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Abstract

The current environmental and societal challenges require producing highly
customised products as fast as possible and using the smallest amount of
resources. Facing these challenges requires a total redefinition of the production
paradigms. Among the answers to these problems, the additive approach to
manufacturing could be the key. In additive manufacturing (AM), unlike
traditional production techniques, a component is produced by adding material
layer by layer until complete component production. The material adopted could
be polymeric or metallic, and the techniques can produce definitive components
and prototypes. Additive manufacturing processes are complex due to the
different physics phenomena involved. Considering the AM processes based on
powder feedstock material, besides the pure melting, another interesting
phenomenon may occur: the sintering among the particles. This process could be
performed by purpose or can appear as a side effect of the heat transfer between
the melt pool and the surrounding material. Despite the crucial role that sintering
could play in certain AM processes, the analysis of sintering phenomena had
received extremely little attention. In particular, this is true for those processes,
such as the electron beam powder bed fusion (PBF-EB), in which the effects of a
sintering process are exploited to conduct the process safely and prepare the
powder bed properly for the subsequent steps. In this case, the sintering process is
used to tune some fundamental properties of the powder bed, such as the thermal
conductivity and the apparent density.

Therefore, the current work aims to investigate the dynamic of sintering
phenomena that occurs during the PBF-EB process. The final objective is to
characterise the powder material's thermal conductivity and its evolution during
the process. The aim is achieved by developing a modelling framework for
evaluating the sintering degree, considering the characteristic of the whole
thermal history of the PBF-EB process. The framework is based on a combined
approach between a phase field simulation with a novel thermal load definition
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and an analytical thermal conductivity description using a novel adaption of the
tortuosity factor concept.

The PF model is validated against experimental data obtained by designing an
ad-hoc experiment setup when processing Ti6Al4V material powder by PBF-EB.
The PF model is then used to investigate the effect of specific processing
conditions, such as delay in sintering start, particle diameter's influence and
preheating's influence on the neck radius dimension and its time evolution. The
neck is generated as a consequence of the sintering and is a material link
connecting the particles. Response surface methodology is applied to explore the
relationship between several explanatory variables, such as the powder particle
diameter and the ratio between their diameters and the neck radius. The evolution
of the neck dimension is then used as a critical variable for the definition of
thermal conductivity and its variability over the process.

The application of the proposed framework is shown in a representative
powder bed portion undergoing sintering.

Overall, the results show that a delay in the start of sintering produces the
same neck dimension after preheating and that an increase in particle diameter and
temperature variability during preheating produces a larger neck radius. Also, the
packing density and the neck geometry strongly influenced the thermal
conductivity.
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Chapter 1

Introduction

1.1 Background

The current environmental and societal challenges require producing highly
customised products as fast as possible and using the smallest amount of
resources. To face these challenges, a total redefinition of the production
paradigms is needed. Among the answers to these problems, the additive approach
to manufacturing could be the key. In additive manufacturing (AM), unlike
traditional production techniques, a component is produced by adding material
layer by layer until complete component production. This approach allows the
production of complex geometries and structures that are difficult to produce with
traditional techniques. The industrial interest in AM techniques is also growing
because of the increased flexibility in production costs and lead-times compared
to the more traditional manufacturing techniques. Another advantage of AM
processes is the capability to adopt only the required amount of material to
produce the components, reducing material waste. The materials adopted could be
polymeric or metallic, and the techniques can produce definitive components and
prototypes. The feedstock material processed with the AM techniques is usually in
the shape of liquid, filament or powder. When a powder is involved, the sintering
may also be an important aspect of the AM process.

Sintering has been adopted for centuries as, for example, a technique to
produce ceramic products. Sintering can be defined as the heat treatment of a
system of powder particles or a porous body in which the properties of the system
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are changed to lower the free enthalpy toward a fully dense structure. The increase
in the temperature of the system is the activation factor of sintering. In the case of
solid state sintering, the bonding of the powder particles and the densification of
the system occurs because of the diffusion mechanisms that transport atoms from
different regions of the powder particles to the contact point between the powder
particles.

Classically, the sintering process has been analysed by experimental
investigations in which the main focus was the density and the hardness of the
sintered products. However, experiments were not able to analyse the sintering
mechanisms accurately, especially their evolution over the process. For this
reason, different numerical models have been developed since 1945 with growing
complexity and accuracy. Together with completeness came complexity. Models
were more and more difficult to use to evaluate the sintering degree. This issue
was handled in two ways: adopting simplified sintering models or building
computer implementable simulation models. One of the most efficient numerical
modelling approach currently available is phase field (PF). This method has
shown the capability of providing accurate results for the sintering process
without imposing any boundary conditions.

As far as the sintering in AM is concerned, the word “sintering” is often a
misnomer because of the absence of a mould, pressure and a steady temperature.
In fact, the sintering conditions in AM are usually characterised by thermal cycles
or boundary conditions characteristic of the AM process under consideration.
However, the term “sintering” is used in AM field because the mechanisms
occurring during the process are in line with the diffusion mechanisms that
characterise traditional sintering.

The importance of sintering in certain AM processes, such as electron beam
powder bed fusion, is strictly connected to the properties of powder bed as the
thermal conductivity, which plays a central role in the process. Thermal
conductivity influences the interaction of the energy source with powder material,
the heat transfer phenomena during localised melting and defines the
microstructure obtained in the final component. The thermal conductivity of the
unmelted powder material influences the surface quality of the manufactured
components, particularly in the overhang and cellular structures. Because of that,
the thermal conductivity of the powder material is the main input parameter for
the various numerical models for AM process. Usually, these models are fed with
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data from experiments that, in most cases, cannot capture the realistic conditions
of the AM process and the evolution of such property during the process.

1.2 Motivation

AM processes are complex due to the phenomena and the physics behind the
phase transitions that characterise the component production. For such complex
processes, where several process parameters contribute to the definition of the
characteristics of the produced components, the traditional trial and error
approach or the use of common practices are no longer viable options. The
capabilities of the AM processes to produce complex components, along with the
reduced lead times and production costs compared to traditional processes, led to
a deep interest of industry in these techniques. However, this interest is driven by
a profound excitation, neglecting that the fruitful use of these techniques requires
a deep knowledge of the physics behind this family of processes.

Simulation tools might represent a viable way to identify the best production
parameters. Especially for powder bed based AM for metallic components, these
models were mainly focused on modelling the melting and solidification of
material during the process. However, in some cases, such as in PBF-EB, these
models suffer from accurately representing the process because the sintering
conducted to prepare the powder bed before the melting is a crucial step for the
process itself. The connections created with the sintering in the powder bed
become relevant for defining the heat transfer during the process. Because of such
importance, a more accurate investigation has become increasingly important to
fully understand the complexity of AM process. However, the consideration of
such phenomena in the AM simulation seems to be at an early stage of
development.

On the other hand, the investigation of the sintering under the AM conditions may
provide useful information for models to improve the heat transfer analysis at the
melt pool level or at more macroscales. The main searched information is thermal
conductivity. However, a measure of this thermal property at the process
conditions remains challenging. The reason is a strong connection between the
thermal conductivity and the neck created during the sintering and rapid evolution
of the powder bed with rapid neck growth and densification during the AM
processes. These conditions remain difficult to be replicated in a controlled
environment outside an AM machine chamber. The current literature focused its
attention on the experimental investigation of this property. However, the
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experimental conditions investigated are usually not representative of the thermal
conductivity evolution along the process but related to a very specific condition of
the powder bed.

1.3 Scope and objective

This thesis aims to propose a methodology to investigate the sintering phenomena
that occur at AM conditions. The results of this model were in a more enlarged
framework and adopted as an input for an analytical model developed to evaluate
thermal conductivity.

The analysis of the current literature about sintering and thermal conductivity
modelling highlighted that no accurate models are available for the PBF-EB
process. For this reason, the attention was focused on this specific AM process. A
PF model was employed to simulate the sintering of metallic powder particles,
considering the characteristic thermal history of the PBF-EB process. In this case,
the most challenging aspect was the proposal of a proper thermal load modelling
that could correctly represent the working conditions during the whole PBF-EB.
The proposed PF simulation presented the geometric evolution of the powder bed
during sintering with the creation of necks responsible for the powder bed's
thermal properties.

With this information, an analytical model for thermal conductivity evaluation of
powder material and its evolution over the whole process has been proposed. The
proposed approach relies on a new adaptation of the concept of tortuosity based
on the volume averaging approach. The novelty of the proposed model is the
assumption of an energy flow within a changing solid net of particles created by
the necks formation and evolution. The numerical model for thermal conductivity
was developed to account for the powder bed's different states along the
preheating. Figure 1 shows the data flow for the PF and thermal conductivity
models with respective inputs and outputs.

Powder bed geometry Thermal
o Thermal conductivity of

conductivity

Bulk material properties_

Initial conditions (¢,) the powder bed

Thermal history ~ ( Phase field Neck evolution model
> —_—
Material properties model

Figure 1: Data flow for the PF and thermal conductivity models with respective
inputs and outputs.
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This thesis is organised as follows. The second chapter, which follows the
introduction, provides a general overview of sintering and sintering modelling.
Besides, it provides an introduction to the AM processes that use powder as a
feedstock material and the numerical models that are currently available for the
sintering phenomena during the AM processes. The third chapter proposes a
detailed description of the thermal history of the PBF-EB process and the
implementation of this thermal history in a phase field simulation that can
represent the formation and evolution of the neck among the powder particles of
the powder bed. The model was validated against experimental data and adopted
to evaluate the influence of a delay, the temperature variability, and the diameter
of the particles considered on the neck radius of the powder particles during
preheating at the PBF-EB conditions. The fourth chapter reviews the existing
approaches to thermal conductivity evaluation, both numerical and experimental.
A numerical framework is introduced to investigate the thermal conductivity
along the preheating at the PBF-EB conditions. This framework was applied to
evaluate the thermal conductivity of a simple regular cubic and body centred
cubic structure composed of spherical powder particles. The final chapter
proposes a summary and the conclusions achieved in the current work.
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Chapter 2

Sintering in the additive
manufacturing processes

2.1 Solid state sintering

The sintering process has been employed by humans for centuries as, for instance,
a method for producing ceramic products [1]. Sintering can be defined as the heat
treatment of a system of powder particles or a porous body in which the properties
of the system are changed to lower the free enthalpy toward a fully dense structure
[2]. The temperature at which the sintering is conducted and the composition of
the material undergoing sintering define a distinction between solid and liquid
state sintering. In the case the liquid material is absent, and the processing
temperature is between 50% of the melting temperature (Tm) and Tw, the sintering
process is called solid-state sintering [3]. On the contrary, the liquid phase
sintering may occur when the material processed is mainly composed of two
different materials or the processing temperature is not high enough to completely
melt the powder particle [3]. For the scope of the current work, only solid-state
sintering is considered.

The sintering progression depends on many factors, such as the size and shape
of the particles, temperature, pressure, sintering atmosphere and chemical
composition of the powder material [4,5].
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The feedstock material processed is usually in the shape of powder particles.
The mean dimension ranges between an atom and 1 mm. The diameter usually
ranges within a specific size distribution to increase the initial packing density.
The density of the system is generally defined as the ratio between the volume of
the fraction of solid material and the volume of the total system considered.

The temperature is the activating factor of the sintering process. The
temperature increase should be high enough to increase the atoms' mobility and
promote the system's sintering. On the other hand, the temperature should be
maintained below the processed material's melting point to preserve the
component's shape [6].

A mechanical pressure could be pre-applied to the system to deform the
powder particles and increase the contact area [7], facilitating the subsequent
sintering process [8]. A lower or higher pressure than the atmospheric and an inert
gas might be adopted during the sintering. The applications of such conditions
influence the sintering temperature and, in the same cases, the microstructure of
the final component [9].

In the traditional sintering process, the main objective is the achievement of
full density. The evolution of the system is usually monitored by the evolution of

[7]:

e The interface area between the different phases of the system (e.g.
solid-vapor), which is named “surface area”

e The dimension of the radius or the diameter of the connection between
a couple of powder particles, which is called “neck”

e The shrinkage and swelling, which represent the linear reduction or
increase of one or more dimensions of the system

o the densification that refers to an increase in the system density.

In solid state sintering, the process that leads to densification is the transfer of
atoms from different zones of the powder particles into the neck area. This
movement occurs under different diffusion mechanisms [6,10-12], which are
distinguished according to the source of atoms [4,6,11,12]. Figure 2 represents the
different diffusion mechanisms schematically. The principle that guides the
diffusion is reducing the surface energy of the coupled powder particles [2].
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In the volume or bulk diffusion (Dv), atoms diffuse within the bulk material,
while in surface diffusion (Ds), atoms diffuse along the surface of the powder
particles. The movement of the atoms along the grain boundary between the
powder particles is called grain boundary diffusion (Dgg). Powder particles can
also approach each other by reducing the distance between the centres of the
powder particles and, as a consequence, increasing the neck size. This mechanism
is usually identified as viscous flow or rigid body motion (1). In addition, during
sintering, evaporation-condensation is also possible. Atoms evaporate from the
surface of the powder particles and condensate on the surface of the neck. In this
case, the mechanism is referred to as vapour diffusion (Dyap).

Figure 2: Summary of the main diffusion mechanisms during solid state sintering and
geometric characteristic of the sintering powder particles. In the figure: Dy is the volume
or bulk diffusion, D; is the surface diffusion, Dgg is the grain boundary diffusion, n is
viscous flow or rigid body motion, Dy is the vapour diffusion, X is the neck radius, d is
the particle diameter, and ¢ is the dihedral angle

Traditional sintering occurs in four stages, and specific diffusion mechanisms
are activated at each stage. During the initial stage, referred to as stage zero, a first
contact neck is formed instantaneously, thanks to interparticle forces, such as the
van der Waals forces, but no diffusion occurs [2,11,13]. During stage one, the
neck grows by surface diffusion mechanisms. By the end of this stage, the neck is
large, but the powder particles are still distinguishable. At stages two and three,
the boundaries of the particles are no longer distinguishable, and pores are
isolated and roughly spherical [11]. These stages are mainly dominated by viscous
flow, boundary diffusion and volume diffusion. In some cases also, vapour
diffusion occurs. However, the acting diffusion mechanisms are a function of the
material undergoing sintering [11,12].
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2.2 Sintering modelling

The sintering process has been mainly analysed by experimental investigations in
which the main focus has been the density and the hardness of the sintered
products [14]. However, experiments were not able to analyse the sintering
mechanisms accurately, especially their evolution over the process. Therefore,
between 1945 and 1955, the research on sintering modelling became more
structured. Frenkel [15] proposed the first mathematical model, in which the
sintering was modelled as a viscous flow that leads to a progressive bond between
the powder particles. One of the major contributions of this work to the literature
was the introduction of the concept of neck growth between adjacent spheres.
Following this modelling approach, Shaler and Wulff [16] introduced a ground-
breaking theory for which the system’s evolution is guided by surface energy
reduction and modified by the gas pressure, in short, by the differences in the
surface tension. While Frenkel [15] assumed a creep movement of the material to
fill the pores, Pines [17] proposed a new theory for which atoms migrate from the
surface of the particles to the internal voids. The result of this transfer is the filling
of the pores. The novelty lies in the concept of atom migration. Based on these
findings, Kuczynski [6] proposed an enhanced model that described the sintering
and the neck growth according to different contributions. This model contained all
the elements that characterise the modern models for sintering: the neck growth as
a sintering descriptor, the reduction of the system free energy, and the
densification as a diffusion of atoms. However, the model of Kuczynski [6] failed
to capture the relationship between neck evolution and system densification. At
that time, the representation of the densification was sufficient [18-22] because it
represented the only manner to measure the sintering progression and validate the
sintering models experimentally. Kingery and Berg [23] overcome this limitation
by proposing a model to connect densification with neck growth. The outcomes
were more reliable, and this model was at the base for also considering additional
aspects [24-27] such as the applied pressure, the contribution of the different
diffusion mechanisms, the influence of the sintering atmosphere, the stichometry
of the sintering species and several others factors [2]. Together with completeness
came complexity. Models were more and more difficult to use to evaluate the
sintering degree.

This issue was handled in two ways: adopting simplified sintering models and
building computer simulation-implementable models. As an example, the works
proposed by Ashby [11] and Ashby et al. [12] presented a simplified system of
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equations that evaluated the effect of each diffusion mechanism on neck radius
growth. These models were applied to obtain sintering diagrams, in which the
neck radius was expressed as a function of the sintering temperature and the
sintering time. These graphs also distinguished the sintering stages and the
corresponding diffusion mechanism that contributed the most. The idea to
perform a computer simulation of sintering arose in 1965 with Nichols and
Mullins [28]. The numerical model was simplified considering the surface
diffusion mechanisms only, neglecting the densification and movement of the
particles. The computer was used to solve the partial differential equations. A step
further was achieved by the model and the solution approach proposed by Bross
and Exner [26]. This model could describe the neck formation and the
arrangement of the powder particles during sintering quantitatively. The accuracy
of the models grew alongside the computational capacity of the computer.

Today, the most adopted approaches for simulating sintering phenomena are
finite element (FE) [29] and Monte Carlo simulations [30,31]. In FE models,
specific boundary conditions must be specified for the surface of the powder
particles and the grain boundaries. The numerical implementation of FE models
becomes more and more demanding in terms of computational capacity as the
problems become more complex and larger domains are considered [32]. Monte
Carlo simulations could overcome these limitations, but they only enable an
approximate microstructural change prediction [33]. It also generates results that
are not precise because of pathways in the system evolution that are not expected
in advance [34]. A good candidate for providing more accurate results without the
imposition of boundary conditions appears to be today the phase field (PF)
modelling approach[32,35-37]. This methodology can estimate the system
evolution, accounting for different diffusion phenomena that characterise the
sintering processes. Further details about the PF modelling are provided in section
3.1

2.3 Sintering and its modelling in additive manufacturing
processes

The term additive manufacturing (AM) refers to a family of production processes
that allow the production of complex geometries by adding material layer by
layer. At present day, several additive manufacturing processes exist. According
to the ISO/ASTM 52900:2021, these are classifiable in seven different categories
[38]: Binder jetting (BJT), directed energy deposition (DED), material extrusion
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(MEX), material jetting (MJT), powder bed fusion (PBF), sheet lamination (SHL)
and vat photopolymerization (VPP). These processes are also classified according
to the shape of material feedstock as wire, particles or liquid. The AM processes
are also classifiable as multi-step or single-step [38], according to the need to
perform additional treatments on the parts before achieving the full material
density and adequate mechanical properties. Powder bed fusion with electron
beam (PBF-EB) is an example of a single-step process. BJT, on the contrary, is a
multi-step process because the produced parts are treated after the process to
complete the material densification.

As far as the sintering in AM is concerned, the word “sintering” is often a
misnomer because of the absence of a mould or pressure. However, the term
“sintering” is also used in AM field because the mechanisms occurring during the
process are in line with the diffusion mechanisms that characterise traditional
sintering. As an example, powder bed fusion with a laser beam (PBF-LB) was the
first AM technique based on the powder bed. However, the initial capabilities of
the laser were adequate only for inducing a solid or liquid state sintering or partial
melting. The sintering was used for polymeric materials to achieve acceptable
mechanical properties [39], while the metallic parts after the sintering by laser
needed additional treatment to increase the material density [40]. However, the
development of more powerful lasers and optics led to higher energy densities
allowing the complete melt of the metallic powder material, achieving the full
material density in a single-step process [40,41]. In this case, the sintering occurs
at the boundary of the melt pool because of the heat transfer from the melt pool to
the surroundings and causing the sticking of powder particles on the component
surfaces and the typical surface of components produced with powder bed fusion
additive manufacturing techniques. In the case of PBF-LB with polymers (PBF-
LB/P), the sintering remained still central to the process. For other processes, such
as BJT, the sintering is central. For DED processes, the sintering of powder
particles may occur outside the melt pool of the components but does not play a
key role. The MEX process for metal/polymer wires is classifiable as multi-step.
The sintering process is conducted as a separate step at the conditions of
traditional sintering processes.

Because of the importance of the sintering phenomena in the thermal history
which will produce the AM material, a more accurate analysis has become
increasingly important to understand the complexity of AM process fully. In this
regard, numerical simulations were considered to investigate aspects such as the
final density, the deformation of the final components and the neck evolution.
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Several works are currently available for selected AM processes. These models
are distinguishable in analytical models [42—47], discrete element method (DEM)
[48,49], FEM considering an elastic-viscoplastic behaviour of the material [50—
52] and finite element models (FEM) using the PF approach [53-59].

2.3.1 Binder jetting (BJT process)

The binder jetting (BJT) is a multi-step process characterised by an initial building
of a so called “green part” inside the BJT machine, followed by a debonding and
sintering inside a furnace. During the BJT process, the key is the use of a liquid
bounding which is selectively deposited and joins a thin layer of powder
according to the cross section of the component. The obtained “green part” is
made of a mixture of powder and binder. This part has poor mechanical and
material properties and needs to be post-sintered inside a furnace to obtain
adequate density and properties. BJT can produce components with small and
detailed features. To prevent distortion, especially for small features, the sintering
is performed without applying any pressure. Since no pressure is applied during
sintering and the low initial density of the green part, the maximum achievable
density of the final component is lower than in PBF processes [60]. Further details
about the BJT process can be found in Mostafaei et al. [60] and Ziaee et al. [61].
In general, because of the need for the sintering treatment, the major issues for
this process are the components’ densification and subsequent deformations [50],
which are usually the objective of numerical investigations.

Zhang et al. [50], Borujeni et al. [52] and Chen et al. [62] proposed a
macroscopic model in which the porous material that constitutes the components
was assumed as a compressible continuum. The effect of sintering on part density
and deformation was investigated with a thermal-elastic-viscoplastic approach. In
this model, the viscoplastic deformation mechanism is a function of the sintering
tension, which is a function of the grain size. The grain growth during sintering
was investigated using an Arrhenius type equation such as Equation (1), in which
Ag and Qg represent a preexponential factor and activation energy, respectively.
These parameters were obtained from experimental data. R is the universal gas
constant, T is the absolute temperature, and G represents the grain size at the time
t.

d_G . Ag exp(—ﬁ—?)

a G ()
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Zhang et al. [50] and Borujeni et al. [52] investigated the capabilities of the model
in predicting density, shrinkage and deformation. Zhang et al. [50] used
cantilevers or bridges of 316 L produced using an ExOne Innovent machine. After
printing, the components were debonded at 200 °C for four hours and sintered
under atmospheric pressure, a hydrogen-doped inert atmosphere, different
temperatures (180 °C, 400 °C, 1000 °C and 1380 °C) and cooled to the
environment temperature. The experimental results and the numerical results were
in good agreement. Similarly, Borujeni et al. [52] used a bracket and a double
cone. The deviation between the numerical and experimental data was found to be
larger than one millimetre. In subsequent work, these data were used by Borujeni
et al. [51] to compensate for the deformation occurring during the sintering with
modifications of the CAD file used for the component production. Chen et al. [62]
investigated the influence of the powder diameter on the shrinkage, density and
sintering stress during the sintering of parts produced with the BJT process.
Different simulations were conducted considering different powder size
distributions. The results showed an effect on the initial density of the “green
part”, which in turn influenced the sintering tension and, consequently, the final
density and the shrinkage generated during the sintering phase.

Despite the information provided by this elastic-thermal-viscoplastic model, it
cannot be used for analysing the diffusion mechanisms described in section 2.1.
For this reason, this modelling approach is not useful for gaining information
about the neck dimension at the initial steps of sintering of the neck evolution
during the sintering step.

2.3.2 Powder bed fusion

Powder bed fusion processes are a set of AM processes in which thermal energy
melts a selected portion of a powder bed. The definition is valid for both the use
of metallic and polymeric powder. The thermal source can be a laser (L), an
electron beam (EB) or an infrared light (IrL).

2.3.2.1 Powder bed fusion with laser beam for metals (PBF-LB/M)

The PBF-LB for metals follows the scheme of the PBF processes. A thin
powder layer is distributed on the working area by a recoater blade. After the
deposition, the powder bed is scanned by the laser beam according to the cross
section of the component to be produced [63]. When the cross section of the
component is fully processed, the build platform is lowered down by a quantity
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corresponding to the layer thickness and a new layer of powder is distributed and
scanned. The feedstock material shape is powder particles, mainly spherical, with
a mean dimension of approximately 30 um [64]. When the laser beam is absorbed
by the powder bed, a melt pool of metallic material in the liquid state is formed.
The process is conducted at atmospheric pressure. As mentioned above, for PBF-
LB/M, the sintering is a side effect occurring at the interface between the melt
pool and the surrounding powder [65]. Sintering phenomena may also occur
among the layers when the process parameters are not adequate to guarantee the
overlap of the melted pool tracks [63]. Owing to the secondary importance of
sintering phenomena in PBF-LB/M, most of the current literature about numerical
simulation is focused on the investigation of defect formation, microstructure
evolution, temperature field evolution and mechanical properties [66].
Nonetheless, some models considered the process as a sintering process pushed up
to the second or third stage, neglecting the formation of the melt pool and the
corresponding thermodynamics. In this regard, Xin et al. [48] investigated the
particles’ densification using a thermo-mechanical DEM approach. An initial
sintering bond between a couple of particles was considered when the temperature
of powder particles in contact was above the sintering start temperature. Once the
initial bond was formed, the couple of powder particles were replaced by an ideal
cylindrical beam with a height and a radius corresponding to the distance between
the centres of the powder particles and the neck, respectively. The densification
was modelled as a deformation of the cylinder under the effect of mechanical
forces, evaluated according to Coble’s model [21]. The cylinder stiffness was
modelled considering the grain boundary and surface diffusion mechanisms. The
numerical results showed a good agreement with the empirical model proposed by
Coblenz et al. [67]. Although the model was proposed as general for AM
processes, it is applicability remained confined to the PBF-LB/M because many
features, such as a distributed temperature increase over the powder typical of
PBF-LB/P or PBF-EB, were neglected. Steuben et al. [49] proposed a DEM
model for the sintering phenomena in which the thermal energy was modelled
using a spherical distribution and moved according to a predefined path. The
model was developed considering the PBF-LB/M process for 316L stainless steel.
Starting from the STL file of the component, a path for the energy source was
defined. This path was adopted to move the energy source along the layer by layer
DEM simulation. The model was found capable of predicting the characteristic
features of the AM components, such as the stair stepping finishing of the surface.
However, no quantitative evaluations, such as the dimensional accuracy or the
surface roughness, were conducted on the results of the simulation. Moreover, no
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experimental validation was conducted for the model. Dibua et al. [54] combined
a DEM model to simulate the powder bed generation and a 3D PF model to
simulate the densification of the powder bed. This model considered the
densification hundreds of nano particles. Despite this particle dimension is not
typical for PBF-LB/M processes, a comparison with experimental data showed
the good capability of the model. However, no information was provided about
the energy input modelling and the temperature history during the process. Grose
et al. [53] analysed the powder densification and the powder bed geometry
evolution during micro PBF-LB/M using PF simulations. No details about the
numerical constants, the temperature history during the PF simulations, and the
model validation were reported. Zhang and Liao [68] proposed using a 2D-PF
model to simulate the PBF-LB/M process occurring under the neck formation
between the powder particles. The temperature history applied for the simulation
was calculated from a 3D thermal model that evaluates the temperature evolution
in the powder bed as a consequence of laser irradiation. The model showed good
consistence between the simulations and experimental results in terms of neck
dimension among the powder particles. A similar approach was adopted by Wang
et al. [69]. They proposed a multiscale simulation model to investigate the final
density obtained for the material processed during the PBF-LB/M process under
different powder size distributions and process parameters. The model was
validated against experimental data collected in the literature. Yang et al. [24]
proposed a PF model which also accounted for the partial sintering of the powder
material when the temperature in the powder bed remains below the melting
point, for example, in the unsupported overhang structures. The output of this
model is a density map according to the laser power.

2.3.2.2 Laser powder bed fusion for polymers (PBF-LB/P)

The production of components with the laser powder bed fusion for polymers
(PBF-LB/P) is conducted by distributing a thin layer of powder on the working
area and selectively scanning the cross section of the component. After the layer
processing, the start plate is lowered, and a new layer of powder is raked.
However, after the powder layer’s deposition and before the laser scanning, the
powder bed is uniformly heated up to a few degrees below the crystalline melting
endotherm temperature [70]. The laser beam is then used as an energy source to
increase the temperature between the crystalline temperature and the melting point
[71]. The polymeric powder is processed at a temperature range where two phases
are present, liquid and solid, and the liquid phase is necessary to facilitate the
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sintering [70]. The final component shows a high degree of porosity [39].
However, the mechanical properties are adequate for the application of these
kinds of components. The most important process variables for the process and
the sintering capabilities are the bed temperature, the layer thickness and the
characteristics related to the laser beam: power, speed and distance between the
adjacent laser tracks (hatch distance). Owing to the relevant importance of the
sintering for obtaining adequate properties on the component, numerical models
were designed to account the peculiarity of the PBF-LB/P.

Vasquez et al. [70] used the Frenkel-Eshelby’s viscous model to evaluate the
neck growth ratio evolution during the process. The model is described by
equation (2), where y represents the neck radius, a is the initial particle radius, I is
the surface energy, p is the viscosity, and t is the sintering time.

y _ (2)0.5 )
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Because of the dependence on the surface energy and the assumption that the
neck radius remains constant during sintering, the model validity was restricted to
the initial stage of the sintering process. Williams and Deckard [45], Childs et al.
[72], Tontowi et al. [44] and Dong et al. [43] investigated different characteristics
of the components (among which temperature distribution, density, and
dimensional accuracy) using a macroscale finite element (FE) model. The
sintering was considered only for the densification phenomena, while the
diffusion mechanisms, and therefore the neck formation, were neglected. The heat
transmission equation depended on the powder material density, which was
modelled using an Arrhenius type equation as a function of a pre-exponential
constant, activation energy and the system’s temperature. Bugeda et al. [46]
coupled two FE models: one for the thermal conductivity and one for the sintering
phenomena. For the sintering phenomena, the methodology proposed by
Mackenzie and Shuttleworth [73] and Scherer [74] was implemented to account
for the strain rate of the powder bed according to the powder bed density during
sintering.

2.3.2.3 Infrared light powder bed fusion for polymers PBF-IrL/P

Multi jet fusion (MJF) process is a quite recent PBF-IrL/P, patented by HP.
The process is similar to SLS, but the sintering is produced by an infrared lamp
and accelerated by the use of a so-called fusing agent. This agent is a liquid with
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graphitic carbon that enhances infrared energy absorption [75,76]. Similarly, an
additional agent is deposited around the perimeters of the section to be melted to
inhibit the heat transfer out of the section. With respect to SLS, the overall
temperature of the powder bed is lower, creating faster cooling. Therefore, the
powder consolidation mechanism is similar to high speed sintering [77]. Also, in
this case, the produced parts show high porosity content because the provided
energy is high enough only to produce a strong sintering degree. Because of that,
the current literature mainly focuses on mechanical and process characterization
[78—80]. Small literature is currently available about process modelling. Kim et al.
[81] considered the MIJF process as a cyber-physical system and adopted an actor
oriented design and modelling approach [82] to simulate chemical, mechanical
and thermochemical phenomena. The details and the results presented were scarce
because of the confidentiality of the research data. Fradl et al. [83] developed a FE
model to simulate the powder spreading, the agent deposition, and the heating
phase of the process. The output of the thermal model was used as input for a
mechanical model to evaluate the component’s deformation. In both models [81]
[83], the domain was modelled as a continuum, neglecting the presence of
particles. Because of that, the material densification and the neck formation
among the powder particles during the process could not be considered.

2.3.2.4 Powder bed fusion with electron beam (PBF-EB)

Using an electron beam as an energy source in the PBF-EB process imposes
significant differences from the other PBF processes [84,85]. The entire build
chamber is kept under vacuum to prevent the deviation of the electron beam from
the air molecules. In addition, after the powder distribution, the entire powder bed
is heated and could also be further heated after the melting. These pre and post
heating produce high working temperatures, allowing the possibility of producing
crack-sensitive materials. The application of such distributed heat promotes
sintering among the particles. The formed necks produce a certain thermal and
electrical connection among the particles and even a certain strength of the
powder bed that are beneficial for several aspects of the process. Initially, the
preheating step was introduced as a solution to prevent the so-called smoke
phenomena. The smoke consists of rapid diffusion of the particles in the chamber,
like an explosion, which leads to an irregular powder bed, and even damage to the
electron gun. Despite the reasons behind this phenomenon being still not well-
known, one of the most accredited explanations is the self-repulsion created
between the negatively charged powder particles and the electron beam.
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Therefore, the control of the sintering is one of the crucial factors for the EB-PBF
process. The neck size and its evolution during the process affect not only the
interaction of the electron beam with the powder but also the thermal conductivity
of the powder bed, the process safety, and powder recyclability. A large neck
radius increases the thermal conductivity within the solid material and allows a
better dispersion of the negative charges accumulated, which may produce the
smoke phenomena, with a detrimental effect on the safety of the process. On the
contrary, a large neck radius hinders the braking up of the powder particles at the
end of the process and the reuse on following jobs. Sintering during the EB-PBF
process differs from the traditional process because of the presence vacuum
environment, no initial compaction of the material is performed, and the feedstock
material is subject to high thermal gradients. However, the primary factors
influencing the sintering remain similar:

e Powder particle size

e The working temperature at which the EB-PBF is conducted and the
scanning approach

e The presence of factors that may delay the sintering beginning, such as
contamination or oxide on the powder particles [4,86]. Powder oxidation
can occur on the surface of powder particles during handling, sieving, and
blasting [87], even though the entire process is carried under a vacuum
[88]. The presence of oxide on a particle modifies the local diffusion
coefficients, with the degree of sintering affected by the alloy under
consideration [89]. In the case of titanium, the oxide layer dissolves as
atomic oxygen in the metal matrix at elevated temperatures [90,91]. The
maximum metal oxide thickness that may be dissolved depends on the
particle size. The oxide solution produces a delay in the sintering start.
This is the time necessary to dissolve the oxide layer, also known as the
incubation time. Munir [90,91] determined an incubation period of
5.87x10-3 s at temperatures greater than 1273 K for titanium particles
(9.71 pm in diameter) covered with a 10 nm thick oxide layer. These
analytical results contradict the experimental findings of Watanabe and
Hirokoshi [92], who reported a longer incubation period of around one
hour. The disparity between analytical and experimental timings was
attributed by Munir [90,91] to the titanium matrix's oxygen saturation,
which inhibits oxygen diffusion. On particles up to 105 pum typical of
PBF-EB process [93,94], Cao et al. [95] determined that the surface oxide
thickness of EB-PBF Ti6Al4V powders varies from 6.5 nm for virgin
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powders to 7.54 nm for the powder that has been recycled ten times. The
oxide layer was generally smaller than that described in references [91,92].
To the author's knowledge, no literature exists on the incubation period for
Ti6Al4V powder particles manufactured using AM methods. However, it
is plausible to assume that the incubation period is shorter with a thinner
oxide layer and for smaller ratios of the oxide to particle diameter [90,91].

The sintering phenomena occurring during an EB-PBF process were
extensively investigated with experimental approaches [96-98], while the
modelling approach received less attention. In the numerical field, the first
attempt was made by Yan et al. [55] using a thermal fluid flow model for liquid-
state and a PF model for solid-state sintering. The results from the thermal fluid
flow model highlighted the absence of liquid-state sintering. Therefore, the PF
model was used to investigate the solid state sintering phenomena and estimate
the neck dimension at the end of the process. The simulated conditions considered
only a constant temperature for the entire simulation. However, at the layer level,
the temperature of the powder varies in a large range from almost cold when the
powder is spread on the previous layer to the sintering temperature during the
preheating before the melting [99]. In addition, the simulated process time scale
was two seconds, while the preheating step takes tens of seconds, and sintering
phenomena may also continue during the whole EB-PBF process, which could
take several days.

Owing to the crucial role of sintering phenomena and the lack of accurate
numerical models for the PBF-EB process, the current work focuses his attention
on this process.
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Chapter 3

Modelling of the powder sintering
during the PBF-EB process

3.1 Temperature variability modelling

The online measure of the powder layer temperature during the PBF-EB process
remains challenging. An indication of the temperature inside the build chamber is
provided from a thermocouple that, for the Arcam machines, is positioned below
the start plate. This is not capable of providing the temperature of the powder bed
but provides only an indication. However, the information about the process could
be adopted to model the temperature evolution of the powder bed.

The PBF-EB process is characterized by different steps corresponding to
different temperature variations. Initially, the temperature of the powder is
relatively low and corresponds to the temperature at which the powder is stored
inside the powder container before being fed on the layer. After the deposition,
the thermal history of the powder evolves according to different thermal
contributions. These could be summarized in the following steps: (1) heat transfer
from the substrate to the deposited powder layer. This transfer occurs after the
powder distribution and the powder bed's levelling. (2) heat provided by the
passages of the electron beam during the pre-heating step. (3) heat transfer from
the melt pool to the surrounding material during the melting. (4) heat transfer
during the post-heating or cooling. (5) heat transfer during the deposition of the
subsequent layers. (6) heat transfer at working conditions. (7) heat dispersion at
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the end of the job, up to a temperature which is safe to handle the powder. These
thermal contributions are resumed in Figure 3. For simplicity, contributions (3)
and (4) were not considered.
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Figure 3: Temperature evolution of the powder bed after raking a powder layer on
the working area.

Segment AB in Figure 3 represents the first heat transfer from the substrate
material to the powder layer. There is a temperature increase from the temperature
of the powder inside the powder hoppers (Ti), to the temperature achieved from
the powder bed at the end of the raking phase (Top). top 1s the time required to
perform the raking and levelling of a powder layer. Because this temperature
increase is due to conductive heat transfer, reasonably, the increase law is linear.
Segment BC represents the temperature increase owed to the preheating step. This
temperature increase is gradual and depends on the preheating strategy. In the
case of the Arcam system, the heating law can be considered as a stepped
function, in which each step considers the heat supplied by electron beam passage.
The time required to perform this step is a process variable dependent on the
parameters adopted for the preheating step. The temperature achieved at the end
of this step is presumably higher than the working temperature due to the further
energy provided by the electron beam. The segment CD represents the cooling of
the powder material up to the build chamber temperature (called working
temperature). This cooling occurs when the actual melting area is out of the
critical thickness [100] and therefore is no longer able to modify the temperature
of the substrate. Even in this case, the heat transfer mainly occurs for heat
conduction; therefore, the temperature reduction function can be assumed linear.
The time required to move from the temperature at the end of preheating (Tp) to
the working temperature (Tw) is directly dependent on the processing conditions.
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Segment DE represents the working condition at a stable temperature, which is
kept constant until the end of the production phase thanks to heat provided by the
electron beam while processing the other layers. Segment EF represents the final
cooling after the build competition, which occurs under a flow of helium. At this
stage, the cooling is owed to conduction and convection phenomena. Cooling
assumes a parabolic profile, with the parabolic coefficients dependent on the ratio
between the solid material and the sintered powder. The temperature of the system
could be defined as reported in equation (3) [101].
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3.2 Phase field (PF) model

The PF was selected as a modelling approach because of the capability to simulate
a system's evolution without tracking the interface position or imposing any
boundary condition. The evolution of PF variables tracks the evolution of the
system. These are adopted to represent specific characteristics of the system and
assume defined values within the domain. Moreover, their values change rapidly
but smoothly within the boundaries of the phases of the system. The phases of the
system in the powder bed of the EB-PBF process are the solid substance of the
powder particles and the vacuum within the powder particles.

The PF variables are distinguished into conserved and non-conserved.
Conserved variables bring information about the local composition, describing
properties such as molar fraction or density of the system. Non-conserved
variables bring information about the local structure or particle orientation. Non-
conserved variables could also be used to distinguish the different powder
particles. Both these variables assume specific values within the simulation
domain. The evolution of these variables represents the evolution of the system.

In the simulation of sintering with PF methodology, the system's evolution
follows the reduction of its free energy, which is expressed as a function of
conserved and non-conserved PF variables. The expression of the free energy
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adopted in the current work was proposed by Wang et al. [32] and is reported in
equation (4):

F= f [f(c,m)+%kc||7€|2 +%Zikm||7ni|2] dv (4)

The system’s free energy is mainly composed of three terms. The first, f(c,n;),
represents the system's bulk or chemical free energy. The second and third terms
represent the excess energy at the solid vacuum interface and the particle
boundaries, respectively. Equation (4) is a function of the conserved and non
conserved PF variables, identified as ¢ and 1, respectively. For the current work, c
represents the density of the system. ¢ assumes a value of 1 inside the powder
particles and 0 outside. m; represents the system's morphology and is used to
identify the powder particles uniquely. It assumes a value of 1 inside the i
particle and 0 over the rest of the domain. The complete expression of the bulk
free energy term is reported in equation (5)

flen) =Ac2(1—)? +B|c2+6(1—c) ¥, n? — 42 —c) X0’ +
3(3,12)] 5)

The terms A and B of equation (5) are constants evaluated as in equations (6)
and (7).

(12)/5_7]/631']')

A=——7F7- (6)
__ YGBy;
B== )

In equations (6) and (7), ys and ycs represent the surface and grain boundary
energy, respectively, and o represents the particle boundary interface. In equation
(4), ke and ky represent the gradient coefficients. These are explicated in
equations (8) and (9):

ke =26 (2vs — Von,) (8)

ko, == (8¥6s,,) )

The time and space evolution of the system's free energy (equation (4)) is
driven by the evolution of conserved and non-conserved variables. The Cahn-
Hilliard (CH) equation describes the evolution of the conserved variable. The
formulation of the CH equation adopted for the current work was proposed by
Wang [32]. It incorporates the advection term to describe the rigid body motion of
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the system. For the current work, the noise term was excluded. The CH
formulation is reported in equation (10)
oc(x,t) . 8F .
o -V [Mvsc(x,t) CZtvad"i] (10)
The CH equation (equation (10)) described the evolution of the conserved
field over space (x) and time (t). M represents the concentration mobility tensor in
this equation, while F is the system's free energy (equation (4)). Vadvi represents

the advection velocity of the i particle toward the other particles. The formulation
of the concentration mobility tensor is reported in equation (11)

DO
=T (11)

In this equation, D represents the diffusivity tensor, Q represents the molar
volume of the material, ky is the Boltzmann constant and T the temperature of the
system. The diffusivity tensor is obtained as the sum of the three diffusion

mechanisms considered in this work. Its expression is reported in equation (12)

D :DV+DS+DGB (12)

The three terms of equation (12) represent the volume, surface and grain
boundary diffusion contribution, respectively. Each of these terms is detailed in
equation (13), equation (14) and equation (15)

Dy = Dy ()l (13)
DS = DS¢S(C)TS (14)
Dgp = Dgp ZiZijj TGBij (15)

Where, Dy, Ds and Dgp represent the volume, surface and grain boundary
diffusion coefficients, respectively. ¢p and ¢s represent the interpolation functions,
and I, Ts, and Tgs represent the identity matrix and the projection tensor of the
surface and grain boundary, respectively. Dy, Ds and Dgg are described by an
Arrhenius-type equation. A prototype of this equation is reported in equation (16).

D = D%xp (— k%) (16)

Where, D° represents a constant pre-exponential factor, Q represents the
activation energy of the specific diffusion mechanism, kg is the Boltzmann
constant and T the temperature of the system. The two interpolation functions are
explicated in equation (17) and equation (18)
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¢p(c) = c3(10 — 15¢ + 6¢?) (17)
¢s(c) = 30c*(1 —¢)? (18)

The projection tensors Ts and Tgg are reported in equation (19) and equation
(20).

T,=1—n,Q®ng (19)
TGBij = I - nGBij ® nGBij (20)

Where, ns=Vc/|V¢| is the unit vector normal to the interface particle void, and
ns= (Vni-Vn; )/| Vni-Vn; | is the unit vector normal to the grain boundary surface.

The evolution over time and space of the non-conserved PF variable is
described by the Alle-Cahn (AC) equation. The formulation adopted for the
current work was proposed by Wang [32] and is reported in equation (21)

6F
8n;i(x,t)
In equation (21), the term L represents the order parameter scalar mobility and
is explicated in equation (22)

onj
M0 = ~L o~V Vo, @)

L — ﬁGByGB (22)
Kni

Where, S represents the grain boundary mobility and is described by an
Arrhenius type equation (equation (16)). The other terms were described above.

The CH and AC equations also contain the advection term. The advection
velocity (equation (23)) is the sum of a translation and rotation velocity. Their
expressions are reported in equation (24) and equation (25).

Vadv = Vy; TV, (23)
vy = 3 R (24)
Vi, =3 Ti X [x—xg ]y (25)

In equation (24) and equation (25), m¢ and m, represents the translation and
rotation mobility, respectively. Vi represents the volume of the i particle, and x
and x; represent the position vector and the position of the centre of the particles,
respectively. F; and T; represent the force and the torque acting on the particles,
respectively. The force and the torque are evaluated with the two spatial
integrations reported in equation (26) and equation (27)
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F, = [, dF; (26)
T = [,[x— x| x dF; (27)
Where, F; represents the force density between the particles. The formulation
of this force was proposed by Wang and is reported in equation (28)
dF, = kY .i(c — co)mm;)[Vn; — Vn;]d3x (28)
Where, k represents the stiffness constant, co is the equilibrium concentration,

and the definition of the product (nn;) is reported in equation (29)

1 formnmn; =cgp
0 fornn; <cgg

Where ccp is the threshold concentration value that locates the particle

(iny) = | (29)

boundary interface.

The Formulation of the rigid body motion presented here was originally
introduced by Wang [32] and furtherly developed by Biswas et al. [102].

Equations (4)-(29) were implemented in the multiphysics object-oriented
simulation environment (MOOSE) [103,104], a FEM environment developed at
Idaho National Lab. The CH equation is a differential equation of the fourth order.
Its implementation is straightforward in MOOSE when considering the split form
reported in equation (30) and equation (31)

% = V- (MY — Y Vagy,) (30)

ot
OF
u =E_KCVZC (31)

Equations (21), (30) and (31) were implemented in MOOSE in the weak
form, reported in equations (32), (33) and (34)

(&, 9m) = MV, 7 = (V- (€ S Vaaw) Ym) — (M7 ) (32)
) = (50, ¥m ) + (keVe, V) = (kcVe. ) (33)

(3%, 9m) = =L (50, ¥m) + L{kn V10, Vi) = (V * iVaavp ¥m) —
L (ke V0. 7, ) (34)
where, ym represents a test function, () represents a volume integration, and
() represents the boundary integration.
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For the current work, only bi-dimensional simulations were considered. This
reduced the computational cost while providing results adequate for the scope.
The analyses were performed considering rectangular domains. For each
investigated condition, the domain was large enough to contain the powder
particles and a gap that simulated the presence of a vacuum around the powder
particles. This gap was maintained at approximately 5 um along the sides of the
domain. This gap is essential to prevent the effect of the boundary domain [105]
on material diffusion. Although no initial conditions are required for the PF
simulations, it is necessary to provide the initial value of conserved and non-
conserved variables to distinguish the solid material from the vacuum into the
domain. The interface width was also adequately selected in accordance with the
dimensions of the problem. The system's temperature was imposed as a
temperature field over the domain. Most of the current literature that considers the
rigid body motion of the particles [32,37,106,107] neglects the physics of
sintering. No explanations were found about the definition of constants related to
the rigid body motion or the reasons behind the values of the constants adopted.
The implementation of the rigid body motion of the particles required
investigations about the related coefficients. A viable approach to identify the
constants of the rigid body motion is proposed in section 3.5. Other details
specific to each analysis are provided in the respective sections.

3.2 Validation of the PF model

The model presented in section 3.1 was validated by replicating the preheating
step with a phase field simulation. However, due to the vacuum environment and
the large heating rates, it is difficult to replicate the preheating conditions outside
the build chamber of a PBF-EB machine. For this reason, a dedicated experiment
was performed inside the build chamber of an Arcam A2X machine, adopting
Ti6Al4V as material. At the end of the experiment, information about temperature
evolution, duration of the process and geometrical information about sintered
powder particles were collected. This information was adopted as input data to
perform the validation PF simulation. The instantaneous temperature of the
powder bed is challenging to measure in commercialized PBF-EB machines. A
thermocouple is usually placed directly in contact with the start plate's lower side
and is the only tool to monitor the working temperature. Figure 4 reports a
schematic representation of the working area and the position of the thermocouple
in a PBF-EB machine.
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Figure 4: Schematic representation of the working area of an EB-PBF build chamber.
The containers of the feedstock material are positioned at the side of the working area.
These are not represented in this figure. The figure is not to scale.

The thermocouple provides somewhat precise information about the
temperature of the start plate at the beginning of the process. When the powder is
raked on the start plate and processed, the temperature recorded from the
thermocouple becomes less and less precise. Moreover, the precision of the
measure decreases along with the height of the currently processed layer, as the
temperature read depends on the thermal conductivity of the powder material, and
the thermocouple is placed below the start plate. The temperature measure
problems were overcome by processing only three powder layers. Each powder
layer was raked on the start plate and preheated. The total amount of energy
provided was enough to keep the temperature of the start plate stable.

The stainless steel start plate was 210 mm x 210 mm x 10 mm. This was
positioned above a powder layer 70 mm thick to ensure thermal insulation. As
previously reported, the thermocouple was positioned directly in contact with the
start plate's lower face. The start plate was heated for 30 minutes to a temperature
of approximately 1131 K. After this time, the start plate was lowered by 0.05 mm,
the standard layer thickness adopted to process Ti6Al4V inside the build chamber
of a PBF-EB system, and a layer of powder was distributed. After raking the layer
of powder, this was preheated using the standard process parameters reported in
Table 1. These steps were repeated three times for a total build height of 0.150
mm.

Table 1: standard process parameters adopted during preheating

Parameter Preheating 1 Preheating 2

Beam current [mA] 30 38

Beam speed [mm/s] 10000 13000
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Number of repetitions 2 3
Line offset [mm] 1.2 1.2
Focus offset 70 70

After processing these layers, the build was stopped, and helium was
insufflated inside the build chamber to reproduce the cooling phase of a typical
job. Temperature lowered up to 353 K, the temperature at which it is safe to open
the door of the machine build chamber. Figure 5 reports the temperature profile
recorded from the thermocouple along the job. The temperature graph could be
divided into three sections. The first section is the start plate preheating up to the
temperature of 1131K, which took 1800 s (30 minutes). The second section is
referred to the actual processing of the three powder layer. This phase lasted 60
seconds, and the temperature remained constant during this step. The last section
represents the cooling phase. Temperature decreased with a parabolic profile, and
this phase required approximately 6180 s. The total job time was 8040 s.
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Figure 5: Temperature profile recorded by the thermocouple along the validation job.
Three sections are highlighted in the figure: 1) preheating of the start plate; 2) processing
of the powder material; 3) cooling of the job under helium inside the build chamber

The start plate was extracted from the build chamber when the temperature
achieved 293K (20°C). Figure 6 a) represents the start plate with partially sintered
powder on the top and inspected with an optical microscope (Leica DM2700M)
(Figure 6 b)). Two pairs of powder particles with similar diameters were
identified and measured (Figure 6 b)). The diameters of couple A are 58.03 £3.65
um and 69.76£3.42 um. For couple B, the diameters are 62.59+3.67 um and
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65.48+3.80 um. The necks were found to be 18.12+6.87 um and 18.91+2.30 pum
for couple A and B, respectively. The deviation of the measures was obtained
from five different measures, and it is generated by powder particles non perfectly
spherical and the difficulty to focus the powder particles' midplane accurately.

#100m

Figure 6: a) the start plate extracted from the Arcam A2X build chamber, with the
partially sintered powder stuck on it. b) Optical image of the partially sintered powder
material. The white ellipsoids highlight the two identified couples. The light grey
background represents the start plate

The powder particles' dimensions and the identified temperature profile were
adopted as the input data to set up the simulations. Two couples of spherical
Ti6Al4V powder particles were assumed. The geometrical data in terms of
particle diameter and dimension of the domain adopted are reported in Table 2.

Table 2: Geometrical data for the PF simulation

Diameter 1[pm] Diameter 2 [um] Domain size
Couple A 58.03 69.76 80x135
Couple B 62.59 65.48 75%135

Bidimensional simulations were considered using a triangular mesh with six
nodes (TRI6). The initial mesh dimension was set to 1 pum. An automatic
refinement algorithm was adopted to refine the mesh at the particle interface. The
interface width was assumed to be equal to 2 um and described at the first step
only by two elements. The refinement algorithm for the mesh ensured that the
interface was described by at least four elements, according to Ivannikov et al.
[108]. The initial time step was assumed to equal 10 s. This initial time step was
automatically adjusted at each simulation step allowing the best simulation
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description while minimising the computational expenses. However, the
maximum dimension of the simulation step was limited to 10 s for stability
reasons. The simulation considered the powder material's sintering after the
powder raking on the start plate. The thermal history was modelled as described in
section 3.1.1, according to equation (3) and as follows. After the initial deposition
of the powder material, the temperature increase up to Ty, is owed to the heat
transfer from the solid substrate. This temperature was evaluated with a pure
thermal FEM simulation using the model proposed and validated by Galati et al.
[109-111]. The model consisted of a layer of powder 0.05 mm thick evenly
distributed over a solid stainless steel substrate 10 mm thick. The simulation
domain was discretized using 8-node linear heat transfer bricks (D3CS8) with a
dimension of 0.05 mm, comparable to the particle size. The simulation's material
properties were extracted from Galati et al. [110]. This simulation was
implemented in Abaqus 2017. The initial substrate and powder layer temperatures
were set to 1131 K and 353 K, respectively. The simulation was conducted
considering a ty,, equal to 4.4 s, corresponding to the levelling time with the
standard procedure of the Arcam A2X machine.

For the sake of completeness, Figure 7 reports the graph of the rake and beam
current extracted from the machine's log file. The rake current shows four peaks.
The first one represents the fetch of the powder, while the second is the actual
raking of the powder on the start plate. The third and the fourth peaks represent
the levelling movements. The time required to complete these four moves was
assumed as typ. The graph of the beam current shows clearly as no current is
provided during the raking phase. After the raking, the powder is preheated in two
steps: preheating one and preheating two. During these steps, the beam current is
maintained constant. Moreover, these two steps have a fixed duration equal to t,.
The melting and post heating steps have a variable duration. The time to perform
the melting step depends on the width of the cross-section and the process
parameter adopted. The post-heating is performed adopting the same process
parameters of the preheating two, but the EBM control automatically adjusts the
duration to achieve a well-defined energy target.

Figure 8 reports the temperature evolution of a node at the powder bed's
centre during the FEM simulation. The temperature achieved at the end of the
simulation was 982 K. This value was set as Typ in equation 1. The only thermal
contribution was the heat transmitted from the substrate to the powder bed.
Because the thermocouple of the machine did not report any temperature change
during the preheating of the powder, Tp and Tw were assumed equal to the start
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plate temperature (1131 K). This temperature was maintained constant for 60 s,
which was the time required to rake and preheat the three powder layers. The
cooling step was modelled based on the thermocouple data. This step was
approximated by a regression model of the second order (confidence interval
95%, R? 95.93%). Equation (35) summarises the temperature profile implemented
in the simulation.

The material properties adopted for the simulation are reported in Table 3.
The vapour diffusion and the system's viscous flow or rigid body motion were
neglected for the current simulation. The material parameters were implemented
in MOOSE as non-dimensional quantities, scaled according to a length scale
coefficient equal to 1-10° m, a time scale coefficient of 1 s and an energy scale
coefficient equal to 1-:10° m.

982 + 15.68t vV0<t<95
T(t) 1131 V9.5 <t <60 (35)
2.75-1075(t — 60)% — 0.27(t — 60) + 1131 Vit>60
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Figure 7: Rake current and beam current evolution during a portion of the EB-PBF
process. Each peak of the rake current represents a rake's movement: consequently, there
are fetching, spreading, levelling and levelling. When the beam is operating, the rake rests
outside the working area, and no rake current is detected. The preheating and post-heating
phases are conducted at constant current, while for the melting, the current is
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instantaneously adjusted to the cross section of the component and according to the
process parameters.
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Figure 8: Temperature evolution of the powder during the raking and levelling steps
obtained from the thermal FEM simulation

Table 3: material parameters adopted for the PF simulation

Property Value Units Reference
B 107! m*J1st  [55]

YGB 0.81 ] m-2 [112]

Ys 2.1 ] m-2 [112]

Qs 1.19x10°" J [55]

D% 9.33x10%  m’s? [55]

Qv 3.2x10°"° J [113]

D% 2.92x107"° m?st [113]

Q 4.051x10% m’

Figure 9 compares the optical microscopy images with the concentration field
obtained at the end of the PF simulation. The same data are also compared in
Table 4. The simulation results show a good agreement between the predicted
neck radius and the experimental data. Slight differences could also be noticed for
the dihedral angle, which is more regular, with a smooth transition from the
powder particle to the neck region. The neck radius obtained from the simulations
was always bigger than that obtained in the experimental investigation. The most
significant deviation was found for couple A. This difference was, however,
smaller than 10% (Table 4). The reasons behind this deviation could be related to
phenomena pertaining to the experimental work or the simulation model. The
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smaller experimental neck radius could be related to the presence of oxide or dirt
on the surface of the powder particles that may produce a delay in the sintering
start. Another aspect that may play a key role is the powder particles' rigid body
motion during sintering, which was not considered for the current simulations.
This aspect is investigated, and further details are provided in section 3.5. Another
aspect that might influence the experimental neck dimension is the presence of
other powder particles that participated in the sintering but were not considered
for the PF simulations. This is proved by some broken necks detected on the
surface of the particles (white arrows in Figure 9 d)).

Couple A Couple B

¢ S aaa—
1 0.5 0
| |

100 um '

Figure 9: a) and c) results of the PF simulations (concentration field) and b) and d)
detail of the two couples of powder particles. White arrows indicate possible marks of
broken necks

Table 4: Neck diameter measured from optical measurements and neck diameter
obtained from PF simulations. The deviation is that of the neck diameter of PF
simulations compared to that of experimental results.

Couple Experimental Numerical Deviation
neck diameter neck
[pm] diameter
[pm]
A 18.12 +6.87 19.70 9%
B 18.91+2.30 19.62 4%

Figure 10 reports the evolution of the neck radius and the temperature during
the validation simulation. Figures 10 a), 10 b), and 10 c) report the concentration
field at different simulation time steps. The graph of Figure 10 reports the neck
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radius evolution for couples A and B. However, these curves are not well
distinguishable owing to the slight differences in the neck radius evolution. The
neck grows rapidly at the beginning of the simulation and continues even after the
conclusion of preheating and up to 800 K. Under this temperature, the neck
growth stops, and the neck dimension remains constant and equal to the value
reported in Table 4. The neck radiuses measured at the end of the simulation are
approximately 30% larger than that measured at the end of preheating (15.26 um
for couple A and 15.08 um for couple B). The difference in neck radius and
dihedral angle appears evident when comparing Figure 10 a) to Figure 10 b) and
Figure 10 c¢). On the contrary, the differences between Figure 10 b) and Figure 10
c¢) are negligible because the temperature is low, and the system is no longer
evolving. The trend identified for the neck radius evolution suggests that the
temperature of 800 K could represent the sintering start temperature. The growth
of the neck radius after preheating proves that the whole process should be
considered when investigating the sintering phenomena of the EB-PBF process.
This phenomenon also suggests that the neck radius evaluated after the process,
outside the machine, is not representative of the conditions of the powder bed
immediately before the melting step.
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Figure 10: Neck and temperature evolution during the validation simulation. a), b),
and c) represent the concentration field at different simulation steps.

3.3 Influence of the modelling parameter on the neck
radius

In line with the findings obtained above, the previous model was adapted to
investigate how the size and shape of the neck are affected by sintering
conditions. Three sets of simulations were considered. The first considered the
effect of a sintering start delay on neck radius and growth. The second set
considered a group of three particles of different sizes in contact. The last
considered the sintering of two particles during the phase corresponding to the
segment DE (Figure 3) when the temperature was increased according to the
preheating scheme (equation 36) or assumed equal to the working temperature (Tw
of figure 3).

When the powder particles are in contact with the start plate, the temperature

of the powder particles is influenced by the temperature of the start plate. This
behaves as a heath sink. For this reason, the primary hypothesis of all simulations
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was to represent the sintering behaviour of particles positioned in a layer distant
enough from the starting plate. The temperature of the working area (T in Figure
3) was assumed to be 973 K [114,115]. Table 3 summarises the Ti6Al4V
properties used in the simulations. Table 5 details the extra constant parameters
applicable for all runs. Equation 36 represents the processing temperature
equation for each portion of the temperature profile (Figure 3). The preheating
temperature (segment BC in Figure 3) was increased from Ty, to Tp in 25 evenly
spaced increments.

Table 5: temperatures and times adopted for the temperature profile

Simulation input Value

T; 353K

pr 845 K

T, 1273 K [116]

Tu 973 K

top 44s

tp 1395

tw 65.4s

845 + int (=) -17.12 V44 <t <139
T() =1\ 1273 —5.82(t — 13.9) V139 <t < 65.4 (36)
973 V> 654

3.3.1 Influence of a delay in sintering start

As stated in Section 2.3.3, a delay in the sintering start may impact the neck radius
and growth. To investigate this effect, a numerical analysis was performed
inhibiting the sintering start for a period corresponding to the incubation period.
The temperature of the system was raised according to equation 36 and the data
reported in table 5. These simulations considered only the preheating phase, with
the simulation time comprised between 4.4 s and 13.9 s. A domain of 170 pm x
90 um, and a mesh size of 1 um were considered for two spherical powder
particles with a diameter of 80 um. The mesh was automatically refined at the
powder particle boundaries. The starting time step was set to 10”7 s and modified
adaptively to prevent simulation instabilities, with the maximum time step
dimension fixed at 0.05 s. Six simulations of sintering have been performed by
varying the incubation period from zero (no delay) to 1.1s, 1.5, 1.9s,2.3 s, and
2.7s.
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Figure 11 and Table 6 compare the evolution of the neck radius along with the
various simulations and the neck radius growth ratio. For easy comparison, in
Table 6, the adhesion stage (up to 0.5 s after sintering start), during which the first
neck forms immediately [12], was omitted. Significant changes can be detected in
the evolution of the neck radius. In particular, the delay in sintering affected the
sintering of powder particles with a significantly lower neck radius at the
beginning of preheating. During the preheating step, the neck radius between
powder particles sintered without delay was always larger. However, at the end of
the simulated sintering, the radiuses of the necks were comparable. To achieve
those values means that the neck growth ratios are much higher in the case of
delay in sintering start (from 0.59 um/s to 0.74 um/s, Table 6) with respect to the
absence of delay (0.53 um/s, Table 6). Notably, the longer the delay, the more
significant the increase in neck growth is. After 1.5 s from the sintering beginning,
the neck radius growth ratio decelerates, reaching a minimum at 4.5 s. The ratio of
neck radius growth is comparable between simulations from 4.5s. In addition,
omitting the initial period, the neck growth is nearly constant in the absence of
delay, while it shows a decreasing trend in the case of the delay effect. As an
example, with a delay of 2.7 seconds, the reduction is around 35%.

Table 6: Neck radius growth ratio for various sintering start delays and time intervals

Time Nodelay 1.1s 15s 1.9s 23s 2.7s
interval [pm/s] delay delay delay delay delay
after the [pm/s]  [pm/s] [pm/s] [pm/s] [pm/s]
sintering

initiation

0.5s-15s 0.53 0.59 0.62 0.68 0.71 0.74
1.5s-25s 041 0.46 0.48 0.51 0.52 0.54
25s-35s 0.39 0.43 0.44 0.45 0.45 0.46
355s-45s 0.39 0.41 0.41 0.41 0.41 0.41
45s-55s 0.38 0.39 0.39 0.37 0.37 0.37
55s5-65s 0.37 0.37 0.36 0.35 0.35 0.35

Since the same temperature profile was utilised, the differences in the neck
growth ratio may be attributed to the temperature at which sintering begins. In
accordance with Koparde et al. [117], the neck growth ratio will increase with
increasing temperature.

Overall, the numerical analysis demonstrated that a sintering start delay has
no effect on the final neck dimension and, consequently, the next phase of the
process but only on the neck growth ratio. From the process point of view, it is
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presumable that the energy delivered at the start of the preheating stage of the EB-
PBF process is used solely to raise the temperature and, for instance, dissolve the
oxide layer [90,91]. This delay in the starting of sintering may also explain the
higher risk of smoke during the initial few seconds of preheating [118].
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Figure 11: Evolution of the neck radius with and without delay in sintering start

3.3.2 Influence of the particle diameter in a group of three
particles

In this paragraph, the results of the analysis of the mutual influence of the
presence of more than two particles on neck growth sintering were investigated.
The domain consisted of three particles with respective diameters of (1) 105 um,
(2) 80 um, and (3) 45 um. The dimensions were selected to have different particle
diameter ratios, defined as the ratio between the diameter of the smaller and the
larger particle (Table 7). Each particle is in contact with another particle only in a
single contact point.

Table 7: The diameter ratio of the simulation's particles. d is the diameter of the
smaller particle in each pair, whereas D is the diameter of the bigger particle. The
diameter of particle (1) is 105 pum, particle (2) has a diameter of 80 wm, and particle (3)
has a diameter of 45 pum.

Contact point Ratio between
the diameters
(d/D)
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(1)-(2) 0.76
2)-3) 0.56
3)-(1) 0.43

The simulated domain was 170 um % 175 pm. The mesh size was 1 pum and
automatically refined at the powder particle boundaries. The initial time step was
set to 10~ s and was adjusted automatically throughout the simulation. In order to
prevent simulation instability, the maximum dimension of the time step was
capped at 0.05 s. The temperature of the system was raised according to equation
36 and the data reported in table 5. These simulations considered only the
preheating phase, and the simulation time comprised between 4.4 s and 13.9 s

Figure 12 compares the rate of neck growth for particles (1) and (2), (2) and
(3), and (3) and (1). It can be observed that the diameter of the particles
significantly influenced the initial few seconds of the sintering process. At the end
of the simulation, particles with a larger diameter ratio (Table 8) revealed a bigger
neck. Ordering the couple with a decreasing diameter ratio, the observed neck
radii were 7.97 pm, 6.37 pum, and 6.7 um between particles 1-2, 2-3, and 3-1,
respectively. If also the prior simulation (section 3.3.2) with two identical
particles (ratio between particles equal to 1, final neck equal to 7.34 pm) is
considered, it is possible to observe that it seems that the diameter ratio does not
significantly impact the final neck dimension. These results agree with the
experimental findings described in the references [119,120] and may be explained
by a concurrent effect of the diameter of the particles and their diameter ratio.
This influence of the mutual properties of nearby particles on the sintering/neck
radius, which may not be linear [119], may become significant when measuring
the effective powder thermal conductivity [94].

As far as the neck growth rates are concerned, it appeared that particle (3),
when in contact with particles (1) and (2), were comparable (about 0.29 um/s).
They were much greater at the site of contact between the largest particles, (1) and
(2), at approximately 0.33 um/s.
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Figure 12: Neck growth and neck growth rate of three particles with different
diameters in contact.

3.3.3 Influence of non-isothermal conditions on a long simulation

To investigate the influence of non-isothermal conditions on a time scale long, a
simulation was conducted for 3.87 hours, corresponding to 13920 seconds and
approximately a build height of 12 mm. The domain was 170 ym x 90 pm and
contained two powder particles with a diameter of 80 pm. The mesh size was 1
um and automatically refined at the powder particle boundaries. The time step
adopted for the simulation was changed along the simulation. An initial time step
of 10 s was adopted and automatically adjusted with a growth factor of 1.125.
However, the maximum dimension of the time step was limited to 100 s, so
enough data were also available in the stable region of the neck growth. The
temperature load was varied according to Equation 36 and the data reported in
Table 5. For the sake of completeness, the same simulation was run at a constant
temperature equal to Tw (Table 5) throughout the simulation duration, and the
comparison is shown in Figure 13. As can be seen, at the end of the simulation,
the neck radius obtained from both simulations were comparable (A neck radius
of 18.35 um was found for non-isothermal conditions and 18.32 pum for the
simulation at constant temperature), but the rates of neck development varied
significantly during the simulation. The neck radius under non-isothermal
conditions was always greater than that obtained at a constant temperature,
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especially up to nearly 4000 seconds (approximately 1 hour, build height of about
3 mm). More in detail, the largest differences can be observed at the beginning of
the sintering process (magnification in Figure 13). After 40 seconds, the non-
isothermal neck radius is roughly 2 um wider than the neck radius obtained under
constant temperature. The differences between the simulations could also be
identified by comparing the neck's geometry in terms of neck dimension and
dihedral angle using the representation of the concentration fields at various step
times (Figures 13 a), b), ¢), and d)). In the case of non-isothermal conditions, the
dihedral angle is bigger than the counterpart obtained under isothermal
circumstances at 40 s (Figure 13 a)) and 120 s (Figure 13 b)). The difference in
the dihedral angles decreases as the simulation progresses (see Figure 13 ¢) at
6000 s and Figure 13 d) at 10000 s). However, the significant variation detected at
the beginning of the sintered process is more critical because, at the stage of the
PBF-EB process, the development of the neck is critical to guarantee proper
thermal and electrical conductivities and support the subsequent layers. For
example, in the case of non-isothermal conditions, the neck radius between the
particles is approximately 4.8% bigger at such as 457 s. In this case, the thermal
conductivity under non-isothermal circumstances can be estimated to be roughly
5.1% greater than under isothermal conditions [120].

In light of these results, the idea of sintering under isothermal circumstances, as
stated in reference [55], could be more appropriate when representing the
sintering behaviour after a few hours of the process. This time could be even
longer if the heat supplied during the melting and eventual post-heating
(contributions (3) and (4) of Figure 6) delays the achievement of constant
temperature in PBF-EB at the level layer.
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Figure 13: Neck evolution simulations at constant and variable temperatures. At
different simulation time steps, the concentration field for the isothermal and non-
isothermal simulations is reported: a) 40 seconds; b) 120 seconds; c¢) 6000 seconds; d)
10000 seconds

3.4 A map for the evolution of neck radius

In light of the results reported in the previous section and the dependency of
the neck dimension on the particle geometry, diameter ratio and sintering time,
response surfaces analyses were performed to quantify and define the
relationships. At this scope, PF simulations of the sintering of two particles were
performed by varying the particle diameter and particle diameter ratio. In
particular, the diameter of the particle defined as (di) was varied from 80 um to
140 pm in steps of 15 um. Then the diameter of the second particle (d2) was
varied to obtain a diameter ratio, d>/di, from 0.5 to 0.9 in a step of 0.1. In total,
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twenty-five PF simulations were conducted, and the full factorial design of
experiment (DoE) is summarized in Table 8.

Table 8: Design of experiment (DOE) adopted to develop the response surfaces of
the neck radius as a function of the diameter of one particle and the ratio of the diameters
of the sintering particles.

Diameter ratio [/]

d2[pm] 0.5 0.6 0.7 0.8 0.9

80 40 48 56 64 72

95 47.5 57 66.5 76 85.5

di[pm] 110 55 66 77 88 99
125 62.5 75 87.5 100 112.5

140 70 84 98 112 126

A rectangular simulation domain was considered for the simulations, and its
dimension was adapted according to the powder particle dimensions. The
dimensions of the rectangle were chosen to be at least equal to the sum of the
powder particles' diameters and to the dimension of the biggest particle (d),
respectively. In particular, to avoid the boundary effect on the material diffusion
[105], the minimum dimensions were incremented by 10 pym. A mesh dimension
of 1 um was adopted for the domain and automatically adjusted at the powder
particle boundaries. The temperature of the system was raised according to
equation 36 and the data reported in table 5. The raking step was neglected, and
therefore the simulation interval considered was from 4.4 s to 13.9 s. Table 9
summarizes the neck radius obtained at the end of the simulated preheating step.

Table 9: Neck radius obtained at the end of the PF simulation as a function of the
factors investigated.

Diameter ratio [/]

0.5 0.6 0.7 0.8 0.9

80 6.03 6.40 6.70 6.95 7.16

95 6.58 6.98 7.30 7.57 7.80

di[pm] 110 7.09 7.51 7.85 8.14 8.38
125 7.56 8.00 8.36 8.66 8.92

140 8.00 8.46 8.84 9.15 942

Two analyses of variance (ANOVA) were conducted to investigate the
influence of di and d»/di on the neck dimension at the end of the simulation. These
analyses were conducted considering a confidence interval equal to 95%. The
ANOVA on the diameter of the first particle confirms the influence of this factor
on the neck radius, with a p-value smaller than 0.05 (which was set as a



3.4 A map for the evolution of neck radius 45

threshold). On the contrary, the diameter ratio does not influence the neck radius
(p-value equal to 0.164). Figure 14 reports the box plot for the diameter ratio. This
box plot confirms the result of the ANOVA. While the mean of the neck radius
shows a growing trend with the diameter ratio, this trend is not confirmed for the
dispersion, for which the boxes overlap each other. The overlap of the boxes
confirms that the diameter ratio is not an influent factor.
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Figure 14: Box plot of the diameter ratio.

Figure 15 reports the interaction plot adopted to investigate the possible
interactions between the two factors considered. No intersections were found
among the curves, proving the absence of interactions among the factors. Each
factor contributes to neck growth independently.
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Figure 15: Interaction plot of the two factors under consideration: The diameter of
the first particle and the diameter ratio.

The absence of interactions highlights the possibility to parameterise the neck
ratios as a function of the diameter of the first particle and the simulation time and
obtain surface regression using the diameter ratio as a parameter. With this scope,
the neck radius was extracted every 0.5 s. Figure 16 reports the surface plot of all
the response surfaces. This figure represents a map of the neck radius and could
be used as a predictive tool of the neck radius among powder particles, knowing
the diameter of the first particle and the sintering time. The trend of the response
surfaces is in line with previous results obtained in section 3.3. However, it is
worth remarking that the results presented are valid under the thermal history and
the material properties adopted to perform the simulations. The neck obtained
according to these response surfaces could be used as input data in numerical
models, such as that proposed by Galati et al. [110], or to evaluate the thermal
conductivity within the solid material, according to the methodology proposed in
section 4.2.



3.4 A map for the evolution of neck radius 47

A
Diameter ratio (d./d )
0.5
0.6
0.7
0.8
0.9

Neck radius [pm]

80 100 120 140 160 180
Diameter of the first particle ) [um]

Figure 16: Response surfaces for the neck radius obtained considering the factors
investigated in the DOE.

Table 10 summarises the response surface equations for each diameter ratio of
the particles. An analysis of the response surface equations' coefficients highlights
that the simulation time has a significant impact on the shape of the surface and
hence on the neck radius. On the contrary, the second order coefficients, such as
di? has a negligible influence on the neck radius.

Table 10: Response surface regression equations for the neck radius (x) as a function
of the simulation time (t) and the diameter of the first particle (d,)

Diameter Response surface regression equation
ratio

0.5 x =0.3840 + 0.4793-t + 0.0320-d; - 0.0284-t> — 0.0001-d;* +
0.0017-t-d;

0.6 x =0.4300 + 0.5093-t + 0.0335-d; - 0.0299-t> — 0.0001-d;* +
0.0018-t-d;

0.7 x = 0.4800 + 0.5336-t + 0.0345-d; - 0.0311-t> — 0.0001-d,* +
0.0019-t-d;

0.8 x =0.5100 + 0.5530-t + 0.0355-d; - 0.0321-t> — 0.0001-d,* +
0.0020-t-d;

0.9 x = 0.5400 + 0.5690-t + 0.0363-d, - 0.0328-t> — 0.0001-d,? +

0.0020-t-d;
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3.5 Rigid body motion (RBM) and sensitivity analysis

The implementation of the RBM requires the tuning of ad hoc parameters that
describe the RBM of the powder particles. These parameters are the threshold
concentration cgs (equation 29), the equilibrium concentration co (equation 28),
the stiffness constant k (equation 28), the translation mobility m; (equation 24)
and the rotation mobility m; (equation 25). To the best of the author's knowledge,
the values of these parameters are not currently available for the Ti6Al4V
processed under PBF-EB conditions. A viable approach to estimate these
parameters is proposed in sections 3.5.1 and 3.5.2.

3.5.1 Model sensitivity to the rigid body motion parameters

The influence of the RBM parameters (cgs, k, and my) on sintering behaviour
was investigated by reasonably varying the parameter under a DoE approach. The
mutual rotation of the powder particles (generated by m;) was excluded [32]. The
equilibrium concentration (co) was not changed in all the simulations and was
considered equal to 1 [32]. A summary of the material parameters considered for
these simulations is reported in Table 11. These simulations were conducted
considering bidimensional simulations of two spherical Ti6Al4V powder particles
with a diameter of 80 um placed in contact at a single point. A rectangular domain
was considered for the simulation, with dimensions of 170 um x 90 um. The mesh
dimension was 1 pum and the elements adopted were quadrilateral elements with
four nodes (QUAD4). The material properties adopted for the simulations are
reported in Table 3. The temperature of the system was modelled according to
equation 36 and the data reported in table 5. The raking step was neglected. The
simulation time interval considered was from 4.4 s to 13.9 s.

Table 11: Combinations of the rigid body motion parameters investigated to perform
the sensitivity analysis. The values among brackets represent the values considered for
that parameter within the set.

Set CGB k m¢

1 0.1 0.1 (1, 500, 1000)
2 0.1 1 (1, 500, 1000)
3 0.1 (0.1,0.5, 1) 500

4 (0.1, 0.14) 0.5 500
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The results of the simulations in terms of neck radius obtained at the end of
the simulation are reported in Table 12 and Table 13. The neck radius obtained
from the simulation conducted in section 3.3.2 without sintering delay and equal
to 7.34 um was assumed as a reference.

Table 12: Neck radius obtained at the end of the simulations conducted at the

conditions of set 1, set 2, and set 3 of Table 11.

- m¢
Neck radius (X) [um] 1 500 1000
0.1 791 7.93 7.95
k 0.5 / 10.92 /
1 14.50 15.35 16.38

Table 13: Neck radius obtained at the end of simulation for set 4 of Table 11.

CGB X [pm]
0.1 10.92
0.14 9.26

A general overview of the data reported in Table 13 and Table 14 show a
significant influence of the RBM on the neck radius. Simulations conducted with
RBM always show a larger neck radius than the counterpart obtained by
neglecting the RBM. Moreover, the larger neck radius (16.38 um at cg=0.1, k=1
and m=1000) is more than two times bigger than the smaller (7.91 pm at cg=0.1,
k=0.1 and me=1). This difference shows the strong influence of the RBM
parameters on the neck radius. Figure 17 represents the main effect plot on the
neck radius of the RBM parameters. From the results of Figure 17 is evident that k
has the strongest effect on the final neck radius, while m seems to have a minor
impact. cgs shows the opposite trend, with a reduction of the neck radius when
cgB increases from 0.10 to 0.14.
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Figure 17: Main effect plot of the RBM parameters on the neck radius obtained at the
end of the simulation.

Figures 18, 19, 20 and 21 show the influence of the RBM parameters on the
neck growth ratio. Figure 18 (set 1 of Table 11) shows the influence of the
translation mobility (m¢) on the neck radius evolution. Figure 18 (set 2 of Table
11) shows the influence of the translation mobility but considers a different value
of the stiffness. The translation mobility seems not to play a meaningful role
(figure 18), even by varying the parameter of three orders of magnitude of m:. On
the contrary, it becomes significant under a stiffness variation (Figure 19). These
findings highlight an interaction between the translation mobility and the stiffness
constant. For the stiffness constant (k), Figure 20 (set 3 of Table 11) shows a
strong influence on the neck radius evolution. An increase of an order of
magnitude of k produces a neck radius at the end of the simulation almost twice
larger. Figure 21 (set 4 of Table 11) shows the influence of cgs on the neck radius
growth, highlighting as a larger value of cgs produces a delay of the RBG and a
smaller neck radius and neck radius growth ratio.
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3.5.2 Validation of the model considering rigid body motion

The results obtained in section 3.2 were also adopted to investigate the
influence of the RBM parameters. The start plate with on top the thin layer of
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sintered powder was sectioned into small cubes using a wire electrical discharge
machining (EDM) and inspected using an SEM (Philips XL30 ESEM). Figure 22
presents the SEM image of the partially sintered powder bed after the PBF-EB
process at the conditions prescribed in section 3.2. Three powder particles were
identified as particle 1, particle 2 and particle 3. The neck and particle diameters
were measured using the ImageJ software. The diameter of these particles was
measured as d;=50.8 um, d>= 43.4 um and d3=58.4 um. The neck diameter
between the first and the second particles and between the second and the third
particles was found to be 12.3 um and 13.4 pum, respectively.

As an attempt to mimic the neck dimension visible in Figure 22, two series of
simulations were conducted. The first series was conducted by reasonably varying
the RBM parameters in light of the results obtained in section 3.5.1. The second
series considered the centre of the powder particles at different positions to
anticipate the translation owed to the RBM. The material parameters for the
simulations are reported in Table 3. The temperature profile adopted for the
simulations was described by Equation 36. A simulation domain of 152 pm x 101
um was adopted for the simulations. The mesh size adopted was 1 pm and
automatically reduced at the particle boundary interface.
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Particle 1

N

Figure 22: System of three powder particles adopted to validate the PF model with
rigid body motion activated.

The appropriate combination of RBM parameters was selected to not produce
a distortion in the system's geometry at the end of the simulation. Figure 23
reports an example of an unappropriated selection of the RBM parameters. If
k=0.1, powder particles keep moving even after the system temperature goes
below 800 K, and the sintering should stop. This rigid motion distorts the particles
without the correct diffusion of the material and the corresponding modifications
in particle form. After proper tuning, a reasonable combination of parameters was
identified to be k=0.03, cGs=0.14 and m=150.
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Figure 23: Example of distortion of the powder particles owed to an inappropriate
value of k.

Another issue in considering the RBM is the determination of the initial
position of the centre of the particles before the powder particles rigidly move
toward a common central point. Using a trial and error approach, the position of
the centres of each particle was moved to obtain a correspondence between the
final position of the particles after the sintering. In particular, the centre of the first
powder particle was moved of 2.1 pum, the second powder particle was moved of 1
um, and the third was moved of 0.9 um, according to the directions highlighted in
Figure 24.
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Figure 24: Shifting of the centres of the powder particles to approximate the powder
particles' configuration before sintering. b) final position. a) assumed position before
preheating

The results presented in this section highlight as RBM plays a crucial role in
densification phenomena during sintering. However, due to the large number of
variables involved, it requires further investigations to univocally identify the
RBM parameters and a procedure to univocally define the position of the powder
particles. These aspects will be investigated in future works.
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Chapter 4

Modelling Thermal conductivity in
powder bed fusion processes

4.1 Thermal conductivity in the additive manufacturing

As discussed in the previous sections, in AM processes, such as PBF-EB, the
thermal conductivity [121] of the powder bed is central to the process
[110][122]because it influences the interaction of the energy source with powder
material [121], the heat transfer phenomena during the whole process [123], also
defining the cooling rate and therefore the final component microstructure [124].
In addition, the thermal conductivity of the powder material influences the surface
quality of the manufactured components [6, 7], particularly in the overhang and
cellular structures. For these reasons, the determination of such material property
has long awakened the interest of researchers in various fields of science. When
considering a methodology to evaluate the thermal conductivity of the powdered
material, the following evaluation criteria should be considered [125]:

1) the precision and accountability of the values obtained
2) the broadness of parameters and boundary conditions considered

3) the difficulty of evaluating the thermal conductivity of such complex

material
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Mainly, the thermal conductivity in powder material is investigated using
experimental or numerical approaches. An overview of the experimental
methodologies was presented by Presley and Chreistensen [126]. Some of these
methods were also discussed for application at the AM conditions. As an example,
Wei et al. [127] adopted the transient hot wire method to investigate the thermal
conductivity of five metallic powdered materials under different environment
conditions: three different gases, a temperature range of 295 K - 470K and a
pressure of 1.4 kPa — 101 kPa. The results showed that the gas and the level of
pressure significantly affected the thermal conductivity values. Furthermore, a
direct correlation was found between the thermal conductivity and the
simultaneous temperature variation and gas pressure variation. However, the
tested temperature range was largely below the sintering start temperature of the
material. Therefore, data can be considered representative of a PBF-LB/M
manufacturing condition. With a similar aim, Zhang et al. [128] measured the
thermal conductivity of the powder by applying the laser flash method on
hollowed disks produced by PBF-LB/M and encapsulating powder particles
directly during the process. The thermal conductivity of the powder was obtained
by fine tuning the material properties of a FE model of the laser flash experiment.
In this case, the contribution of bulk material and the alumina sample holder to the
experiment was neglected. Under these conditions, the authors obtained that the
thermal conductivity of the IN625 and Ti6Al4V powder material is much lower
than that of the solid material and is dependent on the temperature. Liu et al. [129]
applied the transient plane source method at different temperatures up to 750 °C
to determine the thermal conductivity of Al-Mn-Sc, Al-Si-Mg, 304 Stainless
Steel, Ti-6Al-4V and Inconel 718. In the case of AI-Mn-Sc and Ti6Al4V alloys,
the measurements have also been performed varying the powder size
distributions. The results showed that the thermal conductivity of the powder is
insensitive to temperature variation up to 400 °C. Above this temperature, the
thermal conductivity increases with different trends among the investigated
materials. Overall larger powder particles showed a higher thermal conductivity.
However, the presence of fractions of the powder with a smaller size distribution
increased the thermal conductivity of Ti6Al4V above 600 °C. These results were
explained by the higher powder packing density at the beginning of the process.
Gong et al. [130] used a thermal analyser to measure the thermal conductivity of
Ti6Al4V powder sintered using the preheating of the PBF-EB process. The results
showed that the thermal conductivity of the sintered powder material is lower than
the corresponding bulk material and dependant on the temperature of the system.
Neira Arce [131] investigated the effect of different powder production methods
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on the thermal conductivity of the Ti6Al4V powder for the PBF-EB process. The
manufacturing methods for the powder were the plasma rotating electrode process
(PREP) and gas atomisation (GA). The resulting powder differs in shape and
distribution. Thermal conductivity was evaluated by adopting the laser flash
technique at different temperatures up to 1600 °C, at normal pressure in an
atmosphere containing argon. Significant differences in thermal conductivity were
found among PREP and GA powders because of the differences in powder size
distribution obtained from the production methods. The results confirmed the
differences between the powder and bulk materials reported in the literature and
the variation of the thermal conductivity agreed with the previous findings
reported by Liu et al. [129]. In addition, the dependence of the thermal
conductivity on the temperature was found to be negligible up to 600 °C. Above
600 °C, the thermal conductivity increases rapidly. The effect of the preheating
process parameters on the thermal conductivity of the powder bed was
investigated by Smith et al. [132] Sample of sintered powder was produced by
varying the process parameters, and the thermal conductivity was measured using
the laser flash technique at 40 °C and 730 °C. The thermal conductivity of the
sintered powder was significantly different at the two testing temperatures. Also,
the powder material processed with a higher energy supply (e.g. higher number of
beam passages) showed higher thermal conductivity. Leung et al. [98] used a
combined experimental-numerical approach to investigate the influence of the
process conditions on the sintering and thermal conductivity of Ti6Al4V powder
processed with the PBF-EB process. Hollowed samples were produced and
measured using X-ray computed tomography. The obtained geometry was used as
an input to evaluate thermal conductivity using the model proposed by Gusarov et
al. [133] and a model based on thermal tortuosity [134]. Thermal conductivity was
found to be dependent on the supplied energy per unit area during the preheating
and the building height.

Besides the experimental based methods, Gusarov et al. [120] proposed a
numerical model to evaluate the thermal conductivity of the powder material for
PBF-LB/P process. The bulk thermal conductivity was scaled according to the
relative density of the powder bed, the coordination number, and the dimension of
the neck between the powder particles. The dependency on such geometrical
information constrains the validity of such an approach to ordered structures for
the powder bed, such as SC, FCC, or BCC structures, in which those parameters
are easy to measure. Chua et al. [47] implemented a FE model consisting of a
couple of powder particles in contact at a point to investigate the thermal
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conductivity as a function of the dimension of the formed neck. To account the
PBF-EB process conditions, air at low pressure was considered around the powder
particles, the diameter of the powder particles was assumed to be 50 um, and the
temperature was assumed to vary between 0.4 T, and the solidus temperature of
the material. The results obtained for a single couple of particles were then
extended to the powder bed by linear interpolation. The evolution of the neck
radius during the process was assumed to vary linearly between 0 and 0.3
according to the temperature of the system. To overcome such approximation in
the case of micro PBF-L/P, Grose et al. [53] used a PF simulation to predict the
neck evolution during the process, and the FE model was then used to perform
steady state heat transfer simulations and evaluate the thermal conductivity. This
methodology is computationally expensive, and it requires several adjustments to
move from the sintering simulation to the thermal conductivity. Moreover, the
connection of the PF simulations to the AM process remains unclear, as the
material parameters and the temperature evolution to set up the PF simulation
were not provided.

For thermal conductivity within a solid material, the main issue is the
availability of accurate information on the area where the heat transfer takes
place. This area is the neck among two particles that, at the powder bed layer,
create a net of particles connected one by one by a neck. The concept of tortuosity
may be used to define the complexity of the heat path. The geometric definition
might be useful to understand the idea behind tortuosity. Tortuosity is given as the
ratio between the length of the geometric flow path through the medium divided
by the length of the straight path through the medium [135]. Tortuosity was
introduced to investigate the flow of a fluid through the voids of a porous media
[135] and has only lately proposed as a methodology to investigate also the
thermal or electrical diffusion phenomena in a porous material [98,136].

Ahmadi et al. [137] proposed an approach based on volume averaging to
evaluate the tortuosity of mono sized arrays of spheres. In this case, tortuosity was
evaluated as a flow within the pores of the material. The methodology was
adopted to evaluate the tortuosity of regular cubic and tetrahedral structures of
spherical powder particles. The results were found to be in good agreement with
both theoretical and experimental literature data. Montes et al. [136] proposed the
evaluation of thermal tortuosity as the ratio between the sample length in the heat
flux direction and the length of the shortest path within the solid material that
connects the extremes of the sample. However, in the case of a powder substrate
with low density, the dimension of the solid connection between the powder
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particles was neglected [136]. In addition, the thermal diffusion within the pores
owed to convection and radiation was not considered. In the case of PBF-EB, this
hypothesis is acceptable because the process occurs under a vacuum (convection
is negligible [110]), and the contribution of radiation is an order of magnitude
smaller than the conductive counterpart of solid material [138]. Under this
consideration, Leung et al. [136] used an analysis of the tortuosity factor to
evaluate thermal conductivity. The value of the tortuosity factor was obtained
using an open source application, TauFactor [134]. The inputs for the software are
cross section images of the porous media that, in this case, were tomographies of
the sintered powder bed. Then, ideally, a heat flux occurs on a sub-volume of the
powder image. Heat flux is applied at the top of the picture, and the thermal flux
is followed along the conductive phase. The results are, however, strictly bonded
to the image adopted for the evaluation, the dimension of the inlet area and the
balance between the phases of the system. Moreover, the sintered test samples are
not representative of the evolution of the sintering process during the PBF-EB
(section 3.2).

Figure 25 summarises the workflow proposed in the current work for
evaluating thermal conductivity from the results of phase field simulations.
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START

Set up the thermal history and
the geometry of the particles for
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Phase field
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l
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neck geometry
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l
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tortuosity and
thermal
conductivity

END

Figure 25: Workflow for the evaluation of thermal conductivity from sintering
simulation

4.2 Modelling thermal conductivity

The thermal conductivity of a powder bed could be evaluated using equation (37)
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)\pow = OpowPpowCp (37)

Where opow represents the thermal diffusivity of the powder material, ppow
represents the density of the powder bed, and c, represents the specific heat
capacity of the powder bed.

Ppow can be evaluated as ppow=pon, where po is the theoretical density of the
bulk material considered and n represents the volume fraction of the solid material
within the considered domain.

Opow Can be expressed as reported in equation (38)

Upow = ao% (33)

in which ao represents the thermal diffusivity of the bulk material and t
represent the tortuosity of the system.

In this case, T can be evaluated by adopting the model proposed by Ahmadi et
al. [137], in which the porous media consisted of a solid immersed in a fluid, and
the tortuosity represented the geometrical complexity of the path followed by the
fluid through the pores. In this work, the novelty consisted of a modification of
such definition to consider the heat flux as a fluid going through the continuous
path created by the necks among the particles. The new formulation for t
(Equation 39) was formalised under the following hypothesis, in agreement with
Ahmadi et al. [137]:

e The porous material is made of two phases: a persistent solid phase
and the void space between the solid particles.

e The solid phase is distributed heavenly over the domain.

e The phase where the flux occurs should be connected. This means that
any two points inside the conducting phase should be linked by a
curve that is entirely contained within the conducting phase

22 P
= \/M(“Tf) (39)

36n2  3A¢T}

For the definition of the quantities presented in equation 39, an elementary
volume (REV) was defined so that the distribution of solid material and void is
statistically representative of the powder bed (Figure 26). In particular, n
represents the volume fraction of the solid material with respect to the total
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volume (equation (40)); Ar represents the hydraulic radius defined as the ratio of
the volume of the solid material volume and the fluid-solid interface area
(Equation (41)). Tr* represents the tortuosity tensor of the fraction of volume
occupied by the solid material. For an isotropic medium, this can be written as in
Equation (42), where &;; is the Kronecker delta function and 05=Ssy/So.

— Uos
n= - (40)
Ap =% (41)
Sts
«_ 0S¢ SssU
Te = —8; = SoUoZ 8y (42)

In equation (40) Uos represents the volume of the solid material within the
REV and Up represents the total volume of the REV. In equation (41) Sg
represents the area of the interface between the solid material and the vacuum
inside the REV. In equation (42) Sss represents the area of the material that
crosses the REV while Sy represents the total lateral surface of the REV. Uy and
So were evaluated as the volume and surface respectively of the minimum convex
polygon or convex hull [139] that contains all the centres of the powder particles
and represents the REV.

REV, U,, S,

U

Os

Figure 26: Representative elementary volume of the powder bed



4.3 An example of evaluation of thermal conductivity during PBF- 65
EB process with a simple cubic structure

Assuming a generic REV, the volume of the solid phase contained on the
inside is evaluated as reported in equation (43)

Ups = ffDOSf(x, ¥) dDos (43)

where f(x,y) is a generic function that describes the solid material. The
integration domain Dos represents the solid material inside the REV.

The interface area of solid material to the void, Sg is evaluated as reported in
Equation (44), assuming that the geometry of the solid material is axisymmetric.

Sps =9 [LFOO - (1 + (F/ (0D dx (44)

where 9 is the rotation angle, a and b represent the extreme of integration and
f(x) represents the function that describes the profile of the solid material.

Finally, the area of the solid material that crosses the REV (Sss) is defined as
in equation (45).

Sss = [2 F(x)dx (45)

As can be observed, with this definition, the tortuosity factor is only
determined by describing the geometry of the powder bed. All these features
evolve with the sintering process varying with the time and the temperature. The
track of the variation of these features is obtained by the PF simulation.

4.3 An example of evaluation of thermal conductivity
during PBF-EB process with a simple cubic structure

As an example of thermal conductivity evaluation according to the methodology
presented in section 4.2 it is assumed the case of a REV representing a portion of
a powder bed in which the particles have the same dimensions and are ordered
according to a simple cubic structure. Therefore, the REV consisted of eight
powder particles that sinter at the conditions of the PBF-EB. Powder particles
were assumed with a diameter of 80 um, and each centre of the particles was
located in a vertex of the cube. Figure 27 reports the REV adopted for the
evaluation of the geometrical quantities. The considered material was Ti6Al4V.
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Figure 27: REV adopted for the evaluation of the geometrical quantities of the simple
cubic structure

The ordered structure is symmetric with respect to all the coordinate planes.
Figure 28 represents a portion of the REV consisting of an eighth of a powder
particle and three times a quarter of a neck and the reference system adopted for
the evaluation of the geometric quantities for the tortuosity factor.

X

Figure 28: Portion of the REV and reference system adopted for the evaluation of
geometrical quantities
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The total volume and the total lateral surface of the REV are evaluated
considering the convex hull geometry with vertices placed at the centre of the
powder particles considered.

Uos is obtained as the sum of the volume of the sphere that represents the
powder particle and the volume enclosed within a hyperboloid of one sheet that
approximates the geometry of the neck. The calculation of the volume is reported
in equation (46)

Ups = 8ffD VRZ — x% — x5 dx dx, — 24 ffD2 VRZ — x% — x% dx dx, +

24, ¢ xl*"z — 1dx,dx, (46)
The integration domains are detailed in equations (47) and (48)

Dy ={(,x,) ER: —R<x, <0; 0<x, <JRE—x}  (47)

D, ={(x,x;) ER: —R<x, <—R+h; 0<x,</RE—x7} (48)

where R represents the radius of the powder particle, h represents the height
of half hyperboloid, and x is the semiaxes of the hyperboloid and is considered

equal to the neck radius. c is the semi focal distance equal to ¢ = av/2

Sgs is evaluated as in equation (49). This is obtained as the sum of the surfaces
of a spere representing the powder particle and a hyperboloid representing the
neck between the powder particles.

2

(x+dx)
R+h

—X3

Sps =8 % RZ—xZx| 1+

dx; +
R2—x?%

2 b2
24><§f0hb/i—§—1x 1+ 2:3 dxs (49)

where x represents the neck radius, while (x+dx) is the radius of the neck at the
point of curvature change, moving from the surface of the powder and the surface
of the neck. R is the radius of the powder particle, while h is the distance between
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the middle plane of the neck and the point of curvature change. These quantities
are reported in figure 28. Sss is evaluated according to equation (50)

2 —
Sso = 24 [T Rdxs +24 [ b [ — 1dx, +24 [ JRT — x3dlxs +

24 [F b /;‘—2 ~ 1dx; (50)

For simplicity, the geometrical data and their evolution have been evaluated
using the proposed model without considering the effect of a delay at the
conditions of section 3.3.1 and the rigid body motion of the particles.

Table 14 summarises the geometrical information, the values of Uogs, St and Sss,
and the value of tortuosity evaluated every second. The values of Uy = 512000
um? and Sp = 38400 um? were obtained as volume and surface, respectively, of
the convex hull geometry that corresponds to the REV under consideration.

Table 14: Geometrical data of the neck, results of the calculation of equations (46),
(49) and (50) for the REV considered and tortuosity obtained at each step of the
simulation.

Time Temperature X x+dx h Uos Sts Sss T
[s] [K] [um]  [um] [um] [um’]  [um®]  [um®]  [-]
0.5 879 384 7.02 0.80 267750 19344 30530 3.15
1.5 913 540 9.01 1.40 267153 19479 31150 3.14
2.5 964 631 10.08 1.78 266764 19966 31570 3.17
3.5 1016 6.80 1240 2.18 267477 20422 30984 3.22
4.5 1050 728 10.79 1.87 268141 20769 32174 3.21
5.5 1101 748 1233 242 266871 21262 31706 3.27
6.5 1153 795 13.48 2.53 268765 21941 31619 3.31
7.5 1187 8.19 1435 2.89 268237 22591 31496 3.37
8.5 1239 842 1524 3.10 268994 23183 31334 3.41
9.5 1273 8.62 16.02 3.54 267492 24065 31240 3.49

Table 15 summarises the values of thermal diffusivity of the bulk material
(aw), specific heat capacity(cp), the density of the bulk (po) and powder (ppow)
material, adopted for the calculation of the thermal diffusivity and conductivity of
the powder material. All the bulk material properties were assumed as temperature
dependent, varying according to the system's temperature at each simulation step.
The bulk material's thermal conductivity and specific heat capacity were retrieved
from Qi et al. [140]. No information is available in literature about the evaluation
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of the specific heat capacity (cp) and the density of the powder bed (ppow). In the
current work, ¢, was assumed to be equal to that of the bulk material
[122,141,142]. ppow Was obtained by scaling the density of the bulk material
according to the fraction of solid material within the REV. The thermal diffusivity
of the bulk material was evaluated according to equation (51)

D

A
ao = 2
PoCp

Table 15: Values of thermal diffusivity of the bulk material (o), specific heat
capacity (cp), the density of the bulk material (po) and density of the powder (ppow),
adopted for the evaluation of the thermal diffusivity and conductivity of the powder.

Time Temperature 00 Cp po Ppow
[s] K] m’s']  [kg'K'] [kgm®]  [kgm®]
0.5 879 2.95x10°¢ 912.53 4273.69  2234.92
1.5 913 2.99x10°¢ 937.61 4262.54  2224.13
2.5 964 3.05x10°¢ 975.24 4245.81 2212.17
3.5 1016 3.11x10°¢ 1013.61 4228.75  2209.17
4.5 1050 3.14x10°¢ 1038.69 4217.60  2208.82
5.5 1101 3.20x10°¢ 1076.32 4200.87  2189.64
6.5 1153 3.25x10°¢ 1114.68 4183.82  2196.22
7.5 1187 3.28x10°¢ 1139.77 4172.66  2186.07
8.5 1239 5.31x10° 736.80 4155.61 2183.27
9.5 1273 5.43x10° 743.6 414446  2165.25

Table 16 summarises the values of thermal diffusivity (opow) and conductivity
(Apow) of the REV considered. These values are obtained at each simulation step
corresponding to the temperature of the powder bed.

Table 16: Thermal diffusivity (opew) and thermal conductivity (Ayow) of the powder
material for every second of the simulation.

Time Temperature X Opow Apow
[s] (K] [nm] [m’s™'] [Wm K]
0.5 879 3.84 4.90x107’ 0.99
1.5 913 5.40 4.96x1077 1.03
2.5 964 6.31 5.01x1077 1.08
3.5 1016 6.80 5.04x107 1.13
4.5 1050 7.28 5.11x1077 1.17

5.5 1101 7.48 5.10x10”7 1.20
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6.5 1153 7.95 5.14x1077 1.25
7.5 1187 8.19 5.10x10”’ 1.27
8.5 1239 8.42 8.16x1077 1.31
9.5 1273 8.62 8.13x1077 1.31

The powder thermal conductivity values were approximately an order of
magnitude smaller than the corresponding thermal conductivity of the bulk
material. This is found in good agreement with the literature [128].

4.4 An example of evaluation of thermal conductivity
during PBF-EB process with a BCC structure

As another example, the thermal conductivity was evaluated in the case of a body
centred structure (BCC) using the methodology proposed in section 4.2. The BCC
structure is more representative of the powder bed for the PBF-EB process [110].
The REV consisted of eight powder particles positioned with the centres at the
vertices of the cube and another powder particle positioned in the middle of the
REV. The diameter of the powder particles positioned at the vertices of the cube
is 80 pum, while the diameter of the powder particle positioned in the middle of the
REV is 58.6 um. The powder particles centred at the vertices of the cubic
structure were assumed to be in contact. The considered material was Ti6Al4V.
Figure 29 reports a picture of the REV adopted for the evaluation.
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Figure 29: REV adopted for the evaluation of the geometrical quantities of the BCC
structure

The geometrical quantities related to the REV under consideration are
evaluated according to the methodology presented in section 4.2. The value of
Uos, Sts and Sss is obtained as a sum of volumes or areas, with the same approach
adopted in section 4.3. The information about the neck between the particle with a

diameter of 58.6 um and the particle at the vertices of the cube, with a diameter of
80 um are summarised in Table 17.
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Table 17: Neck data about a couple of powder particles with diameters of 58.6 um
and 80 pum.

Time Temperature X x+dx h
[s] K] [um]  [um] [um]
0.5 879 426 593 0.70
1.5 913 5.31 6.17  0.92
2.5 964 596  7.98 1.33
3.5 1016 6.38  7.87 1.41
4.5 1050 6.70  8.95 1.77
5.5 1101 7.02  8.84 1.78
6.5 1153 725  9.61  2.14
7.5 1187 7.64  9.65 2.12
8.5 1239 790 1042 2.50
9.5 1273 8.09 1048 2.61

Table 18 summarizes the geometrical data related to the REV under
consideration, and the tortuosity obtained. For the evaluation of tortuosity,
according to equation 40, d, was assumed equal to 80 um, as the sorted path along
the heath flux goes through the powder particles at the vertices of the cube.

Table 18: Geometrical information about the REV and tortuosity values at each step
of the simulation for the BCC structure.

Time Temperature Uos Sts Sss T
[s] K] ] [pm’] [pm’] [
0.5 879 380954 30442 30530 3.69
1.5 913 380449 30726 31150 3.68
2.5 964 380239 31408 31570 3.71
3.5 1016 381013 32038 30984 3.76
4.5 1050 381653 32662 32174 3.75
5.5 1101 380559 33308 31706 3.81
6.5 1153 382206 34302 31619 3.93
7.5 1187 382177 35221 31496 3.92
8.5 1239 382709 36283 31334 3.99
9.5 1273 381155 37423 31240 4.05

Table 19 summarises the values of thermal diffusivity of the bulk material
(o), specific heat capacity(cp), the density of the bulk (po) and powder (ppow)
material, adopted for the calculation of the thermal diffusivity and conductivity of
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the powder material. All the properties of the bulk material were assumed as
temperature dependent, varying according to the temperature of the system at each
simulation step. In the current work, c, was assumed to be equal to that of the bulk
material [122,141,142]. ppow Was obtained by scaling the density of the bulk
material according to the fraction of solid material within the REV. The thermal
conductivity and the specific heat capacity of the bulk material were retrieved
from Qi et al. [140]. The thermal diffusivity of the bulk material was evaluated
according to equation (51).

Table 19: Material properties of the bulk and powder material.

Time Temperature 00 Cp po Ppow
[s] K] m’s']  [kg'K'] [kgm®]  [kgm®]
0.5 879 2.95x10°¢ 912.53 4273.69 3180
1.5 913 2.99x10°¢ 937.61 4262.54 3167
2.5 964 3.05x10°¢ 975.24 4245.81 3153
3.5 1016 3.11x10°¢ 1013.61 4228.75 3146
4.5 1050 3.14x10°¢ 1038.69 4217.60 3143
5.5 1101 3.20x10°¢ 1076.32 4200.87 3122
6.5 1153 3.25x10°¢ 1114.68 4183.82 3137
7.5 1187 3.28x10°¢ 1139.77 4172.66 3115
8.5 1239 5.31x10° 736.80 4155.61 3106
9.5 1273 5.43x10° 743.6 4144.46 3085

Table 20 summarises the values of thermal diffusivity (opow) and conductivity
(Apow) of the BCC REV considered. These values are obtained at each simulation
step corresponding to the temperature of the powder bed.
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Table 20: Thermal diffusivity and thermal conductivity of the powder with BCC
packing structure

Time Temperature Opow Apow
[s] [K] [m?s™'] [Wm'K"]
0.5 879 5.95x1077 1.72
1.5 913 6.03x1077 1.79
2.5 964 6.11x107 1.87
3.5 1016 6.15x107 1.96
4.5 1050 6.23x107’ 2.03
5.5 1101 6.24x1077 2.10
6.5 1153 6.20x1077 2.17
7.5 1187 4.24x107 2.21
8.5 1239 9.95x1077 2.27
9.5 1273 9.96x107’ 2.28

Figure 30 represents graphically the thermal conductivity obtained for the
case of the simple cubic and the BCC structure.
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Figure 30: Thermal conductivity in the case of simple cubic and BCC packing
structure

In the case of the BCC structure, the thermal conductivity is higher than in the
case of the simple cubic structure. This result is reasonable, as the packing density
of the powder bed increased when considering the BCC structure.
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The model has proved its capability to provide thermal conductivity values in
line with that of powder material currently available in the literature [128,129].
The values of thermal conductivity found in this work were also found in good
agreement with Galati et al. [143]. In their work, it is reported a mean value of 1.9
Wm'K"! obtained with an ad hoc sample produced by PBF-EB and tested at 1037
K. It worth remarking, however, that the differences between the data obtained
with the current numerical model and the experimental data might be related to
the use of the cp of the bulk material, while the ¢, of the powder material might be
different. Moreover, the experimental evaluation of thermal conductivity at
temperatures higher than the sintering start temperature (800 K, as reported in
section 3.2) produces a growth of the neck radius between the particles. For this
reason, the experimental values of thermal conductivity are not representative of
the instantaneous thermal conductivity during the process.

4.5 Practical applications

The parameters adopted for preheating and the sintering degree obtained might
not represent the best combination possible. This could introduce a problem of
powder recyclability. Powder particles might sinter with a large neck radius that is
difficult to break. Even in recycled powder, it might be possible to find
agglomerates of powder [64,144]. These agglomerates may compromise the
powder processability, influencing the powder layer distribution and
compromising the quality of the components. When the agglomerates are too
large, these are removed from the powder processed during the sieving and this
powder is wasted. As shown in Figure 8 d), the breakup of the powder cake and
the necks between the powder particles produce deformations on their surface.
The use of the model presented in this work might help to obtain the correct neck
dimension. The correct neck dimension allows conducting the process safely,
without smoke, providing the correct thermal and electrical conductivity,
preventing the sintering, and hence preventing powder waste.

A precise tailor of the neck dimension might help to reduce the processing time.
Analysing the neck radius for the simulation without delay reported in Figure 11,
at 7.5 s, the neck radius is approximately 6.8 um, while at 9.5 s, the neck radius is
approximately 7.3 pum. Considering the thermal conductivity, the difference
between the thermal conductivity at 7.5 s and 9.5 s is equal to 0.05 Wm™'K™! and
0.07 Wm™'K! for the simple cubic and BCC structure, respectively. If the Neck
radius and the thermal conductivity at 7.5 s of preheating are judged enough to
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conduct the process safely, it is possible to save two seconds per layer. Assuming
a full job height equal to 350 mm, with a layer thickness of 50 pum, it means that
7000 layers should be processed. A reduction of two seconds of preheating
produces a time save of 14000 s (3.89 h) in the total job.
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Chapter 5

Conclusions

This thesis proposed a methodology to investigate the sintering phenomena that
occur at the AM conditions. The results of this model were adopted as an input for
a numerical model developed to evaluate thermal conductivity.

The analysis of the current literature about sintering and thermal conductivity
modelling highlighted that no accurate models are available for the PBF-EB
process. For this reason, the attention was focused on this AM process. A phase
field model was employed to simulate the sintering of Ti6A14V powder particles,
considering the characteristic thermal history of the PBF-EB process. The
material properties were retrieved from the literature, and the model was validated
against an experiment designed for Arcam A2X PBF-EB machine. The validated
model was adopted to investigate the influence of different process conditions on
neck evolution, with the following results:

e A delay in the sintering start, owing to an oxide layer or dirt on the
surface of the powder particles, influences the neck radius growth ratio
at the beginning of the simulation, while no influence was found for
the neck radius at the end of the simulation.

e The preheating of the powder bed was found to influence a simulation
of 13920 seconds, with a larger neck radius in the case of preheating at
the beginning of the simulation.

e In a couple of powder particles, the diameter of one particle was found
influent on the neck dimension, while the ratio between the powder
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particles' diameter was not found influent on the neck radius and the
neck growth ratio.

Since the particle diameter ratio was found not influent on the neck radius, it
was possible to perform response surface analysis for the neck radius as a function
of the diameter of the first particle and the simulation time. These response
surfaces might work as a predictive tool for the neck dimension without
performing the simulations.

The influence of the rigid body motion parameters was investigated by
reasonably varying their values. The inclusion of rigid body motion was found to
strongly influence the sintering dynamic. The inclusion of the rigid body motion
of the powder particles during sintering allowed to obtain results that are in line
with the effective sintering conditions during the PBF-EB process.

A novel methodology was introduced for the evaluation of thermal
conductivity based on the concept of tortuosity. The developed model was applied
to investigate the thermal conductivity of a simple cubic and a BCC structure. The
simple cubic structure was made of an ordered array of eight spherical powder
particles. The BCC structure was made of eight powder particles positioned with
centres at the vertex of a cube and a powder particle positioned at the centre of the
REV. The methodology proved to be capable of predicting the thermal
conductivity of the powder bed at different sintering conditions. A mean value of
thermal conductivity equal to 1.18 Wm'K!' was found for the simple cubic
structure. The mean thermal conductivity of the BCC structure was found to be
2.04 Wm'K'!. These values agreed with the literature data, although some
differences were found. The causes behind this difference might be related to the
packing structure assumed for the investigation, the geometrical data assumed for
the structure or the material data of the bulk material adopted for the evaluation.

Despite the models' capabilities, further investigations are required about the
parameters that govern the rigid body motion of the powder particles during the
phase field simulation of sintering. A deeper understanding of the influence of the
parameters adopted for the evaluation of thermal conductivity is required to
investigate the capabilities of the model to evaluate the thermal conductivity of a
real powder bed. Both the sintering model and the thermal conductivity evaluation
model proposed were developed to be general and applicable to different PBF
processes. However, further investigations are required to define the thermal
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history and the characteristic process conditions required to implement the model
for other AM techniques.
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