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ABSTRACT

In recent years, the scientific and industrial relevance of additive manufacturing has grown.
In the metal area electron beam technology offers high power density as well as
considerable scanning rates.Therefore, electron beam melting (EBM) seems to be suitable
for processing a broad variety of alloys in an economic way. However despite of these
improvement this technology has a long way to go and need to be developed in all aspect
of industrial point of view.

Melt pool size and shape are key characteristics to control the process of EBM. Control of
melt pool dimensions will greatly increase the ability to successfully build shapes, and may
play an important role in controlling solidification microstructure.

In this thesis, we present an approach for obtaining melt pool dimensions through a thermal
finite element simulation in which three aspects are developed and illustrated:

e Thermo-mechanical modeling of the growth process, based on Finite Elements (FE),
which considers changes in the behavior of the material (powder to liquid to solid)
through the finite element on melt pool ;

e Sensitivity analysis of the model to the physical characteristics of the material such as
Porosity and Preheating Temperature. This is an important aspect allowing to focus on
the most significant parameters to be determined experimentally with high reliability;

e Evaluation of the effects of different process parameters such as Beam Diameter on the
process.

The article illustrates the theoretical thermal model and the detail of the strategy used in the
FE analysis. The most influential characteristics of the material are highlighted and, finally,
general criteria for choosing the optimal combination of process parameters are provided.
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INTRODUCTION

In recent years, the scientific and industrial relevance of additive manufacturing has grown.
Electron beam-based additive manufacturing processes is being seriously considered for
manufacturing and repair applications in various industries. The electron beam technology
(EBM) offers high power density as well as considerable scanning rates. Therefore, it seems
to be suitable for processing a broad variety of alloys in an economic way. At the low power
range, Laser Engineered Net Shaping, has been used to create complex prototypes,
tooling, and small-lot production items with the ability to manufacture shapes based on
geometry from CAD solid models (1). Using a similar approach, Electron Beam
Manufacturing (EBM) processes are being considered for manufacturing aerospace
components and etc. Like their laser-based counterparts, in EBM, parts or features are built
up layer-by-layer with the beam serving as a moving heat source (1). Electron beam-based
processes offer more advantages over laser-based processes, including more efficient
energy transfer to the substrate, transfer efficiencies that are not a function of the reflectivity
of the substrate and the ability to rapidly move the electron beam across the surface or
within the melt pool to locally tailor surface temperature fields.

By means of mathematical-physical modeling, process stability of the melting step is being
increased. Moreover, by solving a detailed thermal model using the finite element method
(FEM), substantial knowledge of adequate parameter settings in dependence of the utilized
material is developed.

The use of an electron beam offers extensive potentials such as higher build rates due to
increased penetration depths and elevated scanning velocities. For example, by using
several beam spots, an enormous reduction of the time required for the powder
solidification can be realized. However, EBM parts still exhibit comparatively coarse
surfaces. The basic procedural principles of EBM is almost identical: a focused electron
beam is deflected in order to solidify a metal powder selectively, processing a layer of a
thickness ranging from 20 to 100 um (2). Differences can be observed in the processable
materials and within the individual process and scanning strategies.

In 1997, patents led to the founding of the Swedish company ARCAM AB, that distributes
the two systems EBM S12 and A2. Taminger et al.(3) and Dave” (4) suggested the use of
wire feed systems to produce parts by means of an electron beam. At the “iwb Application
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Center Augsburg”, experimental equipment was developed in order to generate the required
geometry from powder materials.

Fig.1. EBM machine produced by ARCAM, A2 model (refer to ARCAM website)

EBM machine is maintained at high vacuum and elevated temperatures (650-700°C) to
avoid oxidation and reduce internal stresses. The build process conditions in EBM have the
ability to fabricate near net shaped and fully dense Ti-6Al-4V parts with microstructures of
fine needle-like phase separated a by phase. The EBM parts have found applications in
medical implants (5) to aerospace parts. Numerous research has been carried out in
studying the microstructures obtained in EBM Ti-BAI-4V (6) and its variation as a function of
process parameters (7), build height (8), part thickness (9) and for complex geometric
shapes (10).
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Fig.2. Schematic of the components of EBM setup (11)

The need of post processing leads to decreased manufacturing speeds and higher costs.
Therefore as EBM offers near net shape production, even for complex geometries, with little
material waste which enables large weight saving possibilities, seems to be a more efficient
method although it still needs to be developed(12).
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SENSITIVITY ANALYSIS

1. Introduction

Sensitivity analysis is the focused on the effect of changing in some essential parameter on

the output, product or result of a process. The other name of sensitivity analysis is “what if
analysis”, so in this thesis we show how the change of some parameters like beam
diameter, porosity, etc, effect the final process and the final product through simulations.

Uncertainty in the estimation and use of parameters is common in system modeling. In
many situations, the accurate measurement of values, represented by parameters in the
model, is difficult and sometimes impossible.

Sensitivity analysis offers a means to quantify and rectify this problem. The goal of sensitivity
analysis is to mathematically quantify the behavior of the model to small changes in its
parameters. A small change in a parameter resulting in a large change in the output of the
model shows a high influence (sensitivity) of the parameter on the model behavior. In this
case, the estimation of the parameter needs to be as accurate as possible.

Sensitivity analysis allows for the determination of the accuracy of the parameters that
make the model useful, i.e., behaves in accordance with “real world” expectations. Besides
detecting critical parameters in the model, sensitivity analysis also provides optimistic and
pessimistic estimation of the project outcomes based on combined changes in the input
parameters (13).

There have been a number of research studies reported about the effects of AM process
parameters on the process performance and outcome. Experiments are often conducted to
validate predicted temperature distribution (temperature [K]) and melt pool size (length,
width, and depth [um]), however, most of these researches have been focused on laser
based additive manufacturing sensitivity. to mention a few:

In (14) Jerzy Kozak and Tomasz Zakrzewski have performed sensitivity analysis for one-
dimensional (1D) thermal model determined influence of changes in laser beam parameters
(power, spot diameter, exposition time) and changes in powder layer properties on
dimensions of single track of molten material. Consequently to quantify how changes in the
design parameters (design variables) affect the value of response to increase the accuracy
of the final part dimensions. The design parameters is been categorized as follow: (14)

* Geometrical process parameters (e.g. dimensions such as laser spot diameter)
e Powder parameters
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e Fabrication design parameters (e.g. power density, pulse time on, pulse time off, laser
scan speed).

in which sensitivity has been described with sufficient accuracy (as it is assumed) the

relation between value of response R and values of design parameters:

R=R(pt. pr.pl)=R(p,)

Moreover, In (15) A physics-based analytical 2D model is proposed in order to predict the
temperature profile during metal additive manufacturing (AM) processes, by considering the
effects of temperature history in each layer, temperature-sensitivity of material properties and
latent heat. In order to illustrate the importance of considering the temperature dependent
material properties, a sensitivity analysis is conducted to compare the predicted surface
temperature with and without considering the property’s temperature-sensitivity. The
proposed analytical model is used to predict the melt pool size. A comparison between the
model and experimental results are conducted. The analytical model of the temperature is
based on the moving heat source assumption.

Regarding the sensitivity analysis in this model, The effect of different process parameters
such as laser power and scanning speed and material properties such as thermal
conductivity on the temperature profile, surface temperature, and also peak temperature are
investigated and the relations between them are established. Also these process parameter
has been used to predict the melt pool geometry. The predicted temperature from the
analytical model are compared with the experimental values and FEM results.(15)

On the other hand, In this thesis work some other characteristics of material properties and
process parameter have been focused on to obtain accurate effects on the melt pool size in
EBM. which will be discussed as follow:

2. Sensitivity to material properties

Since we are working on a numerically-based solution, the results will also be sensitive to

several finite element-related parameters: length and width of the workpiece, number of
elements in the mesh, and time (16). This thesis focused on the effect of density, preheating
temperature as material properties. Table (13) shows the comparison of simulation results
for several FE model numerical parameters.
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The melt pool geometry is obtained by noting the nodes where the temperature is above
the liquidus temperature. The following table (Table 1) shows the value used in the base
simulation. The simulation was run for 3 different densities and each density has been
corresponded with 3 different preheating temperature and for each preheating temperature
3 different beam diameter has been considered. By modifying a single parameter its effect
can be analyzed individually and independently.

Other physical properties of the bulk and powder material parameters including latent heat
of fusion, specific heat, and bulk thermal conductivity has been model through FEM and has
been constant for simulations.

Density [kg/mm~3] 2.67 E-06 2.28 E-06 1.89 E-06
Per-heating Temp ['K] 773 973 1173
Latent Heat [kj/kg] 273 273 273
Liquidus Temp [K] 1699 1699 1699
Solidus Temp ['K] 1658 1658 1658
Porosity 0.32 0.42 0.52

Table(1): Sensitivity to material properties

3. Sensitivity to process parameters

The influence of process parameter variation on the predicted temperature profile (peak
temperature and time above liquidus temperature) and melt pool geometry (length, width
and Depth) was investigated for EBM. The following table (Table2) shows the value used in
the base simulation for EBM process parameters, as well as the resulting value for each
parameter. Each simulation was run by modifying a single parameter, density, and leaving all
other process parameter values constant. An identical sensitivity analysis is performed, this
time with EBM process parameters instead of material properties. The evolution of
temperature as a function of time at a fixed location is chosen to show the effect of 3
different spot-size diameter of the electron beam. Electron beam power and scanning speed
has been considered as constant parameters for each simulation.
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4. Thermal balance and heat transfer

In order to model the EBM process, many physical aspects must be taken into account.
During the creation of a component electron beam scans a thin layer of metal powder and
heats up a small cell until the melting temperature is reached; afterwards the cell cools
down again as the melt pool moves away. In this process, the material undergoes many
state transformations (powder to liquid to solid), density change, material structure changes.
Moreover, the same cell will be cyclically heated up and cooled down as the electron beam
impinges neighboring regions of the same layer or the corresponding region of the next
layer.

A model of the process must consider all these aspects which depend on temperature
history; the main problem to be addressed is therefore the mathematical formulation of the
thermal process. A balance of heat input and heat output in a single cell must be
established. During the EBM process, the heat input is represented by the electron beam
energy absorbed by the layer surface and the heat outputs are represented by heat losses
from the cell due to conduction, radiation and convention,(17). The balance between input
and output heats up the cell and supplies the latent heat to melt the powder (18).
the formation of the melt pool is closely correlated to the wet-ability of the material, whereas
the Marangoni convection flows affect the dynamics of the melt pool. In order to simplify the
analysis,the uncoupled models only consider the main phenomena that can cause the heat
transfer (19).

To govern the equation of the thermal balance and calculation of the temperature
distribution, energy conservation has been considered in an uncoupled heat transfer
analysis (19):

De
“Vq4=py;
Where q is the heat flux vector, p= p(T)is the density and De/Dt is the material derivate of
the thermal energy density. The thermal energy density e can be written as:
e=cT +Ah
where ¢ is the specific heat, T(x1, x2, x3, 1) is the temperature, which is a function of both
space and time t, and Ah is the latent enthalpy, which is defined as: (19)

L T>T,
T-Ts
Ah =
T;—TSL I;<T<T
0 T=<T;
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where Ts and Tl are the solidus and liquidus temperatures, respectively, and L is the latent
heat of fusion. The surface heat flux vector q is described by Fourier’s law as:

q=-AVT

where A= A(T) is the thermal conductivity. The heat transfer problem, corresponding to the
initial and boundary conditions, is solved. The initial and boundary conditions are expressed
as:

T (X1, %2, X3, p) = Tpreheat with(x1,X2,X3) € D
T (X1,X2,X3,0) =T, with(x1,X3,X3)¢ D
T(X],XQ,X3, OO) =T Wffh(xl,X2,X3) ¢ D

oT
—— —qa—
an lbeam q— Grad

N5 = —Qrad
8n topsurface

where D is the union between the substrate and the layer domains. The heat flux q

represents the energy source. T and T, are the preheating temperature and the build

preheat
chamber temperature,respectively.
The heat loss, ¢, , due to radiation can be expressed as:

Qrad = €O (T4 - Tr4)

where € = g(T)is the emissivity and o is the Stefan-Boltzmann constant, whose value is
5.67-10°Wm K™ .

Beam Diameter [mm] 0.2 0.3 0.4
Beam Power [kV] 50 50 50
Scan Speed [mm/s] 2.3 2.3 2.3

Table(2): Sensitivity to process parameters
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Fig. 3. Electron trajectories in a cross-section of a Ti6AI4V sample. The electron trajectory simulation has been
performed with the CASINO software. The red lines refer to back-scattered electron trajectories, while the blue lines
refer to the paths of non-back-scattered electrons. An acceleration voltage of 60 kV and a beam diameter of 0.272

mm have been used.(20)

5. Model of the EBM heat source

For the modeling of the heat source, the new type of modeling introduced by Galati, luliano
et al. 2017 (20) has been used. In this model, the impact of the electron beam on the
preheated powder bed was studied by means of simulation with the Monte Carlo method
(20). This method estimates the trajectories of the electrons within a sample, taking into
account the mean free paths of the electron sand the probability of interaction of the
phenomena that occur during collision (20). The factors that play key roles are the material
density, the alloy elements and their atomic number, the energy or accelerating voltage of
the beam, and the focus beam diameter. The simulations were run for several materials and
several focus beam diameters that are generally used in the EBM process,assuming the
beam had a perpendicular impact with the top surface.

An Abaqus DFLUX user subroutine has been used to apply the heat flux to the top surface
of the layer (Fig 4). The location of this flux changes with time due to the movement of the
beam. The DFLUX subroutine is used to define the flux distribution as a function of the
position and time. The user subroutine DFLUX is called at the beginning of each time
increment and at each flux integration point. It then reads the simulation time and calculates
the current position of the center of the electron beam. The user code includes the motion
law of the beam (scanning mode), the analytical formulation for the energy source and the
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equation to select the surface where the heat flux is applied. For example, following
equation simulates the movement of the beam spot along the xi axis:

. D\ 2
(x1 —x10 —%10)% + (x2 —x20)% < (f)

.« . -1 . .
where X, is the beam scan speed, expressed in mms , D is the beam diameter and x1o

and xz2o0 are the coordinates of the starting point of the beam center along the x1 and x2 axis,
respectively, and the millimeter is used as the unit of length.

START
Read MAT 1D
and temperature

' Subroutine UMATHT ' Subroutine UMATHT

Executed at each
material calculation point -«
Executed at each
material calculation point -

NO YES NO
A
Compute thermophysical Compute thermophysical |
Set NO properties as bulk material properties as powder material ||
MAT ID = 1
YES =
Heat source application
y v Subroutine DFLUX
Compute thermophysical Compute thermophysical
properties as bulk material properties as powder material
(MAT 1D = 1) (MAT_ID = 0) Solution

of heat transfer problem

Heat source application
Subroutine DFLUX END

Solution
of heat transfer problem

(@) (b)

Fig.4. (a) the DFLUX and UMATHT subroutines with material change procedure, (b) the DFLUX and UMATHT
subroutines without material change procedure
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6. Material characteristic

Material microstructure plays an important role in EBM process control, due to mechanical
property requirements in finished parts. Finite element simulations have been used to
observe cooling rates and thermal gradients.

A study of process variable (beam power and velocity) effects shows that microstructure
can vary significantly along the depth of the deposit. It was shown experimentally in (21) that
melt pool size and cooling rate significantly depend on the travel velocity and laser power.
Temperature variety involved in the EBM process, makes the thermo-physical properties as
functions of the temperature. However, the thermal behavior of the powder and of the bulk
material is significantly different. Consequently, when the temperature is higher than the
melting point, the thermo-physical properties of the powder are the ones that correspond to
the properties of the liquid metal. After melting and during cooling, the thermo-physical
properties become those of the bulk. The melting phase of the powders causes the material
state change from powder properties to the bulk properties. Thus, the thermal behavior is a
function of the temperature and of the material state. The temperature dependent values of
the bulk material have been extracted from technical databases (20). The properties of the
corresponding powder material have been calculated from the respective bulk material by
applying the specific models described in (20) in which:

Ppowder = (1 — @) Pouik

where ..., 1 the powder density and g, is the bulk density. In this model, the powder

density is assumed continuum, therefore the material properties has been defined of any
particular coordinate.

Thermal conductivity and emissivity has been modeled as thermal properties (20). Thus,
UMATHT is used to compute the specific heat, the thermal conductivity, and the material
state change and the phase change. The required inputs are listed below (20):

e Thermal conductivity of the bulk material (Aouk) as a function of the temperature

e Specific heat (c) as a function of the temperature

e Latent heat

e Solidus temperature
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Liquidus Temperature
e Powder porosity

Neck ratio

Particle size

Stefan-Boltzmann constant

In (22) The EBM build used is Ti-6AI-4V ELI gas atomized powder provided by Arcam. the
ELI variant of Ti-6Al-4V contains reduced levels of oxygen, nitrogen, carbon, and iron. The
powder used was a mixture of 50% new powder and 50% powder reused from a previous
build, with a particle diameter ranging from 45 to 150 um, Fig. 5

100k ¥100 WD 15.2mm  100gm

Fig.5. Ti-6Al-4V ELI powder particles used to fabricate the EBM samples (22)
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7. Finite element model

Numerical-based modeling and simulation methods, are a useful complement for
understanding the thermal history in metal-based AM processes. The Finite Element (FE)
method has been shown to be a versatile and accurate numerical method for solving
engineering problems (e.g., heat transfer, solid mechanics, fluid dynamics) (23), even for
complex geometries and irregular meshes (24). Over the past two decades, a significant
number of FE models have been developed to simulate various aspects of AM processes,
with particular emphasis on investigating the thermal history, melt pool geometry, and
residual stresses (11);(25). Most existing validation efforts of FE models, however, have
either focused on comparing the predicted melt pool size and geometry with experimental
measurements, or the thermal history in the case of single-track deposits (26);(25).

The present paper is intended to evaluate the sensibility of the model with respect to
uncertainties on the real value of the main physical proprieties of the material in order to
understand where to concentrate the experimental characterization activity. The model also
allows to choose the most promising combination of technological parameters (scan speed,
EBM power, path overlapping).

The work is based on FE modeling of a thin stack of layers realized with EBM technique,
the material considered is Titanium (TiBAIV), a material often used in industrial applications;
the bulk characteristics of (Titanium TiBAIV) can be found in (27).

The complexity of the EBM process because of the factors such as high scan speed, rapid
phase change, non homogeneous temperature distribution, makes the necessity
simplification in the FEM model, so only the main phenomena that cause the heat transfer
have been considered in the model, such as conduction between the powder particles and
between the powder bed and the bulk substrate, as well as irradiation from the powder bed
to the chamber, which have been discussed in section 2.

The more relevant simplified hypotheses adopted in the work are:

e The thermal characteristics are assumed to be linearly dependent from temperature,
e The powder characteristics are assumed to be linearly dependent from porosity,

e Absorbance is assumed constant for powder and bulk material,

e Assumption of perfect wetting

¢ Negligible capillarity forces and evaporation
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A single thick layer is modeled on the top of the substrate as unsintered powder. The mesh
consists of 8-node linear heat transfer DC3D bricks. A specific finer mesh was used within a
portion of the powder layer of where and in the proximity the heat flux was applied. This
mesh strategy was used to obtain detailed results on the inside of the powder layer close to
the incident electron beam. However, the size of the mesh elements was also chosen to
avoid long running times and to ensure the absence of spurious oscillations in the solution,
caused by a numerical relationship between the minimum usable time increment, the
element size and the thermo physical properties. The electron beam flux moves along the x1
axis to simulate a single track.

Electron Beam
(a) Heat Source

(b) Electron Beam

Molten Heat Source Melt
Solidified Powder ’
Bed

Horizontal View (A-A)

(C) Electron Beam
Heat Source

Solidified Molten
- Pool

Solid Substrate

10 mm

6 mm

Fig.6. The geometry of the part; (a) the part overview, (b) horizontal view of the part cross-section, and (c)
longitudinal view of the part cross-section (11)
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PROCESS ANALYSIS

Electron Beam Melting (EBM) process is based on metal powder melting through high
energy beam. EBM is able to produce complex parts made of excellent quality material. The
EBM process can be used to work with many different material classes, such as stainless
steel (17-4), tool steel (H13), Ni-based super alloys (625 and 718), Co-based superalloys
(Stellite 21), low-expansion alloys(Invar), hard metals (NIWC), inter-metallic compounds,
aluminum, copper, beryllium and niobium [26]. Nevertheless, the use of this technology is at
present focused on Titanium TiBAIV.

Despite having extensive advantages over conventional manufacturing technologies, EBM
still exhibits several process deficiencies. After finding the deficiencies of the process of
EBM, improvement should be done through the simulation. For the evolution of simulation
model we need to understand the important parameters involved in the Process of EMB
which have been discussed in pervious section (Sensitivity analysis) and try to improve
them by different technics.
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Fig.7. EBM scan direction and temperature distribution regarding melt pool dimensions (11)

Ti-BAI-4V and Alloy 718 are two alloys that are widely used in aerospace applications.

Ti-6Al-4V amounts to 80% of the total titanium alloys volume used within the aerospace
sector whereas Alloy 718 is the most used Ni-based alloy within e.g. GE aircraft engines
being an important alloy for rotating parts and at temperatures exceeding titanium’s limit.
AM of titanium has many advantages compared to conventional manufacturing because
titanium is regarded as an expensive material compared to e.g. steel The high production
price for conventional manufacturing is partly due to that up to 80% of the titanium is
machined away and due to titanium’s high affinity to oxygen making it a complicated metal
to work with. If titanium is exposed to oxygen at high temperatures an oxide layer called a-
case is formed, which reduces the mechanical properties. The problem with titanium’s
affinity to oxygen is no issue when using EBM because the manufacturing takes place in
vacuum. One of the main reasons for using titanium is that this metal has low density while
having good mechanical properties giving it a high specific strength. Titanium is furthermore
a good choice for use in harsh environments as it has good corrosion resistance in most
environments. In EBM, along with other AM processes (28).
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1. Problems

The process simulation and analysis of EBM technology has been contained various
obstacles.

To mention a few:

The during the simulation process one of the problems we have been faced was the Beam
diameter, which at the first attempt we tried to use the real dimension which is more feasible
to be validate experimentally, but in the calculation it was not possible to fix the real
dimensions according to the nodes we have been considered based on the FE model,
therefore the dimensions recalculated based on nodes arrangement.

As it has been discussed in the pervious sections, Here we tried to define a coefficient to
correlate the bulk density and the powder density somehow it can be used instead of large
number of parameters in the sensitivity analysis. which decreases the simulation time
significantly. Theoretically the model has been discussed in (20). but the problem lies into
how we can measure this coefficient in practice for the experiment.

In this regard, an Idea has been proceed to calculate this coefficient by considering firstly
the density of a fully processed part (bulk density) and secondly the density of the part while
it has not been fully processed, consequently the difference will provide us the powder
density for the same part, although this method seems to be very challenging to obtain
accurate amount of the density, but it could be useful of the moment.

Ppowder = (1 — @) Pbulk
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2. Context Characterization

The powders used in the EBM process are usually produced by gas atomization, and the
obtained particle shape is spherical .The main parameters that characterize the powders
particles are size distribution and relative density. The density of the powder bed is usually
assumed to be equal to 68% of the corresponding solid density. Hence, it can be assumed
that the powder can be approximated as a packed bed of equal spheres with a mean
radius, while the relative packing density corresponds to the BCC atomic packing factor.

On the whole, the effect of porosity ¢S here has been considered at 3 different amount
equal to 0.32— 0.42— 0.52 respectively and preheating effect which before the melting
phase sinters the powder particles that form the circular necks is been investigated for each
porosity separately.

Fig. 8. () The model of a powder (BCC structure) before the preheating phase, (b) the model after the preheating
phase. (20)
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3. Hypotheses

Due to temperature dependent material properties and a moving heat source, an analytical
solution of the thermal process model is considerably demanding. Therefore, the
mathematical — physical model is being transferred into a simulation software based on the
finite-element-method (FEM) and thus, melt pool characteristic as a function of various input
parameters has been predicted. After the interpretation of the results, the validation by
means of temperature measurement is being conducted in order to calibrate the existing
simulation model. Consequently, know-how is being generated from the simulation
experiments leading to the definition of a process window for the fabrication of dense EBM
parts. Due to the early development phase of this technology, further quality characteristics
(e.g. surface roughness) are not considered.

X =2mm
Y =6mm
Z =400 pm

Partially Sintered Ti " Powders

Fig. 9 Electron beam melted Ti-6Al-4V trace, (a) The 3D image of the electron beam trace provided by profile meter
and (b) The image of the electron beam trace provided by optical microscope (11)
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4. Initial and boundary conditions

The plate is the upper and lower surfaces as shown in Fig. 10. Both convection and
radiation conditions are considered in all external surfaces.. The power absorption efficiency,
n is 0.13. The ambient temperature is 25 °C. For all the simulations, The initial temperature
of the entire build was set and expressed as:

TX Y z1)

The temperature on the boundary surfaces, except the top surface, was maintained at the
ambient temperature during the simulation. Both natural convection and radiation were
applied on the top surface as the boundary conditions.

These conditions can be expressed as:
g convection = h (Tamb - T)
g radiation = € o B (T4amb- Ta)

where h , Tamb , T, € , and oB are the convective heat transfer coefficient, ambient
temperature, current temperature, surface emissivity, and Stefan-Boltzmann constant,
respectively.

Fig.10 Plate model in ABAQUS
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5. Simulation Process

By considering all the matters in previous sections, the simulation has been run 27 times to

evaluate all the consequences of each factors. The effect of the factors “Preheating
temperature”, “Beam diameter” and “Porosity” on melt-pool characteristic has been
investigated separately in each simulation run.

A fixed time step 0.00431 s has been consider in order to record the result and carry out
accurate comparison. The measuring of melt-pool dimension has been scaled through out
the photos form ABAQUS model.

Here in below the simulation process and the recorded result is been presented:

Fig.11: ABAQUS photo of 3 Beam diameters effect on melt-pool dimensions

(T preheating: 773 *k and porosity: 0.32)

Melt-pool max

Simulation Nr. Beam Di. [mm] Width [mm] Length [mm] Depth [mm] TrK]
1 0.2 0.2554 0.3292 0.0707 3228.15
2 0.3 0.3526 0.4106 0.0734 2895.95
3 0.4 0.4166 0.4595 0.0702 2641.75

Table (3): Effect of 3 Beam diameters on melt-pool characteristics at Porosity 0.32 and preheating temperature
773°k
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In the first 3 simulation run, the porosity at 0.32 and preheating temperature at 773 *k have
been kept constant and the result has been recorded as above in Table (3), and Fig.11

In the second 3 simulation run, we kept the porosity at 0.32 and increase the preheating
temperature to 973%, and the result is recorded as below:

Fig.12: ABAQUS photo of 3 Beam diameters effect on melt-pool dimensions

(T preheating: 973’k and porosity: 0.32)

Melt-pool max

Simulation Nr. Beam Di. [mm] Width [mm] Length [mm] Depth [mm] TrK]
4 0.2 0.2698 0.3733 0.0833 3374.45
5 0.3 0.365 0.5121 0.0878 3046.99
6 0.4 0.4686 0.6178 0.0892 2799.48

Table (4): Effect of 3 Beam diameters on melt-pool characteristics at Porosity 0.32 and preheating temperature
973 k

At this point, we raised the preheating temperature to 1173k at the same porosity and
recored the effects at the same time step.

Results for the 3rd three runs of simulation have been recorded in Fig.13 and Table (5):
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Fig.13: ABAQUS photo of 3 Beam diameters effect on melt-pool dimensions

(T preheating: 1173% and porosity: 0.32)

Melt-pool max

Simulation Nr. Beam Di.[mm] Width [mm] Length [mm] Depth [mm] TrK]
7 0.2 0.2826 0.5255 0.1011 3504.93
8 0.3 0.375 0.6882 0.1073 3213.14
9 0.4 0.492 0.8675 0.115 2990.48

Table (5): Effect of 3 Beam diameters on melt-pool characteristics at Porosity 0.32 and preheating temperature
1173°k

The effect of beam diameter and preheating temperature is recorded for porosity 0.32, at

this point, by increasing the powder porosity (reducing the powder density), we run the
simulation with same beam diameter and preheating temperature as pervious 9 simulation
run. Here in below, the result is presented:
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n ]

Fig.14: ABAQUS photo of 3 Beam diameters effect on melt-pool dimensions

(T preheating: 773’k and porosity: 0.42)

Melt-pool max

Simulation Nr. Beam Di. [mm] Width [mm] Length [mm] Depth [mm] TrK]

Table (6): Effect of 3 Beam diameters on melt-pool characteristics at Porosity 0.42 and preheating temperature
773 %k

By increasing the Preheating temperature to 973%, we have:

Fig.15: ABAQUS photo of 3 Beam diameters effect on melt-pool dimensions

(T preheating: 973’k and porosity: 0.42)
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Melt-pool max

Simulation Nr. Beam Di. [mm] Width [mm] Length [mm] Depth [mm] TrK]
13 0.2 0.2838 0.3735 0.082 3376.73
14 0.3 0.3764 0.5307 0.0897 3064.78
15 0.4 0.4638 0.6277 0.093 2839.04

Table (7): Effect of 3 Beam diameters on melt-pool characteristics at Porosity 0.42 and preheating temperature
973k

As for preheating temperature 1173k with 0.42 porosity we have:

Fig.16: ABAQUS photo of 3 Beam diameters effect on melt-pool dimensions

(T preheating: 1173% and porosity: 0.42)

Melt-pool max

Simulation Nr. Beam Di. [mm] Width [mm] Length [mm] Depth [mm] TrK]
16 0.2 0.2918 0.5176 0.1014 3510.61
17 0.3 0.4064 0.6842 0.1071 3219.32
18 0.4 0.4758 0.8979 0.1208 3024.21

Table (8): Effect of 3 Beam diameters on melt-pool characteristics at Porosity 0.42 and preheating temperature
1173k
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Now by increasing the powder porosity and run the simulation another 9 times we can
evaluate accurately the effect of each parameter in the new condition:

Fig.17: ABAQUS photo of 3 Beam diameters effect on melt-pool dimensions

(T preheating: 773’k and porosity: 0.52)

Melt-pool max
TCK]

Simulation Nr. Beam Di. [mm] Width [mm] Length [mm] Depth [mm]

19 0.2 0.2752 0.3611 0.073 3231.09
20 0.3 0.3592 0.4114 0.075 2922.79
21 0.4 0.436 0.4916 0.0819 2714.31

Table (9): Effect of 3 Beam diameters on melt-pool characteristics at Porosity 0.52 and preheating temperature
773 %k

And, as for higher preheating temperature 973’k we have:

LT T

Fig.18: ABAQUS photo of 3 Beam diameters effect on melt-pool dimensions

(T preheating: 973’k and porosity: 0.52)
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Melt-pool max

Simulation Nr. Beam Di. [mm] Width [mm] Length [mm] Depth [mm] TrK]
22 0.2 0.2922 0.367 0.082 3352.38
23 0.3 0.3804 0.5472 0.093 3074.71
24 0.4 0.4686 0.6562 0.0979 2856.52

Table (10): Effect of 3 Beam diameters on melt-pool characteristics at Porosity 0.52 and preheating temperature
973k

And finally, the last three simulations have been considering the preheating temperature
1173% for porosity 0.52 as below:

Fig.19: ABAQUS photo of 3 Beam diameters effect on melt-pool dimensions

(T preheating: 1173% and porosity: 0.52)

Melt-pool max

Simulation Nr. Beam Di. [mm] Width [mm] Length [mm] Depth [mm]

K]
25 0.2 0.288 0.5236 0.1 3486.27
26 03 | o400 ore 011 amros
27 YR oso82 009 o5 a0esr

Table (11): Effect of 3 Beam diameters on melt-pool characteristics at Porosity 0.52 and preheating temperature
1173k
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[mm]

6. Result Analysis

In order to understand better the recorded results which have been presented in pervious
section, data analysis and comparisons need to be done. In this section we try to point out
the mean features of each parameter by using charts and diagrams:

In the first step, lets have a general look of the simulation results:
As far as melt-pool dimensions is concerned:

B Width [mm] Bl Lenght [mm] I Depth [mm]

1
Beam Diameter Effect i

Preheating T Effect —P
Porosity Effect =" »
0.75 .
0.5 ; .
o2s 4-E1HIE R R R HR 1 II \l : |
) 1

123 4506 7 8 91011 12131415161718192021222324252627

Simulation Nr.

Fig.20: Melt-pool dimensions sensitivity to porosity, preheating temperature and beam diameter
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In Fig.20, the effect of all the factors which have been focused on in this thesis work is
presented. As it can be seen, in general point of view, Increasing beam diameter, leads to
massive increase in melt-pool dimensions. The effect of preheating temperature on the melt-
pool dimensions is also remarkable, however, melt-pool dimensions seems to be less
sensitive to porosity in comparison with other factors.

As for melt-pool maximum temperature, Fig.21 is presenting the recording data:

@ MaxTemperature of Melt-pool

Beam Diameter Effect

Preheating T Effect

3600

Porosity Effect

2700

900
1 2 345067 8 9101112131415161718192021222324 252627

Simulation Nr.

Fig.21: Melt-pool maximum temperature sensitivity to porosity, preheating temperature and beam diameter
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As indicated in Fig.21, by increasing the preheating temperature, the maximum temperature
of the melt-pool would be increased, on the other hand, the porosity factor seems to have
slight effect on the melt-pool maximum temperature.

Regarding the beam diameter, this factor has significant effect on the melt-pool maximum
temperature however, the maximum temperature will decrease by increasing the beam
diameter.

Beside these general points, it is important to be more specific and investigate more details
in order to obtain more accurate conclusion.

Melt-pool consist of 3 different dimensions, here we considered the effect of each
parameter on each dimension separately:

TIMELT-POOL DIMENSION SENSITIVITY TO PROSITY AT PREHEATING T 973 ['K] AND BEAM

DIAMETER 0.3 [MM]

Width Length
1 Porosity 0.32 ‘O Porosity 0.42 * Porsity 0.52

Fig.22: Porosity effect on melt-pool dimensions

Depth
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In Fig.22 the effect of different porosities on the melt-pool dimensions has been
demonstrated.

Based on the results of the simulations, the porosity has slight effect on the width and
depth of the melt-pool, the length of the melt-pool seems to be more sensitive to porosity
than other dimensional factors.

As for Fig.23 it can be seen, length of the melt-pool is enormously sensitive to preheating
temperature than other dimensional characteristic. Moreover, by comparing Fig22, with Fig.
23, it is obvious that preheating temperature has a higher effect on melt-pool size in
comparison to porosity parameter.

MELT-POOL DIMENSION SENSITIVITY TO PREHEATING TEMPERATURE AT POROSITY
0.42 AND BEAM DIAMETER 0.3 [MM]

Width Length Depth
3 Preheating 773 [K] ‘O Preheating 973 [K] * Preheating 1173 ['K]

Fig.23: Preheating temperature effect on melt-pool dimensions
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MELT-POOL DIMENSION SENSITIVITY TO BEAM DIAMETER AT POROSITY 0.52 AND
PREHEATING TEMPERATURE 1173 ['K]

1

0.9

0.8

0.7

0.6

0.5

0.4
0.3

0.2

0.1

0
Width Length Depth

{3} Beam Diameter 0.2 ©O Beam Diameter 0.3 * Beam Diameter 0.4

Fig.24: Beam diameter effect on melt-pool dimensions

Considering the last factor “beam diameter” Fig.24, the melt-pool length significantly is
sensitive to the beam diameter, and width of the melt-pool is affected by beam diameter
remarkably, although the depth factor seems to be less sensitive to this parameter.

Now, here in below, the effect of each factor on the maximum melt-pool temperature has
been demonstrated:
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MELT-POOL MAXIMUM TEMPERATURE SENSITIVITY TO POROSITY AND BEAM
DIAMETER AT PREHEATING TEMPERATURE 973[K]

BB10.867

70,8
e e B
BUQQUBBT

Sensitivity to
BAB59.6 oo R s

Beam Diameter
o BT19.538 oo QR
il
3079.467 oS PG N
3039.4
2999.333
2959.267
2919.2
2879.133
2839.067

2799 :
973[k] & 0.2 [mm] 973[k] & 0.3 [mm] 973[K] & 0.4 [mm]

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr Sensitivity-to-Porosity---

O Porosity 0.32 ‘O Porosity 0.42 % Porosity 0.52

Fig.25: Porosity and Beam Diameter effects on the melt-pool maximum temperature

In the Fig.25 the effect of beam diameter has been compared with porosity at the
preheating temperature 973’k.

As indicated in the figure, the melt-pool temperature has higher sensitivity to beam diameter
in comparison powder porosity.

Moreover, it is noticeable that the effect of porosity at higher beam diameter (lower thermal
flux) on the melt-pool temperature, is higher than that of the lower beam diameter.
Consequently, the melt-pool temperature shown to has a higher sensitivity to powder with
lower porosity (higher density) than the powder with higher porosity (lower density).
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In order to do an accurate comparison between beam diameter and preheating
temperature, Fig.26 has been presented.
Beam diameter and preheating temperature are two parameters with higher effect on the
melt-pool characteristics, therefore here we tried to point out their main features.

MELT-POOL MAXIMUM TEMPERATURE SENSITIVITY TO BEAM DIAMETER AND
PREHEATING TEMPERATURE AT POROSITY 0.42

3520
3464 - Sensitivity. t0.Preheating. ... ... T
Temperature

3408
3352 —
3006
3240
3184
3128
3072
3016
2960
2904
2848
2792
2736

2680 V
0.42 & 773 [K] 0.42 & 973 [K] 0.42 & 1173 [K]

Sensitivity to Beam
Diameter

[K]

T} Beam Diameter 0.2 [mm] ‘O Beam Diameter 0.3 [mm]
= Beam Diameter 0.4 [mm]

Fig.26: Preheating temperature and Beam Diameter effects on the melt-pool maximum temperature
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In the Fig.26, the level of sensitivity of the melt-pool temperature to beam diameter and
preheating temperature is been investigated clearly. The beam diameter has a higher effect,
however the effect of preheating temperature is also remarkable.

On the other hand, the melt-pool maximum temperature characteristic has inverse relation
with the beam diameter, unlike other parameter which have direct relation with the melt-pool
maximum temperature. In this regard, table 12 has presented the heat flux correspond to
each beam diameter.

In the table (13), all the results have been represented in order to have an overview.

Beam Diameter [mm] Heat flux [w/mm2]
0.2 1256.1517
0.3 837.9771
0.4 - etis20

Table (12): Heat flux related to each beam diameter
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Simulation Nr. Porosity T preheating | Beam diameter Width M‘;‘;Z}‘zd
1 0.32 773 0.2 0.2554 0.3292 0.0707 3228.15
2 0.32 773 0.3 0.3526 0.4106 0.0734 2895.95
3 0.32 773 0.4 0.4166 0.4595 0.0702 2641.75
4 0.32 973 0.2 0.2698 0.3733 0.0833 3374.45
5 0.82 073 03 | 035 05121 00878 304699
6 0.32 973 0.4 0.4686 0.6178 0.0892 2799.48
7 0.32 1173 0.2 0.2826 0.5255 0.1011 3504.93
8 0.32 1173 0.3 0.375 0.6882 0.1073 3213.14
o 0z 173 04 | o4s2 08675 0115 200048
10 0.42 773 0.2 0.276 0.3401 0.0705 3238.91
11 0.42 773 0.3 0.3568 0.4141 0.0735 2903.76
12 0.42 773 0.4 0.418 0.4907 0.0763 2690.02
13 0.42 073 02 | 0283 03735  0oB2 337673
14 0.42 973 0.3 0.3764 0.5307 0.0897 3064.78
15 0.42 973 0.4 0.4638 0.6277 0.093 2839.04
16 0.42 1173 0.2 0.2918 0.5176 0.1014 3510.61
7 042 173 03 | o40e4  oess2 01071 321932
18 0.42 1173 0.4 0.4758 0.8979 0.1208 3024.21
19 0.52 773 0.2 0.2752 0.3611 0.073 3231.09
20 0.52 773 0.3 0.3592 0.4114 0.075 2922.79
21 052 773 04 | o436 04916 00810 271431
22 0.52 973 0.2 0.2922 0.367 0.082 3352.38
23 0.52 973 0.3 0.3804 0.5472 0.093 3074.71
24 0.52 973 0.4 0.4686 0.6562 0.0979 2856.52
25 052 1173 02 | o028 0526 01 348627
26 0.52 1173 0.3 0.409 0.716 0.11 3221.04
27 0.52 1173 0.4 0.5082 0.9409 0.125 3033.87

Table (13): Sensitivity Analysis simulation results
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CONCLUSION

Perspective and Objectives

Producing a part has always been dealt with time and material consumption. EBM
technology has suggested low material consumption with high efficiency, however it needs
some amount of time to produce a component. Although there has been lots of studies in
order to reduce the time consumption in this technology, but it still has long way to go.

The overall objective of the present work is to define process parameters in a way that the
foregoing deficiencies will be avoided and sample parts are able to be built faster and better.
To do this, In this thesis we tried by applying some modifications in the material properties
and process parameters through various simulation, obtain an optimum mode and
consequently, reduce the time required to produce a part. Concerning this issue, melt pool
characteristic play an important role.

As it has been explained in the pervious chapters, the parameters such as Powder Porosity,
Preheating Temperature and Beam Diameter have been focused on in this thesis work and
the simulation model has been run to understand the sensitivity of the melt-pool
characteristic to aforementioned parameters. Based on the results that has been presented
previously, here we want to highlight its features and its consequences:

In general point of view, as far as the melt-pool dimension is concerned, the sensitivity
analysis suggest that the beam diameter has highest rate of effectivity to the melt-pool
dimension among the other two parameters, although the effect of preheating temperature
is significant as well.

On the other hand, the powder porosity shows less effect on the melt-pool dimension.
Increasing the powder porosity (decreasing the powder density) leads to slight increase in
the melt-pool dimensions.

More specifically, as shown in the Fig.22, among all the dimensional sectors, the effect of
porosity seem to be higher on the “length” of the melt-pool than the other sectors. However
the length of the melt-pool proofed to be more sensitive to preheating temperature and
beam diameter as well. Unlike the “Length” it has been observed that the the depth of the
melt-pool is not so sensitive to the parameters we have been considering.
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Concerning the melt-pool maximum temperature, in general point of view, it can be seen by
increasing the preheating temperature, the maximum temperature of the melt-pool
increases, also by increasing the beam diameter, the maximum temperature of the melt-pool
decreases significantly.

However, here we can see, by increasing the the porosity 0.32 to porosity 0.42 with same

preheating temperature and same beam diameter, we observe a little increase in the melt-
pool maximum temperature, which means it is no so sensitive to porosity. As a matter of
fact, the increasing in porosity (decreasing in the powder density) leads to decrease in the
thermal conductivity and consequently less heat transfer would occur and less increase
would be appear on the melt-pool, in this regard as it can be seen in Fig.25, for the powder
with higher density (lower porosity), increasing the thermal flux leads to higher maximum
temperature at the melt-pool than the powder with lower density. which is also due to
thermal conductivity.

Concerning the Beam diameter it is noticeable that this factor has different attitude
regarding melt-pool maximum temperature and melt-pool dimensions, however in both
cases, its effect is significant. Increasing in the beam diameter leads to increase in the melt-
pool dimensions (mostly length and width) which is due to widening the spot size which
consequently increase the dimensions of the melt-pool, on the other hand, since the
increasing the beam diameter decreases the heat flux (Table 12), this matter leads to a
remarkable decrease in the melt-pool maximum temperature.

Here in pie charts Fig.27, the sensitivity analysis is been classified in order to give better
overview. As it is indicated in Fig.27, melt-pool width at higher heat fluxes (lower beam
diameter) is more sensitive to porosity than the case with higher heat flux as for thermal
conductivity effect.

Regarding the melt-pool dimension, as it has been demonstrated in Fig.27, depth factor
has lowest sensitivity to the parameter that has been studied in this thesis work, unlike the
length sensitivity which is proofed to be significant to mentioned factors.
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MELT-POOL WIDTH SENSITIVITY MELT-POOL WIDTH SENSITIVITY
COMPERISON AT 0.32_0.42 AND 773 _973 COMPERISON AT 0.32-0.42 AND 773 _973
‘K AND 0.3_0.4 MM ‘K AND 0.2_0.3 MM

@ Porsity Effect @ Porsity Effect
@ Preheating Temperature Effect @ Preheating Temperature Effect
@ Beam Diameter Effect @ Beam Diameter Effect
MELT-POOL MAXIMUM TEMPERATURE MELTPOOL DIMENSIONAL SENSITIVITY FO
SENSITIVITY BEAM DIAMETER

@ Porsity Effect @ Width Sensitivity @ Length Sensitivity
@ Preheating Temperature Effect ) Depth Sensitivity
@ Beam Diameter Effect

Fig.27: Melt-pool characteristic sensitivity percentage to different parameters
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Project Outline

After presenting the process parameter and material properties, 3 different factor
“Preheating temperature”, “Powder porosity” and “Beam diameter” has been chosen for
sensitivity analysis, and a plate sample model has been focused on in order to run the
simulation. To cover all the possible effect of these factors the simulations have been run 27
times for each parameter modification.

Based on the results of the simulations, it is proofed that beam diameter has had highest
effect on the melt-pool dimensions and and its maximum temperature. The effect of
preheating temperature is also noticeable, however powder porosity has shown to have
lower effect on the melt-pool characteristics.

Although the beam diameter has the highest effect, it might cause higher energy
consumption to produce a part which is not sufficient in economic point of view. Therefore
among the factors that has been studied in this thesis, the “Preheating temperature” seems
to be more efficient considering both the production time and economic point of view. But
then again, increasing the melt-pool dimension through beam diameter leads to decrease
the melt-pool maximum temperature, therefore an reasonable balance between the these to
factors could be an efficient solution in order to fix the beam diameter for production
process.
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