional transition regions. In the same plane of
the image, a continuous chemical composition gradient is observed throughout the

FGM.
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Figure 1. SEM/BSE obtained microstructural evolution along the longitudinal section of the
FGM sample and in the same plane the linear chemical analysis (EDX). M625 — Nickel-based
superalloy (Inconel 625); M42C — Martensitic Stainless Steel (SS 431).

According to the manufacturing processes, FGM's can be divided into constructing
the non-homogeneous structure, also called "gradation" and transforming this
structure into a bulk material, called "consolidation". The gradation is subdivided into
constitutive, homogenizing and segregating processes. Constitutive use powders as
precursors for gradual construction of FGM's structure. Homogenization is related to

the transport and mixing of two or more materials. Segregation is when the material
68
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starts homogeneous and is later converted into a gradient due to a change in the
feeding rate. The homogenization and segregation processes produce continuous

gradients but limit the types of gradients produced [3].

The main limitations in FGMs are related to thermal and mechanical stresses where
analyses are performed using the laminate composites theory. The properties of
materials are, however, continuous position functions, and therefore, there are some

objections to the analogy of materials functionally classified as composites [4], [5].

Additive Manufacturing (AM) becomes an important approach to build Metallic
FGMs [6]. Metallic FGMs consists of two (or more) different metals, or their alloys,
combined into a melt pool generated by a heat source. In FGMs produced by Direct
Laser Deposition (DLD), an AM process widely used in metallic materials, a laser is
used as the energy input. DLD has the advantage of local synthesizing of alloys by
mixing different powders with the desired composition. By gradually varying the
mixing at various locations, parts with graded material properties can be generated

using DLD [7].

The newest DLD machines may have up to four nozzles (or more) with inert gas
protection, allowing different combinations of alloys and minimizing the oxidization
resulting from the elevated temperature on metal processing. The laser plays an
essential role in DLD, and its development in terms of power and efficiency has
impacted the growth of metal AM technologies. However, besides the laser choice,
one must consider several other parameters during DLD, named: substrate, laser
power, speed scanning; laser scanning pattern; laser beam diameter; hatch spacing;
powder feed rate; powders composition, powder gradient variation, and preheating
conditions [7], [8]. The selection of processing conditions that ensures a clad without
defects, bonded to the substrate and with good material yield, is an essential and
challenging task because the various variables interact. Their simultaneous

optimization is difficult because they often act in opposite directions.
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Hereupon, even though DLD appears as a real practical option for Metallic FGMs
manufacturing, the inherent processes complexity must be adequately addressed. It is
known that laser deposited materials experience complicated thermal history,
presenting rapid solidification, high cooling rates, steep thermal gradients, and cyclic
reheating and cooling. These phenomenons produce non-equilibrium microstructures
and significant variations in structure from layer to layer and within individual layers.
Furthermore, the final microstructure and properties are intimately connected to the

cited process parameters that must be optimized on a material-specific basis [9], [10].

In fact, producing FGMs requires understanding thermal and thermophysical
properties: coefficient of thermal expansion (CTE), melting temperature, and thermal
conductivity. The inequality in the heat flow is due to its faster dissipation at the
material interface that presents higher thermal conductivity, resulting in distortion
and the possibility of lack of fusion in the material with lower thermal conductivity,

promoted by insufficient heat [11].

High residual stresses in FGMs can be due to the thermal expansion differences and
to lattice misfit. In DLD, the extremely high thermal gradient enhances thermal
stresses; these are related to the expansion of the melting pool and the contraction
during rapid cooling [12]. These mismatches can arise between the FGM first layers
and the substrate and through the FGM, causing cracks or interfacial delamination
between the clad and the substrate or between the FGM layers. The distribution of
these stresses is highly dependent on the substrate and the FGM materials and can be

tensile on the substrate and compressive on the FGM or vice versa.

However, experimental and numerical results have proven that increasing the
number of layers with a composition gradient reduces the CTEs difference, and lattice
misalignment can minimize this effect [13], [14]. The thickness and composition of
each layer are also critical factors in the residual stress profile [15]. Processing

conditions are also determinant in the magnitude of residual stresses, particularly
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important in processes such as DLD in which thermal energy is quickly transferred to

the cold substrate.

However, to relieve the residual stresses in FGM's, the preheat treatment is a solution
that reduces the cooling rate of both the substrate and the cladding, preventing the
formation of fragile phases in the bonding area and gradient, minimizing the
likelihood of crack formation. Preheating is also essential in controlling thermal
gradients between the substrate and the deposited layers by decreasing the cooling
rate and residual stresses [16], [17] and attenuating the difference in thermal
expansion coefficients between the several powders [18], thus inhibiting the formation
of cracks and promoting better mechanical properties. Preheated substrates present a
lower susceptibility cracks formation, decreasing the cooling rate and formation of

residual stresses, promoting the hardness reduction and residual stress [19]-[22].

One procedure that promotes reducing residual stresses and defects, such as cracks,
is preheating the substrate and the maintenance of this preheating during the
deposition process [23]. Preheating also inhibits the formation of harmful phases such
as eutectics and borides [24], thus reducing defects in FGMs. Preheating is also
essential in controlling thermal gradients between the substrate and the deposited
layers by decreasing the cooling rate and residual stresses [16], [17] and attenuating
the difference in thermal expansion coefficients between the several powders [18],

thus inhibiting the formation of cracks and promoting better mechanical properties.

Additive manufacturing, specifically DLD technology, brings the opportunity of an
alternative and flexible process, enabling the production and repair of components
with this type of functionality, either in bulk, through the deposition of several layers,

or on the surface, depositing few layers [3], [25].

Meanwhile, this technique can create near net shape parts from powder or wire,
melting them into the desired geometry, ensuring excellent bonding and metallurgical

properties [26]-[29]. Due to its geometric freedom, scalability, and adaptability to
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distinct scenarios, which other metals AM technologies cannot offer, DLD is often
used to produce complex and custom parts and coating/repairing of metal
components [8], [30], [31]. Yet, the greatest advantage of this technology is the
possibility of processing several materials in the same operation, granted with several
powder feeders. Therefore, this technology can be assumed to be a multi-
material/graded deposition method. It can simultaneously use different powders,
enabling the deposition of distinct materials in consequent layers or combining

different amounts of material in each layer.
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Abstract

In this study, the deposition of martensitic stainless-steel (Metco 42C) powder on
42CrMo4 structural steel by direct laser deposition (DLD) was investigated. Clads
were produced by varying the laser power, scanning speed, feed rate, and preheating.
The effect of these processing variables on the microstructure and microhardness of
the clads was analyzed, as well as their soundness, yield (measured by dilution), and
geometric characteristics (height, width, and depth). The complex interaction of the
evaluated processing variables forced the application of complex parameters to
systematize their effect on the clads. A genetic optimization algorithm was performed
to determine the processing conditions warranting high-quality clads, that is, sound

clads, metallurgically bonded to the substrate with required deposition yield.

Keywords: direct laser deposition; microstructure; EBSD; martensitic stainless steel;

preheating; optimization
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Introduction

Direct Laser Deposition (DLD) is one of the laser-based additive manufacturing
(LBAM) processes investigated for additive metal part manufacture, repair, and
reconstruction. DLD uses a laser beam as an energy source to melt metallic powders,
manufacture parts layer by layer, and repair or cladding components by depositing
one or a few layers. This technique has many advantages compared to conventional
processes, such as arc welding, due to the production of better bead/layers with the
controlled thermal distribution, promoting a lower heat-affected zone (HAZ), less
dilution, minimum distortion, and better surface quality, which ensures a superior
resistance to wear and corrosion [1-4].

The repair/remanufacturing of metallic components is one of the main applications of
DLD. The use of suitable addition materials and process parameters allows the
production of precise, durable, and high-quality repairs with properties similar or
superior to those of the substrate, contributing to sustainable industrial development.
The deposited layers have excellent metallurgical bonding, the heat-affected zone
(HAZ) is small with adequate heat transfer control, dilution is minimal (evaluated
through the extension of the remelted region with mixing between cladding and
substrate materials) and allows localized repair of parts in difficult-to-reach places [5-
8]. Moreover, innovative material systems can be used to produce complex
components in which the chemical composition of the individual layers is gradually
changed, adjusting them to the desired properties of the component [9].

Due to its characteristics, DLD is one of the most attractive and competitive
component repair processes, being applied in industrial sectors as diverse as
aeronautics, petrochemical (offshore), energy, transport, and defense, among others.
Examples of products that can be repaired by DLD include gearboxes, gears, blowers,

combustion engine parts, couplings, pumps, shafts, turbine parts, and rollers [10].
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The geometry of the cladding (height, depth, and length) is directly related to physical
phenomena, such as the Marangoni effect in the melt pool, which results from the
interaction of the laser beam with the powder and the substrate [10,11]. Several studies
correlated the thermal effects, in the melt pool and in the heat-affected zone (HAZ),
with the structure and the mechanical and tribological properties of the laser cladding
[12-14]. Although theoretical and experimental studies have developed relevant
information about DLD, there are still many challenges, such as process optimization,
3D reconstruction of highly complex structures, and substrate preheating, which need
to be clarified.

The laser processing parameters, laser power, scanning speed, and feed rate, directly
correlate with melt pool geometry, strongly influencing claddings properties. Of the
most important processing parameters in DLD processes, the laser power has the
largest influence on melt pool size, with its size increasing almost linearly with laser
power [15]. There is no formation of the melt pool for low laser power and high feed
rate due to the absorption of the laser beam energy by the powder particles. However,
for low feed rate and high laser power, significant melting of the substrate occurs,
which compromises the cladding properties [16-18]. The laser power also significantly
affects the HAZ [19]. The scanning speed and the powder feed rate have an interactive
effect on the melt pool geometry and the HAZ, weakening the primary impact of laser
power [15,19,20]. However, the interaction among the processing parameters is highly
affected by the characteristics of the powder/substrate system.

DLD still has a way to go for broader industrial sectors. The application of wear-
resistant steel beads on substrates of low and medium carbon steels is an aspect that
may be extensively used, either in component repair or in its cladding with a more
resistant layer. The use of steel entails a careful analysis of the processing conditions.
The high cooling rates that are characteristic of this process, due to the localized heat
inputs by the laser beam, are responsible for metallurgical defects associated with
metastable phases both in the deposited material and in the HAZ. Preheating (PHT)

of the substrate is one of the processes able to reduce the cooling rate. PHT decreases
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hardness in HAZ [9], reduces the sharp thermal gradients [3], and increases the laser
absorption rate by the substrate, improving the stress distribution and preventing the
formation of hard structures that are harmful to the mechanical properties of the
cladding [11]. As the best knowledge of authors, few studies in the literature on these
steel/steel systems correlate the process parameters with the dilution, structure, and
hardness of the cladding and base materials [21-27]. In these studies, the influence of
processing conditions on wear resistance and corrosion of the clads produced was also
analyzed.

In this study, martensitic stainless-steel powder, type AISI 431, was deposited on
42CrMo4 steel, varying the process parameters, with and without performing
preheating. 42CrMo4 steel is often used to produce components, such as gears and
main-shafts, and martensitic steel powder 431 is used in the repair/remanufacturing
of these components by the SERMEC-Group. Single clad tracks were formed to
evaluate the metallurgical and mechanical characteristics of the deposits. The
influence of several process parameters, such as laser power, scanning speed, powder
feed rate, and preheating, was analyzed to achieve the desired clad quality without
cracking and structural imperfections. A genetic algorithm was used to optimize the
height, depth, and dilution values and overcome the complex nature of the effects of
the involved parameters on each other. Strategies were developed to guarantee the
compatibility and the metallurgical bond between cladding and substrate, taking into
account avoiding the structural defects like cracks, and exploring synergies between

the properties of the utilized materials.

Materials and Methods

Water atomized martensitic stainless-steel powder (Metco 42C), similar to AISI 431,
was used for deposition. Scanning electron microscopy (SEM) images show powder
particles have an irregular (non-spheroidal) morphology with particles size range

between 45 to 106 um (Figure 1).
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42CrMo4 steel was utilized as the substrate for depositions. 42CrMo4 is medium
carbon steel with excellent fatigue and impact resistance, high mechanical strength
and toughness, and good machinability. This material is classified as a low-alloy
structural steel type and has a widespread application in manufacturing critical
industrial components, such as gears, automotive parts, drilling joints for deep wells,
and wind generators [28,29]. Its mechanical and chemical properties are described in
standard EN 10269 [30]. Chemical analysis of the Metco 42C powder and 42CrMo4

steel are shown in Table 1.

Figure 1. Scanning electron microscopy (SEM) images of martensitic stainless-steel
powder (Metco 42C).

Table 1. Chemical composition of Metco 42C and 42CrMo4 steel (wt. %).

Materials C Cr Ni Mn Mo Si P S Fe
Metco 42C 0.18 17.3 1.9 - - 2.1 - - Bal.
42CrMo4 0.42 1.11 - 0.67 019 0.28 0.025 0.015 Bal.

Before deposition, the substrates were cleaned with pure acetone and preheated to
approximately 300 °C by oxy torch, to decrease the cooling rate in melt pool and HAZ
regions and eliminate moisture. The temperature was selected following welding

practices for 42CrMo4 steel and controlled with a digital pyrometer gauge. The effect
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of preheating treatment (PHT) on microstructures, grain size, and formation of
metastable phases (martensite) was evaluated.

The DLD machine consists of a modular coaxial processing head (Figure 2) and
equipped with a fibre-coupled laser diode, model Laserline LDF 3000-100, with a
nominal beam power of 6000 W. The powder nozzle is mounted on a KUKA KR 90
R3100 industrial robot, with six axes connected to the robot control unit.

The data of experiments was aquired through changes in the following
parameters: laser power, scanning speed, powder feed rate, and preheating (PHT) as
can be seen in Table 2. The terminology M_P_SS_FR was used to identify the samples,
being: M—powder Metco 42C; P—laser power (kW); SS—scanning speed (mm/s);
FR—feed rate (g/min). Then, the feed-driven results from experiments were employed
on the implementation of the Genetic algorithm in order to the optimization of the
process.

In all the tests, a spot size of 2.5 mm, and an offset in the Z-axis of 0.2 mm were
applied. High purity argon (99.99%), with a 5.5 L/min flow rate, was used as the
shielding gas to prevent contamination and oxidation of the melt pool during the DLD

process. Samples with and without PHT were cooled in air.

Figure 2. Coaxial configuration for powder feed.
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Table 2. Samples and parameters used to optimize the DLD process.

Sample P (kW) SS (mm/s) FR (g/min)
M_1215 1 2 15
M_1.6_15 1 6 15

M_1.5_10_10 1.5 10 10
M_1.5_10_15 1.5 10 15
M 2.2 15 2 2 15
M2 415 2 4 15
M_2_6_10 2 6 10
M_2_6_15 2 6 15
M_2_6_20 2 6 20
M_2_10_10 2 10 10
M_2_10_15 2 10 15
M_2.5_10_10 2.5 10 10
M_2.5_10_15 2.5 10 15
M_3.2_15 3 2 15
M 3 4 15 3 4 15
M_3_6_10 3 6 10
M_3_6_15 3 6 15
M_3_6_20 3 6 20

Samples from each deposition were cut for microstructural and mechanical
characterization using a metallographic cut-off machine with refrigeration, to avoid
substrate and cladding overheating. Samples were mounted in resin and polished
down to 1 um diamond suspension, and Kalling’s No. 2 chemical etching (CuCl.—5
g, Hydrochloric acid —100 mL, Ethanol—100 mL) was used to reveal the
microstructures. The measurements of height, depth and width of the claddings
produced by the DLD technique were performed using a Leica DVM6 A 2019 digital
microscope (DM) (Wetzlar, Germany). Leica DM 4000M optical microscope (OM)
(Wetzlar, Germany) was used for the microstructural characterization of samples. OM
analysis at low magnifications allows a global characterization of clads to evaluate, for
example, the size of the heat-affected zone.

A scanning electron microscope (FEI Quanta 400 FEG ESEM, Hillsboro, OR, USA)
equipped with Energy Dispersive X-Ray Spectroscopy (EDX) (EDAX Genesis X4M,

Oxford Instrument, Oxfordshire, UK) and Electron backscatter diffraction (EBSD)
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(EDAX-TSL OIM EBSD, Mahwah, NJ, USA) units, was used for higher magnification
observation and phase identification.

For EBSD evaluation, samples went through an additional polishing step, using a 0.06
um silica colloidal suspension, for a superior surface finish and removal of polishing
induced plastic deformation. This additional polishing is essential for obtaining
Kikuchi patterns [31]. The EBSD allows obtaining information on microstructural
characteristics with a small volume of interaction and high resolution. For all raw data,
a dilatation clean-up routine was performed, with a grain tolerance angle of 15° and
minimum grain size of 10 points, to avoid any spurious results from the incorrectly
indexed patterns.

Vickers microhardness tests made the mechanical characterization. The tests were
performed using a test force of 300 g for 15 s in a Struers Duramin 5 Vickers hardness

tester. Each hardness value corresponds to the average of three indentations.

Results

Microstructural and Mechanical Characterization

The deposited clads characterization started with a macrographic observation to
evaluate the effect of the processing conditions on the substrate and, mainly, on the
geometry of the clad, its dilution, and eventual cracking (Figure 3). Different regions
of this layer can be observed in Figure 3, such as the cladding layer (CL), the fusion
line (FL), and the heat-affected zone (HAZ). The claddings produced must be strongly
bonded to the substrate and free of discontinuities and cracks and must not induce

them in the HAZ of the substrate.
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500 pm

Figure 3. Optical microscopy image showing the morphology of a single-track clad produced
by the DLD technique depositing Metco 42C powder on a 42CrMo4 steel substrate. CL—
Cladding Layer; FL —Fusion Line; HAZ —Heat-affected Zone.

DM images allow the measurement of the clad (AC) and melting (AM) areas using
Image] software. Tables 3 and 4 show the measurements made by DM of the length,
height, and depth of the clad layers, for conditions with and without PHT,
respectively.

The microstructure of a clad deposited by the DLD process (Figure 4) is typical of this
laser process, showing a thin zone of planar growth composed of equiaxed grains (EG)
close to the fusion line that are replaced by dendrites (D) in the central region of the
clad area. This microstructure is directly related to the process and thermal convection
phenomena: the planar zone forms due to the high-temperature gradient, which
reduced with deposition, increasing the solidification rate (super-cooling), and the
microstructure evolves to a dendritic/columnar type, as reported in other studies
[22,31]. The PHT affects the size of dendrites, and samples with PHT showed

dendrites of greater thickness.
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Table 3. Dimensional analysis and dilution of clads produced by DLD without PHT.
AC—Clad Area; AM —Melting Area.

AC AM

Sample Width Height Depth , s Dilution Cracks
P (mm) (mm) (mm) (MM) (mm9)
M1 2 15 3.420 2.360 0.000 6.76 0.00 0.0 No
M1 _6_15 3.410 0.930 0.000 248 0.00 0.0 No
M1.5_10_10 3.200 0.520 0.120 1.16 0.22 16.0 No
M1.5_10_15 3.190 0.760 0.044 1.75 0.16 8.4 No
M2_2 15 3.510 2.860 1.330 947 3.00 24.1 No
M2 4 15 3.560 1.790 1.140 5.34 2.60 32.8 No
M2 6 10 3.370 0.880 1.170 2.20 2.29 51.1 No
M2 6 15 3.820 0.926 0.956 2.79 2.20 44.1 No
M2_6_20 3.580 1.083 0.970 3.07 1.74 36.2 No
M2_10_10 3.300 0.530 0.940 2.06 1.25 37.8 Yes
M2_10_15 3.350 0.790 0.680 1.19 1.64 58.0 Yes
M25 10_10 3.400 0.560 1.190 1.40 2.60 65.0 Yes
M25_10_15 3.340 0.770 1.050 1.91 2.11 524 No
M3 2 15 5.000 2.436 2.590 9.16 8.55 48.3 No
M3 _4 15 4.950 1.282 1.673 3.64 414 53.2 No
M3 6 10 4.130 0.646 1.927 3.59 4.21 54.0 Yes
M3 6 15 3.870 1.061 1.910 2.17 6.15 74.0 Yes
M3_6_20 4.810 1.191 1.574 2.95 4.66 61.3 Yes

The localized cooling rate in the DLD process promotes significant microstructural
alteration in the HAZ region with the formation of Martensite (M). PHT at 300 °C
reduced the temperature gradient (and the resulting cooling rate) and induces
microstructural changes at HAZ, allowing the martensite laths to have larger
dimensions and the formation of a higher amount of ferrite.

To evaluate the PHT effect, mechanical and microstructural analyses were
concentrated in the interface region between CL and HAZ. The microstructure in these
regions was characterized by SEM observations. The clad is mainly composed of
martensite, with a random crystallographic orientation, and vermicular d-ferrite
surrounding the martensite laths (Figure 5). A low percentage of retained austenite
was detected by the EBSD analysis.

The effect of d-ferrite is already known and widely studied by researchers linked to
the welding process, but not much researched in laser material processing. According
to Niessen et al. [32], the presence of the d-ferrite phase promotes a severe reduction

of toughness and ductility. This phase increases ductile-to-brittle transition
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temperature (DBTT), deteriorating impact properties, and the formation of brittle

cracks in the martensitic matrix [33]. This can be a determining factor in clad cracking

(Figure 6), which is dependent on the processing conditions, mainly on the laser

power, being more frequent and more extensive in samples with PHT (Figure 7).

Table 4. Dimensional analysis and dilution of clads produced by DLD with PHT

(300 °C). AC—Clad Area; AM—Melting Area.

ampe | Width Height Depth AC  AM  pilution Cracks
p (mm) (mm) (mm) (mm?)  (mm?) (%)
MI1_2.15 3720 2224 0000 743  0.00 0.0 No
M1 615 3910 093 0000 241  0.00 0.0 No
M15.10.10 3430 0490 0074 121 136 53.0 No
M15.10_15 3590 0700 0130 181 027 132 Yes
M2.2.15 4180 2830  1.890 1038  4.84 318 No
M2.415 3910 1610 1520 506  3.79 1238 No
M2.6.10  3.600 0890 1550 233 331 58.7 No
M2 615 4050 0968 1369 286 291 50.5 Yes
M2.620 3780 1241 1312 352  2.83 445 Yes
M2.10.10 3490 0550 1210 190 153 44.6 No
M2_10_15 3460 0760  0.880 139  2.38 632 Yes
M25.10.10 3460 0590 1510 149 3.9 68.8 Yes
M25.10.15 3460 0790 1320 192 258 57.4 Yes
M3.2.15 4960 2540 3263 915 1025 52.8 Yes
M3_4.15 5190 1342 2289 466  8.18 63.7 Yes
M3 610 3810 0815 2287 372 592 61.4 Yes
M3 615 3860 1105 2018 229 624 73.1 Yes
M3.620 480 1123 1929 313 517 62.3 Yes

Figure 4. Optical microscopy image showing the solidification structure in the M2_6_15
sample. D—Dendrites; EG—Equiaxed Gains; FL—Fusion Line; HAZ —Heat-affected Zone.
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Figure 5. Electron backscatter diffraction (EBSD) images showing the microstructure
of M2_6_15 samples (A) with and (B) without PHT.

500 um
]

Figure 7. OM images of cracks formed in the centre of the cladding in M3_6_10
samples (A) with and (B) without PHT.

The influence of the PHT in microstructure has a direct consequence on mechanical
behaviour. Microhardness profiles were determined to evaluate this influence on the
mechanical response. Figure 8 shows microhardness evolution across the clad and
substrate, including HAZ.

PHT reduces the hardness of both the clad areas near the substrate and HAZ. In fact,
in HAZ a maximum hardness of 652HV0.3 and 524HV0.3 were measured in the
samples without and with PHT, respectively, showing a significant decrease in

hardness due to substrate preheating. This hardness variation can be explained by the
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lower cooling rate of PHT samples and its effect on microstructure, mainly increasing
the quantity of ferrite formed and allowing martensite tempering. A smooth hardness
gradient in HAZ is crucial to increase the substrate crack propagation resistance.

The presented microstructures in Figures 4 and 5 are representative of all produced
clads and it was difficult to select the best processing conditions based on

microstructural or mechanical analysis.

700
600
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Hardness HV0.3

200

=O== \Without PHT
«@= \With PHT

100

Cladding Layer HAZ Substrate

Figure 8. Microhardness profile of M2_6_15 samples with and without PHT.

Influence of Processing Conditions

According to the information described in Tables 2—4, all the processing parameters,
such as laser power, scanning speed, powder feed rate, and preheating strongly
influence the production, bonding, and quality of the cladding. The selection of
processing conditions that ensures a clad without defects, bonded to the substrate and
with good material yield, is an essential and challenging task because the various
variables interaction. Their simultaneous optimization is difficult because they often

act in opposite directions.
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Dilution, which assesses the contribution of the substrate (area of the substrate that is
melted by the laser) to the total area of the clad, is an important aspect of DLD clads.
It allows the control of contamination of the clad by the substrate and affects the
deposition yield. High dilutions can compromise the quality of the clad and increase
distortion [34], but some dilution is necessary to ensure the metallurgical bond of the
cladding to the substrate. With the measured clad and melting areas (Tables 3 and 4),
dilution was determined using Equation (1). The dilution values are also shown in

Tables 3 and 4.
Dilution (%) = AM/(AC+AM) x 100 (1)

These results show that a laser power of 1 kW is enough to melt the powder and
produce a clad. However, it is not sufficient to guarantee the metallurgical bonding of
the clad to the substrate (dilution equal to 0%). The results in Tables 3 and 4 evidence
that dilution increases with laser power.

However, the increase in laser power must be carefully performed because of its
negative effect on clad soundness. Overheating, caused by an excessive energy input
per unit area of the substrate, which is preheated, leads to an increase in residual
stresses favouring the appearance of cracks in the cladding [34]. This also facilitates
the formation of eutectic compounds resulting from the segregation of elements, such
as silicon, for grain boundaries, and interdendritic regions [35]. In short, the thermal
stresses generated by the PHT at 300 °C, high laser power and the presence of o-ferrite
most often cause cracks in samples with PHT, as evidenced in Tables 3 and 4.
Analysis of these data shows that keeping all other parameters equal, an increase in
the feed rate causes an increase in the cladding height and usually a decrease in its
depth. A higher feed rate implies a more significant amount of powder ejected from
the coaxial nozzle in the same period; the powder particles will form a denser cloud,
absorbing more of the beam energy of the laser resulting in a higher deposition rate

(higher clads).
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For the same feed rate, PHT produces clads with greater height and depth in most
cases. This effect can be explained by the forced thermal convection phenomenon,
with the samples with PHT having a higher internal heat and, consequently, allowing
greater powder melting. Another contribution of PHT is the increase in the laser
absorption rate by the substrate [36], making the melt pool more fluid, which allows
a more significant deposition of the powder and increases the penetration depth, thus
increasing the dilution.

Scanning speed affects the morphology of claddings produced by DLD, depending on
the specific energy of the laser and the interaction with powder cloud. When the
scanning speed is small, the mass of deposited powder per unit of length, and
consequently the volume of the formed clad, is quite large due to the interaction for a
more extended period between the laser beam and the powder. However, if the speed
is higher, the interaction between the laser beam and the powder cloud will be less,
decreasing the amount of deposited material. Increasing the scanning speed decreases
the powder, and the energy deposited per unit length and melt pool volume [18].
Tables 3 and 4 show that lower scanning speed typically produces coatings with
greater heights and depths. The greater depth is due to the more extended interaction
of the laser beam with the substrate. PHT also increases the depth due to the
Marangoni convection effect. This effect is caused by the surface tension gradient,
which becomes more evident with increasing substrate temperature [11].

Although this detailed analysis of the individual effect of these three variables
(scanning speed, laser power, and feed rate) is essential to clarify their role in the
deposition of Metco42C on a 42CrMo4 steel substrate, the effect of each is difficult to
isolate. It is necessary to apply combined parameters to obtain a more accurate
relationship between processing and clad characteristics.

Powder Deposition Density (PDD) is a widely used parameter that can express the
combined influence of feed rate, scanning speed, and laser spot size (¢) [37,38]. The

powder deposition density is defined by Equation (2). Figure 9 shows that the
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cladding area increases linearly with the increase in the PDD parameter and that PHT

has a negligible influence on this relationship.

PDD (g/mm?) = FR/(SS * ¢) @)
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Figure 9. Relationship between the cladding area and the value of the PDD parameter.

A similar analysis was performed in which the three analyzed processing parameters
(Laser power—P, Scanning speed—SS, and Feed rate—FR) were merged in an
empirical combined parameter P*SS/FR [16] and correlated with the dilution (Figure
10).

As shown in Figure 10, PHT promoted a greater dilution compared to samples
without PHT. As discussed above, this influence is mainly controlled by the
Marangoni convection effect caused by the surface tension gradient.

It was more challenging to find a complex parameter that would allow the processing
conditions to be associated with the appearance of cracks. This relationship was
achieved when using P*.SS?/FR as a complex parameter (Figure 11). The limit values
of 2000 and 5000 (kW)*.(mm/s)?/(g/s) allow the production of sound clads in samples

with and without PHT, respectively.
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Figure 10. Dependence of dilution on the value of complex parameter P*SS/FR.
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complex parameter in the formation of cracks.

Optimization of Processing Conditions

The complex interaction between the processing parameters, which implied the

need to use complex parameters that must be adjusted to each process, makes it
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essential to apply an optimization algorithm. Optimization is an approach towards
the best state among possible solutions that involves selection among many responses.
Since there are constraints in real problems, generally just a better response is selected
instead of the best one.

The interaction and interdependence of the different process variables led to
applying a Genetic Optimization Algorithm to select a response in which the objective
functions obtain the best-desired response. This multi-objective optimization problem
is dynamic and is supported and validated with the experimental results [39,40].

In this study, the Response Surface Model (RSM) was used to calculate the ideal
combination of laser power and scanning speed that minimizes the values of the
height and depth of the clad and ensures a 10% dilution while guaranteeing sound
clads with bonding to the substrate. These conditions make it possible to produce
strands with a good wettability (minimizing height) and maximizing the yield of the
deposition process (minimizing depth and dilution). The presented results are for a
constant feed rate of 15 g/min. This feed rate was selected as the best after the first
series of experimental results.

In the Response Surface Model (RSM), objective functions are derived considering
different laser powers (x) and scanning speeds (y) as inputs, and using genetic
algorithms, optimum values for these functions are specified, considering the
constraints. Two polynomial models were defined, without and with preheating
condition, the objective functions are shown in Equations (3)-(5) and Equations (6)-
(8), respectively.

Without preheating;:

0bjneigne(X,y) = 2560 + 1770 * x — 723.6 y — 434.2 x> — 190.7 *x *y + 70.4 * y* (3)
+41.1*x%2xy+ 2976 *x*y? — 1.851 x y3

0bjgepen(x,y) = —1774 + 2597 xx — 145.2 x y — 258.7 * x> — 368.8 * x * y + 92.09 (4)
*y2 + 4344 xx2 xy+ 12,62 xx *y2 — 6,433 xy3

0bjgitution (%, V) =791.3 — 1806 xx —4.99 xy + 1424 xx% + 7.405xx *y — 463.8 (5)
*x3—2844 xx?xy +54.08*x* + 03654 *x3xy
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With preheating:

Objeigne(t,y) = 2117 + 2917 % x — 1046 x y — 670.3 x x2 — 470.2 xx +y + 184.8 ©)
*y? +104.7 * x2 xy + 3.83 x x x y2 — 8.149 = y3

0bjgepen (6, y) = —2352 + 3157 xx —199.2 %y — 226 * x2 — 248.2 % x x y + B2.54 @)
*y2 —29.85%x2 %y + 2623 xx x y? — 7.545 x 3

0bjgitution (6, ¥) = —35.85 + 34.75xx — 1071y — 1.294 xx? + 1589 x x x y (8)
+0.1334 *y? —4.257 xx% xy + 0.2834 * x * y2 — 0.08753 = y3

The fitted curves for Equations (3)—(5) are shown in Figures 12-14, respectively. Data
validation is verified using the Matlab software and curve-fitting toolbox. When
variables are selected, the mentioned toolbox can calculate validation statistics such
as Root Mean Squared Error (RMSE), and the best fitting has the least amount of
RMSE. The same approach was used to fit the curves for the condition of without

preheating.
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Figure 12. (A) The best curved surface (R-square: 0.9908; Adjusted R-square: 0.9539;
RMSE: 0.1347) and (B) contour plot for the height (in micrometers) of deposited clad
regarding the combination of the laser power and scanning speed.
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Figure 13. (A) The best curved surface (R-square: 0.9904; Adjusted R-square: 0.952; RMSE:
0.1674) and (B) contour plot for the depth (in micrometers) of deposited clad regarding
the combination of the laser power and scanning speed.
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Figure 14. (A) The best curved surface (R-square: 0.9728; Adjusted R-square: 0.8641;

RMSE: 0.347) and (B) contour plot for the dilution (in %) of deposited clad regarding the
combination of the laser power and scanning speed.
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Figures 15 and 16 illustrate derived Pareto frontiers [38] minimizing the three objective

functions simultaneously for samples without preheating and with 300 °C preheating,

respectively.

Obj (Dilution)

Obj (Depth)

Obj (Height)

Figure 15. 3D Pareto frontier of the three objective functions including depth, dilution,
and height of clads, with a feed rate of 15 g/min and without pre-heating.
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=
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Figure 16. 3D Pareto frontier of the three objective functions including depth, dilution,
and height of clads, with a feed rate of 15 g/min and with 300 °C pre-heating.

In this study, L3 norm Minimization technique [41] is used to minimize the distance
from the Pareto set to an ideal solution, utopia point. Table 5 shows the best values for
minimized outputs based on the inputs. For a feed rate of 15 g/min, the best processing
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conditions are a scan speed of 10 mmy/s and a laser power of 1.5 and 1.7 kW for samples
with and without preheating, respectively. These values correspond to 3340 and
2025 (kW)*.(mm/s)?/(g/s), which are in accordance with those determined by using the

empirical complex parameter P*.SS*/FR.

Table 5. Optimized value of the inputs and outputs for a feed rate of 15 g/min.

Laser Power Scan Speed Height Depth Dilution

Conditions (kW) (mm/s) (um) (um) (%)

Without preheating 1.70 10.000 719 348 28.3

With preheating 1.49 9.999 734 123 16.7
Conclusions

The present study analyzed the effect of laser power, scan speed, and feed rate on the
deposition of AISI 431 steel powder (Metco 42C) on a 42CrMo4 steel substrate. The
analysis of the clads revealed a martensitic structure with delta ferrite. This structure
is susceptible to the appearance of cracks in the cladding area, this cracking being
more common when the substrates were preheated to 300 °C. The metallurgical
bonding of the clad to the substrate requires a power greater than 1 kW. Laser powers
greater than 2 or 1.5 kW, for samples without or with preheating, respectively, induce
dilutions greater than 30% with the consequent decrease in the yield of the deposition
process. The increase in laser power and scan speed increases the possibility of
cracking. The use of experimental complex parameters made it possible to define the
conditions that prevent cracking and guarantee a sound clad with good deposition
yield. The values obtained are 2000 and 5000 (kW)*.(mm/s)?/(g/s) in samples with and
without PHT, respectively. The use of a genetic optimization algorithm indicated that
the best processing conditions were obtained with speeds of 10 mm/s, feed rate of 15
g/min, and laser powers of 1.5 and 1.7 kW for samples with and without preheating,
respectively. These conditions agree with the ones resulting from the application of

the complex parameters.
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Abstract

In this study, direct laser deposition (DLD) of nickel-based superalloy powders
(Inconel 625) on structural steel (42CrMo4) was analysed. Cladding layers were
produced by varying the main processing conditions: laser power, scanning speed,
feed rate, and preheating. The processing window was established based on
conditions that assured deposited layers without significant structural defects and a
dilution between 15 and 30%. Scanning electron microscopy, energy dispersive
spectroscopy, and electron backscatter diffraction were performed for microstructural
characterisation. The Vickers hardness test was used to analyse the mechanical
response of the optimised cladding layers. The results highlight the influence of
preheating on the microstructure and mechanical responses, particularly in the heat-
affected zone. Substrate preheating to 300 °C has a strong effect on the
cladding/substrate interface region, affecting the microstructure and the hardness
distribution. Preheating also reduced the formation of the deleterious Laves phase in
the cladding and altered the martensite microstructure in the heat-affected zone, with

a substantial decrease in hardness.
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Introduction

The laser-based additive manufacturing (LBAM) technologies applied in the
production and repair of industrial components emerged in the late 1990s. Their use
continues to extend to many industrial sector applications for components that
operate in extreme conditions. LBAM technologies are unique and versatile in the
manufacturing of parts with complex geometry, functionally graded or customised,
producing an im-provement in properties that can be used for a variety of industrial
applications, such as within the aerospace, metallurgy, energy, and automotive
industries [1,2]. Direct laser deposition (DLD) is an LBAM technology used for the
additive manufacturing of metal parts, reconstructions, and repairs. DLD consists of
the supply, through a nozzle, of metallic powder (or wire) processed by a focused
laser, creating a melt pool on the surface of a metallic substrate. Several processing
variables directly or indirectly affect the quality and structural integrity of

components, dictated by solidification and metallurgical bonding [3].

DLD involves interactions between the laser beam, powder, and substrate in an
environment with local protection from inert gas. Laser power, scanning speed, beam
size, and powder feed rate are parameters that play a dominant role in cladding
geometry (height, width, and length), dilution, and metallurgical properties. Clad
overlapping, gas flow rate, powder flow profile, powder quality (size, shape, and

density), and preheating are important secondary parameters [4,5].

The success of DLD depends on the selection of processing conditions that guar-antee
an effective bonding of the deposited material. This proper bonding produces
adequate thermal delivery control, dense layers, a small heat-affected zone (HAZ),

low dilution, minimal distortion, and good surface quality, with an attractive set of
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me-chanical properties as well as resistance to wear and corrosion [6-8]. A controlled
DLD process can replace conventional processes (i.e., electric arc welding and thermal
spraying) in order to repair industrial components. Traditional approaches present
drawbacks in component repairs, such as the time required, the limited thickness of
the deposition layers, the low metallurgical bond, the formation of porosities and
cracks, and the distortion of substrates (caused by overheating of the components).
Therefore, it is of industrial interest to develop high-efficiency and precision repair

technologies to increase component life.

This additive manufacturing technology is considered the best strategy for
reconstructing and repairing damaged components in terms of environmental benefit
and economic feasibility. However, it is regarded as a complex process due to
uncertainties in the quality and reliability of recovered industrial components [9],
requiring further investigation to consolidate the results reported in this area.
Although the equipment cost is high, DLD has successfully repaired dies, moulds,
turbines, and gears. Adaptability for automation, ease of assembly of the laser on a
CNC machine or robotic arm, and lower post-processing requirements are additional

advantages of the DLD process [10,11].

DLD still has a way to go for broader industrial applications. Theoretical and
experimental studies have developed relevant information about DLD; however,
there are still many challenges, such as process optimisation, 3D reconstruction of
highly complex structures, and substrate preheating effects, which need to be clarified.
The production of wear-resistant claddings on low and medium carbon steel
substrates is an application that can have many industrial applications, both in

component repair and protective coating with a thick resistant layer.

Nickel-based superalloys are an excellent option for producing this wear-resistant
layer. These alloys have been adopted in multiple applications due to their properties,
such as mechanical behaviour at high temperatures, hardness, mechanical resistance,

and good fatigue resistance, creep, and corrosion [12,13]. These properties are con-
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ferred by the structure and chemical composition of the alloy, mainly by elements
such as molybdenum (Mo) and niobium (Nb), which form a solid solution in a nickel-
chromium matrix [14]. While conventional manufacturing with these high-
performance alloys has been difficult due to excessive tool wear and low material
deposition rates, LBAM technologies can overcome these constraints, improving

delivery times, and reducing manufacturing costs [15].

The use of nickel-based superalloys in DLD must consider the high cooling rates of
the process, promoted by the localised thermal delivery induced by the laser beam,
which can lead to the formation of metastable phases and the segregation of elements.
These microstructural effects reduce the toughness and hardness of the coated
components [16-19]. Preheating (PHT) is essential to control the cooling rate,
minimising this effect. Increasing PHT temperature promotes the growth of the melt
pool (depth and width), melting more substrate, thus increasing dilution [20-24]. PHT
also prevents cladding delamination or cracking and reduces distortion and residual
stresses due to the lower thermal gradient between the cladding and substrate

[7,25,26].

In this study, Inconel 625, a nickel-based superalloy, powder was deposited on
42CrMo4 steel, while the process parameters were varied. 42CrMo4 steel is often used
to produce components, such as gears and main shafts, and Inconel 625 is employed
in the repair/remanufacturing of these components by SERMEC Group. Single layers
were produced to evaluate the metallurgical bonding with a substrate; the influence
of several processing parameters, such as laser power, scanning speed, and powder
teed rate on the cladding quality, was evaluated considering the absence of cracks and
structural imperfections. Preheating was performed on an optimised cladding
condition in order to moderate the microstructure and mechanical responses.
Microhardness profiles of claddings were obtained and correlated with the

microstructures.
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Materials and Methods
DLD System Setup

A laser system, LDF 3000-100, was used to produce DLD claddings. The system has a
high-power fibre-coupled laser diode (wavelength 900-1030 nm, depending on the
power), with a nominal beam power of 6000 W. The machine concept is a KUKA KR90
R3100 industrial robot, based on a 6-axis industrial robot. All axes are connected to
the robot and laser control units, which command the temperature of the melt pool as
well as the laser power. The powder was fed during the deposition process by a
coaxial feeding system, as illustrated in Figure 1. The substrate was preheated (PHT)
to 300 °C with a manual gas system. The temperature control of the preheated
substrate was done by a digital pyrometer, for verification of the uniformity of the
substrate surface temperature distribution. Preheating is intended to decrease the
cooling rate in the melt pool and HAZ regions as well as eliminate moisture. Tests
were performed on substrates after the production of clads, with and without PHT, to

evaluate suscepti-bility to cracking and eventual formation of metastable phases.

Laser Beam Feeders

Coaxial Nozzle
Y Cladding

(A)

Figure 1. (A) Schematic representation of the direct laser deposition system with two feeders;
(B) system in operation.
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Feedstock Powder and Substrate

A nickel-based superalloy (MetcoClad 625 from Oerlikon), similar to Inconel 625,
produced by the gas- atomisation process, was used in this study. This powder was
developed specifically for laser processing and presents a spherical morphology as
well as particle sizes ranging between 45 and 90 um. Figure 2 shows scanning electron

microscopy (SEM) images of the morphology of the MetcoClad 625 powder.

Figure 2. SEM images of MetcoClad 625 powder.

42CrMo4 steel, in the quenched and tempered condition, was used as a substrate for
the DLD deposition. Specimens with dimensions of 100 mm x 120 mm x 15 mm were
prepared for depositions. This steel is classified as a low alloy structural steel with
high mechanical strength and toughness as well as good fatigue resistance and
machinability, being widely used in the manufacturing of critical industrial
components, such as gears, automotive components, wing generators, and drilling
joints for deep wells [27]. Its mechanical and chemical properties are described in
standard EN 10,269 [28]. The chemical composition of the MetcoClad 625 (M625)

powder and 42CrMo4 steel are shown in Table 1.
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Table 1. Chemical composition of M625 powder and 42CrMo4 steel (wt.%).

Material Ni Cr Mo Nb Si Mn C Fe
M625 60.8 21.3 9.2 4.6 - - - 41
42CrMo4 - 1.1 0.2 - 0.3 0.7 04 97.3

Process Parameters

The main process parameters (laser power, scanning speed, and feed rate) were
considered to evaluate the effect of processing conditions on clads. The evaluation of
the clad quality depends on clad characteristics, namely, absence of cracks or pores,
good metallurgical bond (interfaces without microcracks, pores, and fragile phases,
exhibiting good wettability), and dilution between 15 and 30%. The values of the
tested parameters are shown in Table 2. All results are representative of single-layer
samples. The terminology ILP_SS_FR was used to identify the samples, being I —M625
powder (Inconel powder); LP—laser power (kW); SS—scanning speed (mm/s); FR—
feed rate (g/min). Eighteen combinations of different processing conditions were
tested, with and without preheating (see Table 3). Before deposition, the substrates

were cleaned with pure acetone.

Table 2. Process parameters tested for M625 deposition on 42CrMo4 substrate.

Process Parameters Values
Laser power (LP) 1.0,1.5,2.0,2.5, and 3.0 kW
Scanning speed (SS) 2.0, 4.0, 6.0, and 10.0 mm/s
Feed rate (FR) 10, 15, and 20 g/min

In all tests, a spot size of 2.5 mm and an offset in the Z-axis of 0.2 mm were used. High-
purity argon (99.99%), with a 5.5 L/min flow rate, was used as the shielding gas for
minimising contamination of the melt pool during the DLD process. Samples with and

without PHT were cooled in air.
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Mechanical and Microstructural Characterisation

Samples from each deposition were cut for microstructural and mechanical
characterisation using a metallographic cut-off machine with refrigeration in order to
avoid substrate and cladding overheating. Samples were mounted in resin and
polished down to a 1 um diamond suspension. Kalling’s N°. 2 chemical etching
(CuCla—5 g, hydrochloric acid —100 mL, and ethanol—100 mL) was used to reveal the

micro-structures.

The measurements of the height, depth, and width of the claddings produced by the
DLD technique were performed using a Leica DVM6 A 2019 digital microscope (DM)
(Wetzlar, Germany). The Leica DM 4000 M optical microscope (OM) (Wetzlar,
Germany) allowed for a microstructural analysis at low magnifications to evaluate,
for example, the size of the heat-affected zone. A scanning electron microscope, FEI
Quanta 400 FEG (ESEM,, Hillsboro, OR, USA), equipped with energy-dispersive X-ray
spectroscopy (EDX) (EDAX Genesis X4M, Oxford Instrument, Oxfordshire, UK) and
electron backscatter diffraction (EBSD) (EDAX-TSL OIM EBSD, Mahwah, NJ, USA)
was used for higher magnification observation and phase identification. For EBSD
evaluation, the samples went through an additional polishing step, using a 0.06 um
silica colloidal suspension, for a superior surface finish and to remove polish-ing-
induced plastic deformations, allowing Kikuchi patterns to be obtained [29]. EBSD
allows for the obtaining of information on microstructural characteristics with a small
interaction volume and a high resolution, for which TSL OIM Analysis 5.2 software
was used. For all raw data obtained by EBSD, a dilatation clean-up routine was per-

formed, with a grain tolerance angle of 15° and a minimum grain size of 10 points.

Quantitative image analysis was employed on optical images using the Image]

software, version 1.51p (National Institutes of Health, Bethesda, MD, USA).

Vickers microhardness tests gave the mechanical characterisation. The tests were

performed using a test force of 300 g for 15 s in a Struers Duramin 5 (Struers Inc.,
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Cleveland, OH, USA) Vickers hardness tester. Each hardness value corresponds to the

average of three indentations.

Results and Discussion

Processing Effects

The quality of cladding was first evaluated by inspection with a digital micro-scope
(DM). The microstructural analysis of all the claddings produced did not detect cracks,
pores, or inclusions of significant dimensions, an essential requirement for ob-taining

high-performance deposits.

SEM characterisation confirmed the observations made by the DM. Figure 3 shows an
SEM image of the cross-section of an M625 clad deposited on 42CrMo4 steel,
representing the geometric aspects of cladding: height (h), width (w), depth (d), clad
area (AC), melting area (AM), and wetting angle (8). These geometric aspects were
measured on all claddings using the Image] software. The results are shown in Table

3.

SUBSTRATE - 42CrMo4

@i mag O HV det WD | mode 1 mm
CEMUP| 65x [15.00 kV| BSED |20.1 mm|Z Cont

Figure 3. Cross-section of a single layer of M625 deposited on 42CrMo4: d —depth; h—
height; w—width; 6—contact angle; AC—clad area; and AM —melting area.
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This analysis of the geometry of the single-track deposits is critical as it provides
information on process yield and cladding performance. For example, the contact an-
gle is an essential parameter in assessing the quality of the cladding [30,31]. Higher
beads can promote low wettability during the deposition of multi-tracks, hindering
overlapping and generating discontinuities in the hatch spacing of the overlapping
deposits, thus facilitating crack propagation. Typically, a contact angle greater than
90° is associated with lower-quality claddings [32]. Table 3 shows that depositions
with higher heights have a high contact angle, as samples I11_2_15, 12_2_15, and

I3_2 15 demonstrate.

Table 3. Dimensional analysis of claddings produced by DLD.

Cladding Dimensional Analysis

Sample w H D 0 AC AM D

(mm) (mm) (mm) @) (mm?  (mm?) (%)

11 2 15 2.79 3.07 0.25 121 9.9 0.3 2.6

11 6 15 3.07 1.22 0.06 64 3.0 0.0 1.3

11.5 10 10 3.09 0.71 0.43 47 5.8 2.1 26.5
11.5 10 15 3.11 1.03 0.23 64 2.3 0.2 7.3
12 2 15 3.62 3.66 1.28 107 15.2 3.0 16.6

124 15 3.50 2.47 1.12 88 7.2 2.4 25.0

12.6 10 3.38 1.39 1.16 53 3.3 2.3 40.6

12.6 15 3.61 1.47 0.51 65 45 1.3 22.0

12.6 20 3.63 1.71 0.56 74 4.9 1.2 19.5

12.10 10 3.20 1.20 0.72 58 2.7 1.1 29.1
1210 15 3.36 0.81 0.88 40 1.9 15 45.1
12.5 10 10 3.33 0.86 1.04 49 2.1 2.3 52.1
125 10 15 3.36 1.23 1.00 51 2.9 1.9 39.8
13 2 15 5.05 3.40 2.06 99 15.4 6.6 29.9

13 4 15 4.64 2.06 0.89 70 75 25 25.3

13 6 10 3.89 1.85 1.08 74 6.2 2.8 30.8

13 6 15 471 0.78 0.68 37 2.8 2.6 48.0

13 6 20 3.94 1.55 1.34 69 4.6 3.3 41.6

The results presented in Table 3 show that the analysed processing parameters (laser
power, scanning speed, powder feed rate, and preheating) strongly influence the
production of the cladding and its bonding to the substrate. The selection of a pro-
cessing window that guarantees a metallurgically bonded clad with good material
yield is a fundamental task. This selection is difficult since the mutual interaction of

the various parameters is complex. Thus, it is common to apply combined parameters
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in the DLD process to obtain a more accurate relationship between processing param-

eters and the clad characteristics [33].

One of the most used complex parameters is powder deposition density (PDD), which
expresses the combined effect of feed rate, scanning speed, and laser spot size (¢)
(Equation (1)) [34-36]. Figure 4 exposes the linear growth of the cladding area with

the increase in the PDD parameter.

PDD (g/mm?) = FR/(SS x ¢) (1)

20 T T T T T

@  Experimental
Linear regression

_—y
(2]
T

1

%]
T

[=2]
T

+ AC=268.6xPDD

Cladding area - AC [mm?]

0 0.01 0.02 0.03 0.04 0.05 0.06
PDD [g/mm?]

Figure 4. Dependence of cladding area on the value of the PDD complex parameter.

This parameter shows that by increasing the feed rate or decreasing the scanning
speed, we can obtain claddings with a larger area, which was expected since both
situations result in more powder supply in the same period of time. PDD is a valuable
parameter, but this relationship is only valid for the cladding area and not for the total
area of the deposit, including the area of the substrate that has been melted. This last

area is vital because it affects the quality of the cladding.
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Additionally, with the measured areas (Table 3), it was possible to calculate the
dilution, which quantifies the relative amount of melted substrate during laser

processing, according to Equation (2).

Dilution (%) = AM/(AC + AM) x 100 )

A dilution ratio between 15 and 30% is sufficient to allow a good metallurgical bond
between the substrate and the cladding. Higher dilution, which means a greater
melting of the substrate, is undesirable since it reduces the deposition yield and
induces considerable changes in the chemical composition of the deposited material,

modifying the expected properties of the cladding.

The results obtained, and presented in Table 3, indicate that dilution increases with
increased laser power, keeping the other processing variables constant. A laser power
of 1.5 kW is enough to guarantee a dilution higher than 15% for almost all conditions

(the only exception is the I1.5_10_15 sample).

Despite this apparent direct relation between laser power and dilution, the effect of
other critical processing variables, namely the scanning speed and the feed rate, makes
the establishment of relationships between processing condition and dilution
complex. To overcome this difficulty, it is common to apply complex parameters,
empirically adjusted, to the clad/substrate set under analysis to define the processing

window [33,37,38].

Figure 5 shows a process window map, which associates laser power with the
scanning speed and feeding rate ratio, as well as the dilution that is correlated with
the laser power through complex parameter LP (SS/FR)%5; it is represented by two
curves, one for 15% and the other for 30%. Additionally, as was also considered in the
map, a vertical line that corresponds to the acceptable limit for the wetting angle is

present.
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Figure 5. DLD process window map of M625 for additive manufacturing of single tracks. Red
point represents the experimental I12_6_20 condition.

As seen in Figure 5, the shaded area, delimited by the previous conditions (dilution
range, acceptable wetting angle, and process parameters), reveals the desirable
practical manufacturing processing window of Inconel 625. In addition, the dilution
increases proportionally with the increase in laser power and decreases with the ratio
between scanning speed and feeding rate [39]. The flow of liquid metal in the melt
pool is dominated by Marangoni’s convection effect, caused by the surface tension
gradient. As the temperature of the substrate increases, this effect becomes more
evident. How-ever, in practice, the surface tension gradient (y) dy/dT depends on
both temperature (T) and composition. In this case, the most significant influence
factor is the thermal gradient promoted between laser beam and substrate, as Le et al.
[40] demonstrated, where the increase in the substrate temperature becomes more

evident.
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Laser power control allows the required good metallurgical integrity and dilution to
be achieved [41], producing a cladding with a good metallurgical bond and uniform
properties. Increasing the power of the laser promotes increased energy density as
well as greater dilution and mixing between the substrate and the deposited powder,

which is characteristic of the laser alloy process [42].

Considering the analyses performed, the I12_2_15,12_4_15,12_6_15,12_6_20,12_10_10,
I3_2 15, and 13_4_15 conditions showed dilutions within the established range,
between 16.6% and 29.9%, but a lower dilution value is preferable. Nevertheless, the
12_2 15, 12_4_15, and I3_2_15 samples presented poor wettability angles (107°, 88°,
and 99°, respectively) that may lead, in future, to claddings with overlapping defects
between strands. On the other hand, the four remaining conditions presented good
wetting angles, but taking into account not only the quality of the process but also its
efficiency, condition 12_6_20 (Figure 5 red point) is the only one that allows for the
possibility of manufacturing a larger cladding area and consequently a higher
cladding high, which has an inverse linear relationship with the SS/FR ratio.
Considering this evaluation, the 12_6_20 condition will be used to perform the

analyses throughout the following sections.

Microstructures and Mechanical Characterisation of the DLD Samples

Figure 6 shows the cladding microstructure formed adjacent to the substrate by the
deposition of M625 on 42CrMo4 steel. This microstructure consists of columnar grains,

mainly dendrites, and cellular morphologies in a few regions.
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Figure 6. Microstructure of cladding produced by the 12_6_20 cladding condition on the
preheated substrate, showing (A) substrate interface cladding zone. (B) A higher
magnification illustration of the interface.

As shown in Figure 6B, on solidification a continuous thin layer, < 10 pm, consist-ing
of planar grains formed in the vicinity of the substrate. This morphology evolves into
columnar grains with continued solidification of the cladding. This microstructure is
consistent with the results of a similar study in which martensitic stainless steel is
deposited [43]. The very high thermal gradient in the contact zone of the melt pool
with the cold substrate contributed to the formation of planar grains. The
microstructure evolves into a columnar/dendritic structure due to a rapid decrease in
the thermal gradient when more material solidifies. Moreover, columnar grains grow
perpendicular to the substrate/solidified material, i.e., in the opposite direction of the
primary heat dissipation source, as is usual in DLD solidification [44]. As seen in
Figure 7, this columnar/dendritic structure is the characteristic microstructure of the

cladding.
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Figure 7. SEM image of the I2_6_20 cladding microstructure.

Figure 8 shows a high-magnification SEM image and elemental mapping of the
microstructure of the 12_6_20 cladding. This microstructure consists of the y matrix,
bright zones (surrounded by a segregation zone), and rounded dark particles. The
elemental mapping indicates that the bright zones are rich in Mo and Nb, indicating
the formation of the Laves phase located at an the interdendritic region. Rounded dark
particles are complex oxides dispersed in the y matrix. Table 4 shows the chemical

composition obtained by EDX analysis of the zones indicated in Figure 8.

The y dendrites are formed during the solidification of nickel-based superalloys
processed by DLD, segregating Nb and Mo into the liquid, thus creating the local
conditions for forming the Laves phase. The final stage of non-equilibrium
solidification thus gives rise to this microstructure consisting mainly of the y matrix
and Laves phase. A similar microstructure has been found in other nickel-based

superalloy solidi-fication studies [45-51].
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Figure 8. SEM image and the elemental maps obtained by EDX microanalysis showing
segregation zones associated with the Laves phase and complex oxides.

Table 4. Chemical composition (%) of the zones indicated in Figure 8.

Phases Zones Ni Cr Mo Nb Si Fe Mn Al Ca C (@]

Z1 42.16 1739 1097 1088 3.17 1543 - - - - -

Laves phase 72 4229 1791 1062 1034 263 1621 -

Z3 0.33 4.24 - 111  13.00 - 244 1583 4.70 258 5577

Oxide 74 071 438 - 118 14.71 - 178 1458 691 - 55.75

Laves phase formation promotes the initiation and propagation of cracks, with a
detrimental effect in mechanical response, reducing ductility, ultimate tensile
strength, fracture resistance, and fatigue life [52,53]. Thus, this phase reduces the
performance of Inconel 625, requiring control of morphology and distribution in the

cladding.

A similar analysis was performed at the cladding/substrate interface, Figure 9. In the
continuous thin layer adjacent to the substrate, characterized by planar grains (see
Figure 6), the thermal gradient and growth rate are significantly different from those

of the dendritic region, and the Laves phase was not detected.

Figure 9 shows that DLD deposition of M625 on the 42CrMo4 substrate led to cladding
with a flat interface, with a thin continuous layer of planar y grains, followed by y
dendrites and a dispersed Laves phase. As already mentioned, the appearance of the

Laves phase in this region has a detrimental effect and should be minimized.
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Therefore, another cladding was performed with the substrate preheated to 300 °C.
This procedure leads to a decrease in the thermal gradient of the deposited layer,
influencing the microstructure. Preheating (PHT) increases the interdiffusion of
constit-uents of M625 and 42CrMo4 at the bonding interface and, by decreasing the
substrate cooling rate, can also affect the microstructure and properties in the heat-

affected zone.

Clad Layer

‘Substrate 6

| EBSD phases

Figure 9. SEM image and elemental maps obtained by EDX microanalysis of M625 deposited
on 42CrMo4 substrate. An EBSD image shows the phase distribution in this region: FCC
phases in green and BCC phases in red.

The influence of PHT application on the cladding/substrate interface is shown in
Figure 10. The thin layer of planar grains was not formed. Substrate heating
significantly reduced the thermal gradient in the initial solidification phase of the melt
pool, leading to the formation of dendrites throughout the cladding. Furthermore, it
appears that PHT slightly increases the interdendritic spacing from 5-7 um to 6-9 um,
meas-ured by Image] software in Figures 6 and 10, respectively. This observation

confirms the decrease in the cooling rate allowing the growth of the interdendritic
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spacing. This feature is consistent with a study that indicates that lower cooling rates
promote dendrite growth and decrease cellular grain formation in the initial stages of

solidification [54].

Besides, the application of PHT has led to the reduction in Laves phases, this effect
highlighted at the interface zone, as seen in Figure 11. A lower cooling rate effectively
maintained the Nb and Mo in the y matrix, avoiding segregation. Moreover, the
elemental mapping and EBSD image in Figure 11 confirm a more intense
interdiffusion at the interface, which is not as plane as it was without PHT, Figure 9.
Diffusion of nickel, which is a gamma-phase stabilizer, to steel is associated with a
greater amount of re-sidual austenite in this region. Thus, the application of
preheating seems helpful for reducing the deleterious Laves phase and for enhancing

metallurgical bonding.

The HAZ of 42CrMo4 steel is also a critical region, as substrate heating by the laser
followed by rapid cooling leads to martensite formation, which can create cracks and
allow for rapid crack propagation. Microstructural differences in HAZ caused by PHT
were analysed by EBSD, as illustrated in Figure 12. This figure shows that PHT affects
the HAZ microstructure, with larger (longer and wider) martensite laths caused by a
slower cooling rate. Martensite with wider laths is associated with lower mechanical
strength which, together with the more significant amount of residual austenite

determined when using PHT, can reduce the brittleness of this region.
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Figure 10. Microstructure of cladding produced by the 12_6_20 cladding condition on the
preheated substrate, showing (A) substrate interface cladding zone. (B) A higher magnification
illustration of the interface.

EBSD phases

Figure 11. SEM image and elemental maps obtained by EDX microanalysis of M625 deposited on
preheated (PHT) 42CrMo4 substrate. An EBSD image shows the phase distribution in this region:
FCC phases in green and BCC phases in red.
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Figure 12 also shows that no preferential crystalline orientation was formed in the

HAZ of claddings without or with PHT.

Austenite

Figure 12. EBSD images of the 12_6_20/substrate interface region. (A) Without PHT; (B) with
PHT.

Microhardness Measurements

The microhardness profile shown in Figure 13 shows that the hardness distribution in
the cladding zone is uniform and independent of PHT, with an average hardness of
258 +2 HV and 253 + 2 HV for the samples with and without preheating, respectively.
A sharp transient zone with a pronounced hardness increase is measured in the HAZ
of the sample without PHT (maximum hardness of 491 + 23 HV). The application of
PHT to the substrate before deposition produced a more uniform distribution of
hardness in the HAZ (368 + 25 HV), with a less sharp transient near the interface.
Furthermore, the hardness peak has been eliminated, and the hardness values show
less dispersion. These differences in hardness are attributed to changes in the
microstructure induced by PHT, as seen in Figure 12, and its influence on chemical
composition distribution, seen in Figures 9 and 11, and indicate that the HAZ region

is less prone to cracking.
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Figure 13. Microhardness profile of cladded samples applying the I2_6_20 condition with and
without PHT.

Conclusions

The deposition of Inconel 625 claddings onto a 42CrMo4 steel substrate was
performed using direct laser deposition (DLD) and varying processing conditions:
laser power, scanning speed, feed rate, and preheating. Macro- and microstructural
analysis, in addition to the hardness measurements, led to the following main

conclusions:

d A DLD process window map considering processing variables shows that
several combinations can be used. However, the cladding produced with 2 kW of laser
power, a scanning speed of 6 mm/s, and a 20 g/min feed rate presented adequate

dilution and wettability.

. The deposited layers were produced without significant structural defects such

as cracks, pores, or other types of discontinuities.

. Substrate preheating to 300 °C influences the microstructure of the

cladding/substrate interface, reducing the formation of the deleterious Laves phase.

. PHT also alters the hardness profile, mainly in the heat-affected zone, due to

modification of the martensite microstructure and increased residual austenite.
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Abstract

In an effort to simulate the involved thermal physical effects that occur in direct
energy deposition (DED) a thermodynamically-consistent phase-field method is
developed. Two state parameters, characterizing phase change and consolidation, are
used to allocate the proper material properties to each phase. The numerical transient
solution is obtained via a finite element analysis. A set of experiments for single tracks
scanning were carried out to provide dimensional data of the deposited cladding lines.
By relying on a regression analytical formulation to establish the link between process
parameters and geometries of deposited layers from experiments, an activation of
passive elements in the finite element discretization is considered. The single-track
cladding of Inconel 625 powder on tempered steel 42CrMo4 was printed with
different power, scanning speed and feed-rate to assess their effect on the morphology
of the melt pool and the solidification cooling rate. The forecast capability of the
developed model is assessed by comparison of the predicted dimensions of melt pools
with experiments reported in the literature. In addition, this research correlated the
used process parameter in the modelling of localized transient thermal with
solidification parameters, namely, the thermal gradient (G) and the solidification rate

(R). The numerical results report an inverse relationship between R with G, and
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microstructure transition from the planar to dendrite by moving from the boundary

to the interior of melt pool, which agree well with experimental measurements.

Keywords: Direct energy deposition. Additive manufacturing. Finite element

method. Phase-field method. Melt pool morphology. Solidification

Nomenclature
e Energy density T Solidus temperature
k Thermal conductivity A Steepness changing phase parameter
Y Volumetric heat source Typ | Vaporized temperature
n Outward unit normal vector Ty Tem}?e‘rature at the liquid-vapor
transition

Heat convection T, Average vaporization temperature
£ Emissivity of the material ky Thermal conductivity of powder
o Stefan-Boltzmann constant kg Thern?al conductivity of dense

material
c Volumetric heat capacities in the c Volumetric heat capacities in the dense
s solid state d state
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by Vaporization phase parameter f Distribution of laser power
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() Vap(?rization therr‘nodynamically v Laser scanning speed

consistent phase-field parameter

Fusion thermodynamicall T
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Ly, Latent heat of vaporization H Height of cladding lines
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liquid state
T Average melting temperature w(x) | Weighting function
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Ax Mesh size
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Introduction

Additive manufacturing (AM) is a transformative approach to industrial production
that enables the creation of lighter and stronger parts with higher flexibility in the
design to achieve desirable mechanical properties and high dimensional accuracy. The
AM processes consolidate feedstock materials such as powder, wire or sheets into a
dense metallic part by melting and solidification with the aid of an energy source such
as laser, electron beam or electric arc, in a layer by layer manner[1][2]. Directed Energy
Deposition (DED) covers a range of terminology including laser engineered net
shaping products, directed light fabrication, direct metal deposition and 3D laser
cladding [3]. DED is a complex printing process commonly used to repair or add
additional material to existing components [4][5]. DED involves injecting a stream of
metallic powder that is melted by a laser beam as a heat source in order to deposit
material layer-by-layer on a built platform [6]. In DED process, solidification and
solid-state transformations, upon heating and cooling, deeply affect the mechanical
properties of deposited layer induced by the high-energy input and high cooling rate
during the process [7]. The control of the involved physical phenomena like melting,
phase changing, vaporization, and Marangoni convection is extremely difficult and
sometimes impossible exclusively by means of experimental analyses [8].
Furthermore, it is rather time-consuming and expensive to produce DED fabricated
parts. Computational simulation can give precious information on the complex
process—structure—property relations and therefore be useful to its design and
optimization. The phenomenon has a multi-scale inherent nature which is
computationally complex and challenging that, so far, must be tackled at different
stages. Temperature prediction and solid-liquid phase fields detection can be defined
as the initial stage in the process simulation, that can then be utilized subsequently in
thermal-mechanical and material microstructure evolution. The model needs to
properly consider the material properties with respect to solid-liquid phase changing,

powder-dense material status. Lee et al. presented enhanced models for temperature
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evolution and phase-dependent thermal conductivity and heat capacity in selective
laser melting (SLM) process [9][10]. Roy et al. proposed a purely thermal model which
explicitly incorporates two state variables for both the phase and the porosity in SLM.
Their model has the ability to capture the consolidation of the material and allowed
them to investigate the phase-dependent laser absorptivity [11]. It is worth noting that
although a broad number of numerical modeling approaches for selective laser
melting (SLM) can be found in recent years, capable of predicting the temperature
tield, melting and solidification [12] [13], there is a lack of the detailed studies on phase
detecting on DED. The origin of this inattention comes from another existing challenge
in DED simulation, including the dynamic incorporation of the additive material as
the deposited layer into the numerical model. Through activation of a new set of
elements in each time step of the finite element solution. Moreover, DED process has
a highly localized thermal behavior which leads to undesirable microstructural
features [14] and inconsistent mechanical properties of the fabricated parts.
Nevertheless, some significant efforts have been made to simulate solidification
kinetics [15] and investigation results on the correlation microstructural features and
mechanical properties between thermal characterization of melt pool and
solidification parameters, including thermal gradient ¢ and solidification rate, have
been reported [16]. The effect of increasing the laser speed and decreasing the power
simultaneously on the melt pool size, thermal gradients and cooling rates were
illustrated in [17]. Correlation between solidification parameters which can be derived
from numerical thermal models based on the Finite Element Method (FEM) were
reported in [18][19]. Subsequently, the microstructure was predicted using the
solidification map of the specific material. Finally, indirect microstructure control was
achieved by relating the predicted micro-structure to the derived melt pool
dimensional map. In order to improve the accuracy of the analysis results for
continuum-based simulation of the DED process, proper models for effective material
properties are required. The thermal properties, including the conductivity and the

specific heat capacity of the powder and dense material may be involved with the
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phase material characterization. Previous researches for effective modeling of material
phase focused on the selective laser melting (SLM) process [9][11] [20][21]. At present,
many scholars have carried out DED forming mechanism, microstructure and
performance research on Inconel alloy, which is very common in aerospace
applications. Ni-based alloy Inconel 625 has excellent thermal corrosion resistance,
fatigue resistance, wear resistance and excellent strength at high temperatures for
cladding purposes [22][23]. Clad layers exhibit good bonding between substrate and
clad material, when at least a thin layer of the base material is melted. Accordingly, a
layer-wise melt pool temperature tracking is beneficial in manipulating the process

parameters and therefore adjusting the melt pool temperature[24][25].

To the best of the authors” knowledge, very little attention has been given, so far, to
the development of a transient heat numerical model on DED process involving phase
changing to predict of the melt pool boundary with varying laser power to extract the

solidification parameters.

The present article focuses on the development of a thermal powder deposition
evolution for DED process using the commercial FEM software ABAQUS. The
transient heat transfer model associated with the phase field concept is implemented
by user coding in FORTRAN language, taking into consideration the latent heat of
fusion and vaporization. In the present model, the volume fraction of the deposited
material is modeled based on the synergistic interactions from experiment-driven
equations. Subsequently, the validation procedure is carried out based on
experimentally measured melt pool dimensions related to single track fabrication of
IN 625 on a 42CrMo4 baseplate. Then the calculated solidification parameters (G, R)
were compared across the melt pool by changing laser power to shed light on its effect

on the microstructure map.

The paper is organized as follows. Section 2 contains the numerical approach
consisting of governing equations, describing the transient heat transfer model

associated with the phase change concept, material allocations for both deposition and
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substrate with the concept of the phase-field model and heat source modeling. Section
3 presents the experimental study for single-track lines of IN625 on the tempered
substrate 42CrMo4 with different power, scanning speed and feed rate to achieve
various penetrations. In section 4, the thermal phenomena based on finite element
formulation is implemented in ABAQUS through relevant user interface routines.
Subsequently, in section 5 the results from the proposed numerical method are
compared with experimental data to assess the efficiency of the model. In Section 6,

conclusions are drawn and summarized.

Proposed Numerical Approaches

The direct energy deposition (DED) process modelling is presented in detail in the
following sections, in terms of heat transfer constitutive equations, allocated material
properties with respect to temperature and material states and energy source

modelling;

Governing equation of thermal energy balance

The thermal energy balance equation based on first law of thermodynamic states that
change in the total energy equals to the rate of work, which is done on the volumetric
boundary of Q. The adaption of energy balance considering the phase parameters,

temperature, flux boundary and initial conditions are represented in Equations.1-3

[91[11][26];
2 = VIkWV(D] + U(x 1) in Q (1)
—[k@@)V(T)].n=q on I 2)
g = h(T —T,y) +eo(T*—Ty) 3)

where e, k, U are energy density, thermal conductivity and the volumetric heat source
delivered from laser beam. with § prescribed heat flux vector on the surface boundary,

which can include the heat loss for convection and radiation terms and n is the
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w
m2K

outward unit normal vector. The parameters & = 0.28,h = 10( )and o =5.67 X

w
m2K*

1078 (

) are the emissivity of the material, heat convection and coefficient Stefan-

Boltzmann constant respectively. In addition, the value of, 10 and 5.67 x 1078 are

dedicated to these values.

The energy density is expressed in terms of the temperature and state variables as

below[9][11][26];

Here C , C; and Ly, L,, are the volumetric heat capacities in the solid and liquid states,
the latent heat of fusion-melting [27][28] and latent heat of vaporization respectively.
T, is the average melting temperature, taken as T,, = 0.5 * (Ts + T;), where T; and T

are liquidus and solidus temperatures [29].

The used function p(¢ f or v) in Equation 4 is defined based on the thermodynamically

consistent phase-field approach proposed by Wang et al. [26] such that p(0) = 0 and

dp d?p
1) = 1 and =
p( ) an d¢forv d2¢forv

=0at ¢rory = 0and ¢f oy = 1[29], where ¢y oy is

the phase parameter. It takes the following form:

p(¢f or v) = (¢f or v)3[10 - 15(¢f orv) T 6(¢f or v)z] ®)

In Equation 5 the phase parameters ¢, ¢, are defined as [9]:
1 T —Tp, ©)
¢ =3 <tanh <A (Tl - TS> + 1))

1 T—T
_ 1 v 7
v =5 (tanh (A (Tvp — Tw) + 1)) @)

where T, is the vaporized temperature, T, is the temperature at the liquid-vapor

transition and T, is the average vaporization temperature taken as T, = 0.5 * (T, +

Top)-

Some conditions are considered: ¢ =0ifT < Ty and ¢y =1if T} < T. When T <
T < T, then0 < ¢; < 1, representing the mushy region. Moreover, ¢, = 1ifT,,, <T,
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indicating whether the material is vaporized or not. The parameter A determines the
steepness of change transition [10]. The effect of the choice of A on the profile of the
phase parameter p(¢;) (for sharp transition 4 = 10 and for diffuse transition 4 = 5)

is shown in Figure. 1.

=
N

=

o
o

Phase parameter p(¢)
o
[e)]

0.4
0.2
O -
800 1300 1800 2300
Temp (C)

Figure 1. Effect of sharpness of transition in phase parameter

Regarding Equation 1, the thermal properties of the material, including volumetric
heat capacity and thermal conductivity, are defined based on the consolidation
parameter ) as in Equation 8. This parameter always keeps the maximum values of

¢y to characterize the thermal history at each material point [9][10].

Y(x, t) = max{g;(x,t + dt),p (x,0)} (8)

When ) = 0 the material is still in the powder state and 1) = 1 refers to the fully dense

region. Table 1 shows the material state relation with the state variables.
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Table 1. ¢¢(T), Y(T) values for different states of the material

Mushy powder- Mushy melt-
Powder Solid porous Liquid melt Solid dense
melt dense
(1) =0 (1) =0 0<¢M<1 | oM =1 | 0=¢M)=1 ;1) =0
(M) =0 0<y(M<1 0<y¥p(M =<1 (M) =1 (1) =1 (M) =1

According to Equation 8, i which is related to the history of the fusion phase
parameter at each material point. The mentioned volumetric heat capacity C;()) and
thermal conductivity k() in Equations 1 and 2 are determined by the degree of
consolidation (i) defined in Equations 9-10 [9][11]:

k@) = (1 -9k, + Pky )
Cs(W) = (1 — &1 —Y))Cqy (10)

where k, and k; are the thermal conductivity in the powder and dense material,
respectively. The volumetric heat capacity depends on the consolidation ¥ and C, the
latter being the heat capacity of the fully dense material and ¢, represents the initial
porosity of powder and assumed 0.6. In general, the thermal conductivity and heat
capacity are also temperature dependent. In the next section, the correlation between

materials' thermo-physical properties with state variables are presented.

Material Properties Module

Nickel-based super alloy powder (MetcoClad625®) as cladding powder and 42CrMo4
tempering steel as substrate are considered in this research. MetcoClad625 is used as
a blown powder cladding layer and tempering steel is employed as a solid substrate
part. Figures 2 and 3 along with the Table 2 represent the thermo-physical material
properties dependence on the temperature for MetcoClad625 (both powder and solid

phase) and steel 42CrMo4. In the DED process, a great part of the blown powder
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particle undergoes a phase change and turns into a liquid state by a heat source, while

the rest of the material remains in mushy powder-melt state. Thereafter, as the

material cools down, the melted parts change to a solid state. Since the difference of

material properties between the liquid area with mushy zones and the solid state is

very large, the current state of the material should be identified in order to utilize

appropriate properties according to the phase change history.
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Figure 2. Temperature-dependent material properties of MetcoClad625 : (a) Density
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Figure 3 Temperature-dependent material properties of 42CrMo4 tempered Steel: (a)
Density (kg/ m?), (b)Specific Heat Capacity (J/kg.K), (c) Thermal Conductivity
(J/m.s.K)

Table 2. Thermo-physical properties of the material

Ts(K) Tu(K) Ly(Kj /kg) Top (K) T (K) Ly(k]/kg)
MetcoClad625 1563 1723 44.34 3580 3650 91.3
42CrMo4 1770 1920 25.72 3560 3680 104

Figure 4 shows the different phases throughout deposition process between solid and liquid

phases.
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Figure 4. Intersection of different phases during direct energy deposition process

Heat Source Model

It is important to establish an appropriate heat source model of laser deposition
simulations since the heat source not only influences the geometries of melt pools, but
also it may have an impact on the mechanical performance of final products. Heat
source models used in DED simulations are typically assumed [30][31], as the
following two-dimensional exponentially decaying function of Equation 11 which is

schematically represented in Figure 5,

fP
Ulx,y,zt) = o exp —f
1

Cro-v t)z) (11)

T'lz
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Figure 5. The schematic of heat source with exponentially decaying method

where P is the laser power, f is the distribution of power factor, 7; is laser beam radius
corresponding to the distance between the beam center and the point at coordinates
(x,¥), v is the laser speed moving. Figure 6 illustrates the schematic profile of power

density with respect to the distribution factor.

Power Density (W/mm

(r/ rl) =2

Figure 6 The power density distribution with a laser power of 2 kW according to different

distribution factors

Experimental procedure

A tempered steel (42CrMo4) plate with size of 100mm X 120mm X 15mm was used as
a substrate. In the preparation process, the surface was machined and then cleaned by
ethanol. The used powder is commercially the gas-atomised Nickel-based super alloy

(MetcoClad 625), similar to Inconel 625. Figure 7 shows the micrography of the
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powder. Laser cladding experiments were performed by a coaxial laser machine “LDF
3000 — 100” with a fibre-coupled high power laser diode (adjustable wavelength 900-
1030 nm that changes depend on power), with 6000 W maximum beam power output.
The laser machine was equipped with a 6-axes KUKA KR90 R3100 industrial robot.
Based on Table 3, 18 different single tracks, 15 mm in length, were produced by
altering three process parameters, namely laser powers P (1,1.5,2,2.5,3 kW),
scanning speeds v (2,4, 6,10 mm/s) and powder feed rates F(10, 15,20 gr/min). All
other parameters remained constant throughout the experiments: the laser spot
diameter was 2.5 mm with a top-hat beam profile. A high purity argon (99.99%) as the
shield gas, with a flow rate equal to 5.5 L /min, was utilized to minimize contamination
and oxidisation. The single tracks were cross-sectioned, mounted in resin and
polished down to 1um diamond suspension as a last stage. The geometry
measurements of height, depth and width of the cladding lines produced by the DED
technique were achieved using a Leica DVM6 A 2019 digital microscope. Figure 8 (a -
f) shows the geometrical measures of the clad section of the molten pool for some
samples using software Image]J. Table 3 presents the measured value from designed

experiments for Inconel 625 single tracks cladded on 42CrMo4 entirely.

Figure 7. SEM micrograph of MetcoClad 625 powder
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Figure 8 (a-e). Selection of the cross sections of Inconel 625 single tracks cladded on
42CrMo4 substrate
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Table 3. Measured value sets for width, height and penetration depth in single clads
Inconel 625 on 42CrMo4 substrate

Power-Velocity-Feed rate
1.2.15 1.6_15 1.5_10_10 1.5_10_15 2215 2415 2.6_10 2.6_15 2620
(P-V-F)
w (mm) 2.79 3.07 3.09 3.11 3.62 35 3.38 3.61 3.63
h (mm) 3.07 1.22 0.71 1.03 3.66 247 1.39 1.47 1.71
d (mm) 0.25 0.06 0.43 0.23 1.28 1.12 1.16 0.51 0.56

10 11 12 13 14 15 16 17 18

Power-Velocity-Feed rate
2.10_10 2.10_15 2.5_10_10 2.5_10_15 3.2.15 3415 | 3610 | 3615 | 3620

(P-V-F)

w (mm) 3.2 3.36 3.33 3.46 5.05 4.64 3.89 4.71 3.94
h (mm) 1.2 0.81 0.86 1.23 3.4 2.06 1.85 0.78 1.55
d (mm) 0.72 0.88 1.04 1 2.06 0.89 1.08 0.68 1.34

The specific energy E and powder density D are calculated via Equations 12 and 13,
where P, D;, v and F are laser power, laser diameter, scanning speed and scanning feed

rate respectively.

E(kW /mm?) =P/p ., (12)

D(gr/mm*) =F/p (13)

Then, the synergistic interaction between regression-based specific energy and
powder density can be represented by Equations 14 and 15. Adjusted R-square values

are 86.55% and 75.07% respectively for H (height of cladding layer) and W (width of

cladding layer).
H (mm) = 0.51761 + 0.00025 E + 0.01083 D (14)
W (mm) = 3.12365 + 0.00127 E — 0.00654 D (15)
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Numerical implementation with finite element method (FEM)

To obtain the thermal model for DED process, including subsequent results such as
temperature, melt pool dimensions, interfacial phenomena, and a thermal finite
element analysis framework was built using the commercial software
ABAQUS/Standard. ABAQUS provides the interface for mesh designing,
programming user-defined material behavior and boundary conditions. Hereby, the
specific features and numerical models of DED introduced in Section 2 associated with
experimental results, in section 3, are implemented using provided user subroutines

as follows.

Finite element solution for heat transfer

Using the Galerkin weighted residual method it is possible to obtain from Equations

1 and 2 the following classical integral (weak) form as Equation 16;

f we(M)+Vw.k(T)VT —wl)dQ+ | w.gdlL, =0 (16)
Q

I

where w = w(x) is a weighting function, and from which, utilizing the finite element
method, a system of ordinary differential equations can be written, in a matrix form

as Equation 17:

C(NT+K(T)T=F (17)

In Equation 17, T is the nodal temperature vector, T its time derivative, C(T) a
temperature dependent equivalent capacity matrix, resulting terms that include
temperature time derivative in Equation 16, K(T) is the equivalent conductivity
matrix, resulting from terms that include temperature in Equation 16 and F is the
equivalent time dependent heat source, resulting from independent terms in Equation

16.
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Using an implicit time integration scheme to solve Equation 17, in which it is assumed

that
Tt+At — i ( Tt+At _ Tt) (18)
At
Then final nonlinear system of equations to be solved results in Equation 19;

C TtHOt 4 At K Tt+At = At Ft+At 4 ¢ Tt (19)

The nonlinear system of equations is iteratively solved, within each time step,

resorting to the Newton method, in a three-step procedure at each iteration i as below;

Ri= CT{™ +AtKT{*" —AtF'*A —CT! (20)
oc 0K

= R, 21

(aT + At 6T> AT; = —R; (21)

THA = THAY + AT, (22)

Information on the residual force vector of Equation 20 and on the Jacobian matrix in
Equation 22 must be given in the implementation of the method in ABAQUS. In
particular a special care must be taken on the information from the definition of the
terms resulting from the variation of internal energy density with temperature, Z—;, as

depending on whether the value of 1 parameter is updated or not, the following

energy density equations should be utilized as Equations 23 and 24:

& e+ p(¢f){Lf+ I =Ty} + p() (€= G ) .
de 25 1y () + P01, 4 [0 - ()] - 1) .
(d,f)d (¢r) (T =T, + p(8,)(Co — Gy )Ly SPLED p(qbv)
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Implementation

At present, there is no ready constitutive model in ABAQUS suitable for additive
manufacturing simulation. The material phase change and taking into account the
latent heat whether for fusion or vaporization into the thermal analysis, adding the
deposited layers and the moving laser heat source are applied by resorting to the user-
coded subroutines programmed in FORTRAN language. The user subroutine
UEPACTIVATIONVOL is utilized to prescribe and update the following variables:
height and width of cladding layer. Then, the user-defined subroutine DFLUX is
called to define the non-uniform distributed heat source (U). In line with purpose of
apply thermal constitutive behavior, UMATHT subroutine is used and following
variables are needed to be updated incrementally;

- Internal thermal energy (enthalpy) per unit of mass: e

- Derivative of internal energy with respect to the temperature: &
dr

- Heat flux vector with respect to temperature: § = —k(p)V(T)

- Variation of heat flux vector to temperature: Z—Z
- Variation of heat flux vector to the spatial gradient of temperature: % (i=123)

ox
Therefore, the material state can be defined by the state variables ¢y o4, 3 with
respect to temperature. Finally, a USDFLD subroutine is developed to manage the
material states at the end of each time increment. In Figure 9, a general flowchart

summarizes the structure combination of used subroutines in ABAQUS.

Time and space discretization

The dimensional size of the modeled substrate is 100mmx120mmx=15mm and the
cladding lines are modeled with 5 mmx5 mmx100mm dimensions above the substrate
as shown schematically in Figure 9. During the simulation, only a specific volume of

the cladding line is activated based on the fed process parameters. This methodology
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makes the affordable balance for the computational time with the resolution of the
results, thus making the simulation times reasonable. In this research, for both
deposition layer and substrate, 3D thermal finite element mesh DC3D8 is utilized. The
resolution of FEM model was selected to be high enough guarantee stabilization as
well as an accurate cooling rate but keeping an affordable computational time. Thus
artificial dispersion control introduces a stability limit on the size of the time

increment and mesh size such that the local Courant number as Equation 25 [32].

At
C =|v| Ar meanwhile C <1 (25)

where |v] is the velocity and At and Ax represent the time increment and characteristic
element size in the direction of flow respectively. The larger elements were used far
away from the scanned region to reduce calculation time in the substrate. Meanwhile,
to ensure a good link between the clad layers surface and the substrate, the mesh is
refined as much as to avoid numerical temperature fluctuation due to very high

temperature gradient.

Initial and Thermal boundary condition

All the surfaces of the cladding welding line and the substrate were initially fixed at
Ty = 298.15K and the sink temperature was also fixed at T in the bottom of the
baseplate. Besides, the tie constraint is applied between the top surface of baseplate
and bottom surface of cladding layer to transfer the temperature between the

contacted nodes.
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Result and discussion

In this research, a numerical technique for the thermal part of DED process simulation
using ABAQUS was proposed based on the phase-field concept. To demonstrate the
thermal model and finite element implementation, firstly the data from experiments
was used to predict of height and width of clad geometries, then compared the
simulation in the area of melt pool with the experiments of the single laser tracks
presented in section 3. The estimation of the temperature field, the spatial variation of
the melt pool morphology, the effect of the process parameters on the phase changing,
and interfacial solidification were investigated. The analysis of the calculation results

are summarized in the following sections.

Sensitivity analysis to the time and space discretization

The direct energy deposition (DED) processes commonly produce materials with
heterogeneities on different length scales, which calls for a requirement of adopting
adequate meshes and timescales in simulations in order to achieve accurate results.
Previous studies [33][34] showed the effect of the mesh size and time increment in
additive manufacturing simulation resolution results. Discretization with finer
meshes improves the accuracy but increases the cost of computation and therefore
assigning the proper mesh size and time-step is an essential requirement. Hereby,
mesh sensitivity analysis is conducted for a cladding line with P = 1.5kW ,SS =

10%and FR =15 gr/min. Figure 10 (a-b) shows a comparative temperature-

location for the points of interest in the building direction and the width of cladding
lines at a distance of 1 mm from the edge of the starting point of printing (y = 1 mm).
Figure 10 (c) shows the temperature distribution, with time, for two grid refinement
sizes with two time-steps. It reveals that sensitivity is greatly influenced by spatial
discretization. The element size and Courant number were restricted to 0.2 mm and 1

respectively for the success of the simulation.
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Figure 10. Comparison of the temperature distribution (a) in the building direction
with respect to mesh size, (b) in the width direction with respect to mesh size, (c)

effect of time-space sensitivity in the temperature distributing over time

Numerical model validation

Three single-track laser scans are simulated firstly to validate the proposed numerical
model using the experimentally measured melt pool dimensions. The processing
parameters used in the simulation of is shown in Table 3. The real scanning speed,
tfeed rate, laser power are used in the numerical model to better mimic the real
phenomena. The predicted melt pool dimension using the described numerical model
and the experimental results are shown in Figures 11 and 12. The results show that
both melt pool dimensions including width and depth increase as more laser power
is used. In other words, by increasing the laser power, the heat per unit time increases
as well, and so the melt pool volume increases. The predicted results are also in good
agreement with the experimental data-driven. In particular, Table 4 illustrates the

comparison between width, depth of melt pool area and height of cladding lines
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derived from associated regression-based information experimentally and

numerically.

Sovg
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Figure 11. predicted melt pool morphology in Z direction for single-track with S§ =
10 mm/s, FR = 15gr/min (a) P =1.5kW, (b) P =2 kW, (c) P = 2.5 kW
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Figure 12. Predicted melt pool dimensions and the experimental results for single-
track scan with the fixed scanning speed SS = 10 mm/sand feed rate FR =
15gr /min and varying the laser power
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Table 4. Comparison of simulation results with experimental results

Process Parameters Width (Exp.) Width (Num.) Depth (Exp.) Depth (Num.) Height (Exp.) Height (Num.)
mm K
P=15kW,SS =10—,FR =15 gr/min 3.11 mm 2.41 mm 0.23 mm 035 mm 1.03 mm 1.10
mm i
P=20kW,S5 =10—,FR = 15 gr/min 3.36 mm 3.25 mm 0.88 mm 0.85 mm 0.81 mm 0.8
mm i
P=25kW,S5 =10—,FR = 15 gr/min 3.46 mm 3.26 mm 1mm 0.814 mm 1.23 mm 1.14

The red triangles and purple squares in Figure 13 show the average widths and depths

of the simulated melt tracks at different scanning speeds. In the Figure, results from

the simulation illustrate that both the width and depth of the melt track decrease with

increasing scanning speed. Figure 14 provides evidence that by increasing the laser

velocity the volume of the melt pool decrease. When the scanning speed is low, the

laser remains longer around a local point, thereby generating more heat and resulting

in a larger melt volume.
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Figure 13. Predicted melt pool dimensions numerically for single-track scan with

the fixed laser power P = 1.5
scan speed

kW and feed rate FR = 15gr/min and varying the
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Figure 14. Melt pool volume in DED with different scanning speeds and powers

Transient heat model associated with phase field approach

The presented graphs in Figure 15 (a-c) show the obtained results from the proposed
model with a phase-field approach for various laser power from 1.5 kW to 2.5 kW.
The results indicate that by increasing the laser power the temperature value
remarkably increases and even material vaporization occurs. For two laser powers

2kW and 2.5kW the temperature reaches vaporization.

The material phase variables include : b, with red dotted lines, which represents the
time of material changes from liquid to the solid phase, the parameter ¢, with purple
dotted line which presents a time period of vaporization phase existence, and lastly,
dedicated parameter 1 (black solid line) for tracking consolidation, between powder
and melt states. Before laser reaches and starts melting ¥ and ¢y = 0 , after melting
the temperature rises and material state variable ¢ changes to 1 which means the

material state is liquid.
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Figure 15. Temperature profile and material state variables with SS = 10 mm/s, FR =
15gr/min (a)P =1.5kW, (b)P =2 kW, (c) P = 2.5 kW

Melt pool lifetime refers to the period of time the liquid phase is present. The melt
pool lifetime can be observed in Figure 16 for three different laser power values,
which is an important parameter that determines the stability of the track formation
during the process [35]. This graph illustrates when the scanning speed and feed rate

are fixed and the laser power increases, the melt pool life time increases, the reason is
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liquid phase lifetime is not only depended on the scanning speed but also to the heat

supply and volume of the melt pool. The liquid phase lifetime for laser power 1.5 kW

is 54 ms and increases to 64 ms with laser power 2.5 kW.
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Figure 16. Liquid phase life-time comparison for changing laser powers from 1.5kW

to 2.5kW versus time with the fixed scanning speed SS = 10 mm/sand feed rate
FR = 15gr /min

From Figure 17, the different lifetime of melt pool by varying the scanning speed while
the laser power and feed rate keep fixed can be obtained. The results indicate that the

melt pool lifetime tends to decrease gradually as the speed increase from 30 ms to

92 ms for 15 mm/s and 5mm/s respectively.
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Figure 17. Liquid phase life-time comparison for changing laser scanning speed

from 5 mms to 15 mmy/s versus time with the fixed laser power P = 1.5kW and feed
rate FR = 15gr /min
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Local temperature gradient and solidification rate (G, R)

The temperature gradient ¢ and solidification growth R are the most significant
parameters in determining the solidification microstructure (e.g. planar, cellular,
columnar dendritic, and equiaxed dendritic grain structure). A solidification micro
graphical map for In 625 on 42CrMo4 demonstrating the variation in the morphology
and size is presented in Figure 18. As can be seen the dendrite morphology,
orientations, and micro segregation are different at different locations within the melt
pool. This is primarily due to different positions and orientations of the initial nuclei
combined with different thermal gradients and solidification velocities along the melt

pool boundary.

Figure 18. (a)Optical micrograph demonstrating transverse cross-sections of melt
pool obtained under P = 2 kW,SS = 10 mm/s, FR = 15gr /min, (b) ,(c) enlarged
views

In the presented model, ¢ can be calculated from partial derivative of temperature

with respect to each Cartesian coordinate as in Equation 22:

o= G +3) @) =)

The growth rate is geometrically derived as the projection of laser velocity v onto the
normal vector of solidification front, using the angle 6, which is the local angle
between the surface normal to the liquidus isotherm boundary and the welding

direction as in Equation 23 and Figure 19;
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R = |v|.cos(8) (23)

. . 1
Measuring point of temperature |
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Figure 19. Schematic of solidification growth rate R in the melt pool with laser
scanning V

S © N ——

The values of G and R were extracted from macro-scale simulation. The points of
interested were selected on the trailing half of the melt pool which is the portion
subject to solidification as the melt pool domain. In Figure 20 (a, b), the variation of
the G and R along with the centerline of melt pool boundary with increasing depth is
explicitly shown. The results reveal that there is an inverse relationship between R and
G. The maximum R is calculated near the top of the melt pool (with a low solidification
front depth) while the minimum is found near the bottom of the melt pool (with a
high solidification front depth). In contrast, the maximum G is calculated at the bottom
of the melt pool as the minimum G is observed at the top. In the bottom region is
exposed at high ¢ and low R and hence corresponds to the planar grains as shown in
Figure 18 (b) SEM microstructure evidence. On the other hand, the top regions tend

relatively lower G and higher R with the dendrite structure from Figure 18 (c).
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Figure 20. The calculated (a): G and (b): R, along the centerline of the melt pool
surface; Variation in relation with the solidification front depth for one set of
parameters P = 2 kW,SS = 10 mm/s, FR = 15gr/min

Figure 21 (a,b) illustrates the cooling rate for two set of parameters including (a): P =
2kW,SS =10mm/s,FR = 15gr/min and (b): P =1.5kW,SS =10 mm/s,FR =
15gr/min. It can be seen how the cooling rate, T = G X R, varies as a function of the
melt pool depth for both cases; the dotted rectangular views emphasize the highest
and lowest cooling rate along with the location of the melt pool boundary. Simulation
results show that cooling rate increases from bottom to top along the melt pool
boundary. The predicted cooling rate varies by changing the laser power. The cooling
rate increases with decreasing the laser power [26][36] and consequently differences

in cooling rate leads to variety of solidified microstructures.
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Figure 21. The predicted cooling rates at varying solidification front depths for two

sets of process parameters; (a) P =2kW,SS=10mm/s FR =15gr/min, (b) P =
1.5kW,SS =10 mm/s,FR = 15gr/min

Conclusion

In the present study, a computational framework for the transient heat phenomena in
DED process is developed by coupling a finite element based on phase-field model.
In the proposed model three state variables ¢y, ¢, ,and ¥ are defined to track and
capture the phase of materials between molten, solid, and even vaporized conditions
to allocate the proper thermal-physical material properties. The proposed model is
implemented in the commercial finite element software ABAQUS-standard. The
capability of numerical model is investigated by comparing melt pool dimensions,
including width and depth from simulation for single cladding lines, with the
experimental data. Three different laser power values were applied to quantify their
effect on the melt pool morphology. The melt pool width and depth have a tendency
of becoming greater when a higher laser power is applied. Moreover, the numerical
results showcases the inverse correlation between the scanning speed the melt pool
volume. The investigation is further proceeded to detect the solidification parameters,
the temperature gradient and the growth rate. To achieve this goal, the temperature

variation as well as the liquidus isotherm boundary surface information is utilized to
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calculate these parameters along the solidification front depth path. The planar to
dendrite transition was predicted by moving from melt pool boundary to the interior
of melt pool. Furthermore, an inverse relationship between R and G, can be seen and
maximum R is calculated near the top of the melt pool, while the minimum is found
near the bottom of the melt pool, which is in agreement with a solidification map
obtained by SEM. Finally, the cooling rate increases from the bottom to the top of melt

pool and decreasing laser power leads to an increase of the range of the cooling rate.
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Chapter 4

MECHANICAL AND MICROSTRUCTURAL PROPERTIES OF
INCONEL 625 PRODUCED BY DIRECT LASER DEPOSITION (DLD)
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Abstract

Direct laser deposition (DLD) is an advanced additive manufacturing (AM)
technology with growing industrial importance. In the present study, the mechanical
and microstructural characterisation of a bulk produced by DLD depositing a nickel
superalloy (type Inconel 625) on 42CrMo4 structural steel was performed. Optimised
processing parameters (laser power, scanning speed and feed rate) were used for
deposition and remained constant during bulk production. The bulk showed
structural integrity, with no cracking or unmelted particles. Successive layers were
deposited on a pre-heated substrate to reduce the cooling rate and minimise both the
formation of metastable phases in the heat-affected zone and the dimensions of the
deleterious phases in bulk. The bulk microstructure mainly consists of a coarse
columnar/dendritic structure, and the longitudinal section microstructure revealed
the layer-by-layer deposition pattern. Microstructural and mechanical
characterisation demonstrated that a sound bulk was formed, with mechanical
properties similar to wrought Inconel 625. These results contribute to the recognition
of DLD as a suitable technique for the repair and remanufacturing of industrial

components.
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Introduction

Laser-Based Additive Manufacturing (LBAM) are emerging technologies with
applications for various industrial sectors, including medical implants, automotive
and aerospace parts, with complex geometries and structures [1]. Direct Laser
Deposition (DLD) is an LBAM technology used to manufacture, reconstruct, or repair
metal parts. DLD consists of the supply, through a nozzle, of metallic powder (or wire)
processed by a focused laser, creating a melt pool on the surface of a metallic substrate
that interacts with the substrate to form a cladding. Several processing variables
directly or indirectly affect the quality and structural integrity of the cladding, dictated
by solidification and metallurgical bonding [2]. DLD is a process that also enables the
production of functionally graded materials [3]. Unlike conventional coating/repair
production techniques such as welding, DLD can fabricate 3-D components with
complex features directly from the CAD model. The goal of the process is the
controlled melting of metal powders and their layered deposition, producing
claddings with excellent metallurgical bonding and density, small heat-affected zone
(HAZ), low dilution, minimal distortion, and precise deposition, making the
technique fundamental in the repair of high value-added components [4], [5]. Deposits
produced by DLD exhibit an attractive set of mechanical properties and wear and
corrosion resistance [6]. The production of wear-resistant coatings on low- and
medium-carbon steel substrates is an application that can have many industrial
applications, both in component repair and in protective coating with a thick, tough

layer.

Nickel-based superalloys, such as Inconel 625, have been widely adopted in multiple

tields due to their versatile capabilities and their wide range of applications. These
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materials are used primarily in power generation aircraft and turbines, rocket engines
and other challenging environments, including industrial furnace components,
chemical power plants, marine systems, nuclear power plants and many other fields
where high temperature corrosion resistance is generally required [7], [8].
Conventional component manufacturing using these high-performance alloys is
difficult due to excessive tool wear and low material removal rates. In fact, nickel-
based superalloys are very attractive materials for various industrial sectors due to
their high-temperature ductility, hardness, mechanical strength, fatigue and creep
resistance, and excellent oxidation and corrosion resistance in aggressive
environments [9], [10]. Powder-based LBAM technologies can remove these

constraints, improving lead times and reducing manufacturing costs [11].

Inconel 625 is one of the main nickel superalloys whose properties are mainly derived
from the addition of elements such as molybdenum (Mo) and niobium (Nb), which
strengthen by solid solution the nickel-chromium matrix [12]-[14]. Further
strengthening is achieved by intermetallic phases, namely the gamma double prime
(Y"-Ni3Nb), and by carbide precipitation [12], [15]. The formation of topologically
close-packed (TCP) phases, such as o (FeCr, FeCrMo, CrCo), u and Laves, is
detrimental for nickel superalloys application. These phases are brittle and
detrimental to these superalloys' mechanical properties and creep resistance [16]. A
high refractory elements content can cause the extensive formation of TCP phases
during prolonged exposure to high temperatures; this formation is dependent on the
material's microstructure [17]. Laser processing of Inconel 625 alloy shows complex
structures involving cellular grains, typical columnar dendrites and equiaxial grains

[18].

The use of nickel-based superalloys in DLD must consider the effect of high cooling
rates promoted by the localised thermal delivery induced by the laser beam. However,
the rapid cooling rate and repeated heating/cooling cycles during laser processing
induce intense thermal stresses that can exceed the yield point of cladding materials
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[19]. The high temperature of the laser beam creates a large temperature gradient
between the centre and edges of the weld pool, producing surface tension gradients
that are similar to those observed during laser welding [20]. This effect can influence
the formation of intermetallics and TCP phases. The cooling rate directly influences
the resulting microstructure and mechanical properties of the deposited component,
being more dependent on the scanning speed than laser power [21]. High cooling rate
and low G/R ratio (temperature gradient to growth rate ratio)promotes the formation
of dendrites with smaller arms and discrete Laves phase particles. In contrast, low
cooling rate and high G/R ratio tend to produce coarse dendrites and particles of
continuously distributed Laves phase [22]-[24]. Similar effects of metastable phases
(martensite) formation in the heat-affected some (HAZ) and near the melt line were

observed for depositions performed on structural steel [25].

Pre-heating (PHT) the substrate is essential to control the cooling rate, minimising this
detrimental effect. Increasing the PHT temperature also promotes melt pool growth
(depth and width), melting more substrate, thus increasing dilution [26]-[28]. PHT
also prevents cladding delamination or cracking and reduces distortion and residual
stresses due to the lower thermal gradient between the coating and substrate [6], [29],
[30]. Another factor to be observed is that the deposition of multiple layers of Inconel
625 by DLD allows the minimization of distortion, reducing the deflection of the

coating [31].

The industrial importance of the Inconel 625 alloy and its complexity being
unquestionable, it is essential to determine the conditions for its deposition by DLD.
The influence of process parameters, such as laser power, scanning speed, powder
feed rate, and pre-heating on single layers, was analysed in a previous study [25]. This
work explores the deposition of multiple layers of Inconel 625 superalloy powder,
forming a bulk, on a pre-heated steel substrate. The quality of the bulk was evaluated

by the absence of cracks and structural imperfections, and its mechanical properties
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were determined to assess the feasibility of wusing these bulks for the

repair/remanufacturing of industrial components.

Experimental Procedure
DLD System Setup

A laser system, LDF 3000 - 100, was used to produce the DLD claddings. The system
has a high power fibre-coupled laser diode (wavelength 900-1030 nm, depending on
power), with a nominal beam power of 6000 W. The machine concept is based on a
six-axis industrial robot, a KUKA KR90 R3100, which can be placed on a linear table
with a 4 m working range. All axes are connected to the robot and laser control units,
which control the temperature in the molten pool and the laser power. A coaxial

feeding system supplied the addition powder during the deposition process.

Powder and Substrate Characteristics

Nickel-based superalloy powder, supplied by the Oerlikon company under the trade
designation MetcoClad 625 (Inconel 625), produced by the gas atomised process, was

used in this study. The powders present a spherical morphology and particle size with
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a nominal range from 45 to 90 um. Figure 1 shows an image of the powder obtained

by scanning electron microscopy (SEM).

Chur 7550, o ———— oo —
B CEMUP| 1 000 x |15.00 kV| BSED |Z Cont|10.1 mm H

Figure 1. SEM micrograph of MetcoClad 625 powder.

42CrMo4 steel was the substrate for the cladding deposition. The steel was machined
in plates with dimensions equal to 100 mm x 120 mm x 15 mm. Mechanical and
chemical properties and additional information are described in the standard in EN
10269 [32]. Table 1 shows the chemical composition of MetcoClad 625 (M625) powder
and 42CrMo#4 steel.

Table 1. Chemical composition of M625 powder and 42CrMo4 steel (wt.%).

Raw Material C Cr Ni Mn Mo Nb Si P S Fe
Me625 - 21.3 60.8 - 9.2 46 - - - 4.1
42CrMo4 042 1.11 - 0.67 019 - 0.28 0.025 0.015 Balance

Samples Production

The successive depositions of M625 for the bulk production were carried out with a

coaxial nozzle. The deposition conditions were defined in previous study [25], in
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which the influence of the following three independent processing variables was
analysed: laser power (LP), scanning speed (SS), and powder feed rate (FR).
Processing optimisation allowed selecting the conditions for the production of the
M625 bulk, expressed as values of two combined process parameters (parameters
based on previous studies [33], [34], allowing a more general approach, and non-
machine specific). The two parameters selected were the specific energy, Especific (= LP
/ @*SS), and the powder density, G (= FR / ¢*SS);@ is the spot size diameter of the laser
beam on the substrate. The optimized combined parameters for M625 solid
production through DLD are Especitic = 133.3 J/mm? and G = 16.7 x 10° g/mm?. Before
deposition, the substrates were cleaned with pure acetone and pre-heated to
approximately 300 °C by an oxy torch to eliminate moisture and decrease the cooling
rate in the melt pool and adjacent regions of the substrate (thus reducing the
detrimental effect of the HAZ). The temperature was selected following welding
practices for 42CrMo4 steel and controlled with a digital pyrometer. Furthermore, for
bulk production, the M625 powder deposition strategy selected was the zigzag-XY
tool path, as shown in Figure 2. This deposition strategy was chosen due to minimize
the possibility of porosity formation and allow obtaining good mechanical properties

[35].

Yb-fiber laser Powder feeding system

Powder nozzle
system COAX

Substract

Figure 2. Schematic diagram of the strategy for the M625 bulk production by DLD.
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In all tests, a spot size of 2.5 mm, and an offset in the Z-axis of 0.2 mm were used. High
purity argon (99.99%) was applied as shielding gas, with a flow rate of 5.5 L/min,
minimising the contamination of the melt pool during the DLD process. During the
deposition and production of the M625 bulk, the distance between substrate and
nozzle was 13 mm. The samples were air-cooled to room temperature. Figure 3 shows

a bulk produced by the DLD technique with the respective measurements.

Figure 3. Bulk produced by direct laser deposition (DLD) using Inconel 625 powder deposited
on 42CrMo4 steel substrate.

Microstructural and Mechanical Characterisation

The M625 bulk was cut for microstructural and mechanical characterisation using a
metallographic cut-off machine with refrigeration to avoid substrate and cladding
overheating. Samples were mounted in resin and polished down to 1 pum diamond
suspension. An additional polishing step was performed with 0.06 um silica colloidal
suspension for a superior surface finishing and polishing-induced plastic deformation

removal.
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Chemical and microstructural characterisations were performed using a scanning
electron microscope (SEM) equipped with Energy Dispersive X-Ray Spectroscopy
(EDX) and a Digital Microscope (DM).

Vickers microhardness evaluation was performed on a fully automated microindenter
. The HV hardness maps were obtained from a sample taken from the bulk, applying
a load of 300 g and a dwell time of 15 s. This procedure scanned a 10 x 2.4 mm area of

with 0.5 mm as the distance between the centres of two adjacent indentations.

Uniaxial tension tests were carried out on an electromechanical uniaxial testing
system with a 5 kN load cell and a 0.5 mm/min strain rate. The surface strains were
measured by digital image correlation (DIC), a non-contact method, using correlation
softwareVIC-2D 6. The DIC images were captured with a telecentric lens and a 5
MPixel camera (acA2440-75um, 2448x2048 pixels. The experimental work plan was
carried out using a 5 kN electromechanical testing system designed expressly for this
type of request (Figure 4) [36]. The specimens were tested at room temperature with
a constant crosshead speed of 0.5 mm/min, which corresponds to an initial strain rate
of 0.0037 s1. Wire electrical discharge machining was used to extract the specimens

with a thickness of 1.4 mm, according to the geometry indicated in Figure 4.

Figure 4. Uniaxial tensile test setup and sample dimensions (in mm).
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Micro-abrasion wear tests evaluated the bulk wear rate with a micro-scale abrasion
tester, using a fixed rotating ball configuration. The wear craters were measured with

a 3D Optical profilometer, and the volume of the worn material was calculated.

Results and Discussion

Microstructure

The bulk deposited by DLD evidenced a layered macrostructure appearance, as
shown in Figure 2. From the cladding/substrate set, sections perpendicular to the
substrate were prepared for microstructural observation. The observation of these
sections revealed that the bulk was free from cracks, voids between the deposited
layers, and no unmelted particles were observed along with the structure. No
porosities with deleterious dimensions were identified during the DM and SEM
analysis. It also presented an excellent metallurgical bonding to the substrate, as

illustrated in Figure 5.

Substrate
Mrorio] mag O] HV det | WD |mode
CEMUP| 500 x [15.00 kV|BSED | 8.8 mm |Z Cont

Figure 5. Microstructure obtained by scanning electron microscopy (SEM) of the M625 solid
produced by direct laser deposition (DLD).
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As indicated in previous studies [25][37], PHT promotes the formation of cellular or
equiaxial grains in the region adjacent to the substrate (as illustrated in Figure 3), a
condition not observed in samples without PHT, where the formation of planar grains
occurs. The microstructure in the bulk consists mainly of a columnar/dendritic
structure, which exhibits a coarse grain, and the longitudinal section microstructure
revealed the layer-by-layer deposition pattern. The dendritic growth is approximately
parallel to the direction of heat flow, showing similar direction in all single layers. A
more detailed description of the microstructure of claddings produced with M625 is
presented in [25]. The transition region between two depositions produced by DLD
and the columnar/dendritic microstructure evolution characteristic of these regions

are shown in Figure 6.

200 pm

Figure 6. Microstructure images of M625 claddings obtained by (A) Digital Microscopy and
(B) Scanning Electron Microscopy. Red lines indicate transition regions between consecutive
claddings.

Figure 4 shows no discontinuities between layers and a small dilution zone, a
consequence of the remelting provoked by the deposition of the new layer. Figure 4B
illustrates columnar/dendritic grains continuity across the interface, evidencing
epitaxial growth. The material on which the layer is deposited (substrate or previously

deposited layer) acts as a heat sink during the laser processing of materials. Due to
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this factor, the grains are columnar and present a directional growth parallel to the
heat flow direction. Epitaxial growth is promoted by nucleation in partially remelted
surface grains, either from the substrate or from the solidified deposited layer. Figure
7 is an Inverse Pole Figure (IPF), obtained by the EBSD technique, showing this
epitaxial growth that is most evident in the transition from the first layer to the second

layer of M625.

Deposition Direction

R -
2 ’
o Y JNe

o

Figure 7. Inverse Pole Figure (IPF), obtained by the EBSD technique, showing the epitaxial
growth

The formation of deleterious phases during the DLD deposition process was
investigated. Nickel-based superalloys consist basically of an austenitic matrix (FCC),
carbides (MC, M2Cs, ...), Laves phase (Nb-Mo-Cr-Fe-Ni), and complex oxides, as
shown in Figure 8 and Table 2. These phases are typical of this superalloy [38], [39]
and have been detected across the entire M625 bulk; the y" (NisNb) phase was not

detected.
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Figure 8. Microstructural constituents in the matrix and interdendritic zones of M625 bulk.

Table 2. Chemical composition of the phases identified in solid M625 by EDX.

Chemical Composition (at%)
Ni Fe Cr Mo Nb Si Al @) C
Matrix (Z1) 5191 2319 19.76 4.39 - 075 - - -
Laves phase (Z2) 422 1564 1791 10.54 10.19 352 - - -
Complex Oxide (Z3) 20.86 9.11 1468 7.1 497 541 496 2715 5.76
NbC (Z4) - - - - 56.3 - - - 43.7

Phases

Superalloy solidification begins with the formation of y dendrites, which during their
formation, reject elements, like niobium, molybdenum and carbon to the liquid,
resulting in the formation of carbides and Laves phase during the final stage of
solidification [40]. The segregation of niobium is much more pronounced when
compared to molybdenum and is, therefore, the main problem related to superalloy

solidification [41].

Laves phase formation (Zone Z2) is highly undesirable since it promotes cracking,
deteriorating mechanical properties and fatigue life [42]. As mentioned in a previous

study [25], the PHT promotes a lower cooling rate, allowing higher diffusion of Nb
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and Mo to the y matrix, thus reducing segregation and decreasing the size of this

phase.

The formation of complex oxides was also detected across the bulk (Z3 zone). The
presence of these inclusions is not necessarily detrimental because the chromium
content in the complex oxides is not higher than in the matrix, thus maintaining the
possibility of the formation of chromium oxides that increase the resistance to hot

corrosion [43].

Zone Z4 is formed by the precipitation of NbC in the intragranular region of the
austenitic matrix. The formation of NbC in higher proportions provides an

opportunity to selectively control the hardness and wear resistance [44].

Uniaxial Tensile Test

The mechanical characterisation of the M625 material was obtained by performing
uniaxial tensile tests on miniaturised specimens. Specimens were obtained in two
different loading directions, horizontal and vertical, which are parallel and
perpendicular to the base plane, respectively. Several tests were also performed for
each direction to guarantee that the results were repeatable. The experimental

conditions of the test are listed in Table 3.

Table 3. Experimental conditions of uniaxial tensile tests.

Property Value
Loading direction 2
Crosshead speed (grip) [mm/min] 0.5
Data acquisition [Hz] 10
Clip gage initial length — 1o [mm] 3
Temperature [°C] 21
Relative humidity [%] 52
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The digital image correlation (DIC) technique was used to determine the material
strains by measuring the elongation in the uniform section of the specimen. The DIC
system comprises a camera connected to a software application that analyses the
collected images and calculates the strain field. As shown in Figure 4, the first step is

to set the camera in the test environment at a certain distance from the specimen.

The average speckle size is less than 15 um due to the size of the in-plane uniform
area. The strain field (logarithmic Hencky strains) was computed using the
commercial software, with a step size of 7 and a set size of 25 for the chosen region of
interest. Figure 9 shows the engineering and true stress-strain flow curves acquired

from the executed uniaxial tensile tests.
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Figure 9. Miniaturised uniaxial tensile test results for Inconel 625 considering different
loading directions: engineering (left) and true (right) stress-strain curves.

As seen in Figure 9, the obtained results from the uniaxial tensile tests suggest that the
mechanical properties, more specific the material yield and ultimate tensile strength,
are dependent on the loading direction relative to the deposition strategy. The samples
taken perpendicularly to the layer deposition plane exhibit lower yield stress values
and ultimate tensile strength. Although there is a difference of around 60 MPa in
strength for the entire strain range, the amount of ductility is not much affected,
showing good plastic deformation capacity, characteristic of this type of alloy and

already reported in previous studies [45], [46].
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Table 4 summarises the fundamental mechanical properties obtained from the
uniaxial tensile tests. It contains the mean values of properties, such as yield stress
(Rpo2), and ultimate tensile strength (Rm), as well as the uniform (ex) and total
elongation (e:) calculated for each loading direction (horizontal and vertical).
Additionally, Figure 10 presents the strain field contours obtained from the digital
image correlation of the horizontal and vertical specimens, at different stages of the
miniaturised uniaxial tensile tests.
Table 4. Summary of Inconel 625 mechanical properties (average values and
corresponding standard deviation).

Loading direction | Rpo2[MPa] Rm[MPa] eu [%] et [%]
Horizontal 512.4 (0.26) | 860.1(0.25) 39.1(0.29) 42.3 (0.51)
Vertical 449.1 (1.16) | 807.1(2.43) 40.5 (2.55) 46.8 (1.73)

The obtained values demonstrate a good agreement of the tensile characteristics over
the whole bulk and repeatability between different tests. As previously stated, the
specimens oriented vertically yielded significantly lower than the horizontally
extracted ones but had comparable elongation values. This anisotropic behaviour
between in-build direction (vertical) and horizontal direction was already reported in

prior work [47].
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Figure 10. Digital image correlation results (contours correspond to logarithmic Hencky strain
along loading direction): a-e) horizontal specimen; {-j) vertical specimen.

A comparison was also done with the mechanical properties specified in standards
for different applications of this nickel-based superalloy to evaluate the deposited
material's performance in this study. The minimum values specified in the standards
for the forging and casting processes are listed in Table 5. Regarding the M625
material, only the lowest obtained value from the two loading directions was

considered.
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Table 5. Comparison of M625 mechanical properties with forging and casting
standard requirements.

Material Rpo2[MPa] = Ra [MPa] A [%]
M625 (present study) 449 807 42
NW6625 (forging) [48] 415 830 30
NC6625 (casting) [49] 275 485 25

As can be seen, the mechanical properties of M625 deposited material are significantly
superior than those required for the equivalent casting alloy, but at the same level
regarding the specifications of the forging alloy. Through this comparison and the
experimental tests, it is possible to demonstrate that using the defined process and
conditions will result in a final product with good quality and excellent mechanical

characteristics.

When employing the additive manufacturing process, good adhesion and bonding to
the material substrate is another goal. However, to assess this characteristic, samples
were taken in the transition zone between the substrate and M625. The transition zone
is positioned in the centre area of the uniform section of the miniaturised specimen,
as illustrated in Figure 11. The evolution of force with the specimen elongation is
presented in Figure 12, and a comparison with the engineering stress-strain curves is

already shown in Figure 9.

M625

........... Interface

B
N

Substrate ..

(A) Extraction scheme of interface specimen (b) Experimental specimen

Figure 11. Definition of interface specimen between substrate and M625.
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Figure 12. (A) Evolution of force (F) with elongation (Al) obtained from interface specimen
between the substrate and Inconel M625 and (B) comparison of engineering stress-strain
curves.

Usually, one of the output results of this standardised test is the stress-strain curve,
however since the deformation of the specimen is not uniform (Figure 13) due to
different mechanical properties (e.g. modulus of elasticity, yield stress, etc.) and the
material that undergoes plastic deformation is only M625, an extensometer was

consider only in such zone (Figure 11).

As shown in Figure 12B, the mechanical behaviour of the interface specimen is
identical to the behaviour of the vertical specimen, because both were taken from the
bulk sample in the same orientation. However, due to the geometric constraints, the
material's plastic deformation is more localized. Similar low elongation values were
also exhibited by the welded joints with strength mismatch to localized plastic
deformation [50]. Also, the fracture only occurs in the M625 (Figure 13h), which means
that the adhesion and bonding to the substrate is very good, since the fracture
occurred outside the transition zone, validating the used conditions and process
parameters. This mechanical response of the tensile specimens is an excellent

indication of the correct choice of processing parameters and of the influence of pre-
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heating the substrate, minimising the probability of brittle metastable phases in the
bonding zone and HAZ.

el [1]-
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Figure 13. Digital image correlation results obtained for the interface specimen (contours
correspond to logarithmic Hencky strain along loading direction).

Fracture Surface Analysis

Fracture surface analysis was performed on the specimens for the two different
loading directions, horizontal and vertical. Figure 14 shows micrographs obtained by
SEM to determine the fracture mode of the specimens produced from the bulk of M625
produced by DLD. Table 6 shows the chemical composition of the zones identified in

Figure 14.
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Figure 14. Tensile specimen fractography tested to failure. A1 and A2 are SEM micrographs
of the fracture surface for the horizontal sample. B1 and B2 for vertical sample.

Table 6. Phase chemical analysis by EDX — horizontal and vertical fractography.
samples.

Horizontal (A2) Vertical (B2)

Elements
Z1 72 Z3 Z1 72 73

Ni 67.26 | 54.84 | 22.44 | 68.36 58.64 4.26

Cr 23.83 | 24.65  30.28 | 24.22  25.51 | 26.85
Mn - - 7.19 - - 9.41
Mo 598 | 778 | 1.66 | 412 593 @ 049
Nb 197 | 11.89 | 3.64 | 1.53 | 9.29 | 1.88

Fe 096 @ 0.84 0 071 @ 0.63 -
Si - - 6.61 | 1.06 - 15.4
@) - - 28.18 - - 41.71
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The micrographs of the fracture surfaces, show microvoids (dimples) which are
typical of ductile failure mode (ductile fracture), corroborating the ductility values
measured in the tensile tests. Figures 14 Al and B1 show, in the red hatched regions,
the presence of micro-cracks in regions of elemental micro-segregation. According to
Table 6, the main phases observed in these regions are the Laves phase (Z2) and

complex oxides (Z3).

The micrographs indicate that some dimples start in complex oxides, which are
particles of high mechanical resistance and non-deformable surrounded by a ductile
matrix, leading to decohesion in the interface zone. Subsequent microcracking
propagates through the Laves phase that is an intermetallic harder and less suitable

for plastic deformation than the matrix.

Microhardness

To analyse the microhardness variation, a sample was taken from the centre of the
M625 bulk, approximately 16 mm long and 12 mm wide. As a reference, the end
closest to the top of the bulk was designated as the top of the specimen. After
polishing, three series of indentations were performed. In each series, 20 hardnesses
were performed 0.5 mm apart, thus analysing the hardness in different layers. The

results obtained are shown in Figure 15.
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Figure 15. Microhardness profile on samples taken from the M625 solid. a, b and c indicates
three series of indentations tests.

The results reveal sample microhardness in the range of 251-286 HV0.3 in most of the
indentations performed. The microhardness average and standard deviation were 271
HV0.3 and 27.5 HVO0.3, respectively, indicating a rather homogeneous hardness
throughout the bulk. However, two indentations with values equal to 393 and 426
HV0.3 were obtained, related to regions with a higher concentration of secondary

phases, such as the Laves phase, which increases the bulk hardness.

This distribution of hardness is consistent with the results of tensile tests, particularly
with the homogeneous distribution of strain in the bulk. Microhardness analysis at
the M625/substrate interface and adjacent areas was reported in a previous study [25].
The microhardness obtained in the M625 bulk is in agreement with the references

[51][52][53].
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Wear Analysis

The wear test performance was evaluated using the Abrasive Wear Rate (see Equation

3).

\%
K=3N @)

where, K is the Abrasive Wear Rate [mm3.N-.mm], V is the worm volume [mm?], S
is the sliding distance [mm], and N is the normal load [N]. Both the calculated worm
volume (V) (Equation 4) and the measured value obtained by optical profiler
characterisation were used.

- b*

V=R ()

where, b is the crater diameter [mm], and R is the radius of the ball [mm].

The micro-abrasion tests used a slurry of SiC powder (F1000) with 2% v/v
concentration. The ball used on the tests was a 25.4 mm diameter hardened steel (SAE
52100), with rotation speed fixed at 85 rpm and a constant load of 0.25 N [54]. Three
different test times were selected (15, 30 and 60 minutes) to evaluate the wear

behaviour. Table 7 summarises the results.

Table 7. Micro-abrasion wear test results

Calculated Volume Measured Volume
Tests S b \% K \% K
[min] [mm)] [mm] [mm3] [mm3 N~ mm™!] [mm?3] [mm3-N~!-mm™]

15 min | 203480.956 = 1.400 | 0.014857 5.841 x 1077 0.009060 3.562 x 1077
30 min | 406962.912 | 1.558 | 0.022800 4482 x 1077 0.014980 2,945 x 1077
60 min | 813924.825 | 1.917 | 0.052236 5.134x 1077 0.036650 3.602 x 1077

Figure 16 presents the volume of worn material as a function of the sliding distance
(S) and normal load (N), considering the volume calculated by Equation (2) and the
volume obtained by the optical profiler characterisation, illustrated in Figures 17 and

18 for 15 and 60 minutes test, respectively. As expected, the wear behaviour showed
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a linear development, representing a constant wear rate throughout the tests.
Nevertheless, the Abrasive Wear Rate (K) for the volume calculated by Equation (1)
was 45% higher than the value measured, which might be related to the assumption
that the worm region is perfectly spherical, while in practice, there is a slight deviation
and not uniform wear [54]. Microstructural observations evidenced that scratching

was the abrasive wear mode.
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Figure 56. Volume of worn material as a function of the sliding distance (S) and normal load
(N)
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Figure 17. Worn crater optical characterisation for 15 minutes test
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Figure 18. Worn crater optical characterisation for 60 minutes test

Conclusions

In the present study, a nickel superalloy bulk was successfully produced using a direct
laser deposition technique. To construct the bulk, successive Inconel 625 (M625)
powder layers were deposited on a 42CrMo4 structural steel substrate pre-heated to
300 °C. The main conclusions, which were drawn from the microstructural and

mechanical analyses, are the following:

e The bulk produced by DLD did not present relevant defects, such as cracks or
porosities, which could compromise its structural integrity.

e Columnar dendrites are the main microstructural feature seen throughout the
entire bulk. Laves phase, carbides and complex oxides resulting from
microsegregation were detected.

e Expressive hardness variations were not observed along the samples taken
from the bulk.

e Tensile tests demonstrated that the ductility and tensile strength were similar
to a forged Inconel 625. The metallurgical bonding of the bulk to the substrate

is continuous and without metastable phases (martensite). Tensile samples
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with an M625/steel interface in the central region suffer rupture by the M625
(less resistant material) away from the interface.

e Tensile samples with their length parallel to the substrate surface are slightly
more strong and less ductile than those with length perpendicular to that
surface, indicating a texture effect, which can be correlated to the epitaxial
growth of columnar grains.

e The wear behaviour showed a linear development, representing a constant

wear rate throughout the tests, and the worn surfaces showed abrasive wear.

These conclusions are excellent indications of the high quality of deposited layers that

can be used for the repair/remanufacturing of components.
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Chapter 5

FUNCTIONALLY GRADED MATERIAL PRODUCED BY DIRECT
LASER DEPOSITION (DLD)
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Abstract

Functionally graded material (FGM) based on Inconel 625 and AISI 431 stainless steel
powders was produced applying the direct laser deposition (DLD) process. The FGM
starts with layers of Inconel 625 and ends with layers of 431 stainless steel having three
intermediate zones with the composition (100-X)% Inconel 625-X% 431 stainless steel,
X=25,50, and 75, in that order. This FGM was deposited on a 42CrMo4 steel substrate,
with and without preheating. Microstructures of these FGMs were evaluated
considering the distribution of chemical composition and grain structure.
Microstructures mainly consisted of columnar grains independent of preheating
condition; epitaxial growth was observed. The application of a non-preheated
substrate caused the formation of planar grains in the vicinity of the substrate. In
addition, hardness maps were produced. The hardness distribution across these
FGMs confirmed a smooth transition between deposited layers; however, the heat-
affected zone was greatly influenced by preheating condition. This study suggests that
an optimum Inconel 625/AISI 431 FGM obtained by DLD should not exceed 50% AISI

431 stainless steel.

Keywords: functionally graded material; direct laser deposition; microstructure;

chemical composition; hardness.
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Introduction

Functionally Graded Materials (FGMs) can be considered as a particular class of
composites with a spatial variation of composition/microstructure along a specific
direction. However, FGMs may not encompass sharp distinguishable interfaces as
observed in traditional composite materials [1]. The application of FGMs can
overcome challenges that exist in conventional materials and processing. It enables
designers to use two complex materials that would be difficult to bond, creating
compositional gradients that allow for a gradual transition between both materials
without discontinuities that jeopardize the structural integrity of the component. This
setting leads to fewer internal stresses and cracking, consequently improving strength
[2,3].

Functionally Graded Additive Manufacturing (FGAM) concept can be developed, i.e.,
the production of FGMs that are different in distribution or composition through a
layer-by-layer approach [4,5]. Regarding this concept, the application of direct laser
deposition (DLD), also designated by laser metal deposition (LMD), will be noticeable
for depositing gradients of metals and alloys on a substrate. Densification will be
obtained by solidifying consecutive melt pools generated by the laser [6]. This
technique has the advantage of locally synthesizing metal/alloy gradients by mixing
different powders with the desired compositions, gradually varying the mixture at
intended locations [7]. However, the production of FGM components can face
challenges such as the control of mixing, melting, and cooling rate, subsequently
forming intermetallic phases and cracking. The lack of bonding between tracks/layers
may happen, that is, caused by un-melted particles due to using dissimilar powders
that have different properties.

Regarding the DLD process, laser/substrate relative velocity; laser scanning pattern;
laser power; laser beam diameter; hatch spacing; powder feed rate; powders
composition, powder gradient variation, and preheating conditions are vital

parameters that must be considered [7,8]. Moreover, laser deposited materials
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experience complicated thermal history, presenting rapid solidification, high cooling
rates, steep thermal gradients, and cyclic reheating and cooling. These conditions can
produce non-equilibrium microstructures with variations layer to layer or even within
individual layers. Therefore, the deposition process should be optimised considering
the characteristics of input materials [9,10].

The production of FGM by DLD has been the subject of study by several research
groups. However, these products are currently limited to small samples. The
construction of a component with functional gradient properties depends not only on
the position of materials but also on optimising process parameters required to control
the microstructure and improve the mechanical properties in multi-material with
functional gradient. High performance and versatility FGMs can meet performance
requirements and have been widely used in the fields of aerospace, biological,
electromagnetic, nuclear, and photoelectric engineering [7,11].

This process uses a deposition system equipped with two or more powder feeders and
can create dissimilar gradients traditionally difficult to reach. The ability to mix two
or more types of powders and control the feed rate of each flow makes DLD a flexible
process for manufacturing complex components for the innovative development of
alloys and formation of materials with a gradient of functionality [4,12,13]. This
method makes it possible to produce materials with a gradient at the microstructure
level; this gradient achieved due to the reduced and localised melting and the strong
mixing movement in the melt. Thus, materials can be adapted for flexible, functional
performance in particular applications. Besides, additive manufacturing technology
(AM) has surpassed the prototyping concept to produce solid components for end-
users.

Regarding the production of FGM by the DLD technique, some studies mentioned the
use of different systems. For the S5316/ Inconel 625 system, there was an increase of
mechanical and wear resistance due to the formation of secondary phases with the
increase of Inconel 625 alloy content [11,14-16]. The increase in wear and hardness

was also observed in the SS316/ Inconel 718 system [17]. The FGM produced using
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55410/ Inconel 625 materials demonstrated that the depositions were defected free and
with good integrity along with the entire interface [18]. The effect of preheating on
FGM was evaluated using the Inconel 625/ Ti6Al4V system, which was shown to
promote the formation of thinner and more uniform secondary phases and free of
cracks [19]. It is worth noting that there are many investigations producing FGMs
using nickel superalloys in recent years. For these alloys, a percentage increase of
alloying elements, such as Cr and Mo, promote the increase of mechanical strength
and wear and corrosion resistance.

Recognising the importance of Metallic FGM and its complexity, this article explores
the deposition of Inconel 625 superalloy powder gradually mixed with 431 stainless
steel alloy, evaluating the influence of compositional variation as well as preheating
on the microstructure and mechanical proprieties. The former condition was
performed by preheating the substrate metal used for deposition. Although several
investigations allocated the production of gradient materials using Inconel 625
superalloy with other alloys [14-16], to the knowledge of authors, the production of

FGM consisting of Inconel 625 and S5431 has not been reported yet.

Experimental Procedure

This study included the production of compositional gradients as functionally graded
material (FGM) using Inconel 625 powder (a nickel-based superalloy supplied as
MetcoClad 625 by Oerlikon Metco, so-called M625 in this study) mixed with AISI 431
stainless steel powder (a martensitic stainless steel supplied as Metco 42C from the
same supplier, so-called M42C) in gradient. According to the supplier's data sheets,
M625 has particle size range of 45 - 90 um, M42C is in a size range of 45 - 106 um, the
chemical composition of these alloys being presented in Table 1. Moreover, Figure 1
illustrates the morphology of these powders, the M625 particles are seen in spherical
form, and M42C particles have irregular shape (non-spherical). Microscopic

characterizations in this study involved a scanning electron microscopy (SEM), FEI-
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Quanta 400 FEG equipment FEG (ESEM, Hillsboro, OR, USA), using secondary
electron (SEM/SE) and backscattered electron (SEM/BSE) imaging modes. Moreover,
semi-quantitative chemical analysis was performed by energy dispersive X-ray
spectroscopy (EDX) (EDAX Genesis X4M, Oxford Instrument, Oxfordshire, UK).
Structural analysis such as crystallographic information was performed by electron
backscatter diffraction (EBSD) (EDAX-TSL OIM EBSD, Mahwah, NJ, USA) technique
applying inverse pole figure (IPF) maps.

In this study, the substrate used for deposition was 42CrMo4 steel, machined plates
in 100 x 120 x 15 mm, supplied in quenched and tempered condition. This steel is a
low alloy structural steel, presenting high strength and toughness, with good fatigue
behaviour and machinability [20,21]. Thus, it is widely used for manufacturing
industrial components such as gears, automotive components, and drilling joints
[21,22]. In the current study, the production of FGM was performed on two substrates:
1) one substrate in room temperature, 2) another one preheated to 300 °C by a manual
gas system. For the latter condition, the temperature was controlled by a digital
thermometer since it is essential to have a uniform temperature distribution in the
substrate surface. The application of without and with preheating procedures (so-
called without and with PHT in this study) aimed to evaluate the effect of cooling rate

on the evolution of microstructure in deposited layers and substrate.

Table 1. Chemical composition (wt. %) of the FGM powder alloys used in this study.

Powders Fe Ni Cr Mo Nb Si C
M42C 78.6 1.9 17.3 - - 2.0 0.2
M625 4.1 60.8 21.3 9.2 4.6 - -
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Figure 1. The morphology of (A)
technique.

The consolidation of powders, required for the FGM production, was achieved by
direct laser deposition (DLD) technique using a six-axis robot (KUKA KR90 R3100
model) connected to robotic and laser control units, this arrangement provided the
temperature control in the melt pool. This system was equipped with a Laser system
(LDF 3000 - 100), a fibre-coupled laser diode providing a wavelength range of 900-
1030 nm reaching a nominal beam power of 6000 W.

The depositions started with 100% M625 on the 42CrMo4 substrates (without PHT
and PHT conditions), followed by depositing layers of 75% M625-25% M42C, 50%
M625-50% M42C, 25% M625-75% M42C, and ended to 100% M42C. Feeding of powder
mixtures was performed in a coaxially delivering mode for constructing
compositional gradients. Moreover, argon shield gas, with 99.99% purity, was used as
protection gas with a flow rate equal to 5.5 l/min to minimise contamination and
oxidation of the melt pool during the DLD process. For the deposition of M625 layers,
the following processing conditions were used: laser power (LP) = 2000 W, scanning
speed (SS) = 6 mm/s, and feeding rate (FR) = 15 g/min. The last layers (100% M42C)
were deposited with the condition: LP = 1500 W, SS = 10 mm/s, and FR = 15 g/min.
These procedures were carried out applying a spot size equal to 2.5 mm; the trajectory

215

Effects of Processing Parameters on Direct Laser Deposited Materials for Industrial Components Repair



of depositions involved continuously parallel depositing applying a 40% overlapping
between tracks, followed by depositing successive layers rotated in 90° in each layer.
Afterwards, printed specimens, without PHT and PHT conditions, were cooled down
to room temperature. The application of these conditions were based on previous
studies [23,24]. Process optimisation is essential since FGMs produced by laser
deposition present microstructural variations across layers affected by different
parameters such as thermal gradients, these effects are caused by remelting and
reheating cycles or cooling rate [9].

Regarding microscopic characterisations, FGM specimens, with and without PHT,
were prepared using conventional metallographic techniques. However, an
additional polishing step, using a 0.06 um silica colloidal suspension, was needed for
EBSD analysis, allowing to obtain Kikuchi patterns [25].

Similar FGM specimens were used for microhardness test using a fully automated
DURASCAN 70 microindenter - EMCO TEST (EMCO-TEST PRUFMASCHINEN
GMBH, Kuchl, Austria). The HV hardness maps were produced by 700 indentations,
applying a load of 300 g, considering 0.1 mm as the distance between the centres of

every two adjacent indentations. This procedure scanned an area of 5.7 x 1.1 mm.

Results and discussion

Microstructural and Chemical Evaluations

The microstructure of a FGM specimen, from 100% M625 to 100% M42C, is illustrated
in Figure 2. In this microstructure are observed some inclusions and porosities,
apparently reduced by the increase in M42C alloy. However, this addition has ended
up with the formation of cracks; the morphology of these defects reveal that they
formed in the last layers, 100% M42C, and propagated to the layers beneath, that is
25% M625-75%M42C.

M42C deposits are prone to cracking, and strict control of processing conditions is
mandatory [23,26]. The main reason for cracking is the stresses caused by processing
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conditions, namely the different coefficients of thermal expansion, nucleating
microcracks in the brittle martensite. In this case, this was even more critical as the
tirst layers remelted the top surface of 25% M625-75% M42C layer, and unexpected
phases may have formed, increasing the brittle character of this region.

The inclusions (round black spots) are mainly complex oxides formed along the FGM,
and the irregular porosities are likely caused by elemental segregation [27,28].

Figure 3 illustrates a higher magnification of the black rectangle in Figure 2 where an
irregular porosity was detected. The morphology of the microstructure shown in the
SEM image of Figure 3 consists of a dendritic structure embedding interdendritic
regions. The elemental maps show a matrix homogeneous in Fe, Ni and Cr and zones
rich in Nb and Mo (white regions in SEM image). In regions with higher segregation,
remelting occurs during the next deposition, since every layer is highly affected by the
heat conducted from successive deposition, and liquation cracks formed and
remained in the FGM [28,29]. This can explain why this defect decrease with

increasing amount of M42C powder.

Bt s X L il x C %
MPORTOl mag O HV det WD mode
CEMUP| 95x [15.00 kV|BSED |12.0 mm|Z Cont

1 mm

Figure 2. Microstructural evolution across the longitudinal section of the FGM specimen,
SEM/BSE image.
217

Effects of Processing Parameters on Direct Laser Deposited Materials for Industrial Components Repair



Figure 3. SEM image and EDS elemental maps of a discontinuity observed in 75% M625 + 50%
M42C layer, illustrated as black square inset in Figure 2.

This second phase can be Laves phase resulting from the microstructural segregation
of Nb and Mo elements from the liquid due to rapid solidification during deposition.
The formation of Laves phase, or even of carbides, in the austenitic matrix has been
observed in several studies [30-34]. Its presence was also revealed by microscopic
observations and EDS analysis in a similar study on laser cladding of Inconel 625 alloy
[24]. The amount of Laves phase can be reduced by post-deposition heat treatments
that homogenize the material by reducing chemical composition gradients [35].

The formation of secondary phases in FGM depends on the processing history [36],
being possible to minimize the proportion of Laves phase in the microstructure by
preheating the substrate [24]. The application of PHT reduces the cooling rate of the
deposited material, allowing the diffusion of Nb and Mo elements in the matrix, thus
reducing the amount of Laves phase. The effect of Laves phase in the dendritic
structure on the material hardness is not consensual. It has been reported that phase
Laves can either increase hardness [32] or decrease it [37], in this case, due to the
reduction of carbides in the matrix as a consequence of Nb and Mo segregation.

Figure 4 illustrates several details of the FGM microstructure. The images show that

the microstructure is predominantly composed of columnar dendrites, a characteristic
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of laser-deposited structures [38,39]. This structure is formed since the thermal
gradient and the solidification rate favour columnar-dendritic solidification
morphology. There are two narrow zones of the cladding where planar and equiaxed
morphologies can occur; a planar zone forms at the interface with the substrate due to
the very high thermal gradient, and equiaxed morphology can be observed near the
surface of the melt pool, resulting from the decreasing thermal gradient as the
cladding solidifies. Typically, in this process, columnar grains grow parallel to the

main flow of heat across the material being solidified.

Figure 4. Microstructural evolution in the transversal cross section of FGMs produced (A)
without, and (B) with the application of PHT (SEM/BSE images).

During the deposition of several layers of the same material, each new layer remelts
the surface of the last deposited, replacing the zone of equiaxed grains with columnar
ones. As a result, the equiaxed region is limited to the upper surface of the cladding.
However, Figures 4.A4 and 4.B4 evidenced some equiaxed grains appearing inside
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Chemical composition (wt%)

Chemical composition (wt%)

the FGM, mainly in the upper region of the 50% M625 + 50% M42C zone. This effect
can be explained by the composition of the liquid formed and the difficulty in solute
redistribution, which can cause the appearance of equiaxed morphology, as reported
in other studies [33,40].

SEM images of Figures 4.A1 and 4.B1 reveal a dilution zone resulting from the melting
of the substrate during laser processing and ensuring the bonding between cladding
and substrate. Moreover, well-bonded layers are seen all across the FGM, Figure 4.A2
to 4.A6 and 4.B2 to 4.B6. The remelting of the upper region of the last deposited layer
and the mixing with melted powders ensure the bonding between these layers and a

continuous chemical composition gradient across the entire FGM, as shown in Figure
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Figure 5. FGM linear chemical analysis - (A) without PHT and (B) with PHT. The composition
of each FGM zone is (100-X)% M625 + X% M42C.
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The presence of Fe from the substrate in the first M625 layers is more pronounced in
the PHT condition. This difference is caused by the thermal energy having caused a
higher dilution of the preheated substrate, with more Fe incorporating the melt pool,
as observed in other studies [23]. As shown in Figure 5, the fluctuation of Fe
concentration in the PHT condition implies the depletion of the Ni, Cr, and Mo.
However, Fe from the substrate melt depletes at about 1.5 mm of the FGM regardless
of preheating conditions; afterward, the Fe concentration increases with increasing
M42C powder. Regarding other elements, the Cr distribution seems constant
throughout the FGM, this homogeneity resulting from this element existing in both
M625 and M42C powders in similar amounts. Some fluctuations in Nb and Mo
profiles are stronger for the PHT condition in layers close to the substrate, up to about
1.5 mm; as expected, concentrations of these elements decrease with increasing M42C.
This increment in steel powder is also associated with a decrease in Ni.

Figures 6.A and 6.B revealed an influence of PHT on the microstructure of the first
M625 layers, i.e., in the substrate vicinity. Without PHT, a layer with almost 50 pum of
planar grains was formed, while with PHT, only columnar structures are observed.
As already mentioned, this zone of planar grains is formed due to the very high
thermal gradient in the contact zone of the melt pool with the cold substrate; PHT
significantly reduces this gradient, and solidification conditions lead to the formation
of columnar structures. These observations are consistent with similar studies [41,24].
This layer with planar grains has been interrupted by proceeding the solidification,
that means, the solid-liquid interface growth rate and thermal gradient in the melt
pool changed in favour of columnar-dendritic growth.

The microstructural evolution in the FGM were evaluated in detail through localized
chemical analysis using EDS. The EDS analysis of zones illustrated in Figures 6.A and
6.B and presented in Table 2, also confirmed that preheating caused the increase of Fe
in the 100% M625 layers of the FGM (zones Z1 and Z3), and strongly promoted the
diffusion of alloying elements of the M625 layer into the substrate with PHT (zones

Z2 and Z4). This diffusion of Ni, Mo, Nb and Cr into the preheated substrate,
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associated with the depletion of Fe, can affect the mechanical properties, such as
hardness, of the substrate in the diffused zone.

Figures 6.C and 6.D give more details into the formation of secondary phases in FGMs.
The EDS analysis of the round dark zones, identified as zones Z5 and Z8, are complex
oxides with a composition (Cr, Ni, Fe, Nb, Mo, Mn, Si)xOy. The microstructures also
reveal the presence of lighter (white and grey) regions. The results of Table 2 confirm
that these regions are mainly Laves phase and carbides. Comparison of the chemical
composition of the zones indicated in figures 6.C (Z6 and Z7) and 6.D (Z9) shows that
preheating affects their composition by increasing the iron content and decreasing the
nickel content, in accordance with Figure 5.

PHT effect on the segregation for the interdendritic zones of Nb and Mo elements,
which are the main compositional elements of the Laves phase, is not apparent
throughout the FGM. However, close to the interface, this variation seems evident due
to the decrease of Laves phase by PHT effect, as observed comparing Zones 1 in
Figures 6.A and 6.B. This effect is, in part, is explained by the increase in Fe content in
the cladding. Furthermore, the volume fraction of the Laves phase depends on the
alloy solidification process, and higher cooling rates in this region, typical of the
cladding without PHT, reduce the time for Nb and Mo diffusion and lead to their
accumulation in the interdendritic spaces.

Typically, in the DLD process, the interface and heat-affected zone (HAZ) are critical
regions. In fact, the heat input in these regions is much smaller than in conventional
welding processes due to the localized molten region created by the laser.
Consequently, the cooling rate is very high at the beginning of cladding solidification,
promoting a significant microstructural change in the HAZ. This change can increase
the hardness and decrease the toughness in the substrate HAZ.

In this study, preheating the substrate to a temperature of 300 °C promoted not only
a microstructural change at the interface, inhibiting the formation of the planar grain
layer (Figure 6), but also in the HAZ, causing the formation of coarser structures and

reducing the formation of martensite, as shown in Figure 7. Thus, PHT leads to a
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microstructure that can reduce crack formation/propagation conditions during the in-
service use of the coated steel. Figure 7 also showed a more intense diffusion at the
interface of the FGM produced with a pre-heated substrate, with the mutual
interpenetration of the substrate and cladding leading to a diffuse interface.

Previous studies confirmed that PHT positively influenced the microstructure and the
mechanical properties in substrates processed by DLD [42]. In addition, it promoted
a reduction of residual stresses of about 40%, as well as the reduction and attenuation
of distortions [43], permitting a better distribution of stresses between the cladding
and the substrate, as well as preventing the formation of intermetallic phases (as

secondary phases), decreasing hardness, and improving mechanical properties.

0 ) m

Figure 6. SEM/BSE images showing: (A) and (B) the FGM/substrate interface; (C) and (D)
higher magnification images for secondary phases analysis from the 50% M625 + 50% M42C
layers. (A) and (C) are from FGM produced without PHT, and (B) and (D) with PHT.
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An EBSD analysis was performed to observe the morphology and grain distribution
of the FGMs, as illustrated in Figure 8. As expected, considering SEM/BSE images of
Figures 6.A and 6.B, there is a layer with smaller and equiaxed grains in the vicinity
of the substrate. This smaller grain size is more evident in the sample without PHT
due to the influence of the cold substrate. However, the microstructure in both FGMs
is mainly composed of columnar grains that grow perpendicular to the substrate, i.e.,
in the direction of deposition and heat flow. The growth of columnar-dendritic
structures along the deposition direction occurs when the temperature gradient
component in that direction is larger than other temperature components in the melt

pool [44,45].

Table 2. The EDS analysis (wt.%) performed on the FGMs zones illustrated in Figure
6.

Figure_Zone C o Si Nb Mo Cr Fe Ni Mn
71 0.9 - 0.5 2.9 7.8 16.6 223  49.0 -
72 0.9 - 0.3 0.0 0.0 1.5 97.3 0.0 -
73 0.7 - 0.5 2.7 6.2 13.6 371 392 -
Z4 0.7 - 0.4 1.2 3.2 6.9 69.1 185 -
Z5 0.7 16.9 0.4 9.2 5.2 28.2 8.8 22.5 8.1
Z6 1.8 - 2.3 120 244 143 105 347 -
77 0.7 - 2.4 11.8 243 153 100 355 -
Z8 11 12.9 8.3 6.3 6.4 199 120 275 5.6
79 1.0 - 1.8 5.2 262 160 139 359 -
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Figure 7. Morphology of the cladding/substrate interface with substrate and HAZ observed
by EBSD technique: (A1 and A2) without PHT and (B1 and B2) with PHT, showing grain maps
and SEM images, respectively.

In the layers deposited with the 50% M625 + 50% M42C powder mixture, there is a
zone with equiaxed grains, probably formed by the complex chemical composition
and the heat accumulation, which induced a partial reduction of the high thermal
gradient. However, this localized microstructural alteration is again replaced by
columnar grains, not being maintained until the last deposited layers, contrary to what
has been seen in other studies [41]. It should also be noted that the size of columnar
grains decreases as more layers are deposited.

For the first two compositions (100% Mg25 and 75% M625 + 25% M42C), the grains of
the FGM without PHT, Figure 8A, are thicker and longer than those of the FGM with
PHT, Figure 8B, which shows another effect of reducing the thermal gradient by the
application of PHT.

EBSD images also show that some grains form in one region and spread to the next,

with different compositions. This indicates epitaxial growth in successive layers. This
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type of growth, which favours the bonding between layers, occurs because the
deposition of a new layer remelts the surface of the previous one. This
remelting/solidification process allows the grains from the previous deposition to act
as nucleation sites for the solidification of new grains.

The images in Figure 8 do not show the formation of a preferential orientation in the

microstructure since no colour is dominant in these inverse-pole-figures.

| ; g
T X=25% ¢ X=50% X=75%  X=100%

Figure 8. EBSD inverse-pole-figure (IPF) map of the cross-section of FGMs (A) without PHT
and (B) with PHT showing the morphology and orientation of grains. The composition of
each FGM zone is (100-X)% M625 + X% M42C.

Microhardness Mapping

In this study, the composition gradient from the substrates to the upper layers, with a
continuous increase in the amount of martensitic steel, should show an evolution of
hardness along with the deposited layers. In fact, previous studies on the deposition
of monolayers of these materials indicate average hardness values greater than 500

HYV for M42C [23] and approximately 250 HV for M625 [24]. However, no marked
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variation in hardness was measured across the FGMs, as illustrated in the
microhardness maps shown in Figure 9. The figure also shows no significant
differences in FGMs processed with and without PHT, which proves that the influence
of PHT on the microstructure is not very significant, except for the planar morphology
of the first deposited layers.

The relatively low hardness of the M42C-rich layers is explained by a slower cooling
rate in these layers, which are the last to be deposited, inhibiting an extensive
martensitic transformation, and by these layers having about 10 wt.% Ni, which, being
one austenite stabilizer, also hinders the martensitic transformation. Finally, except
for the last layer, all others undergo a self-tempering process of the martensite that
may have formed.

Figure 9 reveals that the hardest zone obtained is in the heat-affected zone (HAZ) of
the FGM produced without PHT, meaning that preheating application promoted a
reduction in the cooling rate in the substrate, reducing the formation of martensite in
this zone, as already discussed.

The higher hardness of the FGM with PHT (indicated by a red arrow) was measured
in the M625 region, which can be attributed to compositional fluctuations leading to a
local concentration of hard Laves phase/carbides.

This evolution of hardness shows that up to 50% of M42C powder, which is
significantly less expensive, can be added to M625 powder without inducing
significant changes in hardness and microstructure, as discussed above. Larger

amounts of M42C should not be added as they can lead to cracking.
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Figure 9. FGM microhardness mapping - (A) without PHT and (B) with PHT.

Conclusions

In this study, the production of functionally graded material (FGM) by direct laser
deposition (DLD) technique was evaluated. The deposition started with layers of
nickel-based superalloy (M625 powders) and ended with layers of martensitic
stainless steel (M42C powders). Three mixtures of powders were used in intermediate
deposits, sequentially increasing by 25 wt. % the amounts of M42C powder. Moreover,
the influence of preheating the 42CrMo4 steel substrate on the microstructural and
hardness evolution in FGMs were evaluated. The main conclusions of this study are
as follows:

J Cracking-free production of the Inconel 625/AISI 431 steel FGM, applying DLD,
is only verified up to a certain composition. The addition of stainless steel cannot

exceed 50 wt. %.
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. The metallurgical bonding of deposits to substrates and between the various
layers of the FGM is ensured by the diffusion in the liquid state of the alloy
constituents, the remelting effect, and epitaxial growth.

. The grain microstructure in Inconel 625/AISI 431 FGM is essentially columnar,
regardless of preheating.

. Preheating influenced the microstructural evolution and microhardness in the
substrate and the first deposited layers; the region of planar grains observed in the
vicinity of the substrate only formed without preheating. A marked increase in grain
size and a reduction in martensite was observed in the preheated substrate HAZ,

decreasing the hardness of this region.
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Abstract

The direct laser deposition process successfully produced a bulk material by mixing
50% Inconel 625 powders (M625) with 50% AISI 431 steel powders (M42C). The
properties of this new material, such as tensile strength and wear resistance, were
evaluated. The microstructure was also analysed using scanning electron microscopy.
Moreover, the formation of defects and second phases in the bulk material were
investigated by applying a tomography analysis. M625-M42C bulk material shows
tensile strength and abrasive wear behaviour similar to Inconel 625 alloy, suggesting
a potential replacement material for the more expensive Inconel 625. This study is
focused on an innovative material, which had not yet been produced as a bulk,
allowing the evaluation of the mechanical and metallurgical characteristics promoted
by this mixture of powders. In addition, this deposition methodology seems very
interesting for cladding or repair objectives since the failure did not happen at the

transition interface between deposited bulk and substrate.

Keywords: bulk, Inconel 625, AISI 431, powder mixing; direct laser deposition;

microstructure; chemical composition; hardness.
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Introduction

Direct Laser Deposition (DLD), as an additive manufacturing process, is a technique
that has been investigated in depth in recent years. Hu et al. (2021) demonstrated that
the DLD technique provides a high laser power density, enabling the production of
unlimited-sized components. Thompson et al. (2015) showed that the technique
provides the potential to (i) rapidly prototype metal parts, (ii) produce complex and
customised parts and (iii) coat/repair metal components. This advanced process
produces components layer by layer, and, according to Zhang et al., 2018, it enables
fabricating new materials to meet an intended function. Densification is achieved by
solidifying consecutive melt pools generated by laser as a heat source. Walker et al.
(2017) cites that the DLD process is an innovative factor for the production of novel
materials., where the proper mixing of powders that must be in accordance with the
components metallurgical, mechanical, chemical, and tribological requirements.
Recently, Yan et al. (2020) provided an overview of the progress in metallic
Functionally Graded Materials (FGM) fabricated by DLD emphasizing the complexity

of the process.

DLD depositions are, in fact, a complex process that involves the interaction between
laser and metal (powders, wire or a combination of both), melt pool movements, rapid
unbalanced solidification and phase transformations, as evidenced in the study of
Wang et al. (2017). Mahamood (2018) demonstrated that the technique has the
advantage of locally synthesising compositional gradients by mixing different
powders, gradually varying the mixture at intended locations, thus generating parts
with graded material properties. In the DLD process, high cooling rates caused by the
localised heat inputs of the laser beam are observed. This rapid cooling causes
metallurgical defects associated with metastable phases in the deposited material and

the heat-affected zone (HAZ). Martin et al. (2022) demonstrated that the DLD
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technique could be combined with other additive manufacturing processes, such as

Powder Bed Fusion (PBF), to produce hybrid structures.

Brandl et al. (2011) demonstrated that preheating (PHT) of the substrate is one of the
processes to reduce the cooling rate and decrease the hardness in HAZ. Dass and
Morid (2019) proved that PHT reduces the sharp thermal gradients. The laser
absorption rate by the substrate is higher when there is preheating, according to
research conducted by Su et al., (2019). As stated by Jiang et al. (2020), PHT improves
stress distribution and prevents the formation of hard structures that are detrimental
to the mechanical properties of the cladding. Meng et al. (2019) analysed the
production of a gradient material using the Inconel 625/Ti6Al4V system. They
demonstrated that preheating promotes the formation of thinner, more uniform and
free of cracks secondary phases. The effect of preheating was discussed in two
previous studies. According to Ferreira et al. (2021c), PHT promotes an increase in
dilution in relation to samples without PHT, and this increase causes a decrease in the
yield of the deposition process. Ferreira et al. (2021a) analysed the influence of
substrate preheating to 300 °C on the microstructure of the cladding/substrate
interface, showing that it reduces formation of hard and brittle phase and the hardness

profile, mainly in the heat-affected zone.

The production of Functionally Graded Additive Manufacturing (FGAM) materials
is, as mentioned, one of the major advantages of DLD. FGAM allow achieving
spatially variable properties through gradual changes in composition or structure. The
design, development, and applicability of FGAM by Direct Laser Deposition (DLD) is
an important alternative for producing high-performance materials, mainly for the
aerospace, automotive, medical, and energy sectors. FGAM can provide settings
impossible to be achieved by traditional materials and processing. Allowing bonding
two complex and incompatible materials by creating compositional gradients that
function as transition layers between the two materials, this process minimises
internal stresses and cracks, consequently improving mechanical strength, as
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evidenced by Durejko et al. (2014). FGAM allow the production of materials with
mechanical (Su et al., 2020), magnetic (Zhang et al., 2018) or thermal (Soodi et al., 2013)
properties varying throughout the component. Popovich et al. (2017) concluded that
microstructural and chemical changes promote physical and mechanical properties
alterations in the FGAM during DLD. Sarathchandra et al. (2018) recently reviewed
this topic and identified that there is still a gap to understand microstructure, phase
transformations, manufacturing process modelling and process optimisation in order

to achieve better results.

Several studies have analysed the production of gradient materials using Inconel 625
superalloy with steels, mainly austenitic stainless steel. Mirzana et al. (2016) produced
sound discs through the DLD process with two different materials, AISI 316 steel and
Inconel 625, obtaining a microstructure that revealed a uniform variation of properties
in the interface region, low distortion. The mechanical properties of an Inconel 625 -
AISI 316L gradient material were evaluated by Koike et al. (2017) who showed that
the bonding interface presented comparative mechanical strength and hardness
similar to those of AISI 316L. An analogous mechanical behaviour was obtained by
Zhang et al. (2019), when analyzing a FGM produced using AISI 316L and Inconel 625
powders. Clare et al. (2022) reviewed the metallurgical and mechanical characteristics
of mixtures of materials by different additive manufacturing techniques; these new
materials could respond to challenges posed by different industrial sectors. However,
bulk production with tailored composition for the repair or remanufacturing of
components is an approach that has not yet been studied. A new combination of
powders can produce less expensive materials with enhanced mechanical strength

and wear and corrosion resistance.

In this sense and recognising the importance and complexity of developing this type
of solution, this study explores the production of a bulk composed of 50% Inconel 625
(M625) and 50% AISI 431 steel (M42C) deposited on a preheated substrate. In a
previous study by Ferreira et al. (2021a), an FGAM using the same powders was
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produced, with deposition of initial layers of M42C, followed by layers of M625-25%
M42C, M625-50% M42C, M625-75% M42C and ending in 100 % M42C. A metallurgical
and mechanical analysis of the FGAM allowed the selection of the best composition
for industrial applications. The microstructural analysis shows that several phases,
with different chemical compositions, are formed as the mixture of powders varies,
being also dependent on the manufacturing conditions. Inconel 625 + 50% AISI 431
steel ensures a cladding free of cracks and porosities, with a hardness similar to that
of Inconel 625, and with less amount of this material, being, therefore, the least
expensive. In this study, this composition was selected to produce a massif to analyse
the structural integrity of this new material, its mechanical response and wear

resistance.

Experimental Procedure

Direct laser deposition (DLD) technique, assembled with a six-axis robot (KUKA KR90
R3100 model), and equipped with a Laser system (LDF 6000 — 100), a fibre-coupled
laser diode providing a wavelength range of 900-1030 nm and reaching a nominal
beam power of 6000 W, was applied for the powder consolidation and production of
blocks. The laser beam was delivered through an optical fiber of 1.0 mm in diameter,
and with a beam quality of 100 mm*rad. The materials produced in this study include
blocks of equimassic mixture of Inconel 625, so-called M625, and AISI 431 stainless
steel, as M42C; and of individual alloys as references. The particles range size for M625
and M42C are 45 - 90 um and 45 - 106 pum, respectively. Figure 1 illustrates the
morphology of these powders, the M625 particles are seen in spherical form, and
M42C particles have an irregular shape (non-spherical). Powders and steel substrates
chemical composition is presented in Table 1. The particle size and chemical
composition of the powders referred to are those indicated in the supplier's

datasheets.
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Table 2. Chemical composition (in wt%) of M625, M42C powders and 42CrMo#4 steel.

Raw Material C Cr Ni Mn Mo Nb Si P S Fe
M625 - 21.3 60.8 - 92 46 - - - 4.1
M42C 018 173 1.9 - - - 0.24 - - Balance

42CrMo4 042 1.11 - 067 019 - 028 0.025 0.015 Balance

Figure 1. SEM/BSE technique illustrates the morphology of (A) M625 and (B) M42C powders.

Before deposition, the substrates, 42CrMo4, were cleaned with pure acetone and
heated to approximately 300 °C by an oxy torch. This preheating condition was
applied to eliminate moisture and decrease the cooling rate in the melt pool and
adjacent regions of the substrate (thus reducing the detrimental effect of the HAZ).
Successive depositions of an equimassic mixture of M625 and M42C powders (M625-
M42C) were made to produce a bulk material. The powders were mixed and
transported by a mixer attached to the feeders. Deposition was carried out through a
one-step process with a coaxial powder nozzle. The nozzle had a self-contained
powder feeder, a shield gas channel and four carrier gas channels. In addition, argon
gas with 99.998% purity was used as shielding gas with a flow rate equal to 9.1667x10-
5 m?¥seg (5.5 1/min) to minimise the contamination and oxidation of the melt pool

during the DLD process. Furthermore, for bulk production, the Inconel 625 (M625) +
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50% AISI 431 (M42C) powder deposition strategy selected was the zigzag-XY tool

path, as shown in Figure 2.

A

-
\

Yb-fiber laser V

Powder feeding
system

N
Shield gas

Su%

Figure 2. Schematic diagram of the strategy for the Inconel 625 (M625) + 50% AISI 431 (M42C)
bulk production by DLD. An image during the production of a bulk is also shown.

These two combined parameters, specific energy [J/mm?] and powder density G
[g/mm?], lead to a simpler and more general (non-machine specific) approach to the
process, where LP is the laser power on the substrate [W], SS is the scanning speed
[mm/s], ¢ is the radius of the laser beam on the substrate [mm], and FR the powder

feed rate [g/min]:

LP
Especific = m 1)
FR
=9+ 5S (2)

The combined parameters applied for depositing in the current study are presented
in Table 2. These combined parameters were applied based on a previous study
developed by Toyserkani et al. (2017). Nonetheless,in all tests, a spot size of 2.5 mm,

and an offset in the Z-axis of 0.2 mm were applied; the coaxial powder flow had a focal
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distance of 13 mm. The trajectory of depositions involved continuously parallel
depositing applying a 40% overlapping between tracks, followed by depositing
successive layers rotated at 90° in each layer. The depositions were carried out in order
to produce layers with similar thicknesses; the average layer thickness is 1.47 mm.

Figure 3 shows a block produced by the DLD technique.

Table 3. Combined parameters for bulk production by DLD.

Combined parameters 50% M625 + 50% M42C
Especific U/ mmz] 60
G [g/mm?] 0.01

42CrMo4

Figure 3. New material M625-M42C bulk, produced by DLD on 42CrMo4 substrate.

The bulk was cut for microstructural characterisation using a metallographic cut-off
machine with refrigeration to avoid substrate and cladding overheating. Samples
were mounted in resin and polished down to 1 um diamond suspension. An
additional polishing step was performed, using a 0.06 pm silica colloidal suspension
for a superior surface finish and polishing-induced plastic deformation removal.
Chemical compositions and microstructure were systematically investigated using

scanning electron microscope (SEM) FEI Quanta 400 FEG (ESEM, Hillsboro, OR, USA)
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equipped with Energy Dispersive X-Ray Spectroscopy (EDX) (EDAX Genesis X4M,
Oxford Instrument, Oxfordshire, UK).

Uniaxial tension tests were performed accordingly to DZugan et al. (2015), using an
electromechanical uniaxial testing system (MSTD, INEGI, Portugal) with a 5 kN load
cell at a 0.5 mm/min strain rate. Digital image correlation (DIC), a non-contact method
to measure surface strains, was used to calculate surface strains using correlation
software (VIC-2D 6, Correlated Solutions, Inc., USA). The DIC images were captured
with a telecentric lens (Infaimon OPE-TC-23-09, 45 mm) and a 5 MPixel camera (Basler
acA2440-75um, 2448x2048 pixels). Hardness tests were carried out, applying a load of
30 kgf per indentation, using EMCO M4U Universal machine (EMCO-TEST
PRUFMASCHINEN GMBH, Kuchl, Austria).

The abrasive resistance analysis was performed (1071-6:2007, 2010) applying the ball-
cratering method, considered as a micro-abrasion test. A homogeneous slurry of SiC
in distilled water, 2 vol.%, was used, continuously stirred during the test to ensure the
dispersion of particles in the slurry. The ball test was a 25.4 mm diameter hardened
steel (SAE 52100), the rotation was performed at a fixed speed of 85 rpm applying a
constant load of 0.25 N, delivering the slurry at the contact surface through a roller
pump. The specimens were subjected to this test in four individual rotations, for 30,
60, 120 and 240 minutes, corresponding to 203.48 m, 406.96 m, 813.92 m, and 1627.85
m of sliding distances. Micro-abrasion wear tests were performed to evaluate the bulk
wear rate with the PLINT TE 66 Micro-Scale Abrasion Wear Tester (Phoenix
Tribology, England) with a fixed rotating ball configuration. The worn surfaces were
observed using LEICA DMV6 digital microscopy, equipped with LAS X software for
image viewing and extracting crater profiles. The measurements were made using
image processing software (Image]). Afterwards, the worn volume, V in mm3, was
calculated using V=mxb4/(64xR) equation in which "b" is the crater mean diameter

(mm) and R is the steel ball radius (mm). The abrasive wear rate, Kin mm3-N-1-mm-1,

243

Effects of Processing Parameters on Direct Laser Deposited Materials for Industrial Components Repair



was calculated through K=VxS5-1xN-1 where S is the sliding distance (mm) and N is
the applied load (N) (1071-6:2007, 2010).

X-ray computed tomography (X-Ray CT) (Nikon XT H 225, England) was used to
investigate the distribution and size of discontinuities along with three cylindrical
samples, with approximate dimensions of 9.93 x 23.68 mm, taken from the bulk
produced with M625 + 50% M42C. The scanning time for each sample was 2 h and 12
min, using a Imm silver filter. The source was an X-ray tube using an accelerated
voltage of 225 kV and amperage of 116 pA. For this experiment, the effective voxel
resolution was 17 mm. The dataset obtained from the X-Ray CT test was reconstructed
using the manufacturers Inspect-X software. In addition, the data was imported into
the myVGL 3.4.1 software (Volume Graphics GmbH, Germany), allowing three-
dimensional visualisation, segmentation and quantification of the distribution of

discontinuities.

Results and Discussion

Microstructure of the bulk material

Figure 4 illustrates the microstructure of the produced bulk material in different
regions, consisting of dendrites, cellular and elongated morphologies, and
discontinuities smaller than 0.1 mm. Microscopic observations did not detect non-
fused particles that could act as weak points and diminish the mechanical properties
of the produced material. According to Figure 4, with different magnificato, the main
discontinuities observed in the bulk microstructure were inclusions of oxides,
carbides and second phases precipitated in the interdendritic spaces, described in
detail in the previous study by Ferreira et al. (2021b). Inclusions are typically
submicrometer and may reach a few micrometres.4. The formation of these inclusions

is directly related to the metallurgical interactions that occurred between the
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constituents. However, microscopic observations did not reveal the presence of any

porosity in the microstructure of the bulk material.

Figure 4. SEM images from the bulk material, M625 + 50% M42C produced by DLD, showing
the microstructure and some inclusions.

Computerised Tomography

The structural integrity of the bulk material produced in the current study was

confirmed by performing a 3D computerised tomography, X-ray scanning CT.
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According to Du Plessis et al. (2018), this analysis is a non-destructive evaluation
technique that allows the identification of internal discontinuities in components, the
3D images from the internal structure of the specimens are obtained applying X-ray
radiation passing through the object and then being detected by an adequate detector.
Proper radiations include the electromagnetic spectrum from microwaves to gamma
rays or particles including protons, neutrons and electrons, which can produce 3D
images with a spatial resolution larger than 1 micron (De Chiffre et al., 2014). The
specimen preparation is not critical, and multiple scans can be performed for the same

specimen under different conditions.

Discontinuities observed in the microstructure, Figure 5, are not detected by X-ray CT
analysis. Figure 5A shows the generated profile from the bulk material, a cylindrical
specimen approximately 23.68 mm long and 9.93 mm in diameter. The top view that
corresponds to the volume obtained from the cylindrical body is shown in Figure 5B.
Thus, it is possible to observe that a high-dense bulk has been produced, free of cracks

and with a small distribution of discontinuities in volume.

Volume [mm?]

0.0033
0.0032
0.0031
0.0030
0.0029
0.0027
0.0026
0.0025
0.0024
0.0023
0.0022

Figure 5. 3D visualisation of the bulk material produced in the current study: (A) a cylindrical
specimen (B) the top view of the specimen.
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According to data obtained from the myVGL software, the total analysed volume of
the bulk specimen was 1130.15 mm?, with a defect volume of 0.0085 mm?. The detected
discontinuities, with dimensions greater than 0.1 mm and with maximum sphericity
of 0.66, can include porosities and/or inclusions, though microscopy observations did
not reveal any porosity, Figure 4. The formation of these discontinuities is related to
the interaction of elements susceptible to oxidation during laser processing. Porosities
and inclusions can contribute to the occurrence of an early fracture, reducing ductility,

thus decreasing the mechanical properties.

Uniaxial Tensile Test

Figure 6 illustrates the geometry of the specimens and the uniaxial tensile test setup,
a 5 kN testing system developed by Cruz et al. (2020). The tests were performed at
room temperature with a constant crosshead speed of 0.5 mm/min, corresponding to

an initial strain rate of 3.7x10-3 s.

Bl

(A) (B)
Figure 6. (A) The design of the tensile specimens, dimensions are in mm, and (B) the uniaxial
tensile test equipment and sample

Figure 7 presents the tensile specimen preparation from produced bulk material.
Tensile specimens with a thickness of 1.4 mm were extracted using wire electrical

discharge machining process, parallel and perpendicular to the building direction.
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Moreover, a set of specimens was prepared consisting of bulk material and the
substrate, with the interface in the middle of the gauge length (Figure 7B). Several tests
were conducted for each direction to ensure the repeatability of the results. Table 3 list

the test conditions.

Table 3. Uniaxial test conditions.

Property Value
Maximum load [kN] 5
Crosshead speed (grip) [mm/min] 0.5
Data acquisition [Hz] 10
Clip gage initial length —10 [mm)] 3
Temperature [°C] 23
Relative humidity [%] 54

The measurement of elongation in the gauge length applying the digital image
correlation (DIC) approach allowed the determination of material strain during the
tensile test. A camera is coupled with dedicated software analysing the collected
images and computing the strain field captured by the DIC system. The strain field
(logarithmic Hencky strains) in the filmed area was computed using a commercial

software VIC-2D 6 with a step size of 7 and a set size of 25.

Vertical

Horizontal

X

Interface

(A) (B)
Figure 7. The strategy used to produce specimens from the bulk material: (A) extraction
scheme and (B) a real image of a specimen encompassing interface in the gauge length.
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The engineering and true stress-strain flow curves obtained from the uniaxial tensile
tests are shown in Figure 8. In addition, Figure 9 presents the mean values of

fundamental properties calculated for each loading direction (horizontal and vertical).

As shown in Figure 8, the acquired data indicates a high consistency in mechanical
characteristics across the entire bulk, with identical hardening behaviour observed in
different tests. The vertically extracted specimens have a slightly lower yield stress
than the horizontally oriented specimens; however, they have a greater ultimate
tensile strength and better reproducibility. The difference in ultimate tensile strength
(UTS), which is larger than 60 MPa, can be explained by the lower elongation of
horizontal specimens (Figure 9), resulting in early fracture and lower UTS values.
Figure 10 presents several images illustrating the strain field evolution of a horizontal

sample during the tensile test.

Additionally, a comparison of these specimens flows stress-strain curves (Figure 11)
with the behaviour of additive manufactured M625 and M42C specimens, was
performed for a better interpretation of the acquired data. The specimens were
extracted from a similar 3D feature to the Figure 3 and produced under identical

experimental conditions by Ferreira et al. (2021c) and Ferreira et al. (2021a).

1000 T T T T 1000
& 800f 800
= ‘T
% = S T
~

2 600} \ Bulk, . = 600 | Bulk, ., |
= \ o0 1
g I W N Bulk, . E Bulkhcyrz
c -
-5 400 | Bulkmr $ 400 ff _BUIkhor3 4
] =)
£ === BUIkver |: === BUIkver
(e)] 1
LICJ 200 | 1 7Bulkver2 200 | —_— BUIk\.'er2 A

‘\\_‘._ B"llkver3 BUIkver:s

0 N 2 " B S— 0 " N N :
0 10 20 30 40 50 0 0.05 0.1 0.15 0.2 0.25
Engineering strain [%] True strain
(A) (B)

Figure 8. Engineering (A) and true (B) stress-strain curves of bulk material obtained from the
uniaxial tensile test for different loading directions.
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Figure 9. Mechanical properties of bulk material obtained from tensile tests for different
loading directions (average values): yield stress (YS), UTS, uniform elongation (es) and total
elongation (ex).

As seen in Figure 11, the results of the uniaxial tensile tests indicate that the
mechanical hardening behaviour of this new bulk material is comparable with that of
M625, when subjected along the vertical direction. The M625 has a predominant
mechanical advantage over the M42C. The bulk shows a lower plastic deformation
capacity before fracture compared with M625, which is consistent with the lack of

ductility in M42C.

The anisotropic response is another characteristic that can be observed when these
materials are evaluated separately, dependent on the loading direction relative to the
deposition building direction. However, the M625-M42C bulk material shows a closer
trend for both types, taken perpendicular (vertical) and parallel (horizontal) to the
building deposition, especially in yield stress. Concerning the plastic deformation of
vertical specimens, the new bulk material has a closer value to the M625 alloy. The
primary mechanical parameters obtained from the uniaxial tensile tests are

summarised in Table 4.
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Figure 10. Logarithmic strain field illustrated along loading direction on a horizontal
specimen: a) e=0%, b) €=3.5% c) e=10.6% d) e=18.1% e) e=22.6%.
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Figure 11. Comparison of (A) engineering and (B) true stress-strain curves for different
loading directions of three materials: the bulk (M625-M42C) material, M42C and M625 alloys.

DLD process is reliable for cladding purposes, requiring an adequate metallurgical
bonding to the substrate material. Hence, the uniaxial test was performed for
specimens that include the bonding interface in the gauge length, shown in Figure 7.
Figure 12A exhibits the force vs elongation in a specimen that includes this interface.
The corresponding stress-strain curve is compared with the bulk material in
horizontal and vertical conditions. As seen in Figure 12B, the mechanical response of
this specimen is an intermediate. The vertical and interface specimens present a

similar behaviour because both were extracted from the bulk material in the same
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orientation. Moreover, the strain field of this specimen, for different moments of the
tensile test, illustrates that the failure occurred out of the interface region, Figure 13.

Thus, the bonding between the bulk material and the substrate is acceptable.

Table 4. Mechanical properties of M42C and M625 alloys and of the bulk material.

Loading YS UTS eu et
Material
direction [MPa] [MPal [%] [%]
Horizontal 173.1 186.1 1.2 2.4
M42C
Vertical 298.8 375.9 1.2 1.4
M625 Horizontal 512.4 860.1 39.1 42.3
Vertical 449.1 807.1 40.5 46.8
Bulk Horizontal 467.4 641.9 11.0 20.2
(M625-M42C) Vertical 428.6 703.0 22.3 30.8
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Figure 12. (A) Evolution of force (F) with elongation (Al) obtained from the specimen
containing interface between the substrate and the bulk material; (B) comparison of
engineering stress-strain curves.
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Figure 13. Logarithmic strain field along loading direction obtained for the interface sample:
a) e=0%, b) e=3.3% c) e=10.5% d) e=17.9% e) €=23.6%.

The fracture surfaces of tensile specimens, taken horizontally and vertically, were
analysed using a scanning electron microscope (SEM). Figure 14 shows the
morphology of the fracture surfaces. Fractography analysis was performed on the
M42C alloy (Figures 13A and 14B), M625 (Figures 14C and 14D), and the bulk material
(Figures 14E and 14F) produced in the current study. This analysis aimed to determine

the fracture mode occurred during the uniaxial tensile test.

According to BS EN 10088-5:2009, for martensitic stainless steel such as AISI 431
(X17CrNil6-2), the minimum values to be considered are 600 MPa of yield strength
(YS), 800-950 MPa of the tensile strength (UTS) and 14% of elongation at failure. These
properties were not obtained in this material processed by DLD, presented in Table 4.
The fracture surface of 100% M42C alloy, Figures 14A and 14B, shows cleavages that
are characteristics of transgranular fracture, representing a brittle failure. The failure
in M42C alloy was independent of sample direction. Although the vertical specimen
of this alloy presented higher yield strength than the sample obtained from the
horizontal direction, the material at both directions shows similar elongation. The
difference in the Ys and UTS can be attributed to the stronger integrity obtained in the

building direction. Moreover, the weak properties of the horizontal specimen can be
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assigned to discontinuities such as complex oxides, cracks, and slag accumulation in
the overlapping zones. The performance of EDX local analysis, Table 5, on some zones
at the fracture surfaces, yellow insets are shown in Figure 14A and 14B, confirms the

presence of complex oxides (Fe, Cr, Si)xOy.
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Figure 14. Fractography of tensile specimens: (A) horizontal and (B) vertical M42C specimens;
(C) horizontal and (D) vertical of M625; (E) horizontal and (F) vertical of the bulk material.
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Table 5. Chemical composition obtained by EDX analysis from the zones highlighted
by yellow insets in Figure 13.

Chemical composition (at %)

Zomes T Fe Ct Mo Mn Nb Si Al Ca O
71 102 5015 14585 13.73 20.25
72 184 7663 19.05 2.48

73 05 2562 17.17 2.07 17.38 37.26
74 18 7758 1778 2.84

75 5208 0.84 2465 7.78 1189 276

76 2244 3028 166 719 364 661 28.18
77 6566 075 2451 588 185 135

78 5863 063 2551 593 711 219

79  16.03 3082 106 1013 12  11.62 29.14
710 6537 096 2383 598 197  1.89

Z11 58 912 1427 103 349 241 1887 032 44.64
Z12 3005 399 2156 395 141 236 077

Z13 149 263 1028 359 2686 069 208 5238
Z14 6835 072 2422 412 153  1.06

Regarding the fractography of the 100% M625 alloy produced and tested in this study,
Figure 14C and 14D, respectively horizontal and vertical directions, dimples are
observed as the characteristic of ductile failure mode, associated with good bulk

toughness and tensile strength, as presented in Table 4.

The insets are shown in Figures 14C, and 14D represent the matrix (Z7 and Z10) and
Laves phase (Z5 and Z8), as their chemical compositions are presented in Table 5,
appearing adjacent to the dimples. It is possible that these microconstituents, with
high hardness, act as stress concentration zones and crack initiation under stress. Sui
et al. (2019) demonstrated that the finer the dimension of the Laves phase, the better
the material behaviour in tension. Complex multimetallic oxides (Z6 and Z9) were
also identified in this alloy. EDX analysis of these oxides identified a high amount of
chromium, silicon, manganese, and niobium, which is related to the affinity of these
elements with oxygen. However, Wang et al. (2019) demonstrated that these complex

oxides are not necessarily detrimental since they can promote an increase in bulk
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resistance at high temperatures. Matrix chemical composition is described by Z7 and

710 zones (Table 5).

The information provided in Table 4 presented that the new bulk material, M625 +
50% M42C, is stronger with more capacity for withstanding plastic deformation in the
vertical direction than the horizontal one. Figures 14E and 14F illustrate the
fractography consistent with this characteristic, appearing larger dimples in the
vertical specimen. Nevertheless, the new bulk material showed a ductile failure mode
in both directions, similar to the M625 alloy. Although large oxide particles are seen
in the fractured surface, zone Z13 in Figure 14F, the bulk material in a vertical direction

withstander tensile stresses near the M625 alloy.

Abrasion wear characteristics

According to hardness measurements (M42C 508 + 4 HV30, M625 319 + 8 HV30, and
Bulk 222 + 9 HV30), it is expected that the harder the material, the smaller the worn
volume. Abrasive wear analysis was performed on similarly produced M42C alloy,
M625 and the bulk materials. Figure 15A and 15B shows the craters that appeared on
the surface of the bulk after 4h. As seen in Figures 16A and 16B, this behaviour is
influenced by the chemical composition and the sliding distance. In the current study,
the hardest material, M42C, did not show a good wear abrasive resistance to sliding
distance, whereas the bulk material appears as good as Inconel 625 alloy. The former
behaviour can be attributed to the alloy microstructure, such as cracking, as presented
in a previous study by Ferreira et al. (2021b). As seen in Figure 16A, the Inconel 625
alloy and the bulk material tend to erode less than the M42C alloy within long
distances. Although the worn volume increases continuously with sliding distance,
Figure 16B confirms that the wear rate decreases with this distance.

These results are noteworthy since the bulk material shows an abrasive wear
resistance behaviour similar to the M625 alloy, a more expensive material. Thus, the
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bulk material produced in the current study is proposed to substitute Inconel for the

repair and remanufacturing of components.

(A) (B)

Figure 15. Worn craters of 1627.8 m sliding distance (equivalent to 4h) for the bulk (A) OM
image, and (B) a 3D image of the similar crater.
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Figure 16. (A) the worn volume and (B) wear rate as a function of the sliding distance under
0.25 N, constant load.

Conclusions

A bulk material composed of 50% Inconel 625 mixed with AISI 431 alloy was
successfully produced by laser direct deposition process. Moreover, individual blocks

of Inconel 625 and AISI 431 alloys were similarly produced and served as references.
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The 41CrMo4 steel was used as deposition substrates, preheated to 300 °C. Uniaxial
tensile test was conducted, and a digital image correlation methodology was
implemented to evaluate plastic deformation behaviours. Abrasive wear resistance
was performed using ball cratering analysis. Microstructure observations were
performed for microstructure analysis, such as fracture surface, wear measurements,
and phase formations. The formation of defects and second phases in the bulk material
was investigated by tomography analysis. The achievements of this study are

summed up as follows:

. The mechanical behaviour of the bulk deposited material is not very far from

the Inconel 625; the worst results were obtained for the M42C alloy.

d The UTS and elongation of the bulk material are higher in the direction parallel

with building construction than in the horizontal direction.

. Fracture analysis supports the plastic deformation behaviour of the M625 and
of the bulk materials when exposed to uniaxial stress respectively in parallel with the
building direction, and perpendicular direction, i.e., the presence of dimples seemed

more dominant than cleavages face in these materials.

d The bulk material has good bonding with the substrate alloy since the fracture

happed to the deposited material.

. The bulk material illustrates a similar behaviour in the abrasive wear test as the
M625 alloy.
. Tomography analysis detected a few discontinuities having a dimension less

than 0.1 mm.

. Scanning electron microscopy analyses revealed the presence of
submicrometer second phases such as oxides or carbides precipitated at the

interdendritic spaces.
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Chapter 6
ONGOING WORKS AND PROPOSALS FOR FURTHER RESEARCH
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Ongoing Works and Proposals for Further Research

Preliminary tooth reconstruction

In order to validate the concept developed throughout this research, rebuilding tests
of a previously selected gear were initiated. This step aims to evaluate the
reconstruction process of spur gears through the characterization of geometric
properties, mechanical properties and functional aspects. Figure 1 shows the gear

(FZG pinion type C14) chosen for the laboratory tests for rebuilding the teeth.

Figure 1. Schematic of the FZG Pinion Type C14.

The gear used for the development of the laboratory scale research is manufactured
in 42CrMo4 and carburized to produce a 60 HRC surface hardness. The mating wheel
is of the same type but with 24 teeth, and the Pinion geometric characteristics are

shown in Table 1.
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Table 1. FZG Pinion Type C14

Tooth Characteristic Value
Module 4,5 mm
Number of Teeth 16
Reference Chainring ISO53 - 20°
Primary Cut Diameter 72,000 mm
Tooth Offset Coefficient +0,1817
Tangential dimension k Teeth (k = 3) 34,779:8:(1)11 mm
Class DIN 5b24
Between Shaft 91,5 + 0,01 mm
Number of Teeth Mating Whee 24

The gear repair process is shown in Figure 2. Figure 2A shows the cuts performed on
the gear, where region 1 was machined to remove all the tooth. In region 2, partial
tooth removal was performed. Meanwhile, in region 3, total removal and deepening
of the cut allowed for greater interaction and dilution of the material deposited with
the substrate. Figure 2B shows the repair via Direct Laser Deposition, and Figure 2C

shows the restored geometry after machining.

(A)

Figure 2. FZG Type C14 Pinion. (A) cuts, (B) repair via Direct Laser Deposition and (C)
geometry restoration.

Initially, the reconstruction was made using Inconel 625 (M625), deposited with the
conditions and parameters described in chapters 3 and 4. The tests are being carried

out at the Tribology, Vibrations and Industrial Management Unit of the Mechanical
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Engineering Department of the Faculty of Engineering of the University of Porto.
After these tests, similar procedure will be performed with the 50% M625 + 50% M42C

powder mixture, using the same type of gear.

Initial laboratory-scale testing allows project risk to be mitigated by iteratively
producing successive test elements and validating them. Laboratory
specimens/prototypes of a more functional character will be built throughout the
project to verify structures, materials, manufacturing procedures and connection
between systems. The final tests will be executed on an industrial scale, reconstructing

one or more gear teeth to be tested on SERMEC Group's test bench, as shown in Figure

Figure 3. Test bench SERMEC Group.

SERMEC has a 2 MW test bench capable of testing transmission elements (gears,
shafts, etc.) in accordance with standards and thus comparing performances between
new and repaired components. This comparison will attest to the compliance with the

imposed safety criteria and industrial validation
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New Materials Development

The development of innovative materials for the various industrial sectors to repair
large components pushes the boundaries of material properties to extreme levels,
being one of the motivations throughout this research. Another factor is the hardness
that the gearing must have on the outer layer, and the neighbouring teeth have a

hardness around 60 HRC, obtained through thermochemical treatments.

Due to this fact, a new FGM was produced by mixing M625 and NiCrWMo alloy. The
FGM was characterized by microstructural analysis and microhardness mapping, and

some results are presented below.

Figure 1. Powder morphology. (A) MetcoClad 625 — M625; (B) NiCrWMo — D4006.

Table 1. Powders chemical composition.

Powders C Cr Fe Mo Nb B Cu \4 Ni
M625 - 213 41 9.2 4.6 - - - Balance
D4006 0.75 205 09 9.0 - 0.75 4.0 10.0 Balance
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M625 M625 + 25% D4006 M625 + 50% D4006 M625 + 75% D4006 D4006

i~

Figure 2. EBSD maps of the as-built Functionally Graded Materials (FGM): (A)
without PHT and (B) With PHT.
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Figure 3. Microscopic morphology obtained by scanning microscopy (SEM) of the
FGM produced by direct laser deposition (DLD). Image taken in the transition from
M625-25% D4006 to M625-50% D4006.
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Figure 4. Microstructural constituents in the matrix and interdendritic zones of FGM.

Table 2. EDX chemical composition (in at%) and possible phases, based on phase diagrams
[58]-[61], EDX and EBSD analysis of the different zones presented in the SEM images in
Figure 8.

Chemical Composition in (At %)

"™ B C 0 Al Si_ W Nb Mo Mn Cr Fe Ni Cu

71 - 40 - - - 12 13 52 - 223 34 610 17

Z5 - 13.0 - - - - 229 - 184 93 365 -
% - 56 - - - 21 51 176 - 309 21 366 -
77 - 34 303 07 73 - 30 6.6 - 229 - 258 -
78 - 41 - - - 13 16 88 - 376 07 459 -
79 - 109 - - - 57 49 176 - 223 08 377 -
L Z0 68 32 434 - - 07 11 61 - 35 - 53 -
711 - 56 - - - 39 18 160 - 366 - 360 -
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Figure 5. FGM microhardness mapping - (A) without PHT and (B) with PHT. Microhardness
regions: 1 - HAZ; 2 — 100% M625; 3 — M625 + 25% D4006; 4 — M625 + 50% D4006; 5 - M625 +
75% D4006; 6 — 100% D4006.

For future work, bulks were produced that will allow the evaluation of the mechanical
and microstructural properties of each layer. Tests are underway to determine the
fatigue resistance of bulks produced with M625 + M42C and M625 + NiCrMoW
selected compositions. For the latter combination (M625 + NiCrMoW), mixing the
powders is essential because 100% NiCrMoW exhibits low metallurgical bonding to
the steel substrate, with deposited material detachment, even with changes in

processing parameters.
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Chapter 7

GENERAL CONCLUSIONS
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General Conclusions

This PhD thesis was established to demonstrate the industrial applicability in
producing innovative materials for the repair/reconstruction process of industrial
components such as gears. Throughout this investigation, emphasis was given to
evaluating the mechanical, microstructural and fractographic characterization of
single lines, FGM's and bulks. Synergies of different properties of these innovative
materials were also explored to obtain a repair/reconstruction with the required
characteristics. The main conclusions obtained in this investigation are presented

below.

v" The analysis of the deposition of AISI 431 steel powder (Metco 42C) clads on a
42CrMo4 steel substrate revealed a martensitic structure with delta ferrite. This
structure is susceptible to the appearance of cracks in the cladding area, this
cracking being more common when the substrates were pre-heated to 300 °C.
Increasing laser power and scan speed increases the possibility of cracking. The
use of complex experimental parameters made it possible to define the
conditions that prevent cracking and guarantee a sound clad with a good
deposition yield. The use of a genetic optimization algorithm indicated that the
best processing conditions were obtained with speeds of 10 mm/s, feed rate of
15 g/min, and laser powers of 1.5 and 1.7 kW for samples with and without pre-
heating, respectively.

v" The deposition of Inconel 625 claddings onto a 42CrMo4 steel substrate was
performed under varying processing conditions: laser power, scanning speed,
feed rate, and pre-heating. A DLD process window map considering
processing variables shows that several combinations can be used. However,
the cladding produced with 2 kW of laser power, a scanning speed of 6 mm/s,

and a 20 g/min feed rate presented adequate dilution and wettability. The
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deposited layers were produced without significant structural defects such as
cracks, pores, or other types of discontinuities. Substrate pre-heating to 300 °C
influences the microstructure of the cladding/substrate interface, reducing the
formation of the deleterious Laves phase. PHT also alters the hardness profile,
mainly in the heat-affected zone, due to modification of the martensite
microstructure and increased residual austenite.

v The bulk produced with M625 powder by DLD did not present relevant
defects, such as cracks or porosities, which could compromise its structural
integrity. Columnar dendrites are the main microstructural feature seen
throughout the entire bulk. Laves phase, carbides and complex oxides resulting
from microsegregation were detected. The metallurgical bonding of the bulk to
the substrate is continuous and without stress concentrations. Tensile samples
with an M625/steel interface in the central region suffer rupture by the M625
(less resistant material) away from the interface. Tensile samples with their
length parallel to the substrate surface are slightly more strong and less ductile
than those with length perpendicular to that surface, indicating a texture effect,
which can be correlated to the epitaxial growth of columnar grains. The wear
behaviour showed a linear development, representing a constant wear rate
throughout the tests, and the worn surfaces showed abrasive wear.

v" Functional Gradient Materials (FGM) combine materials with different
compositions, leveraging the best properties of each and exploring reactions
that can give rise to unexpected properties. FGMs respond to the growing
demand from various industrial sectors for materials with better performance,
allowing them to produce components with unique characteristics and a
gradient of properties along a specific direction. The production FGM by the
DLD technique was evaluated. The deposition started with layers of nickel-
based superalloy (M625 powders) and ended with layers of martensitic
stainless steel (M42C powders). Three mixtures of powders were used in

intermediate deposits, sequentially increasing by 25 wt.% the amounts of M42C
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powder. Cracking-free production of the Inconel 625/AISI 431 steel FGM,
applying DLD, is only verified up to a certain composition. The addition of
stainless steel cannot exceed 50 wt.%. The grain microstructure in Inconel
625/AISI 431 FGM is essentially columnar, regardless of pre-heating. Pre-
heating influenced the microstructural evolution and microhardness in the
substrate and the first deposited layers; the region of planar grains observed in
the vicinity of the substrate only formed without pre-heating. A marked
increase in grain size and a reduction in martensite were observed in the pre-
heated substrate HAZ, decreasing the hardness of this region.

v" A bulk material composed of 50% Inconel 625 mixed with AISI 431 alloy was
successfully produced by laser direct deposition process. Moreover, individual
blocks of Inconel 625 and AISI 431 alloys were similarly produced and to be
used as references. The 42CrMo4 steel was selected as substrate pre-heated to
300 °C. Uniaxial tensile test was conducted, and a digital image correlation
methodology was implemented to evaluate plastic deformation behaviours.
Abrasive wear resistance was performed using ball cratering analysis.
Microstructure observations were performed for microstructure analysis, such
as fracture surface, wear measurements, and phase formations. The mechanical
behaviour of the bulk deposited material is not very far from the Inconel 625;
the worst results were obtained for the M42C alloy. The UTS and elongation of
the bulk material are higher in the direction in parallel with building
construction than in the horizontal direction. Fracture analysis supports the
plastic deformation behaviour of the M625 and the bulk materials when
exposed to uniaxial stress, respectively, in parallel with the building direction
and perpendicular direction, i.e. the presence of dimples seemed more
dominant than cleavages face in these materials. The bulk material has good
bonding with the substrate alloy since the fracture happed to the deposited
material. The bulk material illustrates a similar behaviour in the abrasive wear

test as the M625 alloy.
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v' A crack-free, high-density, quality FGM structure was produced according to

the transition route: 42CrMo4 — M625 — M625 + 25% D4006 — M625 + 50%
D4006 — M625 + 75% D4006— D4006. The elemental concentration gradient
was detected by performing linear chemical analysis along the FGM, for both
processing (with and without PHT), by EDX technique. It is clearly observed
that Ni compositional decreases with the increase in the composition of the
elements Nb, Mo, W and Cr. The elemental distribution maps show the
elemental segregation and the heterogeneity of the alloy formed, allowing us
to observe the interdendritic zones and the core dendrites. The phase-detection
made it possible to observe the compositional diversity and the influence on
the gradient hardness. The microhardness mapping showed that with the
compositional increase of D4006, there was a significant increase in hardness,
mainly due to the alloying elements W, Mo and Cu, driving the formation of
carbides, TCP phases, oxides and solid-solution strengtheners. With the
substrate pre-heating, there was a decrease in hardness in the HAZ, promoted
by the formation of self-tempering martensite. PHT also allowed the Fe
diffusion to M625 and Ni, Mo to the substrate, increasing the percentage of

austenite in the HAZ.
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Functionally Graded Materials Fabricated by Direct Laser Deposition for Gear Repair

A. A. Ferreira®?, A. R. Reis*?, J. P. Sousa?, P.C. Romio?, J. Cruz, J.H. Seabra'?, M.F.

Vieiral?
Faculty of Engineering of the University of Porto, 4200-465 Porto, Portugal.

2 AETA/INEGI—Institute of Science and Innovation in Mechanical and Industrial

Engineering, 4200-465 Porto, Portugal.
3SERMEC-Group, 4425-348 Folgosa-Maia, Portugal.

Functionally Graded Materials (FGM) production is an option for various industrial sectors
and many engineering applications. FGMs are materials that gradually change composition and
structure. In this study, FGMs were produced by Direct Laser Deposition (DLD) to repair gears.
These gears are subject to various chemical and mechanical solicitations during their life cycle.
These phenomena can lead to surface defects or cracks, compromising the structural integrity
of the component and the entire structure to which it is attached. Repairing these components
iIs a common practice and necessary to make them viable again. In addition, DLD component
repair offers great potential for saving time and cost compared to conventional manufacturing
technologies such as casting, plastic forming, and cutting or joining processes. Two different
types of functionally graded FGMs were produced by mixing nickel superalloy powders, type
Inconel 625, with martensitic stainless-steel powders, type AISI 431, or with NiCrWMo
powders. Metallurgical, chemical, and mechanical characterizations of the FGMs and repaired
components were performed, and their correlation with process parameters was determined and
discussed. Microstructural characterization and phase identification were performed by
scanning electron microscopy, chemical analysis by energy-dispersive X-ray spectroscopy, and
electron backscatter diffraction. The microhardness mapping and tensile tests supported the
mechanical characterization. The compositions of the FGMs and the processing conditions that
guarantee an effective repair of the gear were selected.
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NUMERICAL PREDICTION OF MELT POOL SHAPE AND DILUTION
IN ADDITIVE MAXNUFACTURING OF METALLIC POWDERS
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'INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering. Rua Dr.
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Keywords: Additive manufacturing, Laser metal deposition, Computational model, Melt pool.

A transient fimite-element approach 1s proposed for numernical simulation of additive
manufacturing technology of laser metal deposition (LMD) towards predicting temperature
distnbution. melt pool shape and dilution [1]. This computational model was inplemented n
ABAQUS suite (FE software) and validated throughout 1D line experiments of LMD. At each
time mcrement, heat source [2] and progressive element activation feature were implemented
via user subroutines, as well as the correspondent variation of the heat loss coefficient [3].
Experimental work was carmned out using nickel-based superalloy powders (MetcoClad 6258)
as adding material and a tempering steel (42CrMo4) as substrate. The power and scan speed
have been changed for different deposit lines to investigate their effect on the amount of the
dilution from the substrate and on the melt pool morphology of the solid-liquid interface.
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