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The present work proposes a simplified approach
to model the thermo-mechanical coupling present

in the SLM process. This model aims to obtain a
qualitaƟve descripƟon of the inufluence of some
parameters in the distorƟon of the final part. The
process is modelled as a quasi-staƟc uncoupled
thermo-mechanical problem, in a bidimensional

domain, under the hypothesis of plain strain,
temperature dependent thermal properƟes and

updated Lagrangian descripƟon. The finite element
method is used to solve the equilibrium equaƟons.
The laser source and the melƟng pool are modelled

as a moving temperature field with prescribed
temperature. The effect of both substrate

preheaƟng and scan strategy are studied and
compared to results found in the literature.
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ABSTRACT

DA SILVA RIBEIRO, Suelen Cristina, A study of Thermo-Mechanical coupling in the
Selective Laser Melting Process. 2018. Master Thesis (Master in Mechanical Engi-
neering - Area: Numerical Modeling and Simulation) – Santa Catarina State University.
Mechanical Engineering Graduate Program Joinville 2018.

The Additive Manufacturing (AM) process is a relatively new process used in many
industrial sectors. The Selective Laser Melting (SLM) process is a kind of additive
manufacturing where it is possible to print parts with complex geometries which would
be hard to build using conventional processes. In the process a powder bed is melted
by a fast moving laser beam, leading to fast solidification rates that incurs in residual
stresses. After the manufacturing, the part is removed from the substrate and the resid-
ual stresses are then released, causing distortions and cracks in the final part. Since
many parameters are involved in the SLM process, there are many possible combina-
tions that can be used. Defining the best parameters to guarantee the quality of the
part can be very costly when this process is purely experimental. In this way, a numer-
ical formulation can helps in this task and can also be used to obtain the optimum set.
Since the process involves very complex thermal and mechanical mechanisms, the
present work proposes a simplified approach to model the thermo-mechanical cou-
pling present in this process. This model aims to obtain a qualitative description of the
influence of some parameters in the distortion of the final part. The process is modeled
as a quasi-static uncoupled thermo-mechanical problem, in a bi dimensional domain,
under the hypothesis of plane strain, temperature dependent thermal properties and
updated Lagrangian description. The finite element method is used to solve the equi-
librium equations. The laser source and the melting pool are modeled as a moving
temperature field with prescribed temperature. The effect of both substrate preheating
and scan strategy are studied and compared to results found in the literature. It is
shown that the proposed formulation can describe the effect of substrate preheating
on the distortion of the final part. Also, it is found that the use of temperature indepen-
dent mechanical properties leads to a less sensitive prediction with respect to changes
in this parameter. Among the many mechanisms associated to the effect of the scan
strategy on the distortion of the final part, it is found that the proposed 2D formulation
can properly predict the effect of local preheating.

Key-words: Selective Laser Melting, Thermo-Mechanical coupling, Preheating, Scan
strategy, Distortion.





RESUMO

DA SILVA RIBEIRO, Suelen Cristina, A study of Thermo-Mechanical coupling in the Se-
lective Laser Melting Process. 2018. Dissertação (Mestrado em Engenharia Mecânica
- Área: Modelagem e Simulação Numérica) – Universidade do Estado de Santa Cata-
rina. Programa de Pós-Graduação em Engenharia Mecânica Joinville 2018.

O processo de Manufatura Aditiva é um processo relativamente novo usado em muitos
setores industriais. O processo de Fusão Seletiva a Laser (FSL) é um tipo de manu-
fatura aditiva onde é possível imprimir peças com geometrias complexas que seriam
economicamente inviáveis de construir usando processos convencionais. Nesse pro-
cesso, um leito de pó é fundido por um feixe de laser que se movimenta rapidamente,
levando à taxas de solidificação muito altas que introduzem tensões residuais. Após
a fabricação, a peça é removida do substrato e as tensões residuais são então libe-
radas, causando distorções e trincas na peça final. Existem diversas combinações
possiveis dos parâmetros do processo, e definir a melhor combinação para garan-
tir a qualidade da peça pode ser muito custoso quando este processo é puramente
experimental. Desta forma, uma formulação numérica pode ajudar nesta tarefa e tam-
bém pode ser usada para obter o melhor conjunto de parâmetros. Como o processo
envolve mecanismos térmicos e mecânicos muito complexos, o presente trabalho pro-
põe uma abordagem simplificada para modelar o acoplamento termo-mecânico. Este
modelo visa obter uma descrição qualitativa da influência de alguns parâmetros na
distorção final da peça. O processo é modelado como um problema termomecânico
semi-estático desacoplado, em um domínio bidimensional, sob a hipótese de estado
plano de deformações, propriedades térmicas dependentes da temperatura e des-
crição Lagrangeana atualizada. A fonte de laser e a poça fundida são modeladas
como um campo de temperatura móvel com temperatura prescrita. O efeito do pré-
aquecimento do substrato e da estratégia de varredura do laser são estudados e com-
parados com os resultados encontrados na literatura. Mostra-se que a formulação
proposta pode descrever o efeito do pré-aquecimento do substrato na distorção da
peça. Além disso, verifica-se que o uso de propriedades mecânicas independentes da
temperatura leva a uma predição de distorção menos sensível em relação à tempera-
tura de pré-aquecimento do substrato. Verifica-se que a formulação 2D proposta pode
prever adequadamente o efeito do pré-aquecimento local causado pela estratégia de
varredura do laser utilizada.

Palavras-chave: Fusão Seletiva a Laser, Acoplamento Termo-Mecânico, Pré-
aquecimento, Estratégia de varredura, Distorção.
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Chapter 1

Introduction

According to the ASTM-International (2015): "Additive Manufacturing (AM) is a
process of joining materials to make parts from 3D model data, usually layer upon layer,
as opposed to subtractive manufacturing and formative manufacturing methodologies".
AM machines work in the same way: first they need a 3D computer-aided design
(CAD) file with geometrical information about the part to be built; the 3D CAD is sliced
into a stack of two-dimensional layers, that will be deposited one by one in order to
build up the final part (STUCKER, 2012). Fig. 1.1 shows the original design and the
corresponding sliced part.

Figure 1.1 – Example of sliced part to be built by the AM process

Source: Author’s production based on Stucker (2012).

The basic concept of all AM processes is the same: adding material where it
is needed. The difference among them is the base material, the way of supplying this
material and the consolidation mechanism. ASTM-International (2015) defines seven
categories of additive manufacturing:
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• Binder jetting - AM process where a liquid bonding agent is selectively deposited
to join powder materials;

• Directed energy deposition - AM process in which focused thermal energy is used
to fuse materials by melting as they are being deposited ;

• Material extrusion - AM process in which material is selectively dispensed through
a nozzle or an orifice;

• Material jetting - AM process in which droplets of base material are selectively
deposited ;

• Powder bed fusion - AM process in which thermal energy selectively fuses re-
gions of a powder bed ;

• Sheet lamination - AM process in which sheets of material are bonded to form an
object ;

• Vat photopolymerization - AM process in which liquid photopolymer in a vat is
selectively cured by light-activated polymerization.

Table 1.1 shows the technologies of each category and the material classes that
can be processed by each one.

According to Vrancken (2016), Kusuma (2016) and Kempen (2015) the AM pro-
cess has many advantages compared to conventional manufacturing process:

• It is more efficient since it uses less material to manufacture parts and has mini-
mum material waste, hereby reducing lead times and costs;

• Although the process is slow, it is considered a fast manufacturing technique.
Without using molds and dies, the AM technology allows the manufacturer to
build prototypes and parts on demand, saving time during product design;

• The high geometrical freedom give the possibility to built complex parts, which
are difficult or impossible to manufacture with traditional methods. For example,
internal cavities, thin walls and lightweight structures.

According to Vrancken (2016) and Srivatsan et al. (2016) the AM process also
has some limitations and disadvantages:

• The amount of base materials available to the AM process is limited, limiting the
applicability of the AM process;

• The repeatability is not guaranteed in this process, such that every part needs
to undergo quality control after the process. Therefore, if part quality could be
guaranteed during the process, it would save both time and money;
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Table 1.1 – Technologies of each category of AM process and material classes that
can be processed.

AM Techniques Technology Material classes
Binder jetting 3D Printing Metal

Ink-jetting Polymer
S-Print Ceramic
M-Print

Directed energy deposition Direct Metal Deposition
Laser Deposition Powder metal

Laser Consolidation Wire metal
Electron Beam Direct Melting

Material extrusion Fused Deposition Modeling Polymer
Material jetting Polyjet Photopolymer

Ink-jetting Wax
Thermojet

Powder bed fusion Selective Laser Sintering Polymer
Selective Laser Melting Metal
Electron Beam Melting Ceramic

Sheet lamination Ultrasonic Consolidation Hybrids
Laminated Object Manufacturing Metalic

Ceramic
Vat photopolymerization Stereolithography Photopolymer

Digital Light Processing Ceramic

Source: Based on (CALIGNANO et al., 2017).

• The parts produced using additive manufacturing processes often have a rough
and ribbed surface finish. This unfinished look requires further surface prepara-
tion by either machining or polishing;

• The AM process has a size limitation, where large objects become impractical
when considering the large amount of time required to complete the build pro-
cess;

• The initial cost of additive manufacturing equipment can be high;

• High cooling rates during the process create metastable, unique microstructures
of which the mechanical behavior is not yet completely documented. Moreover,
their response to heat treatment is different than the one found in cast or forged
parts;

• Another effect of the high cooling rates are residual stresses, that can cause
permanent deformations and can even lead to formation of cracks.
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AM process plays an important role to build parts to many industrial sectors,
like aerospace, automotive, biomedical, energy conversion, consumer products, engi-
neered foods and sporting goods (SRIVATSAN et al., 2016). Fig. 1.2 shows some objects
built by the AM process.

Figure 1.2 – Example of AM objects (a)Ring by Vulcan jewelry, (b) Purse from Kipling,
(c) Bicycle seat and (d) Pendant light from Bathsheba Grossman.

Source: Adapted from Thompson et al. (2016).

The present work is focused in the powder bed fusion technique, in the Se-
lective Laser Melting (SLM) technology. The SLM process produces components by
selectively melting of a base powder material (powder bed) and is discussed in details
in this work, but its worth to mention that the multiple modes of heat and mass transfer
as well the chemical reactions that occur during the SLM process make it very com-
plex to model. Although the process is widespread and applied in a variety of industrial
sectors, the influence of the many possible parameters used to set up the process on
the underlying thermal and stress fields are not fully understood (ROBERTS, 2012). The
high thermal gradients present in the process lead to development of residual stresses
in the manufactured part, leading to formation of micro-cracks and distortion. In this
way, the parameters of the process must be combined to minimize the residual stresses
in order to improve the manufactured part quality. A variety of experimental researches
gives an idea of the influence of each parameter in the part produced by SLM process.
However, each part has its peculiarities and what works for a specific part could not
work properly for another. Therefore, it would be impracticable to make experimental
tests for each part to be manufactured to find the best set.

Numerical algorithms are an efficient and widely applicable tool to model and
predict the behavior of the part during the process. Besides allowing modelling the
process, it is also supports process variable selection and further optimisation. The
following chapters discuss the mechanisms involved and the need to properly model
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the SLM process.

1.1 Objectives of Research

The main objective of this research is to develop a formulation to qualitatively
predict the distortion behavior of parts produced by SLM process.

Two process parameters are evaluated: laser scan strategy and preheating tem-
perature of the substrate. The aim is to verify the sensibility of the implemented model
with respect to the parameters that have large influence in the final distortion of the
part.

The process is modeled as a quasi-static uncoupled thermo-mechanical prob-
lem, in a bi dimensional domain, under the hypothesis of plane strain, temperature
dependent thermal properties and updated Lagrangian description.

The laser source and the melting pool are modeled as a moving temperature
field with prescribed temperature in order to simplify the model, since the local effect
of the melting pool is neglected and only global behavior of the part is analyzed.

Thus, the main contributions of this work are the development of a simplified
approach to model both the melting pool and the laser source as well as a detailed
description of both the formulation and the underlying computer implementation.





Chapter 2

Selective Laser Melting

The Selective Laser Melting (SLM) is a powder bed fusion process created to
produce components from powder (CALIGNANO et al., 2017) where a high intensity laser
is used as energy source. The laser beam scans the loose powder, layer-by-layer, and
through melt and solidification the part is built.

Many steps are involved from the beginning of the process to the final compo-
nent. First a 3D CAD model is created with the desired shape of the component. Than
a STL (Standard Tessellation Language) file is processed in order to create the neces-
sary supports to any overhanging feature and to generate the sliced model in 2D cross
sections. During the fabrication, a thin layer of powder is deposited on a substrate and
the laser beam scans the layer according to 2D cross sections created before. Most
of the energy from the laser is absorbed by the powder and, as a consequence, the
temperature quickly rises up to the melting point, forming the melting pool. As soon
as the laser beam leaves the melting pool, the metal is quickly solidified and the con-
solidated material starts to build the component (KUSUMA, 2016). When the scanning
is completed, the building platform moves down and the dispenser platform moves up.
The coater spread a new powder layer on top, and the laser scan this new layer. The
laser scans the powder bed again and, layer-by-layer, the component is built. A con-
trolled atmosphere is necessary inside the chamber during the fabrication due to the
high temperatures involved in the melting process. Argon or nitrogen can be used as
the inert gas to prevent oxidation and other problems (CALIGNANO et al., 2017). After
the part is manufactured and cooled, the substrate is removed from the build chamber
and the component is extracted, as well as the supports. Fig. 2.1 shows the schematic
of a SLM machine.
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Figure 2.1 – Schematic of a SLM machine

Source: Author’s production based on (CALIGNANO et al., 2017)

Nowadays there are several alloys available for SLM process, including titanium,
steel, aluminium, cobalt-chromium and nickel alloys (VRANCKEN, 2016), (CALIGNANO et

al., 2017), (KRUTH et al., 2016). Some researches are being development with others
kind of alloys, as for example, cooper, magnesium and precious metals (VRANCKEN,
2016). Titanium alloys are widely applied to built implants by the SLM process. Fig.
2.2 shows titanium implants for skull and pelvis.

Figure 2.2 – Titanium implants for skull (left) and pelvis (right)

Source: Thompson et al. (2016).
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2.1 Process Parameters

In the SLM process, the final quality of the part is directly related to process
parameters. Laser power, scan speed, scanning strategy, laser beam spot size, hatch
spacing, layer thickness, powder properties and the temperature inside the chamber
are the main parameters (KUSUMA, 2016). Fig. 2.3 shows the main parameters cited
above.

Figure 2.3 – Main process parameters

Source: (KUSUMA, 2016)

In the following, these parameters are presented:

• Laser power, scan speed, hatch spacing and layer thickness:

These four parameters are often combined into a sigle parameter called volumet-
ric energy density

E =
P

vht
[J/mm3], (2.1.1)

where P is the laser power in [W ], v is the scan speed in [mm/s], h is the hatch
spacing in [µm] and t is the layer thickness in [µm] (VRANCKEN, 2016). The en-
ergy density is an engineering parameter representing the energy delivered to a
unit volume of powder material (KRUTH et al., 2016) and can be useful to quickly
compare parts made with different parameters (VRANCKEN, 2016).

• Scanning strategy:

This parameter defines the way that each layer will be filled and has direct in-
fluence in the quality of the part (KEMPEN, 2015). Different scanning strategies
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affect thermal history and consequently alter material properties, including den-
sity, residual stress and microstructure (KUSUMA, 2016) and (KRUTH et al., 2016).
Fig. 2.4 shows the most common scan strategies.

Figure 2.4 – Scanning strategies: (A) unidirectional, (B) bidirectional, (C–F) alternat-
ing bidirectional (with different angles of 90o, 60o, 45o, and 30o), and (G) chessboard
scanning strategy:

Source: Author’s production based on (KRUTH et al., 2016)

The unidirectional strategy (Fig 2.4 A) is not frequently used, specially when the
direction is not alternated in consecutive layers, because this tends to result in low
material densities (VRANCKEN, 2016). Alternating the scan strategy in consecu-
tive layers (Fig. 2.4 C-F) can improve the density (KEMPEN, 2015) and strongly
affect the texture developed during the SLM process (VRANCKEN, 2016). A com-
mon scan strategy is the island scanning (Fig. 2.4 G) where the area to be filled
is split into small square sectors, that are scanned sequentially. This subdivisions
shortens the scan vectors, reducing residual stresses. To avoid aligned poros-
ity, the consecutive layers can be rotated or shifted in order to change the island
boundary position (VRANCKEN, 2016).

• Laser beam spot size:

The width of the melting pool is mostly determined by the spot size, but also by
the laser power and scan speed (VRANCKEN, 2016). The intensity I of the laser
beam depends on the laser power and spot size (KEMPEN, 2015) and is defined
as

I =
4P

πd2
[W/mm2]. (2.1.2)

• Powder properties:

The size of the powder grains plays an important role in SLM process due to the
influence on the flowability (capacity to move by flow). The ratio of the larger to
smaller particles can dictate the flowability, but humidity and particle shape can
also affected this property (KUSUMA, 2016). To improve the flowability and the
packing density the spherical shape is preferable. The packing density can also
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be improved by using very small particles. The upper bound of the grains size is
the layer thickness (KEMPEN, 2015).

• Ambient Temperature:

The temperature inside the chamber, and thus the preheating of the powder and
substrate, has strong influence on the process (ELSEN, 2007). Generally, higher
temperatures are better for the process, and it should be uniformly distributed
(KUSUMA, 2016). In a high ambient temperature, thermal gradients are lower and
less energy is needed to fully melt the powder (KEMPEN, 2015). (ELSEN, 2007).

• Atmosphere:

The atmosphere inside the chamber is the first parameter to be controlled in the
SLM process, since non-inert particles, like oxygen, can react with the melting
pool (ELSEN, 2007). An inert gas must be used, like argon or nitrogen, to prevent
oxidation and other problems that impact the mechanical properties of the part
(CALIGNANO et al., 2017).

2.2 Thermal Behavior on the SLM Process

The energy from the laser is transferred by four major mechanisms: reflection,
conduction, convection and radiation. In the case of metallic powders, a large part of
incident energy is reflected and the absorptivity depends on the material and powder
morphology. The absorbed energy is partially conducted through the powder bed,
solidified material and substrate, while part of the energy is lost by convection to the
chamber’s atmosphere and due to radiation (ZENG et al., 2015). Coupled heat transfer
mechanisms make the thermal behavior during the SLM process very complex (YUAN;

GU, 2015). Fig. 2.5 shows the heat transfer mechanisms present in the SLM process.
Significant radiation losses would occur at temperature above 1000K, but the

effect of radiation heat loss is usually assumed to be negligible for spot sizes smaller
than 1.0 mm, according to Vasudevan Raghavan et al. (2008), apud (SHUAI et al., 2013).

During the SLM process, both high laser speed and power lead to fast heat-
ing and melting, forming the melting pool, followed by fast solidification. The size and
shape of the melting pool, as well as the cooling rate and phase transformations, are
strongly affected by its resultant fluid flow and heat transfer (KRUTH et al., 2016). The
complexity of the mechanisms involved in the melting pool turn it very complex to prop-
erly model.

There are several problems that can occur in the melting pool due to bad com-
bination of process parameters. A combination of low power and high scan speed can
not delivery enough energy to fully melt the powder. On the other hand, when the scan
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Figure 2.5 – Schematic of heat transfer mechanisms in SLM process

Source: (YUAN; GU, 2015)

speed is high and the power is sufficiently high to fully melt the powder, the balling phe-
nomena can occur due to the break up of the elongated melting pool into smaller melts
droplets (VRANCKEN, 2016). The keyhole mode regime takes place when the power is
high and the scan speed is low, since an excess of energy is delivered to the material.
In this regime, the melt penetrates deep into the material due its vaporization (KEMPEN,
2015). Fig. 2.6 shows the different melting regimes when varying the laser power and
scan speed. The conduction zone is where a good part density is achieved.

A widely adopted model to describe the spatial distribution of heat source from
the laser beam is the Gaussian distribution, leading to a symmetric distribution of laser
irradiance across the beam, as depicted in Fig. 2.7. The input heat flux is defined as

qlaser =
2AP

πω2
exp

(
−2r2

ω2

)
[W/m2], (2.2.3)

where A is the absorption rate of powder material, P is the laser power, ω is the laser
spot radius and r is the distance from the center of the laser beam to a point on the
surface of the powder bed (YUAN; GU, 2015). Fig. 2.7 shows the Gaussian distribution,
where its possible to see that further points receive less energy than points near to the
center. The heat flux magnitude increases from 78.43[GW/m2] to 156.86[GW/m2] when
the laser power rises from 100[W ] to 200[W ].
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Figure 2.6 – Process window

Source: (SAUNDERS, 2017.)

Figure 2.7 – Gaussian distribution of the laser beam with ω = 25[µm], powder absorp-
tion A = 0.77, P = 100[W ], P = 150[W ] and P = 200[W ].

Source: Author’s production

2.3 Residual Stresses on the SLM Process

Due to both high heating and cooling rates and quick scanning speed, the SLM
process involves large thermal gradients (ALVAREZ et al., 2016). These large thermal
gradients induce thermal expansion of the material, but it may not freely expand due
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to constraints (substrate and previously solidified layers) (WU et al., 2017). In this way,
residual stress are caused in the manufactured part leading to distortions and, in ex-
treme cases, formation of micro-cracks (MATSUMOTO et al., 2002).

Residual stress are stresses that remain in a part when it reaches equilibrium
with its environment. It can be defined based on the scale over which they self equili-
brate. Type I residual stress act on the whole body and would cause a deformation of
the body if boundary conditions are changed. This kind of residual stress is distributed
over the entire structure and is also known as macroscopic residual stress. Type II

and Type III residual stresses occur due to different material phases and due to dis-
locations at atomic scale, respectively. They are also known as microscopic residual
stress (MERCELIS; KRUTH, 2006) and (VRANCKEN, 2016).

In the SLM process, Type I residual stresses are caused by two mechanisms.
The first one is the Temperature Gradient Mechanism (TGM) resulting from the large
thermal gradient that occurs around the laser spot. The upper layers tend to expand
due to the high temperatures, but this expansion is constrained by the underlying so-
lidified layers, such that a compressive stress is induced at the top. With high temper-
atures, the yield strength decreases and when it is reached, the compressive stresses
in the material cause plastic deformation of the upper layers. When the upper layers
cool down, the compressive state is converted into residual tensile stresses. Fig. 2.8
shows the TGM mechanism. In the second phenomenon, the melted top layers tend
to shrink due to the thermal contraction. This deformation is again hindered by the
underlying layers, thus introducing tensile stresses in the top layer, and compressive
stresses below (KEMPEN et al., 2013) and (MERCELIS; KRUTH, 2006).

Figure 2.8 – TGM mechanism in SLM process

Source: (KEMPEN et al., 2013)

Scan strategy and substrate preheating are the main process parameters that
can impact on deformations and residual stress (ZAEH; BRANNER, 2010). Several au-
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thors found that the deformation of the part was larger in the direction of the scan tracks,
such that, limiting the length of the scan vector can reduce part distortion (VRANCKEN,
2016). Nickel et al. (1999) investigated two different deposition patterns on a beam
substrate: a long raster pattern (2.9 a) and a short raster pattern (2.9 b). They con-
cluded that the long raster pattern leads to larger distortions when compared to the
short raster pattern (2.9 c) by comparing experimental tests with numerical results.

Figure 2.9 – Investigation of two different deposition patterns. a) Long Raster Pattern.
b) Short Raster Pattern. c) Beam Deflection.

Source: (NICKEL et al., 1999)

The substrate preheating lead to decreasing temperature gradients, which also
decreases residual stress (VRANCKEN, 2016). Bremen et al. (2012) studied this effect
on the final distortion of twin cantilever beams. Five temperatures were studied (no
preheating, 100, 150, 200 and 250 ◦C). The results, Fig. 2.10, show that preheating



34

temperature has a large impact on final distortion of the part, since the deflection of the
beam decreasing from 3[mm] to 0[mm] when the temperature is increased.

Figure 2.10 – Preheating of substrate to avoid distortion of twin cantilever made with
aluminium alloy AlSi10Mg

Source: (BREMEN et al., 2012)



Chapter 3

Heat Transfer Formulation

The energy balance equation is

Ėin + Ėg = Ėout + Ėie, (3.0.1)

where Ėin is the rate of energy inflow, Ėg is the rate of energy generated inside the
system, Ėout is the rate of energy outflow and Ėie is the rate change in enthalpy (RAO,
2004).

Consider a differential element with volume dxdydz, as shown in Fig. 3.1. The
energy balance given by Eq. (3.0.1 ) can be written as

(qxdydz+qydxdz+qzdxdy)+Q̇dxdydz = (qx+dxdydz+qy+dydxdz+qz+dzdxdy)+Ḣdxdydz,

(3.0.2)
where Q̇[W/m3] is a volumetric heat source, Ḣ[W/m3] is the rate of enthalpy,

qi = −kij
∂T

∂j
, i, j = x, y, z, (3.0.3)

are heat fluxes and kij[W/mK] is the thermal conductivity tensor of the material.
Assuming an infinitesimal volume, qi+di can be written as

qi+di ≈ qi +
∂qi
∂i
di, i = x, y, z, (3.0.4)

such that Eq. (3.0.2 ) results in

Q̇ =
∂qx
∂x

+
∂qy
∂y

+
∂qz
∂z

+ Ḣ, (3.0.5)

after dividing each term by dxdydz.
Assuming an isotropic medium and substituting Eq. (3.0.3 ) in Eq. (3.0.5 ) we
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Figure 3.1 – Heat fluxes in a differential volume element with volume dxdydz

Source: Author’s production

obtain
Q̇ =

∂

∂x

(
−kx

∂T

∂x

)
+

∂

∂y

(
−ky

∂T

∂y

)
+

∂

∂z

(
−kz

∂T

∂z

)
+ Ḣ (3.0.6)

or, in compact notation,
Ḣ = ∇ · (k∇T ) + Q̇. (3.0.7)

The boundary conditions can be either prescribed temperatures

T (x, y, z, t) = TS on ST , (3.0.8)

where TS is the known surface temperature on ST , or prescribed heat flux

−kn
∂T

∂n

∣∣∣∣
Sq

= qs + h(T − Ta) + σε(T 4 − T 4
a ), (3.0.9)

where qs is the prescribed heat flux, h[W/m2K] is the heat transfer coefficient, σ[W/m2K4]

is the Stefan-Boltzmann constant, ε is the emissivity of the surface, n denotes the nor-
mal axis to the surface Sq, T is the unknown surface temperature and Ta is the known
ambient temperature. The second term of Eq. (3.0.9 ) is due to convection boundary
condition and the third is due to radiation boundary condition.
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For transient problems it is necessary to specify an initial temperature field at
time t = 0,

T (x, y, z, 0) = T0(x, y, z). (3.0.10)

In the case of substrate preheating, initial temperature is Tph (temperature of preheat-
ing).

Pal et al. (2016) and Zeng et al. (2015) used a fixed thermal boundary condition
at the bottom of the substrate, since the temperature is assumed as constant during
the process

T (x, y, z = 0, t) = Tfixed ∀t, (3.0.11)

where Tfixed is the fixed temperature at the base of substrate (z = 0).

3.1 Stefan’s Problem

The enthalpy time rate Ḣ can be written as

Ḣ =
∂H

∂T

∂T

∂t
, (3.1.12)

and, for a problem without phase change,

∂H

∂T
= ρc, (3.1.13)

where ρ[kg/m3] is the the density and c[J/kgK] is the specific heat. In such case Eq.
(3.1.12 ) becomes

Ḣ = ρc
∂T

∂t
. (3.1.14)

However when the problem involves phase change (Stefan’s Problem) it is char-
acterized by a moving phase change boundary at which a heat balance condition must
be taken into account. The domain consists of a solid region and a liquid region sep-
arated by an interface Γ(t), which is at the phase change temperature Tm (VOLLER,
1997). Heat transfer in the solid region is described by

ρcs
∂Ts
∂t

= ∇ · (ks∇Ts), (3.1.15)

and, in the liquid region, by

ρcl
∂Tl
∂t

= ∇ · (kl∇Tl). (3.1.16)

The Stefan condition at the solid/liquid moving interface is

ks∇Ts · n− kl∇Tl · n = ρLv · n, (3.1.17)
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where n is the unit normal to the interface, v is the velocity of the interface and L is the
latent heat in [J/kg].

This problem can be solved in many ways, where fixed grid schemes or de-
forming grid/front tracking schemes can be used and the variable can be either nodal
temperatures T or enthalpy H. Voller (1997) and Idelsohn et al. (1994) discussed var-
ious methods that can be used. Among them, the apparent heat capacity method is
employed in this work. This approach absorbs the non-linear behavior associated with
the phase change into the definition of a lumped heat capacity cA

cA =


cs if T ≤ Ts

L
Tl−Ts

+ cl if Ts < T < Tl

cl if T ≥ Tl

. (3.1.18)

were cl is the liquid specific heat, cs is the solid specific heat, Ts is the solidus temper-
ature and Tl is the liquidus temperature (OGOH; GROULX, 2010).

The governing equation than becomes

ρcA
∂T

∂t
= ∇ · (k∇T ) (3.1.19)

such that the same equation is used through the simulation.

3.2 Finite Element Discretization

Using the weighted residuals method, we can rewrite Eq. (3.0.7 ) as∫
V

w

(
ρc
∂T

∂t
−∇ · (k∇T )− Q̇

)
dV = 0, (3.2.20)

or ∫
V

w∇ · (k∇T )dV +

∫
V

wQ̇dV =

∫
V

wρc
∂T

∂t
dV, (3.2.21)

where w is the test (or weight) function and V is the domain.
Applying Green’s First identity to the first term, we obtain

∫
S

wk
∂T

∂n
dS −

∫
V

∇wk∇TdV +

∫
V

wQ̇dV =

∫
V

wρc
∂T

∂t
dV (3.2.22)

where n is the outer normal to the surface and S is the surface. Neglecting radiation
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effects, the first term can be split according to Eq. (3.0.9 ), resulting in

−
∫
S1

wqSdS1 −
∫
S2

wh(T − Ta)dS2 (3.2.23)

−
∫
V

∇w · (k∇T ) dV +

∫
V

wQ̇dV =

∫
V

wρc
∂T

∂t
dV

where S1 and S2 are the surfaces with prescribed heat flow.
Domain V is divided into E finite elements of p nodes and volume Ve. The

temperature inside a finite element can be approximated as

T (x, y, z) = NT, (3.2.24)

with

N = [ N1 . . . Np ] (3.2.25)

where Ni are the shape functions used for temperature interpolation inside a finite
element and

T = [ T1 . . . Tp ]T , (3.2.26)

where Ti are the nodal temperatures.
The thermal gradient can be written as

∇T = ∇(NT ) = ∇(N )T (3.2.27)

such that

∇(N )T =

 ∂N1/∂x ... ∂Np/∂x

∂N1/∂y ... ∂Np/∂y

∂N1/∂z ... ∂Np/∂z

T = BT (3.2.28)

where B is the matrix for thermal gradients interpolation.
We assumed that the weighting function w follows the same interpolation of

temperature,
w = NW (3.2.29)

where W is a vector with nodal values of w. Substituting Eqs. (3.2.24 ), (3.2.28 ) and
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(3.2.29 ) in Eq. (3.2.24 ) we obtain

W T

∫
Ve

NTρcNdV Ṫ +W T

∫
Ve

BTkBdVT +W T

∫
S2

hNTNdS2T = (3.2.30)

W T

∫
Ve

Q̇NTdV −W T

∫
S1

qSNTdS1 +W T

∫
S2

hTaN
TdS2

for each finite element.
After assembling the influence of each element in the finite element mesh we

obtain
CTṪ + KTT = FT (3.2.31)

where

CT =
E⋃
e=1

∫
Ve

NTρcNdV, (3.2.32)

KT = Kc + Kh (3.2.33)

where

Kc =
E⋃
e=1

∫
Ve

BTkBdV, (3.2.34)

Kh =
E⋃
e=1

∫
S2

hNTNdS, (3.2.35)

and
FT = Fq̇ + FqS

+ Fh (3.2.36)

where

FQ̇ =
E⋃
e=1

∫
Ve

q̇NTdV, (3.2.37)

FqS
= −

E⋃
e=1

∫
S1

qSNTdS, (3.2.38)

Fh =
E⋃
e=1

∫
S2

hTaN
TdS. (3.2.39)

3.3 Time Discretization

Recall Eq. (3.2.31 )
CTṪ + KTT = FT,

where CT is the capacity matrix, KT is the conductivity matrix, FT is the heat supply
vector, T is the temperature vector and Ṫ is the time derivative of T.

The heat supply is a prescribed function of t and can be writen as FT = FT (t)
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for t ∈ [0, tf ]. CT is positive-definite and KT is usually positive-definite (HUGHES, 2000).
Consider two temperature states Tn and Tn+1, separated by a time increment

∆t: the generalized trapezoidal rule is a temporal integration scheme based on the
assumption that two subsequent temperature states follow

Tn+1 = Tn + [(1− αN)Ṫn + αNṪn+1]∆t, (3.3.40)

where αN ∈ [0, 1] (COOK et al., 1989). Different values of αN lead to different methods,
with different properties (Tab. 3.1).

Table 3.1 – Generalized trapezoidal methods

αN Method
0 Forward difference; forward Euler

1/2 Trapezoidal rule; Crank-Nicolson
2/3 Galerkin
1 Backward difference

Source: (COOK et al., 1989).

The stability of the algorithm depends on αN . If αN ≥ 1/2, the algorithm is
unconditionally stable, such that there is no time step constraint. If αN < 1/2, the
algorithm is conditionally stable and the largest ∆t for stability, in the case of constant
thermal properties, is (HUGHES, 2000)

∆tcr =
2

(1− 2αN)λmax
, (3.3.41)

where λmax is the largest eigenvalue of

[KT − λCT]T = 0. (3.3.42)

Given Tn and Ṫn it is possible to find Tn+1 and Ṫn+1. The procedure begins at
n = 0 with T0 known. The initial value Ṫ0 may be found from Eq. (3.2.31 ) at time t = 0

CTṪ0 = FT0 −KTT0. (3.3.43)

If αN = 0, the algorithm is explicit, otherwise it is implicit. If CT is a diagonal
matrix and αN = 0, the computational effort per time step is small, as well as the ∆tcr

(COOK et al., 1989).
As mentioned before, high speeds are involved in the SLM process and very

small time steps are needed to properly model its behavior. Large temperature ranges
are also involved in the process, and thermal properties, as thermal conductivity k and
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specific heat c, depend on temperature. Therefore, in order to model the non-linear
behavior of the thermal properties as a linear problem, small time steps are needed.
The Forward difference (αN = 0) and a diagonal capacity matrix are used in order to
reduce computational efforts and due to the quickness of the phenomena intrinsic to
the process.

A special lumping technique was employed to determine the capacity matrix CT.
This technique always produces positive lumped masses due to proportionality to the
diagonal of the consistent matrix, that is always positive (HUGHES, 2000)

Cii
e = β

∫
Ve

ρcN2
i dV, i = 1 . . . nnodes, (3.3.44)

were nnodes is the total number of nodes in the element and β is

β =

∫
Ve
ρcdV∑nnodes

i=1

∫
Ve
ρcN2

i dV
=

Total element capacity
Trace of consistent matrix

. (3.3.45)

With αN = 0, Eq. (3.3.40 ) becomes

Tn+1 = Tn + Ṫn∆t, (3.3.46)

and with a diagonal CT, the time stepping procedure becomes

• Step 1: Given the i-th nodal temperature at iteration n, T ni ,

evaluate P = Kn
TTn and find Ṫ ni =

1

Cn
ii

(F n
i − Pi)

• Step 2: Find T n+1
i = T ni + ∆tṪ ni .

• Step 3: Prescribe nodal temperatures T n+1
j = TPrescribed and return to step 1.



Chapter 4

Thermo-Mechanical Formulation

As mentioned in the previous section, residual stresses can lead to formation of
micro-cracks and distortion of the manufactured part. In this way, a proper modelling
of the thermoelastic behavior is needed to predict the stress state of the part as well
as the distortions. In the present formulation, only Type I residual stresses are taken
into account.

According to Oden (1969), there are different approaches to model thermoe-
lastic problems: static uncoupled, quasi-static uncoupled, dynamical uncoupled and
coupled. The static uncoupled thermoelastic problem is considered to be two disjoint
problems: The steady-state heat conduction problem in a rigid body and the problem
of static deformation of an elastic solid subjected to steady, prescribed temperature
distributions. The temperature field obtained from the first problem is the input of the
second problem. The quasi-static uncoupled problem is a more general theory where
the results from a transient heat conduction problem are used as input to a series of
static elastic problems. If inertia terms are considered in the equations of motion, it
becomes the dynamical theory of uncoupled thermoelasticity. The problem becomes a
problem of coupled thermoelasticity when the deformation of the body is accounted for
in the heat conduction equation and the influence of changes in temperature appears in
the equations of motion. In this work, the SLM process is considered as a quasi-static
uncoupled problem.

4.1 Equilibrium formulation

The movement of a body can be commonly described by two approaches: spa-
tial (Eulerian Formulation) and material (Lagrangian Formulation). The material ap-
proach is used in this work, in particular, the Updated Lagrangian approach, where the
equilibrium equations are written with respect to the last equilibrium configuration.

The equilibrium at configuration t + ∆t, can be modeled by using the principle
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of virtual displacements ∫
t+∆tV

t+∆tσijδ
t+∆teijd

t+∆tV = t+∆tW, (4.1.1)

where t+∆tσij is the Cauchy stress tensor in the deformed geometry, δt+∆teij is the
infinitesimal virtual strain tensor

δt+∆teij =
1

2

(
∂δui

∂t+∆txj
+

∂δuj
∂t+∆txi

)
, (4.1.2)

where δui are the components of virtual displacement vector at t + ∆t with respect to
t, t+∆txj are the Cartesian coordinates of material point at t + ∆t, t+∆tV is the volume
at t+ ∆t and t+∆tW is

t+∆tW =

∫
t+∆tV

t+∆tfBi δuid
t+∆tV +

∫
t+∆tSf

t+∆tfSi δu
S
i d

t+∆tS, (4.1.3)

where t+∆tfBi are the components of body forces per unit volume at t + ∆t, t+∆tfSi

are the components of externally applied surface tractions per unit surface area at
t + ∆t, t+∆tSf is the surface at t + ∆t on which external tractions are applied and δuSi
is δui evaluated on the surface t+∆tSf . Fig. 4.1 shows a body subjected to a virtual
displacement.

Since the second Piola-Kirchhoff stress tensor (t+∆t
t Sij) and the Green-Lagrange

strain tensor (t+∆t
t εij) are energetically conjugate, Eq. (4.1.1 ) can be written as∫

tV

t+∆t
t Sijδ

t+∆t
t εijd

tV = t+∆tW, (4.1.4)

and as the solution at t is known, we can decompose the unknown strains and stresses

t+∆t
t εij = t

tεij + tεij = tεij, (4.1.5)

since
t
0ε =

1

2
(t0X

T t
0X − I), (4.1.6)

and
t+∆t
t Sij = t

tSij + tSij = tσij + tSij, (4.1.7)

since
0
tS =

0ρ

tρ
0
tX

tσt0X
T , (4.1.8)

where t
0X

T is the deformation gradient and tρ is the mass density at t.
The strain increment can be written in terms of linear (teij) and nonlinear (tηij)
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Figure 4.1 – Body at t+ ∆t subjected to virtual displacement field given by δu.

Source: Author’s production

contributions

tεij = teij + tηij, (4.1.9)

δtεij = δteij + δtηij, (4.1.10)

where

teij =
1

2
(tui,j + tuj,i) , (4.1.11)

tηij =
1

2
tuk,i tuk,j, (4.1.12)

where the comma denotes differentiation tui,j =
∂ui
∂txj

. In this way, Eq. (4.1.4 )can be

written as ∫
tV

(
tσij + tSij

)
δtεijd

tV = t+∆tW, (4.1.13)

and using Eq. (4.1.10 )∫
tV

tSijδtεijd
tV +

∫
tV

tσijδtηijd
tV = t+∆tW −

∫
tV

tσijδteijd
tV , (4.1.14)

where
∫
tV

tσijδteijd
tV represents the internal virtual work corresponding to the stresses

at t.
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Eq. (4.1.14 ) must be linearised in order to obtain an approximated equation to
be solved by the finite element method. To this aim, the second Piola-Kirchhoff stress
tensor (tSij) can be written as a Taylor series

tSij =
∂tSij
∂tεrs

∣∣∣∣
t

tεrs + higher-order terms, (4.1.15)

and by neglecting the higher-order terms,

tSij = tDijrs(ters + tηrs), (4.1.16)

where tDijrs =
∂tSij
∂tεrs

is the constitutive tensor referred to the configuration at t. Ne-

glecting nonlinear strain we obtain

tSij = tDijrsters. (4.1.17)

The product tSijδtεij in the first term of Eq. (4.1.14 ) can be written as

tSijδtεij = tDijrsters(δteij + δtηij) = tDijrstersδteij + tDijrstersδtηij, (4.1.18)

where the second term is quadratic in ui and is neglected, such that

tSijδtεij = tDijrstersδteij. (4.1.19)

As tσij does not depend on ui and δtηij can be written as

δtηij =
1

2
tuk,i δtuk,j +

1

2
δtuk,i tuk,j, (4.1.20)

which is linear in ui, the second term of Eq. (4.1.14 ) does not need to be linearised.
Thus the final linearised equation is∫
tV

tDijrs tersδteijd
tV +

∫
tV

tσijδtηijd
tV = t+∆tW −

∫
tV

tσijδteijd
tV . (4.1.21)

Considering thermal effects, ters can be written as a function of the total strain (teTotalrs )
and thermal strain (teThermalrs )

ters = te
Total
rs − te

Thermal
rs , (4.1.22)
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such that Eq. (4.1.21 ) becomes∫
tV

tDijrs te
Total
rs δteijd

tV +

∫
tV

tσijδtηijd
tV = (4.1.23)

t+∆tW −
∫

tV

tσijδteijd
tV +

∫
tV

tDijrste
Thermal
rs δteijd

tV ,

where the term
∫
tV tDijrs te

Thermal
rs δteijd

tV represents the internal virtual work corre-
sponding to the thermal loading at t.

4.2 Finite Element Discretization

For the formulation of the finite element equations, the domain V is divided into
E finite elements of p nodes and volume Ve. The vector of displacement increments of
an element e ,∆ue, from t to t + ∆T can be written as a function of shape functions N
as

∆ue = N∆U e, (4.2.24)

where ∆U e is the vector of nodal displacement increments of the element andN is the
matrix containing the interpolation functions. The linear strain vector increment te, con-
taining the components of teTotalrs , can be expressed in terms of the nodal displacement
vector ∆U e as

te = t
tBL∆U e, (4.2.25)

where t
tBL is the linear strain-displacement transformation matrix.
According to Bathe (1996)∫

tV

tσijδtηijd
tV = δU eT

(∫
tV

t
tB

T

NL
tσttBNLd

tV

)
∆U e, (4.2.26)

where t
tBNL is the nonlinear strain-displacement transformation matrix and tσ is the

matrix of Cauchy stresses, containing the components of tσij.
In the absence of body and surface forces, substituting Eqs. (4.2.25 ) and

(4.2.26 ) in Eq. (4.1.24 ) and assuming that tD is the incremental stress-strain material
property matrix, containing the components of tDijrs and tσ̂ is the vector of Cauchy
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stresses, containing the components of tσij,

δU eT

(∫
tVe

t
tB

T

LtD
t
tBLd

tV

)
∆U e + δU eT

(∫
tVe

t
tB

T

NL
tσttBNLd

tV

)
∆U e = (4.2.27)

−δU eT

(∫
tVe

t
tB

T

L
tσ̂dtV

)
+ δU eT

(∫
tVe

t
tB

T

LtDte
Thermal

)
,

where

te
Thermal = α∆T (4.2.28)

and α is the thermal expansion tensor. After assembling the influence of each element
in the finite element mesh, Eq. (4.2.28 ), we obtain

(KL +KNL) ∆U = FThermal − FInt, (4.2.29)

where

KL =
E⋃
e=1

∫
tVe

t
tB

T

LtD
t
tBLd

tV , (4.2.30)

is the linear structural stiffness matrix

KNL =
E⋃
e=1

∫
tVe

t
tB

T

NL
tσttBNLd

tV , (4.2.31)

is the nonlinear structural stiffness matrix

FInt =
E⋃
e=1

∫
tVe

t
tB

T

L
tσ̂dtV , (4.2.32)

is the vector of internal forces and

FThermal =
E⋃
e=1

∫
tVe

t
tB

T

LtDα∆TdtV . (4.2.33)

is the thermal load vector.
As the updated Lagrangian formulation is used, all variables are referred to the

last equilibrium configuration t. Thus the total displacement from 0 to t+ ∆t is

U t+∆t = U t + ∆U . (4.2.34)

The stress increment is

∆σ̂ = De = D(eTotal − eThermal) = D(ttBL∆U −α∆T ), (4.2.35)
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such that the total stress at t+ ∆t is

σ̂t+∆t = σ̂t + ∆σ̂. (4.2.36)

The stress increment, Eq. (4.2.35 ), depends on the thermal and mechanical strains.
As mentioned by Thornton and Dechaumphai (1984), the interpolation of mechanical
strain is one order lower than the thermal strain due to the matrix t

tBL, which provides
the linear differential of the shape functions, while the term of thermal strain is a di-
rect function of the shape functions N . The different order of these terms leads to
an unrealistic element thermal stress prediction. Thornton and Dechaumphai (1984)
proposed a nodeless parameter approach to reduce the thermal stress discontinuities
without adding additional element unknowns. In this approach, the displacement vector
is written as

∆ue = N∆U e +N∆T , (4.2.37)

where ∆T is the vector of element nodal temperatures variations andN represents the
nodeless parameter interpolation matrix (given by Thornton and Dechaumphai (1984))

N =

[
Nu1 Nu2 Nu3 Nu4

N v1 N v2 N v3 N v4

]
. (4.2.38)

For a quadrilateral element, the approximated interpolation functions are

Nu1 = α
16
l12(1− r2)(1− s); Nu2 = −Nu1;

Nu3 = − α
16
l34(1− r2)(1 + s); Nu4 = −Nu3;

N v1 = α
16
l41(1− r)(1− s2); N v2 = α

16
l23(1 + r)(1− s2);

N v3 = −N v2; N v4 = −N v1.

(4.2.39)

where lij is the Euclidian distance between nodes i and j and r, s are the local coordi-
nates.

The strain increment, given by Eq. (4.2.25 ), is rewritten accordingly

te = t
tBL∆U e +B∆T , (4.2.40)

where B is the nodeless parameter strain-displacement matrix. The stress increment
than becomes

∆σ̂ = D(ttBL∆U +B∆T −α∆T ). (4.2.41)

By substituting Eq. (4.2.40 ) into Eq. (4.1.24 ), Eq. (4.2.29 ) becomes

(KL +KNL) ∆U e = FThermal − F Thermal − FInt, (4.2.42)
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where

F Thermal =
E⋃
e=1

∫
Ve

t
tB

T

LDB∆T dV (4.2.43)

corresponds to the vector associated to the element nodeless parameter interpolation
functions.



Chapter 5

Methodology

This work aims at predicting the thermo-mechanical coupling behavior during
the SLM process, in order to find the distortions of parts build by this process. The
domain, composed by the substrate and powder bed, is subdivided in finite elements.
To simulate each added layer, all mesh is generated in the beginning of the process,
but the elements of each layer are activated when this new layer is added. Fig. 5.1
shows an example of the activated and deactivated layers and the mechanical bound-
ary conditions.

Figure 5.1 – Example of Activated and deactivated layer.

Source: Author’s production

The domain is modeled as a two-dimensional problem that is capable of cap-
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turing in-plane distortion of the part. In this way, the four node bi-linear isoparametric
element is used. The mechanical problem is solved by considering the plane strain
assumptions. In the plane strain assumption, the displacement in the z direction is
assumed to be zero, as well as it derivatives.

Considering the traditional Saint Venant material model, plane strain hypothesis
and an isotropic material we have by definition

εxx =
σxx
E
− ν σyy

E
− ν σzz

E
+ εx0, (5.0.1)

εyy = −ν σxx
E

+
σyy
E
− ν σzz

E
+ εy0, (5.0.2)

εzz = −ν σxx
E
− ν σyy

E
+
σzz
E

+ εz0 = 0, (5.0.3)

εxy =
2(1 + ν)

E
σxy + εxy0. (5.0.4)

where ν is the Poisson’s ratio and E is the Young’s modulus.
In the case of thermal strain

ε = D−1σ + εThermal. (5.0.5)

Isolating σzz in Eq. (5.0.3 ) results in

σzz = ν(σxx + σyy)− Eεz0, (5.0.6)

and substituting Eq. (5.0.6 ) in Eqs. (5.0.1 ) and (5.0.2 )

εxx =

σxx
E

(1− ν2)− νσyy
E

(1 + ν)︸ ︷︷ ︸ + νεz0 + εx0︸ ︷︷ ︸
related to D−1σ related to εThermal

, (5.0.7)

εyy =

σyy
E

(1− ν2)− νσxx
E

(1 + ν)︸ ︷︷ ︸ + νεz0 + εy0︸ ︷︷ ︸
related to D−1σ related to εThermal

. (5.0.8)

From Eq. (5.0.4 )

εxy =

2(1 + ν)

E
σxy︸ ︷︷ ︸ + εxy0︸︷︷︸

related to D−1σ related to εThermal

. (5.0.9)

The second term of the Eqs. (5.0.7 ), (5.0.8 ) and (5.0.9 ) gives εThermal for the
plane strain case
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εThermal =

 εx0 + νεz0

εy0 + νεz0

εxy0

 . (5.0.10)

For an isotropic material
εx0 = εy0 = εz0 = α∆T, (5.0.11)

and
εxy0 = 0, (5.0.12)

which leads to the thermal strain vector for the plane strain case

εThermal =

 (1 + ν)α∆T

(1 + ν)α∆T

0

 = (1 + ν)α∆T

 1

1

0

 . (5.0.13)

In order to find the elasticity matrix (D) for plane strain case, Eq. (5.0.6 ) is
substituted in Eqs. (5.0.1 ) and (5.0.2 ),

E
1+ν

εxx = σxx(1− ν)− νσyy,
E

1+ν
εyy = σyy(1− ν)− νσxx

(5.0.14)

and, solving for σxx and σyy

σxx = E
(1+ν)(1−2ν)

[(1− ν)εxx + νεyy] ,

σyy = E
(1+ν)(1−2ν)

[νεxx + (1− ν)εyy] .
(5.0.15)

From Eq. (5.0.9 ) we obtain

σxy =
E

2(1 + ν)
εxy, (5.0.16)

or, in matrix form  σxx

σyy

σxy

 = D

 εxx

εyy

εxy

 , (5.0.17)

where D is the elasticity matrix for an isotropic material in plane strain case

D =
E

(1 + ν)(1− 2ν)


1− ν ν 0

ν 1− ν 0

0 0
1− 2ν

2

 . (5.0.18)
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5.1 Heat Source

Complex mechanisms are involved in the melting pool and modeling this phe-
nomenon could become costly when the aim is to predict global behavior of the part
to be manufactured. As shown in Chapter 2.2, the laser beam is usually modeled as
a Gaussian distribution, as shown in Eq. (2.2.3 ). When the laser beam reaches the
powder bed, the powder absorbs part of the energy until it reaches the melting tem-
perature. From that point, the energy coming from the laser is absorbed by the mushy
region (region where both phases coexist, solid and liquid) until the entire region be-
comes liquid. In the SLM process, the melting pool reaches temperatures above the
melting point and remains at this temperature until the laser leaves the region.

A different approach is proposed in this work, consisting in replace both the laser
source and the melting pool by a moving prescribed temperature field, in other words,
a moving melting pool. The moving melting pool approach aims to simplify the model
in order to perform a global analysis of the part, since it does not take into account
the complex phenomena happening in the melting pool, considering that the process
parameters shown in 2.6 are matched in order to obtain a stable melting pool.

In this approach the mesh size depends on the process parameters, since the
dimensions of the melting pool dictate the size of the elements. Fig. 5.2 shows an ex-
ample of mesh discretization, where it is assumed that the melting pool depth reaches
three powder layers, and there is only one element representing the melting pool. The
number of elements to model the melting pool is a parameter that can be modified.
Since the premise is that the melting pool is stable, after the laser leaves an element,
a complete fusion with the surrounding elements is considered.

The moving melting pool approach has the advantage of being easier to imple-
ment, since the flux of the laser do not need to be evaluated in each iteration. Another
advantage is the possibility of using larger elements in the mesh, making the simulation
less costly. However previous experimental tests are needed to find the temperature
and the dimensions of the melting pool for each set of process parameters.

A common procedure to prescribe temperature is to substitute the known nodal
point temperatures in the heat flow equilibrium equations and delete the corresponding
equations from those to be solved (BATHE, 1996).
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Figure 5.2 – Example of mesh discretization for the moving melting pool approach.

Source: Author’s production

5.2 Scanning strategy

The scanning strategy is set by using a list created in the pre-processing phase.
As the temperature is prescribed one element at once, the list contains the sequence
of the elements that must be molten. For each element, the list gives the number of
iterations

Ni =
a

v∆t
, (5.2.19)

where v is the laser speed, a is the element width and ∆t is the time step.
The element number during the part manufacturing (Laser on) is always positive.

In this way, the element number is set to −1 when a new layer is added and the laser
stays off. The number of iterations that the laser stays off is set to one and a loop
is performed until the part and substrate cools down to a given temperature. Another
information given by the list is the layer where the laser is. With this information it is
possible to check if the layer has changed (such that elements of the new layer must
be activated). Fig. 5.3 shows an example of the table of elements.
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Figure 5.3 – Table of elements

Source: Author’s production

5.3 Material Modeling

To describe the material phase of each element during the simulation, a phase
function Θ is defined. This function can be expressed as

Θ =


0 if Powder
1 if Dense Solid (Part)
2 if Dense Solid (Substrate)

. (5.3.20)

The latent heat of fusion is taken into account as explained in Section 3.1, Eq.
(3.1.18 ), but no liquid phase is included in the material phase function. The liquid
phase is included inside the dense solid phase with a temperature test in the subroutine
that assigns the material property. At the beginning of the process a vector Θ is created
for all elements in the mesh, including the deactivated elements. Elements belonging
to the substrate are set to 2 and the remaining elements are set to 0 (powder). At each
iteration, a temperature test determines if some powder element e reaches the melting
temperature. In the affirmative case, Θe = 1.

A titanium alloy Ti-6Al-4V is used in all simulations performed in this work, since
it is widely used in the SLM process. Table 5.1 shows the specific heat, thermal con-
ductivity and density as a function of temperature as well as others properties.
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Table 5.1 – Material properties for Ti-6Al-4V.

Physical Properties Value

Solid Specific Heat [J/KgK]

{
483.04 + 0.2015T if T ≤ 1268[K]

412.7 + 0.1801T if 1268 < T ≤ 1923[K]

Liquid Specific Heat [J/KgK] 831

Thermal Conductivity [W/mK]


1.2595 + 0.0157T if T ≤ 1268[K]

3.5127 + 0.0127T if 1268 < T ≤ 1923[K]

−12.752 + 0.024T if T > 1923[K]

Solid Density [kg/m3] 4420.0− 0.154(T − 298[K])

Liquid Density [kg/m3] 3920.0− 0.68(T − 1923[K])

Liquidus temperature [K] 1923.0

Solidus temperature [K] 1877.0

Evaporation temperature [K] 3533.0

Latent heat of fusion [J/kg] 2.86 x 105

Thermal expansion coefficient [K−1] 1.1 x 10−5

Poisson ratio 0.34

Elastic modulus [GPa] 107

Source: (MILLS, 2002) and (WELSCH et al., 1993), apud (FAN; LIOU, 2012).

Fig. 5.4 shows that some properties experience large variations over the tem-
perature range of the process. Kolossov et al. (2004) discusses the importance of
temperature dependence for the thermal properties. The density of the solid phase is
assigned to temperatures smaller than 1877.0[K] and the density of the liquid phase
is assigned to temperatures larger than 1923.0[K]. A linear interpolation is used for
temperatures between 1877.0[K] and 1923.0[K] to respect the mass conservation. The
modified specific heat in the melting range, obtained with the Apparent Heat Capacity
Method is shown in the Fig. 5.5.
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Figure 5.4 – Temperature dependent properties.

Source: Author’s production

Figure 5.5 – Specific heat in the melting region by the Apparent Heat Capacity Method.

Source: Author’s production

Table 5.2 shows the powder properties. The Poisson’s ration of the powder is
assumed to be zero. The elastic modulus is assumed to be 1.0× 10−9Esolid in order to
set a smaller stiffness to that region.
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Table 5.2 – Powder properties.

Physical Properties Value
Specific Heat [J/KgK] 6.55 x 10−4

Thermal Conductivity [W/mK] 0.2
Density [kg/m3] 2900.0

Source: (KOLOSSOV et al., 2004).

5.4 Mesh Deformation

The thermo-mechanical coupling is performed through Eq. (4.2.33 ). Taking
the initial stress non-linearity into account, the stiffness matrix is add by KNL (Eq.
(4.2.31 )) and the force vector due to initial stress is also taken into account with FInt
(Eq. (4.2.32 )). The contribution in force vector due to the nodeless parameter ap-
proach is given by F Thermal (Eq. (4.2.43 )). With the force vector it is possible to find
the nodal displacement increments through Eq. (4.2.42 ). The updated Lagrangian
formulation is used, where the coordinates are updated at each time step.

During the SLM process, voids in the powder bed are filled when the powder
is melted, causing a densification and decreasing the thickness of the molten powder
resulting in shrinkage, as shown in Fig. 5.6-(b) (YU et al., 2016). Fig. 5.6-(a) shows the
shrinkage predicted by Yu et al. (2016) during the processing of an AlSi10Mg alloy with
P = 150[W ] and v = 400[mm/s]. To take into account this shrinkage, the top nodes of
the molten element are moved downward while respecting mass conservation, as Dai
and Shaw (2005). This processis explained in Fig. 5.7.
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Figure 5.6 – Shrinkage during the SLM process

Source: Adapted from (YU et al., 2016).

Figure 5.7 – Shrinkage respecting mass conservation

Source: Author’s production
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5.5 Cooling

Heat transfer mechanisms by conduction and convection are taken into account
in this work. The effect of radiation heat losses are neglected (Chapter 2.2).

There are two types of cooling cycles during the process: the cooling before
adding a new layer and the final cooling of the part before remove it from the chamber.
Two target temperatures can be set in order to take these process parameters into
account during the simulation. A new layer is only added when all nodes reach the
target temperature. The final cooling is completed when the other target temperature
is reached.

5.6 Distortion

After the final cooling, the part is removed from the substrate and the distortion
can be calculated. In this work, the vector containing the material phase VPHASE is
taken at the end of the process and the informations about the mesh and stresses
are considered only in elements belonging to the part. A new problem using residual
stresses at the end of the fabrication as initial stresses is then solved considering a
new set of boundary conditions. Residual stresses generate internal forces in the form

FD = −
E∑
e=1

∫
V

BTσdV, (5.6.21)

and the equilibrium equation becomes

KMUD = FD, (5.6.22)

where UD gives the part distortion.

5.7 Flowchart of the Code

The pre-processing produce the mesh and the table of elements (Section 5.2),
with dimension Nk, based on the process parameters and laser strategy. A loop is
performed into k ∈ [1, Nk] and an internal loop is performed in i ∈ [1, Ni]. When the
counter k is incremented, the layer is checked to verify if a new layer must be added. In
the internal loop, the temperature distribution is calculated (Chapter 3) and the value of
element e is checked. if e > 0 (laser on), nodal temperatures are prescribed (Section
5.1). The nodal coordinates of the molten elements are updated to take the shrinkage
into account (Section 5.4). The temperature increment is calculated as well as FThermal
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(Chapter 4). After, displacement and the stresses can be updated (Section 5.4). Fig.
5.8 shows the simulation scheme.

Figure 5.8 – Simulation scheme

Source: Author’s production

At the end of the external loop k = Nk the cooling is started (Fig. 5.9 shows the
manufacturing flowchart).
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Figure 5.9 – Manufacturing flowchart

Source: Author’s production
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In the cooling process, the temperature distribution (Chapter 3), as well displace-
ments and stresses (Chapter 4) are updated until reaching the target temperature. Fig.
5.10 shows the cooling flowchart.

Figure 5.10 – Cooling flowchart

Source: Author’s production

The last part consists in evaluating the distortion of the part (Section 5.6), con-
sidering the stresses given at the end of the cooling process and the boundary condi-
tions of the problem. Fig. 5.11 shows the distortion flowchart.
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Figure 5.11 – Distortion flowchart

Source: Author’s production





Chapter 6

Results and Discussion

This chapter initially describes some process parameters used in most cases
analyzed. It is also defined the element size in both the substrate and part as well as
the domain to be used. In Section 6.4 it is performed a stability analysis to define the
time step to be used in the following simulations. Tested cases as well as the results
are presented and discussed in the following sections.

The computer code is written in the free language Julia. The free softwares
Gmsh and Gnuplot are used to show temperature distribution and history.

6.1 Process Parameters and Problem description

Some process parameters are taken as default for the simulated cases, as
shown in Table 1.1.

Table 6.1 – Process parameters

Laser power (P ) 200[W ]
Scan speed (v) 0.5[m/s]

Layer thickness (t) 20[µm]
Convection coefficient (h) 20[W/m2K]
Ambient temperature (Ta) 333[K]

Substrate initial temperature (Ts) 473[K]
Target temperature between two layers (TTarget1) 1700[K]

Target temperature - Final cooling (TTarget2) 1700[K]

The laser power, scan speed and layer thickness are parameters that directly
affect the melting pool dimensions. According to Yang et al. (2016), Ti-6Al-4V alloy and
process parameters shown in Table 6.1 lead to a melting poll width around 170[µm] and
depth around 50[µm]. Using the approach presented in section 5.1, the finite element
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dimensions of the part and substrate are chosen in order to model the melting pool
using only one element with 150[µm] in x direction and 50[µm] in y direction, corre-
sponding to three layers. The dimensions of elements used to model the SLM process
found in literature are in a wide range of values. Wu et al. (2017) used elements of
0.02mm (width) × 0.02mm (length) × 0.025mm (thickness), Li et al. (2015) used el-
ements of 0.05mm (width) × 0.05mm (length) × 0.0375mm (thickness) and Nickel et
al. (1999) used elements of 1.2mm (width) × 1.25mm (length) × 0.6mm (thickness) to
model the powder bed.

A convection coefficient of 20[W/m2K] (ROBERTS, 2012) is applied as a bound-
ary condition on the top surface for the thermal problem.

The ambient temperature is prescribed to the powder when a new layer is spread
and is also used in Eq. (3.2.39 ) to define the contribution of the convection to the force
vector in the thermal analysis.

The substrate temperature is prescribed at t = 0, according Eq. (3.0.10 ) and is
monitored during the simulation in order to guarantee T (x, y, z = 0, t) ≥ TS ∀t.

In order to decrease simulation time, the part is removed from the substrate be-
fore reaching the ambient temperature. The target cooling temperature before adding
a new layer (TTarget1) and to final cooling (TTarget2) is 1700[K].

6.2 Test Cases

Seven cases are studied to perform a qualitative analysis about the influence of
preheating, laser scan strategy and thermal boundary conditions on the final distortion
of the part. These cases are chosen in order to verify the sensibility of the implemented
formulation and to compare it with similar results found in the literature. Table 6.2 shows
the parameters used in each one of the test cases. Case 5 is considered without
preheating (ambient/powder and substrate) and all other cases are considered with
333[K] for the preheating of the powder and ambient, varying values of the substrate
preheating.
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Table 6.2 – Tested cases

Case Scan Strategy TS[K] Ta[K] Thermal Boundary Condition
1 Unidirectional 473 333 T (x, y, z = 0, t) ≥ TS ∀t
2 Unidirectional 333 333 T (x, y, z = 0, t) ≥ TS ∀t
3 Alternating 473 333 T (x, y, z = 0, t) ≥ TS ∀t
4 Alternating 333 333 T (x, y, z = 0, t) ≥ TS ∀t
5 Unidirectional 300 300 T (x, y, z = 0, t) ≥ TS ∀t
6 Unidirectional 523 333 T (x, y, z = 0, t) ≥ TS ∀t
7 Unidirectional 473 333 T (x, y, z = 0, t) = TS ∀t

Source: Author’s production

6.3 Domain Description

Dimensions used in the following simulations are shown in Fig. 6.1, with 40 ele-
ments in the length and 14 elements in the height of the substrate and 27 elements in
the length and 5 elements in the height of the part, which is equivalent to 12 manufac-
tured layers of 20[µm] approximately. The dimensions of the part are smaller than real
parts manufactured by SLM process in order to minimize the computational effort. This
is common in the literature, where Roberts (2012) simulate a part with dimension of
1mm×1mm×0.15mm and substrate with 3mm×3mm×1mm, Wu et al. (2017) simulate
a part with dimension of 1mm×5mm×0.075mm and substrate with 1mm×5mm×1mm

and Li et al. (2015) simulate a part with dimension of 5mm×0.6mm×0.15mm and sub-
strate with 5mm× 0.6mm× 5mm. According to Roberts (2012), it is important to keep
a surrounding region from the scanned region to prevent near field effects in the tem-
perature field analysis (he used at least 1mm). Fig. 6.1 shows the surrounding region
used in this work.

Figure 6.1 – Dimensions used to perform the simulations

Source: Author’s production.
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6.4 Stability Analysis

As discussed in Section 3.3, the Finite Difference Method is conditionally stable
and the largest ∆t for stability is given by Eq. (3.3.41 ) when the material properties
are constant. In the case of temperature dependent thermal properties, this equation
does not work and a detailed stability analysis must be performed.

A smaller domain than the one used for the other simulations presented in this
work is used in order to decrease elapsed time (Fig. 6.2 (A)). Five time steps were
tested to analyze and choose the best value in order to guarantee stability and improve
the computational time: 5.0 × 10−10[s], 5.0 × 10−9[s], 1.0 × 10−8[s], 1.2 × 10−8[s], 1.4 ×
10−8[s]. Six nodes are monitored to verify the stability: 73, 114, 117, 133, 137 and 159,
as shown in Fig. 6.2 (B).

Figure 6.2 – (A) Part dimensions used to perform Stability Analysis. (B) Monitored
nodes for Stability Analysis

Source: Author’s production.

Fig. 6.3 shows the temperature of each node for each time step. The tempera-
ture behavior is exactly the same for all time steps at each monitored node, except for
dt = 1.4 × 10−8 (purple curve), where the temperature diverges at time 1.5[ms] for all
nodes.

Fig. 6.4 shows the normalized elapsed time to simulate the part with each time
step where it is possible to verify that the simulation time can be drastically reduced
using larger time steps.

Thus, the time step, in order to guarantee the stability and also reduce total com-
putation time, is dt = 1.2× 10−8. This time step is used in all the following simulations.
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Figure 6.3 – Temperature of monitored nodes

Source: Author’s production.

Figure 6.4 – Normalized elapsed time

Source: Author’s production.
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6.5 Thermal Behavior

During the laser scan, Shuai et al. (2013) monitored the temperature of three
points along the part depth, spaced by 0.4[mm]. They concluded that the temperature
decreases along the depth (this behavior is presented in Fig. 6.5). It is also possible to
note that the cooling cycle takes much longer than the heating cycle.

Figure 6.5 – Temperature history along the thickness obtained by Shuai et al. (2013).

Source: (SHUAI et al., 2013).

In the first simulated case (Tab. 6.2), the temperature of the nodes presented in
Fig. 6.6 is monitored during all the manufacturing.

The temperature history of nodes 553, 594 and 635 are shown in Fig 6.7, where
it can be seen the same behavior found by Shuai et al. (2013). As the approach used
in this work directly apply nodal temperature, simulating the melting pool, the heating
rate (around 1.2×1011[K/s]) is much faster than the heating rate presented by Roberts
(2012), that is 2.45×107[K/s]. The average cooling rate is around 2.1×105[K/s], within
the range of typical cooling rates for laser processing technique (between 103[K/s] and
1011[K/s]) (ROBERTS, 2012).
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Figure 6.6 – Monitored nodes at each time step

Source: Author’s production.

Figure 6.7 – Temperature history of nodes 553, 594 and 635 for case 1 (Table 6.2).

Source: Author’s production.
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Fig. 6.8 shows the temperature history of nodes 594 and 635 for the scan of
the first layer, where it is possible to note that cooling of node 594 is faster than the
cooling of node 635. This difference in the cooling rate is associated to the fact that the
main heat transfer mechanism is the conduction through the substrate, such that the
convection could be neglected, as discussed by Badrossamay and Childs (2007).

Figure 6.8 – Temperature history of nodes 594 and 635 for case 1 (Table 6.2) during
the scan of the first layer.

Source: Author’s production.

Numerical instabilities shown in Fig. 6.7, where the temperature oscillates be-
fore the laser reaches the node, can be solved by using a finer mesh to discretize the
melting pool. Case 1 (Table 6.2) is simulated using a finer mesh with element dimen-
sions of 50µm × 50µm and the difference in the temperature history is shown in Fig.
6.9 for the node 594. It is possible to notice that this instability disappears when a
finer mesh is employed. It is also possible to notice a difference in the cooling rate as
expected.

Figure 6.9 – Temperature history of node 594 for case 1 (Table 6.2) with element di-
mensions of 50µm× 50µm and 150µm× 50µm.

Source: Author’s production.
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Fig. 6.10 shows temperature field for case 1 (Table 6.2) for both fine and coarse
meshes. Global thermal field is the same for both meshes, but it is possible to notice
a difference around the melting pool (yellow square), where the nodes do not have the
decreasing in temperature before the laser reaches them.

Figure 6.10 – Temperature field for case 1 (Table 6.2) with element dimensions of
50µm× 50µm (fine mesh) and 150µm× 50µm (coarse mesh).

Source: Author’s production.

The elapsed time to simulate the problem with a finer mesh is three times larger
than the reference mesh. In this way, since the present work proposes a qualitative
analysis, and in order to decrease computational efforts, the coarser mesh is employed
in the next simulated cases.

6.6 Part Distortion

The final distortion obtained for case 1 (Table 6.2) is shown in Fig. 6.11 as a
displacement field. Since the final distortions is evaluated with respect to the initial
coordinates, and not with respect to the configuration at the end of the laser scan,
nodes 141 to 158 have a negative vertical displacement due the shrinkage applied in
the proposed approach.
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Figure 6.11 – Displacement field for case 1

Source: Author’s production.

The displacement field displayed in Fig. 6.11 is not easier to analyze. Also,
there are many ways to measure and to describe distortion. Thus, in order to make
it easer to compare the different cases studied in this work, the final distortion is rep-
resented by the vertical displacements of the upper nodes of the part (Fig. 6.12). In
the following, the word gain is used whenever some vertical displacement is reduced
(less distortion). Fig. 6.12 also shows the nodes (red nodes) held fixed (boundary
conditions) to evaluate the distortion.

Figure 6.12 – Vertical displacement uy (dotted line) of upper nodes is used to represent
distortion.

Source: Author’s production.

6.7 Scan Strategy

As shown in Section 2.2, the larger the scan vector, larger is the deformation of
the part. According to Vrancken (2016), the mechanism behind this effect is not totally
clear and can be a combination of several phenomena. Since the present work models
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the SLM process as a two-dimensional problem, the comparison of two different scan
strategies with larger and shorter scan vectors, like shown in Fig. 2.9, can not be
analyzed. However, two different scan strategies are simulated in order to obtain one
of the beneficial phenomena cited by Vrancken (2016): a local preheating before scan
a new layer. Fig. 6.13 shows the scan strategies used, known as unidirectional and
alternating. It is possible to identify that for the alternating strategy, the second layer
begin right above the last scanned element, working as a locally preheating.

Figure 6.13 – Unidirectional and Alternating scan strategies

Source: Author’s production.

To verify the influence of the scan strategy on the final distortion it is possible
to compare the unidirectional and the alternating strategy with TS = 473[K] (Fig. 6.14)
and TS = 333[K] (Fig. 6.15). For both TS its possible to identify the same behavior,
where the distortion of the part manufactured with an alternating strategy is smaller
than the one manufactured with the unidirectional strategy. Comparing the vertical
displacement of node 168, in the case of TS = 473[K], the alternating strategy leads to
a displacement 73.50% smaller than unidirectional strategy. In the case of TS = 333[K],
this gain is of 73.97%
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Figure 6.14 – Final distortion for unidirectional and alternating strategy with TS =
473[K].

Source: Author’s production.

Figure 6.15 – Final distortion for unidirectional and alternating strategy with TS =
333[K].

Source: Author’s production.

6.8 Preheating

The effect of substrate preheating is analyzed using four different temperatures.
The comparison of the extremes temperatures (300[K] and 523[K]), for the unidirec-
tional strategy is shown in Fig. 6.16, where it is possible to notice that preheating leads
to smaller vertical displacements (distortion) of the part.
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Figure 6.16 – Final distortion for TS = 300[K] and TS = 523[K] with the unidirectional
strategy.

Source: Author’s production.

The same behavior is observed when using TS = 333[K] and TS = 473[K], for
the unidirectional strategy (Fig. 6.17), where the distortion of the part manufactured
with TS = 473[K] is smaller than the one manufactured with TS = 333[K].

Figure 6.17 – Final distortion for TS = 333[K] and TS = 473[K] with the unidirectional
strategy.

Source: Author’s production.

Observing Fig. 6.18, we can conclude that the effect of preheating is benefi-
cial with any scan strategy, since the same behavior is found with unidirectional and
alternating strategy.
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Figure 6.18 – Final distortion for TS = 333[K] and TS = 473[K] with the alternating
strategy.

Source: Author’s production.

It is possible to notice that the gain obtained with a higher preheating tempera-
ture is larger in the vertical displacement of the node 162, as shown in Fig. 6.19.

Figure 6.19 – Zoom of Fig. 6.16 showing the difference in distortion for TS = 300[K]
and TS = 523[K] with the unidirectional strategy.

Source: Author’s production.

The comparison of vertical displacements of node 162 for all tested preheating
temperatures shows a linear relation between the vertical displacement of this node
and preheating temperature (Fig. 6.20).
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Figure 6.20 – Vertical displacement of node 162 for all tested preheating temperatures

Source: Author’s production.

Fig. 6.21 shows the results obtained by Ali et al. (2018), where the difference
between the temperature of the top surface of the melting pool and at a point located
250µm bellow decreases with the increase in the preheating temperature.

Figure 6.21 – Temperature prediction at the top surface of the melting pool and at a
point located 250µm below the melting pool for different preheating temperatures (ALI
et al., 2018)

Source: (ALI et al., 2018).

Fig. 6.22 shows the temperature at the top surface of the melting pool and
a point located 200µm below the melting pool for TS = 300[K] and TS = 523[K] for
the unidirectional strategy. It is possible to notice that the same behavior obtained by
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Ali et al. (2018) is achieved, where a higher preheating temperature leads to a lower
difference in temperature.

Figure 6.22 – Temperature prediction at the top surface of the melting pool and at a
point located 200µm below the melting pool for TS = 300[K] and TS = 523[K] for the
unidirectional strategy.

Source: Author’s production.

By subtracting the top and the bottom monitored temperatures (Fig. 6.22) and
dividing by the distance between the points it is possible to obtain an approximation
to the temperature gradient. Doing the same with the results shown in Fig. 6.21, it is
possible to notice a linear behavior in the decreasing of the temperature gradient (Fig.
6.23). It is important to notice that the comparison is qualitative, since the parameters
used in both simulations are different, as well as the melting pool dimensions.

Fig. 6.24 shows the distortion of a part (shown in the left) for three initial sub-
strate temperatures, where it is possible to notice the beneficial effect of preheating
on final distortion. This same qualitative behavior is found in this work, as shown in
Figs. 6.16, 6.17 and 6.18, although the effect of preheating seems to be smaller in the
proposed formulation.
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Figure 6.23 – Comparison of the obtained temperature gradients with the results ob-
tained by Ali et al. (2018) with different substrate preheating.

Source: Author’s production.

Figure 6.24 – Distortion as a function of initial substrate temperature obtained experi-
mentally by Zaeh and Branner (2010).

Source: (ZAEH; BRANNER, 2010).

According to Vrancken (2016), the beneficial effect of preheating in residual
stress is also given by the decreasing of temperature gradients, since martensitic trans-
formation occurs due to fast cooling rates. However, the most important effect to the
reduction of residual stresses is the reduction of the yield stress at higher temperatures.
In the present work, mechanical properties are considered to be temperature indepen-
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dent and it can explain the low gain in distortion observed when the temperature of
preheating is increased.

It is also possible to notice that scan strategy has larger influence on the final
distortion than substrate preheating in this work. It is important to emphasize that in
the current model, the gain obtained with an alternating strategy is explained by a
local preheating and not by a shorter scan vector. In this way, as the local preheating
obtained by an alternating strategy is much larger than the preheating assumed as
initial substrate temperature, the obtained results are expected.

6.9 Thermal boundary condition

The different kinds of thermal boundary conditions are tested to verify the in-
fluence on the final distortion of the part: case 1 ( T (x, y, z = 0, t) ≥ TS) and case 7

(T (x, y, z = 0, t) = TS). The temperature field during the fabrication of the fourth layer
is shown in Fig. 6.25 for both cases, where it is possible to notice that, for the case 1,
the substrate can reach temperatures above TS, since the temperature of the bottom
of the substrate is not fixed.

Figure 6.25 – Temperature field during the manufacturing of the fourth layer for case 1
(a) and case 7 (b).

Source: Author’s production.
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The comparison between the distortion of the final part (Fig. 6.26) for these two
thermal boundary condition shows that the distortion of the case 1 is smaller than the
case 7. In this way, when the substrate is modeled smaller than the real size (as this
work), it is important to remember that this two kinds of thermal boundary conditions
can lead to different results.

Figure 6.26 – Final distortion for two different thermal boundary conditions.

Source: Author’s production.





Chapter 7

Conclusions

7.1 Conclusions

In the Selective Laser Melting process, a laser beam selectively scans a powder
bed and the energy from the laser is absorbed by the material, leading to a very fast
melting. The heat is rapidly conducted through the substrate and the molten mate-
rial solidifies. These heating and cooling cycles lead to expansion and contraction of
the material, but this is constrained by the surrounding solidified material, introducing
residual stresses in the part. Residual stresses remaining in the part at the end of the
manufacturing can lead to cracks and distortions when the part is removed from the
substrate.

Many process parameters can be combined in order to reduce the residual
stresses and the final distortion. Preheating of the substrate, in order to decrease
the temperature gradient as well as the yield stress of the material, is a good way to
decrease the residual stresses, as shown by Vrancken (2016). Short scan vectors are
also cited as beneficial to reduce residual stress.

The present work discusses the complex phenomena involved in this manufac-
turing process and presents a simplified formulation to model the problem. A different
kind of laser model is used instead of the Gaussian distribution, where a moving tem-
perature field is used to model the melting pool. A detailed explanation of the formu-
lation and the underlining computer code is presented, in order to be used in future
works.

The presented formulation can be qualitatively compared with the literature with
a good agreement regarding temperature field, temperature history and final distortion.
This shows that the moving melting pool approach can properly model the influence of
the melting pool in the global behaviour of the building process.

The analysis of the influence of substrate preheating temperature shows that
the gain in the final distortion shall be better modeled by using temperature dependent
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mechanical properties.
As the problem is modelled with a 2-Dimensional finite element mesh, there

are constraints in scanning strategies that can be used, since different dimensions of
scans vector could not be modelled. However, two scan strategies are studied. The
alternating scan strategy proved to be beneficial for the final distortion of the part, due
to local preheating induced during the scanning with this scan strategy.

The results shown that the proposed formulation is sensitive to both process
parameters studied in this work: scan strategy and substrate preheating. In this way,
the initial objectives of this research were achieved.

Two different thermal boundary conditions are also studied in this work. This
analysis shows that the temperature field is sensitive to this boundary condition as well
as the final distortion of the part when the substrate dimensions are modeled smaller
than the real size.

7.2 Suggestions for Future Work

In order to improve the results obtained in this work, several aspects are sug-
gested:

• Compare the results obtained by the moving melting pool approach (proposed in
this work) with the traditional laser model (Gaussian distribution);

• Perform a sensibility analysis to verify the influence of some parameters as coef-
ficient convection and shrinkage to verify the necessity and influence of these in
the simulation;

• Elaborate a formulation to turn the final cooling of the part faster than the tradi-
tional formulation in order to decrease computational efforts;

• Implement a 3-Dimensional model;

• Perform experimental tests in order to verify the simulated results;

• Implement thermal-dependent mechanical properties in order to improve the dis-
tortion prediction;

• Compare the results obtained with the present time integration formulation (ex-
plicit) with an implicit formulation as well the computational effort to verify the
viability of the formulation used in this work to simulate larger parts;
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