ABSTRACT
PRABHU, SANTOSH. A Two-Dimensional Finite Element Model of Electron Beam
Additive Manufacturing. (Under the direction of Dr. John S Strenkowski)

A two-dimensional finite element model of electron beam additive manufacturing was
developed using ANSYS Parametric Design Language (APDL) to assess part distortion as a
function of the process parameters — beam power, beam speed and dwell time. The two-
dimensional model incorporates a coupled thermal and mechanical simulation with radiation
and convection. Temperature dependent material properties were incorporated into the model.
The moving heat source was described as a Gaussian distribution. The birth death technique
was employed to simulate realistically the addition of material as multiple layers. The beam
power, speed and dwell time were varied over a range and different combinations of these
parameter values were used to run a total of 48 test cases using the two-dimensional model.
The model simulated distortion as a function of the various additive manufacturing process
parameters. The distortion was expected to increase with increase of beam power and the
model confirmed it. Variation of dwell time and beam speed showed a trend of decreased
distortion with an increase of these parameters. Based on these results, the model suggests that

the process parameters need to be appropriately considered before a part is built.
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1 INTRODUCTION

1.1 Background

The Industrial Revolution was responsible for the transition from hand production methods of
parts to machines producing them. This created a demand for metal parts in machinery which
led to the development of machine tools like the lathe, drilling and milling machines. A part
manufactured using these machines involved material being removed from a billet or stock
part to achieve its final shape. This type of “subtractive manufacturing” has been responsible

for most of the metal parts we use in today’s world.

Additive Manufacturing (AM) is a new technology that was developed in the late 1980s that
involved building a three-dimensional object from nothing as opposed to conventional metal
removal processes. It involves building a part by adding material in layers, each layer being a
thin cross-section of the part derived from a digital Computer-Aided Design (CAD) file. The
parts can be of any shape, geometry and complexity and are typically built in a single stage.
The different additive manufacturing processes that are available today differ in the materials
that can be used, how the layers are created, and how the layers are bonded to each other. These
differences determine factors like the accuracy, material and mechanical properties of the final
part. They also determine factors like how quickly the part can be made, how much post-
processing is required, the size of the AM machine used, and the overall cost of the machine
and process. Additive manufacturing is already used to make some niche items, such as

medical implants, and to produce plastic prototypes for engineers and designers.



Electron Beam Additive Manufacturing (EBAM) is an AM process for metal parts, that utilizes
an electron beam as a heat source. In this process, near net shape components are fabricated in
a layer-by-layer manner directly from digital CAD files. It allows different part geometries, on
the scale of mm?® to m?, to be created. Each layer is formed by melting individual passes from
a wire or powder material in a high vacuum, which undergoes rapid heating, melting,
solidification, and cooling during the deposition process to produce fully dense parts. The
powder feedstock is typically an alloy like titanium alloys (Ti6Al4V), inconel, cobalt alloys,

nickel alloys and copper nickel alloys.

As the part is fabricated, the deposited material undergoes repeated heating and cooling cycles
as more passes and layers are added. This results in a temperature gradient being induced
between layers. One of the consequences of these induced thermal gradients is the build-up of
undesirable levels of distortion and residual stress. This unwanted distortion and residual stress
can lead to loss of tolerance and failure. Currently these issues are dealt with using an
experimental trial and error approach where several samples are manufactured to iteratively
reach the desired outcome. In addition to being time consuming and expensive, the trial and
error approach yields little understanding pertaining to distortion and residual stress mitigation,
as even slight changes to the build plan can result in large changes in distortion and stress
accumulation. A predictive model will be of immense help in helping reduce these distortions
and stresses in the final part. From this model, we will also be able to learn how the various

process parameters contribute to the distortion of parts and the formation of residual stresses.



Armed with this information, we can predict beforehand the process plan that will need to be

implemented to obtain parts with minimum distortion and residual stresses.

1.2 Research Objective

The objective of this work is to develop a finite element model of a moving heat source that
will produce thermo-mechanical simulations of AM processes. This model can be used as a
tool to predict the effect of process parameters in building parts using EBAM, to reduce the
amount of distortion in the built parts. This finite element model will predict temperature
history and distortion of the part during the build as well as post process distortion. The optimal
process parameters of beam power, beam speed and dwell time can then be identified for a

given shape or geometry.



2 LITERATURE REVIEW

The use of finite element modeling (FEM) of AM to predict distortion and residual stress
originates from prior research performed in the field of welding. Multi-pass welding is a similar
process to AM, in that a heat source is used to melt material on to a workpiece where it is
allowed to cool and solidify. Like in AM, thermal gradients lead to unwanted distortion and
residual stress. Due to the fact that welding and AM processes share many similarities, the

numerical models are also comparable.

2.1 Moving Heat Source

The research activity in welding simulation started decades ago. Rosenthal [1] was among the
first researchers to develop an analytical solution of heat flow during welding based on
conduction heat transfer for predicting the shape of the weld pool for two and three-
dimensional welds. Using the Fourier partial differential equation (PDE) of heat conduction,
he introduced the moving coordinate system to develop solutions for the point and line heat
sources and applied this successfully to address a wide range of welding problems. His
analytical solutions of the heat flow made possible for the first time the analysis of the process
from a consideration of the welding parameters namely the current, voltage, welding speed,

and weld geometry.

Since the pioneering work of Rosenthal, Friedman [2] proposed to apply the Gaussian

distributed heat source to approximately express the heat flux at the heating spot. Goldak et al.



[3] took this one step further. They developed a mathematical model for welding heat sources
based on a Gaussian distribution and proposed two models, a semi-ellipsoidal and double
ellipsoidal distribution in order to capture the size and shape of the heat source for shallow and

deeper penetrations.

N.T.Nguyen et al. [4] developed analytical solutions for the transient temperature field of a
semi-infinite body subjected to 3D power density moving heat sources (such as semi-
ellipsoidal and double ellipsoidal heat sources) and were experimentally validated. It was
shown that the analytical solution obtained for double ellipsoidal heat source was a general
solution that can be reduced to semi-ellipsoidal, semi-sphere, 2D Gaussian-distributed heat

source and the classical instant point heat source.

2.2 Laser Based Processes

A large amount of work has been carried out in the field of laser based AM processes.
Deus and Mazumdar [5] developed 3D transient thermal and mechanical Lagrangian FE
models, consistent with the additive nature of the process, using the Abaqus™ software
package. Temperature and residual stress profiles were calculated, for cladding of C95600
copper on AA333 aluminum-alloy. These models were useful in investigating the range of

processing parameters that lead to successful deposition.



Toyserkani et al. [6, 7] proposed a 3D transient finite element model of laser cladding by
powder injection to investigate the effects of laser pulse shaping on the process. The proposed
model could predict the clad geometry as a function of time and process parameters including
laser pulse shaping, travel velocity, laser pulse energy, powder jet geometry, and material
properties. The quality of clad bead for different parameter sets was experimentally evaluated

and shown as a function of effective powder deposition density and effective energy density.

Contuzzi et al. [7] evaluated the influence of process parameters on the temperature evolution
in a 3D model built using Selective Laser Melting (SLM). The developed code evaluated the
distribution and evolution of the temperatures in the SLM process and simulated the powder-

liquid-solid change by means of a check of the nodes temperature.

Picasso et al. [8] proposed a model which took into account the main phenomena occurring
during the laser-cladding process. For a given laser power, beam radius, powder jet geometry,
and clad height, the model evaluated two other processing parameters, namely, the laser beam
velocity and the powder feed rate. It considered the interactions between the powder particles,
the laser beam, and the molten pool. The melt-pool shape was computed using a 3D analytical
model. The predictions obtained with this numerical model were in good agreement with

experimental results.

Weerasinghe and Steen [9] developed a 3D finite difference model to calculate the clad weld

bead dimensions and temperature distribution in the heating zone in laser cladding.



Hoadley and Rappaz [10] proposed a 2D finite element model for laser cladding by powder
injection. The model simulated the quasi-steady temperature field for the longitudinal section
of a clad track. It took into account the melting of the powder in the liquid pool and the liquid
gas free surface shape and position. The calculated clad heights agreed well with the
experimental values for the conditions where a cobalt-based hard-facing alloy is clad onto mild

steel with a linearly focused laser source.

Zhao et al. [11] developed a 3D finite element model for precisely simulating the laser cladding
process with a focus on dilution control. Dilution refers to the contamination level of the
properties of clad layer by substrate metals. They developed and verified a Lagrangian finite
element method with the help of experiments and quantitatively addressed the effects of

process parameters on the dilution of clad layer.

Kar and Mazumder [12] proposed a mathematical model to determine the composition of
metastable alloys and to study the effects of various process parameters on the composition of
extended solid solution in the cladding alloys of Ni-Al. The model also determined the effect

of process parameters on the composition of the alloy.

Vasinonta et al. [13] presented thermomechanical models for the building of thin-walled
structures by laser-based Solid Freeform Fabrication (SFF) processes that helped quantify the

effects of changes in wall height, laser power, deposition speed and part preheating on melt



pool size (for consistent build conditions) and thermal gradients (for limiting residual stresses).
Mechanical simulations were used to demonstrate the link between thermal gradients and
maximum final residual stresses. These models were applied to the Laser Engineered Net
Shaping (LENS) process; however, the general approach, insights and conclusions are
applicable to most SFF processes involving a moving heat source. Results from the residual
stress simulations also identified mechanisms for reducing residual stresses and quantified

maximum stress reductions that can be achieved through manipulation of all process variables.

Nickel et al. [14] studied the effect of deposition patterns on the resulting stresses and
deflections in laser deposited metal parts. Finite element modeling of the deposition processes
showed that the deposition pattern has a significant effect on the part stresses and deflections.
In their study, they found that for a beam geometry, a raster pattern with lines oriented 90
degrees from the beam’s long axis produced the lowest deflections. For a plate geometry, the

spiral pattern scanned from the outside to the inside produced low and uniform deflections.

Labudovic et al. [15] developed a 3D finite element model of the heat flow and residual stresses
in a direct laser metal powder deposition process. The simulation results provided the cross-
sectional shape of the molten pool which were in good agreement with experimental data.
Modeling results of residual stress calculations were confirmed by x-ray diffraction residual
stress measurements and they found that cracking can be avoided by preheating the specimen.
The cracking can also be avoided by stress relieving which significantly reduces the residual

tensile stress level.



N’Dri et al. [16] developed micro and macro models to capture physical processes of Direct
Metal Laser Sintering (DMLS) processes including melt pool dynamics, shape of solidified
tracks, as built residual stresses and distortions. The models were verified and partially
validated by comparing numerical predictions with experimental observations and
measurements. For the build of a cube specimen, they found that rotating the deposit starting

point by 90 degrees for each new layer significantly reduced the distortion of the final part.

Cottam et al. [17] investigated the effect of deposition rate on the residual stresses formed
during the laser cladding of Ti6Al4V powder onto a TiI6AI4V substrate. An analytical cladding
model was used to control the depth of the melt pool and clad height during the laser cladding
to determine the influence of deposition rate on the development of residual stresses. The
microstructures were found to be consistent with all the samples investigated, as was the
residual stress distribution and magnitude, which led to the conclusion that the development of
residual stress is independent of the deposition rate when cladding Ti6Al4V powder on to a

Ti6Al4V substrate.

Roberts et al. [18] developed an innovative 3D thermal-elasto-plastic finite element model for
predicting the deformation and residual stresses in Ti6AI4V parts built on steel platforms. The
developed model utilized temperature dependent material physical and mechanical properties
as well as latent heat of melting. Surface profilometry showed good agreement with the

simulation results and they found that as the number of layers in the part increases, the platform



deformation and the surface residual stresses also increase. They also found that with decrease

in thickness of the platform, the platform distortion increases.

Matsumoto et al. [19] proposed a method for calculating the distribution of temperature and
stress within a single metallic layer formed on the powder bed in the selective laser melting
method. The solidified layer was assumed to be subjected to plane stress deformation and the
2D finite element methods for heat conduction and elastic deformation were combined. They
found that the amount of the deflection of the solid layer increased as the track length increased.
In order to prevent the distortion of the solid layer on the powder bed, it is desirable to shorten
the scanning track. When the neighbouring track began to solidify, a large tensile stress
between the solidified tracks appeared at the side end of the solid part, which may cause the
cracking of the layer. They also suggested dividing large scan areas into smaller areas and then

using short scanning tracks to scan these areas to reduce the possibility of cracking.

Moser et al. [20] developed a finite volume model to predict the temperature and melt
percentage of a multiple layer part build using the Selective Laser Sintering (SLS) process.
They demonstrated how the model may be used to predict melt percentage and thus, the final
form, along with any defects. If scaled up, the model has the potential to aid in the development
of improved SLS laser scan patterns as well as to provide the ability to predict defects in a part

produced using a given scan pattern.

10



Cheng [21] conducted finite element simulation for the fabrication of a TC15 titanium alloy
brick part using laser powder deposition, which involved a multilayer and multitrack
deposition process directed by the manoeuvring of a laser beam. The simulation entailed
modelling of the brick part by employing the ‘birth and death’ technique and of the laser beam
as a moving heat flux. The thermal stress was found to be much stronger perpendicular to the
scanning direction due to larger temperature gradient, and the Von Mises stress resided mainly
in the center of the top layer and along the circumferences of intermediate layers easily leading
to fractures perpendicular to and parallel to the deposition surface respectively. Scanning along
the long edge direction led to much smaller stress, thus better quality, compared with scanning
along the short edge direction, while in terms of stress there was little difference between

unidirectional and back-and-forth scanning.

Mercelis and Kruth [22] developed a simple theoretical model to predict residual stress
distributions in Selective Laser Sintering (SLS) and Selective Laser Melting (SLM) and
conducted experiments to measure residual stress profiles in a set of test samples produced
with different process parameters. The residual stress profile was found to consist of two zones
of large tensile stresses at the top and bottom of the part, and a large zone of intermediate
compressive stress in between. The most important parameters determining the magnitude and
shape of the residual stress profiles were the material properties, the sample and substrate

height, the laser scanning strategy and the heating conditions.

11



Dai and Shaw [23] carried out 3D finite element modeling to investigate the temperature field
in the processing of multiple material components using a moving laser beam. Transient and
residual stresses as well as distortion of the component were also analyzed. Effects of laser
processing conditions such as fabrication sequences, laser scanning patterns and scanning rates
were investigated and found that the temperature distribution, transient stress, residual stress
and distortion of a multi-material component are dependent on the laser processing conditions
as well as the material properties, especially the thermal conductivity and coefficient of thermal
expansion. They found that fabricating the section of the high melting temperature material
first and then the section of the low melting temperature material was the appropriate sequence
to fabricate the part made of two materials with substantially different melting points. This

resulted in relatively small thermal stresses in the final part.

Li et al. [24] developed a practical finite element model for fast prediction of part distortion in
SLM. The predicted distortions in four different scanning strategies were investigated and
verified by the experimental data. The predicted part distortions showed that the horizontal
scanning pattern produced the smallest deflection along longitudinal direction and the biggest
deflection along crosswise direction. On the contrary, the vertical scanning pattern resulted in
the biggest deflection along longitudinal direction and smallest deflection along crosswise
direction. The successive scanning strategy is preferred to the least heat influence pattern in

terms of reducing part distortion.

12



Buchbinder et al. [25] investigated the effects of preheating during SLM of aluminium
components and determined an appropriate preheating temperature at which distortion
practically no longer occurs. A significant reduction in distortion compared to the distortion
without preheating was experienced beginning at a preheating temperature of 150 degree
Celsius. At a preheating temperature of 250 degree Celsius, distortion was no longer detected,
thereby concluding that a preheating temperature of 250 degree Celsius is suitable for reliably

manufacturing parts made out of AlSi10Mg using SLM.

Paul et al. [26] developed a 3D thermomechanical finite element model which calculated the
thermal deformation in AM parts based on slice thickness, part orientation, scanning speed,
and material properties. The thermal deformation model was then superimposed with a
geometric virtual manufacturing model of the AM process to calculate the form and runout
errors in AM parts. General trends were observed between the errors and part orientation and
slice thickness that will allow practitioners to appropriately select the orientation and slice

thickness that will satisfy the design GD&T specifications of the part.

Marimuthu et al. [27] investigated the prediction of the distortion generated in an aero-engine
component produced by the direct laser deposition process through finite element analysis.
They found that substrate distortion can be minimised by increasing the substrate thickness.
The clad deposition pattern had significant impact on substrate distortion. Depositing from

outside to inside showed lower distortion than from inside to outside. Tool path and tool path

13



start position was found to be a key process variable which can influence the substrate

distortion.

Papadakis et al. [28] utilized a heat input reduction model to estimate the shape distortion and
component behaviour after it has been detached from the supports and the substrate. The study
found that there is a complex relation between part thickness and total heat input and that the

final part distortion is based on an equilibrium being reached by these two parameters.

2.3 Electron Beam Processes

Yan et al. [29] analyzed the process of depositing stiffeners on a flat plate by electron
beam freeform fabrication (EBF) by uncoupled thermal-mechanical finite element (FE)
simulation. The deposition of the stiffeners was realized by two steps: (1) stiffeners were
deposited on the positive side of the panel and cooled to room temperature and (2) stiffeners
were deposited on the reverse side of the panel and cooled to room temperature. The simulation
results showed that the warping direction of the panel is opposite to the stacking direction of

the stiffeners.

Denlinger et al. [30] developed a finite element modeling strategy to allow for the prediction
of distortion accumulation in large workpieces in AM. They performed a 3D Lagrangian
thermoelastoplastic analysis using a combined hybrid quiet inactive element activation strategy
with adaptive coarsening. The effectiveness of the modeling strategy was demonstrated and

experimentally validated on a large electron beam deposited Ti6AI4V part consisting of 107

14



deposition layers. Model validation using experimental measurements showed that the
proposed strategy can accurately predict the distortion of AM large parts. It could also
determine which deposition passes were responsible for the majority of the substrate distortion,

which is important in designing process plans that mitigate distortion.

Cheng et al. [31] developed a 3D thermos-mechanical model for temperature and stress
prediction in EBAM, particularly, in overhang features. They found that the poor thermal
conductivity of Ti6AI4V results in higher temperatures in overhang builds due to slower heat
dissipation. These retained higher temperatures result in higher residual stresses after cooling.
A smaller porosity of the powder used to build the overhang may help reduce the thermal

stresses.

Lacki and Adamus [32] simulated electron beam welding of tubes. The numerical calculation
took into consideration thermomechanical coupling and allowed for the optimization of the
process parameters such as welding speed, power of the heat source and shape of the joint
before welding. The study revealed that higher temperature gradients in the part resulted in
higher effective stresses.

Denlinger et al. [33] developed a finite element model for predicting the thermo-mechanical
response of Ti-6Al-4V during electron beam deposition. A three-dimensional thermo-elasto-
plastic analysis was performed to model distortion and residual stress in the part and
experimental in situ temperature, and distortion measurements are performed during the

deposition of a single-bead-wide, 16-layer-high wall built for model validation. The in situ

15



distortion and post-process residual stress measurements suggested that stress relaxation
occurs during the deposition of Ti-6Al-4V. A method of accounting for such stress relaxation
in thermo-elasto-plastic simulations was proposed where both stress and plastic strain was reset

to zero, when the temperature exceeds a prescribed stress relaxation temperature.

Shen and Chou [34] proposed a coupled thermomechanical finite element model to simulate
the transient heat transfer, part residual stresses of alternate raster scan during the EBAM
process subject to a moving heat source with a Gaussian volumetric distribution. The coupled
mechanical simulation was able to capture the evolution of the part residual stresses in EBAM.
It was found that the peak temperature was 100 degree Celsius higher for the alternate raster
scan when compared to the single straight scan. Tensile residual stress was always found to be
present in the final cooled parts due to the contraction and the compressive stress extends
deeper into the substrate, even to the bottom, for both single straight scan and multi-layer

alternate raster scan.

Zah et al. [35] developed a thermal simulation model by the formulation of a mathematically
abstracted heat source, based on the general heat conduction equation with a moving energy
source. Various combinations of process parameters were applied within the simulation in
order to determine the temperature as well as the size and shape of the melt pool. The results
were compared with real experiments and it was found that these results concur largely with
the simulation. In the future, experimental simulation series can be conducted before the actual

build-up of the parts in order to investigate the correct values of the applied parameters.

16



2.4 Other AM Processes

Klingbeil et al. [36] conducted warping experiments on plate-shaped specimens created
by microcasting and welding processes used in Shape Deposition Manufacturing (SDM).
Results from the experiments and numerical models suggested that a combination of initial
substrate preheating and part insulation can be applied to SDM and similar SFF processes to

limit warping deflection.

Turner and Gold [37] critically reviewed the literature related to dimensional accuracy and
surface roughness for fused deposition modeling and similar extrusion-based additive
manufacturing. They found that fused deposition modelling and related processes are the most
widely used polymer rapid prototyping processes. For many applications, resolution,
dimensional accuracy and surface roughness are among the most important properties in final
parts. Thermal warping and shrinkage are often major sources of dimensional error in finished

parts. Product design parameters, in particular, slice height, strongly impact surface roughness.

17



3 MODEL AND VALIDATION

3.1 Theory of Heat Transfer

Electron Beam Additive Manufacturing (EBAM) involves local heating of material to
high temperatures followed by rapid cooling. During this process, the various thermal and
mechanical properties of the material vary with temperature and these variations are not always
linear. Thus, the simulation of this process is a nonlinear transient heat transfer analysis.

The governing heat transfer energy balance equation is written as:

T
- = V) +Q0o)

pCp
where p is the material density, C, is the specific heat capacity, T is the temperature, t
is the time, Q is the heat source, r is the relative reference coordinate, and q is the heat
flux vector, calculated as:
q = —kVT

where k is the thermal conductivity. The above heat transfer energy balance equation is the

differential equation of heat conduction for a stationary homogenous isotropic solid.

Two other heat transfer mechanisms that may play a role during the process are convection

and radiation. Thermal radiation is accounted for using Stefan Boltzmann’s law given by:
Graa = €0(T5" — Too*)

where ¢ is the surface emissivity, o is the Stefan-Boltzmann constant, Ts is the surface

temperature of the workpiece and T.. is the ambient temperature (25 °C).

18



Convection is governed by Newton’s law of cooling given by:

Qeonv = h(Ts - To)

where h is the convection film coefficient.

The moving heat source is described by Goldak’s [3] semi-ellipsoidal heat source in which
heat flux is distributed in a Gaussian manner throughout the heat source’s volume and is given
by :

3x? 3y? 3z2
1y, 2 = 2B (FE)
abcm\m

where Q is the input heat source and a,b,c are the semi-axes of the ellipsoid. This heat source

distribution is reduced to two dimensions to suit the current model and is given by :

3x2 3y?

3 _3x7_
s = 224

3.2 Material Properties

The material being considered for the simulation is a titanium alloy, Ti6Al4V. The
material properties of metals, for instance, the specific heat capacity, thermal conductivity,
modulus of elasticity and yield stress, vary with temperature and these variations need to be
considered during the simulation to get accurate results. The following table (Table 1) lists the
various thermal and mechanical properties for Ti6AlI4V. The properties have been obtained by
extensive research into material property handbooks [38-41] and the literature of previous

researchers [42].
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Table 1: Material properties of Ti6AI4V

Temperature | Density Specific Thermal Coefficient | Modulus _
Heat g of thermal of Yield . ,
Capacity Conductivity expansion | Elasticity | Strength POISS(.)HS
(°C) (kg/m?3) C k Ratio
p (W/M/K) a E (MPa)
(I/K/kg) (um/m/°C) (GPa)
25 565 6.60 8.60 104.00 768
93 565 7.30 8.70 101.00 735
250 586 9.72 9.20 91.81 665
500 4430 682 13.92 9.70 78.63 552 0.34
800 714 17.50 9.70 62.80 417
1650 759 28.40 9.70 1.04 8

3.3 Finite Element PLANE13

The finite element simulation was carried out in ANSYS using ANSYS Parametric
Design Language (APDL) module. Within ANSYS, there are three ways to perform a thermal
stress or strain analysis — a single stress analysis with directly applied temperatures, separate
thermal and stress analysis run in series and single analysis using coupled or multi-field
elements. If the temperature loading is known, the first method is used with the temperatures
being applied as body loads. In most cases, however, the complete temperature loading is not
known and a thermal analysis may need to be performed to determine the temperature
distribution, possibly varying over time. In the second method, a thermal analysis is first
performed to obtain the nodal temperature solution. These nodal temperature loads are then
applied as body loads to a separate structural analysis. However, compatibility between the
thermal and structural models in terms of whether they have the same mesh needs to be
checked. For example, in a thermal analysis, it may not be necessary to model small details

such as fillets, and a relatively coarse mesh is sufficient to capture the temperature gradients.
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In the structural analysis, however, fillets are often critical areas of stress concentration and a
finer mesh may be needed throughout the model. In the third method, a multi-field element
which has both temperature and displacement degrees of freedom is used in an iterative
analysis to obtain the coupled thermal and structural solutions at the same time. This method
is more computationally efficient and has been considered in the current model.

The simulation is a two-dimensional coupled field analysis. A coupled-field analysis is
a combination of analyses from different engineering disciplines that interact to solve a global
engineering problem, hence, a coupled-field analysis is often referred to as a multiphysics
analysis. When the input of one field analysis depends on the results from another analysis, the
analyses are coupled. In this coupled analysis, the PLANE13 element has been used.
PLANEL13 has a 2-D magnetic, thermal, electrical, piezoelectric, and structural field capability
with coupling between the fields. PLANE13 is defined by four nodes with up to four degrees
of freedom per node. In the current simulation, the PLANE13 element has been limited to the

structural-thermal field coupling.
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Figure 1: PLANE13 2-D Coupled-Field Solid
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3.4 Plasticity Options

During the course of a nonlinear material analysis, a number of material-related factors
can cause the structure's stiffness to change. Nonlinear stress-strain relationships of plastic,
multilinear elastic and hyperelastic materials will cause a structure's stiffness to change at
different load levels and at different temperatures. Creep, viscoplasticity and viscoelasticity
will give rise to nonlinearities that can be time-, rate-, temperature-, and stress-related. Any of
these kinds of material properties can be incorporated into an ANSYS analysis by using

appropriate plasticity options that are available in ANSYS.

The various options available in ANSY'S to describe plastic behavior are:

1.) Bilinear Kinematic Hardening

2.) Multilinear Kinematic hardening

3.) Bilinear Isotropic Hardening

4.) Multilinear Isotropic Hardening

5.) Nonlinear Elasticity

6.) Anisotropic
The hardening rule describes how the yield surface changes (size, center, shape) as a result of
plastic deformation. In kinematic hardening, the yield surface remains constant in size and
translates in the direction of yielding. In isotropic hardening, the yield surface expands
uniformly in all directions with plastic flow. Bilinear models assume a fixed tangent modulus

in the plastic regime. Multilinear discretizes the plastic region into a number of linear portions,
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each having its own tangent modulus. Anisotropic is described by the uniaxial tensile and
compressive stress-strain curves in three orthogonal directions and the shear stress-engineering

shear strain curves in the corresponding directions.

Initial yield surface

Subsequent
yield surface

Initial yield surface

Subsequent
yield surface

{a) Isotropic Work Hardening {b) Kinematic Hardening

Figure 2: Kinematic and Isotropic Hardening

23



|
I
E1 E2 &3 €4 €5

Figure 3: Multilinear Hardening

Using these options, the plastic behavior of the material beyond the elastic limit and at different
temperatures can be defined. However, in order to do so, either the stress and strain data points
or tangent moduli beyond the point of yield is required to accurately describe the stress-strain
curve. For the case of Ti6Al4V in the current model, the material properties up to a temperature
of 800°C has been defined, but the stress and corresponding strain values beyond the yield
point are currently not available in the literature. Additionally, it is not recommended to use
the Bilinear Kinematic Hardening in large strain applications. As a result, the Bilinear Isotropic
Hardening has been considered in the plastic regime in the simulation and a value of 10% of

the modulus of elasticity has been assumed for the tangent modulus.
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3.5 Model Validation

Before the simulation was performed, the heat source model was validated against
previous work done by Chen [43]. In that study, the temperature fields and distortions induced
in steel plates due to welding had been researched. The temperature distribution over time were
compared with the results obtained by Chen to validate the model. The plate had dimensions
of 300 x 130 x 6 mm with a heat source input of 5350W moving at a speed of 6mm/s. The
temperature contours at different time intervals are given in the following two pages for both

the current model and Chen’s model.
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Figure 4: Temperature distribution during welding - Chen [43]
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Figure 5: Temperature distribution during welding — current model
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The temperature contours obtained by using Chen’s model’s dimensions and heat

source input compare favorably to a large extent to his results. The maximum temperature that

is reached in the current model is 532°C. When compared with his model’s maximum

temperature of 547°C, the error was found to be within 3%. In this manner, the heat source

model was validated.

In addition to the above validation, the model was compared with the analytical

solution for the Timoshenko beam with a fixed support at one end and a roller support at the

other end, whose top and bottom fibers are subjected to two different temperatures.
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Figure 6: Timoshenko beam [45]

The analytical solution for the deflection for the beam is given by:

a(— T =)
2h
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where a is the coefficient of thermal expansion of the beam. Consider a case where the material
of the beam is Ti6Al4V. Its length is 250 mm and its height is 10 mm. Tz is 100°C and T2 is
200°C. For this configuration and using the average thermal expansion coefficient value of
9.0*10°® from Table 1, the deflection at the midspan from the analytical solution was found to
be 0.7109 mm. Using these same properties and beam dimensions, the simulation was carried
out in ANSYS using the PLANE13 element and assuming a plane stress condition. The
deflection obtained in ANSYS at the midspan was 0.66725 mm, giving an error of about 6%.
These favorable results from the heat source model and beam deflection model helped validate

the current approach. The results of these simulations are covered in the next chapter.
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Figure 7: Temperature distribution in ANSYS
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Figure 8: Deflection in ANSYS
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4 RESULTS AND DISCUSSION

4.1 Model and Results

A two-dimensional model is considered in the current simulation. It consists of a base or
a substrate, made of the same material as the final part (Ti6Al4V), which is 254 mm in length
and 12.7 mm in height. The build will occur on this substrate. The part being manufactured is
a solid plate which is 203.2 mm in length and 48 mm in height. This height was sliced into 16
layers for the current simulation. The mesh model had a total of 3460 elements. The entire
model was constrained in the vertical or Y direction at the ends and constrained in the
horizontal or X-direction at the center. The plate and the substrate are not considered to have
any contact boundary conditions between them and are considered as a single structure for the

process of the analysis.

Figure 9: Model of the solid plate build with boundary conditions

To simulate the addition of material during the building of the part, the element “birth and
death” technique is employed in ANSYS. The model is initially created with all the nodes and

elements. The elements which are going to be added at a later stage are then “killed”. To
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achieve the "element death” effect, the ANSYS program does not actually remove "killed"
elements. Instead, it deactivates them by multiplying their stiffness (or conductivity, or other
analogous quantity) by a severe reduction factor. This factor is set to 10 by default, but can
be given other values. Element loads associated with deactivated elements are zeroed out of
the load vector. Similarly, mass, damping, specific heat, and other such effects are set to zero
for deactivated elements. The mass and energy of deactivated elements are not included in the
summations over the model. An element's strain is also set to zero as soon as that element is
killed.

In a similar manner, when elements are "born," they are not actually added to the model;
they are simply reactivated. The elements are initially deactivated, and when they need to be
added, are activated at that time. When an element is reactivated, its stiffness, mass, element
loads, etc. return to their full original values. Elements are reactivated having no record of
strain history (or heat storage, etc.).

A flowchart to describe the simulation process is shown below in Figure 10. The element
type and the material properties of the metal are defined in ANSYS. The geometry is then
either created in ANSYS or imported from a Solid Modeling software. The model is then
meshed creating nodes and elements. Boundary conditions are assigned to the mesh. Initial
conditions are attributed to these nodes and elements. A uniform preheat temperature is applied
to the substrate. The elements that are not part of the substrate are then killed. The first layer
is activated and the moving electron beam is applied as a heat flux load to this layer. When the
heat source reaches the end of the layer, the next layer is activated and the moving heat source

is applied again to this new layer. This process continues till all the layers have been added. In
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between layer addition, there may be a portion of time when the beam is not turned on and heat
is not being added to the system. This portion of time is referred to as the dwell time between
layers and is an important process parameter that needs to be considered during part builds.
Once the build is complete, the model enters the cooling phase to bring it to ambient

temperature. The built part at this ambient temperature is then analyzed for any distortion.

Define Element
Type, assign
Iaterial Properties

h 4

Create Geometry,
create Modes and
Elements

Apply Boundary |
Conditions

h A

Apply Initial
Conditions of | Kill Wall Elements
Temperature
L4
Activate Layer and
Apply Dwell, if any | apply Moving Heat
Source
Iy
Is Build N
Complete? o
Yes
Enter Cooling Phase » End

Figure 10: Flowchart of simulation
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The moving heat source was assumed to take the shape of a Gaussian distribution. The
coupled element PLANE13 used in this analysis can only to be subject to point loads at the
nodes or surface loads over the edges. Before the heat flux was added as a load to the mesh, a
local coordinate system was defined at the point of application of the heat source. The heat
flux value was then calculated at the centroid of every element radiating out of the origin of
this local coordinate system until a minimum threshold value of 10° was obtained. The
elements within this region were then considered for load application in the given time step.
The load at the centroid for each element was calculated and then equally distributed to its four
constituting nodes. The load step was then solved for this value of load. The loads are then
removed and the point of application was then moved forward a distance determined by the
speed of the beam. The time step was incremented in a similar manner and the process was
repeated. During the next load step, some of the elements subjected to loads in the previous
load step will still have loads applied to them in the current load step but these loads will have
a different load value as their distance from the origin of the local coordinate system will have
changed. In this manner, the Gaussian distribution is converted to point loads on the mesh. A
fairly refined mesh justifies this approximation.

Five mesh sizes of 10 mm, 6mm, 2.5, 1.25 mm and 0.6 mm were considered as part of a
convergence study. For mesh sizes of 1.25 mm 0.6 mm, the maximum computed temperature
between these two cases had a difference of less than 4%. So, mesh size of 1.25mm was used
to mesh the model to be more computationally efficient.

ANSYS employs the Newton-Raphson approach to solve nonlinear problems. In this

approach, the load is subdivided into a series of load increments. The load increments can be
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applied over several load steps. Before each solution, the Newton-Raphson method evaluates
the out-of-balance load vector, which is the difference between the restoring forces (the loads
corresponding to the element stresses) and the applied loads. The program then performs a
linear solution, using the out-of-balance loads, and checks for convergence. If convergence
criteria are not satisfied, the out-of-balance load vector is re-evaluated, the stiffness matrix is
updated, and a new solution is obtained. This iterative procedure continues until the problem
converges. A number of convergence-enhancement and recovery features, such as line search,
automatic load stepping, and bisection, can be activated to help the problem to converge. If
convergence cannot be achieved, then the program attempts to solve with a smaller load
increment. The ANSYS program gives a number of choices for designating the convergence
criteria based on forces, moments, displacements, or rotations, or on any combination of these
items. Additionally, each item can have a different convergence tolerance value. For the
current analysis, the convergence criteria were based on checking forces and considered a
minimum value of 10°°.

A uniform preheat temperature of 700°C was applied to the substrate. The reference
temperature and room temperature were considered to be 25°C. Radiation boundary condition
was applied to all the free surfaces of the part during the build with an emissivity value of 0.54.
After the build was complete, convection was applied to the free surfaces to accelerate the
cooling process and bring the part to room temperature at a relatively fast pace. The convection
film coefficient was considered to be 18 W/m?/°C.

As mentioned earlier, the aim of these simulations is to predict the effect of process

parameters on parts built using EBAM, in order to reduce the amount of distortion in the final
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part. We varied three process parameters, namely the beam power, the velocity of the beam
and the dwell time between layers. The beam powers considered were 6 kW, 7 kW, 8 kW and
9 kW. The dwell times considered were 0 s, 20 s, 40 s and 60 seconds. The four beam velocities
considered were 5 mm/s, 8 mm/s, 10 mm/s and 12.7 mm/s. A total of 48 cases were run for
various combinations of these above-mentioned parameters and they have been listed in Table
2. The table also shows the maximum distortion as calculated by the model after the part was
cooled to room temperature. The simulations took between 30 minutes and 90 minutes when

run on a standard desktop computer.
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Table 2: List of simulations with computed maximum part distortion after cooling

Sl. No. Power (kW) Dwell (seconds) Speed (mm/s) Maximum distortion after cooling (mm)
1 6 0 5 10.8
2 6 0 8 6.71
3 6 0 10 6.35
4 6 0 12.7 6.38
5 6 20 5 4.53
6 6 20 8 1.96
7 6 20 10 1.99
8 6 20 12.7 3.64
9 6 40 5 4,74
10 6 40 8 1.38
11 6 40 10 1.62
12 6 40 12.7 3.98
13 6 60 5 5.08
14 6 60 8 0.95
15 6 60 10 2.49
16 6 60 12.7 3.26
17 7 0 5 12.14
18 7 0 8 6.98
19 7 0 10 5.91
20 7 0 12.7 6.29
21 7 20 5 4.03
22 7 20 8 0.7
23 7 20 10 0.97
24 7 20 12.7 1.53
25 7 40 5 3.84
26 7 40 8 0.19
27 7 40 10 0.86
28 7 40 12.7 1.46
29 7 60 5 3.92
30 7 60 8 1.02
31 7 60 10 1.17
32 7 60 12.7 1.93
33 8 0 5 12.9
34 8 0 8 7.07
35 8 20 5 3.77
36 8 20 8 0.51
37 8 40 5 3.36
38 8 40 8 151
39 8 60 5 3.58
40 8 60 8 1.98
41 9 0 5 13.64
42 9 0 8 7.18
43 9 20 5 4.34
44 9 20 8 1.35
45 9 40 5 3.11
46 9 40 8 2.41
47 9 60 5 2.99
48 9 60 8 2.87
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As an example simulation, Figure 11 shows the predicted temperature contours (°C) at
the completion of the build, which are superimposed on the distorted part shape. For reference,
the dashed line shows the initial undeformed part geometry. The upward distortion of the part
is clearly evident when compared with this dashed line. The figure also shows the large
temperature gradients that occur in the part. Note that the highest temperature is concentrated
near the top and final layer of the part immediately after completion of the build. This is
expected since the beam passed along the top of the part (from left to right) in the final pass to
build the part. For comparison, Figure 12 shows the final distortion of the part after it has
returned to room temperature. Note that the temperature distribution is nearly uniform after

cooling to room temperature.
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Figure 11: Temperature distribution at completion of build for simulation case of Power = 6 kW, Dwell
Time = 20 s and Beam Speed = 12.7 mm/s. Maximum distortion value = 4.5 mm

37



I
25.0014 25.9856 26.9698 27.9539 28.9381
25.4935 26.4771 27.4618 28.446 29.4302

Figure 12: Temperature distribution after part is cooled to ambient temperature for simulation case of
Power = 6 kW, Dwell Time =20 s and Beam Speed = 12.7 mm/s. Maximum distortion value = 3.6 mm

For the same simulation case, Figures 13 and 14 show the variation of displacement and

temperature at the node that is located at the midspan and on the top surface of the substrate.
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Figure 13: Vertical displacement of node at midspan on top surface of substrate

As shown in Figure 13, the maximum distortion is approximately 5.5 mm. The oscillations
in Figure 13 are a result of the material and heat addition during the build. As the layers are
built, the heat source moves away from the node under consideration, which explains the
decrease in the level of displacement with time. The sudden drop in the displacement around

the 600 second mark is a result of the beam being turned off after the completion of the build
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and the onset of the cooling process. The horizontal portion is the cooling cycle which shows
no displacement during that period of time. After this time, the part cools to the ambient

temperature. Note that a nodal displacement of approximately 3.6 mm remains which results
in the final part distortion.
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Figure 14: Temperature variation of node at midspan on top surface of substrate

40



The temperature variation in Figure 14 shows a similar trend. The temperature increases
during the layer by layer material addition and tapers off towards the end of the build. The
sudden drop in the temperature indicates the beam being turned off and the onset of the cooling

cycle.

The distortion levels for the 48 simulation cases were analyzed next to determine the
relationship between predicted part distortion and various operating parameters including
beam power, dwell time and speed. The distortion shown in the following figures was

calculated at the midspan along the top of the plate.
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Figure 15: Distortion vs Power
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Figure 16: Distortion vs Dwell Time
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Figure 17: Distortion vs Speed

Figure 15 shows the variation of distortion with beam power. The three curves shown in
this figure represent (1) no dwell time and a speed of 5 mm/s, (2) no dwell time and a speed of
8 mm/s, and (3) a dwell time of 60 seconds and speed of 8 mm/s. As expected, the distortion
increases with increase in beam power since more heat is being added to the part resulting in
larger thermal and strain gradients between layers within the part. The largest distortion occurs

for zero dwell time and the lower speed of 5 mm/s because more heat is being added to the
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part when the beam moves more slowly. In contrast, less heat is imparted at the higher speed
of 8 mm/s and the 60 second dwell time. In addition, the larger dwell time allows the heat to
be more evenly distributed throughout the part before the next layer is applied.

Figure 16 shows the distortion as a function of dwell time for a given power of 7 kW
and 3 speeds of 5 mm/s, 8 mm/s and 10 mm/s. This figure clearly demonstrates the importance
of the dwell time in reducing part distortion. The distortion drastically reduces with the addition
of any dwell time to the process and gradually tapers out. The absence of dwell time in a
process means that layers are continually built without any time for the heat to distribute itself
within the part between successive layers. This will result in high thermal gradients within the
part which will result in high thermal strains and high distortion levels as shown. With the
addition of dwell time to the process, the heat is allowed to diffuse and distribute itself within
the part before the next layer is added. This allows for a more uniform temperature increase
across the layers which will help with keeping the part distortion low.

Figure 16 also shows a trend of the distortion levels becoming almost the same over a span
of dwell time of 20 seconds to 60 seconds. This is an indication that an indefinite increase in
dwell time is not going to contribute to keeping the distortion level low. With very large dwell
times, the heat is allowed to diffuse within the part and the part may also undergo some amount
of cooling and solidification, which can be detrimental to the build process. In such a scenario,
when the new layer is added, there is a very large temperature differential at the interface which
can manifest itself as higher distortion within the part.  Figure 16 also shows a small increase
in the distortion level with increase in dwell time for one of the cases shown, suggesting that

there is a minimum value of dwell time for a given beam power and speed configuration that
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can help keep the distortion level to a minimum. By making such a study at the design level,
the optimum dwell time can be obtained which will reduce the time spent on building
prototypes in a trial and error manner to determine the best dwell time for the part.

Figure 17 shows a variation of the distortion as a function of the beam speed for a given
power and dwell time. The top four curves correspond to four beam powers of 6 kW, 7 kW, 8
kW and 9 kW with no dwell time. The lower two curves represent two beam powers and two
dwell times of 20 seconds and 60 seconds. The figure shows that with increase in speed of the
electron beam, there is reduction in the level of distortion seen in the part. Increasing the beam
speed reduces the energy density input in to the part. The beam moves over the part at a pace
that does not allow for the heat to penetrate into the layers to the same extent as would be the
case for a lower speed. This has been taken into account in the Gaussian heat source model by
having the higher velocities penetrate to a smaller extent into the part when compared with a
lower velocity. This results in a reduced maximum process temperature, which translates to a
lower distortion at the part level. This compares with the study made by Price et al. [44] who
studied the effect of the process parameters on the thermal characteristics in EBAM with
Ti6Al4V powder. They found that increasing the beam speed reduced the peak temperatures
and reduced the melt pool sizes resulting in parts being produced with rougher surfaces and
more pore features. Note also that distortion decreases as the dwell time is increased, which is
consistent with the previous figure. The lower two curves in this figure also suggest that there

is an optimal speed of about 8 mm/s for which the distortion is a minimum.
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Besides the plate configuration that has been discussed so far, other geometries were also

studied and the final deformed shapes of these geometries have been shown below.

[ I
25.0001 25.0105 25.021 25.0315 25.0419
25.0053 25.0158 25.0262 25.0367 25.0472

Figure 18: Distorted shape of plate with single slot. Maximum distortion value = 5.5 mm

I
25 25.0315 25.063 25.0945 25.126
25.0158 25.0473 25.0788 25.1103 25.1418

Figure 19: Distorted shape of plate with a step. Maximum distortion value = 5.2 mm

T I
25.001 25.3755 25.7499 26.1244 26.4989
25.1882 25.5627 25.9372 26.3116 26.6861

Figure 20: Distorted shape of plate with two slots. Maximum distortion value = 5.9 mm
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These geometries were run for the simulation case of power of 6kW, dwell time of 20
seconds and beam speed of 5Smm/s. These distorted profiles not only show a distortion along
the base but also along the sides and in the cut out portions as well. If these are parts that are
going to come into contact with other parts in an assembly, care must be taken to ensure that
these parts have minimum distortion at the mating surfaces in order to have proper fits with
the joining parts. Some options that can be considered to reduce this distortion are to change
the build orientation of the part and simulate it to see if it will result in reduced distortion.
However, with a changed orientation, support structures may be needed to be placed where
there are overhanging surfaces. A different build configuration for the plate with the longer
edge oriented vertically was also studied and is as shown below. The distortion of this new
orientation was found to be 4.78 mm. The previous orientation of the longer edge being
horizontal yielded a distortion value of 5.81 mm. This clearly suggests that different build

orientations can help in reducing distortion in the final part.

47



T I
25 26.1083 27.216¢€ 28.3249 29.4332
25.5542 26.6625 27.7707 28.879 29.9873

Figure 21: Distortion for solid plate with vertical build orientation

In addition to all these cases, a single case was run with a different value of preheating

temperature to see if a reduced preheat temperature would affect the distortion of the part. For

a beam power of 9 kW, dwell time of 60 seconds between layers and beam speed of 12.7 mm/s,

the simulation was run for a preheat temperature of 200°C. The distortion value obtained was

3.92mm. The same process parameters but with a preheat temperature of 700°C yielded a

distortion of 3.63 mm. Thus, this suggests that the preheat temperature is also an important

parameter that needs to be considered for its effect on the part distortion.
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Thus, we can see that the process parameters of beam power, speed and dwell time are vital
to determining the extent of distortion within the final part. By running various combinations
of these parameters in such a simulation, the optimum one can be arrived at which will result
in minimum distortion within the part for a given build configuration. In addition to these

parameters, the build geometry, build orientation and preheating temperature also contribute

to the distortion of the part.
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5 CONCLUSION AND FUTURE WORK

5.1 Conclusions

A model was developed to assess part distortion as a function process parameters — power,
dwell and speed. Distortion values for various combinations of beam power, speed and dwell
time for the given part geometry have been reported in this manuscript. Previous studies in
metal additive manufacturing described temperature profiles and residual stress patterns
encountered in the different AM processes with the help of both simulations and experiments.
These simulations were typically decoupled, the thermal models were separate from the
mechanical model and were carried out separately with the output of the thermal simulation
being used as the input to the mechanical model. The current model incorporates a coupled
thermal and mechanical simulation with radiation and convection. A two-dimensional problem
was considered in the interests of computation efficiency. This model can be used as a design
tool as it gives a general idea into the physics of the problem and can be utilized for design

purposes.

An extensive literature review was performed to determine the work that was already done
in this field. Over three hundred papers and articles were reviewed. This literature review also
helped in obtaining the temperature dependent properties of Ti6AI4V. These properties are not
readily available, especially at the higher temperatures. During the course of the research, the
temperature dependent physical properties of Ti6Al4V were obtained for a range of

temperatures from ambient temperature to a little beyond its melting point. However, the
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mechanical properties at temperatures beyond 600°C were not found and hence, suitable
approximations for these properties were obtained from the literature. Unfortunately, ANSYS
has a limit of six temperatures when defining the plastic behavior of the material and hence,
only the properties at these temperatures have been reported in this manuscript and used in the
model. A different finite element code with more extensive applications can be considered to

take all these properties into account.

Even though the model was two-dimensional, this model provided a good understanding
of the physics of what is actually happening in this problem. The approaches of the moving
heat source described as a Gaussian distribution and birth and death technique of activating
and deactivating elements used in this model helped to capture realistically the physics of the
problem. The heat source being input as a heat flux as opposed to a temperature loading further
contributes to this approach. The coupled element employed helped to capture both
temperature and mechanical effects within a single simulation. All these factors contribute to
the model for simulating a realistic approach to describe the physics of the additive

manufacturing process.

5.2 Future Work

Future work in this area of research can involve expanding this model to three dimensions
to simulate an actual part. This model can then be used to obtain values of the process

parameters with which experiments can be carried out. More extensive research can be carried
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out into the properties of the materials being used in AM processes to better define their
behavior at the elevated temperatures experienced in these processes. Future models can then
account for latent heat of fusion and change of phase. Research can be conducted to develop
temperature-dependent material properties for other materials. Different plasticity models can
be explored to more accurately predict part distortion. The effect of preheat temperature, build
orientation and different build geometries on the distortion of the part were also analyzed in
this study. These parameters as well as scan patterns can be studied more extensively to

determine the extent of their contribution to part distortion.
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