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Electron beam melting (EBM) is a metal powder bed fusion additive manufacturing (AM) technology that is
widely used for making three-dimensional (3D) objects by adding materials layer by layer. EBM is a very complex
thermal process which involves several physical phenomena such as moving heat source, material state change,
and material deposition. Conventionally, these phenomena are implemented using in-house codes or embedding
some user subroutines in commonly used commercial software packages, like Abaqus, which generally requires
considerable expertise. Fortunately, recent versions of Abaqus offer a new plugin tool, AM Modeler, which
provides a rather new and user-friendly method for performing additive manufacturing process simulation. In
this work, taking Ti-6Al-4V as the particular example, we present all the details of the finite element (FE)
implementation of both Abaqus user subroutines and AM Modeler plugin for thermal analysis of EBM additive
manufacturing process. The melting pool shape and temperature profiles were predicted and verified against
existing literature data. A 3D FE model was also developed to capture the heat transfer features in a real
manufacturing process for printing a particular 3D object, “AM” characters, validating the capability of the
proposed methods. To facilitate future design and thermal analysis of EBM process and to promote the use of AM
Modeler plugin, the source codes including Abaqus user subroutines DFLUX and UMATHT as well as Python
scripts for implementing AM Modeler are made available and could be downloaded from https://github.com/Dr
-Ning-An/ebm-abaqus.

are delivered from the powder hoppers and raked to yield an even layer
on the top of the substrate. Next, in preheating, the powder layer is

1. Introduction

Additive manufacturing, also known as 3D printing, is the con-
struction of complex functional 3D objects from a computer aid design
(CAD) model by adding materials layer by layer. EBM is one of the most
promising additive manufacturing technologies in which electron beam
is used to selectively scan and melt metal powder in a vacuum envi-
ronment. Since was first introduced in 1997 by Swedish company Arcam
AB, EBM has been developed and provides an ideal method for
manufacturing light weights, durable and dense end parts which finds
many applications in the fields of aerospace and medical implants [1-3].
From initial CAD design to 3D printed part, EBM additive manufacturing
process follows a series of steps as described below [4,5]. The building
process begins with the deposition of powder layer where solid particles
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loosely sintered to enable tight stacking through a series of high-energy
focused electron beam raster-scanning passages at a high speed. The
process is then followed by selective melting and solidification of
powder particles by the aid of 3D CAD data. After the completion of one
layer building, another layer of powder will again be deposited, pre-
heated, and selectively melted, with the cycle being repeated until the
final shape of the desired part is achieved.

From a physical point of view the EBM is a rather complex process
involving several thermal phenomena. Heat transfer plays an important
role during the whole process, especially for determining the tempera-
ture distribution within the model for subsequently predicting evolution
of residual stress and deformation [6]. When the electron beam scans on
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the top of the powder layer, the powder particles at the focal spot are
heated extremely fast to above their melting temperature, giving rise to
the so called melting pool. The melting pool moves as the electron beam
scans following a prescribed path, part of the heat is lost by radiation
from the heated powder to the cooler environment while a large amount
of heat is conducted to the surrounding particles and the substrate.
There is only a negligible heat loss into the environment by convection,
as the process is performed under vacuum [3,7,8]. As the temperature of
the melt pool decreases, the fused material then solidifies into a 3D
dense part. The melt pool evolution and the material state change from
powder to liquid and from liquid to solid comprise the most complex
physical aspects in EBM process, and the variation of thermal properties
as a function of temperature with respect to material state also com-
plicates the heat transfer problem. Even more effects such as vapor-
ization and scanning strategy should be accounted for in a real additive
manufacturing process [9,10].

Finite element method (FEM) is a reliable and efficient way to solve
heat transfer problems. Over the past decades, FEM based techniques
have been developed by many authors to simulate the EBM process by
considering the powder as a continuum when complex geometries are
involved and mesoscopic scale model is too expensive (see the review
paper of [11,12]). In general, additional special-purpose in-house user
subroutines are needed to add capabilities to commonly used commer-
cial software packages for simulating the EBM process. For example, in
Abaqus, DFLUX user subroutine is developed to model moving heat
source by defining the heat flux distribution as a function of position and
time, and UMATHT user subroutine is used to model the material state
change and variation of thermal properties as a function of temperature
and material state, and a built-in key word *Model Change can be uti-
lized to simulate the layer-by-layer building up process. The develop-
ment and use of these subroutines generally require considerable
expertise in both the theory of thermodynamics and programming in
Fortran. Recently, these codes have been incorporated as “internal” user
subroutines into an Abaqus plugin — AM Modeler — with a graphical user
interface (GUI) [13], which would definitely reduce the difficulty of
using Abaqus for EBM Modeling. However, compared with the
numerous reports on the use of user subroutines [11], very rare studies
have described the use of AM Modeler [14-16] in EBM process simula-
tion. It could therefore be necessary to document the indications for the
use of AM Modeler with numerical examples.

In this study, taking Ti-6Al-4V as the particular example, we present
in detail the finite element (FE) implementation of both Abaqus user
subroutines and plugin tool AM Modeler for the thermal analysis of EBM
additive manufacturing process. The method of embedding user sub-
routines into Abaqus to simulate the EBM process has already been
proposed and validated by many research teams in recent years [11,12].
It will be convenient, nevertheless, to restate the implementation of
Abaqus user subroutines briefly as the simulation results obtained by
which are used as reference to verify the effectiveness of AM Modeler in
present work. We first develop user subroutines, i.e., DFLUX and
UMATHT, to investigate the melt pool evolution and temperature pro-
files of the EBM process and compare our results with existing data
obtained from literature for verification. We then apply the AM Modeler
technique to simulate the same EBM process as previously modeled
using user subroutines. Our results indicate that the results obtained
using AM Modeler are in excellent agreement with that predicted by user
subroutines, verifying the use of AM Modeler. Finally, by taking advan-
tage of the efficiency of AM Modeler, we develop a full 3D FE model to
numerically present the complete building process of a particular 3D
object, demonstrating the capability of Abaqus AM simulation tech-
niques. We would like to note that all the source codes developed in this
work including Abaqus user subroutines DFLUX and UMATHT as well as
Python scripts for implementing AM Modeler are made available to the
research community, with which future researchers do not need to
reinvent the wheel. In addition, we hope our efforts would facilitate
interaction between academia and industry and boost AM modeling for
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industrial application purposes.
2. EBM thermal modeling

As discussed in the above section, there are several physical phe-
nomena to be considered in the EBM process including moving heat
source, material state change, material deposition, and thermal con-
duction and radiation, etc. In order to accurately describe the EBM
process in an efficient way, we adopt a simplified heat conduction model
[5] with appropriate and specific boundary conditions and flux loads
(radiation, preheating, electron beam, etc.) as shown in Fig. 1. As a
single scan path is simulated in this model, the base material (dark blue)
is modeled as a solid substrate, the top thin layer (light blue) is
considered as a continuum having the properties of powder, and the
electron beam (red spot) occurs at the top surface of the powder layer
and travels along the x-axis with a constant speed. We note that the
material state change as well as temperature-dependent thermal prop-
erties of powder and solid are also accounted for in the model.

(1) Heat transfer equations: In the EBM process, the instantaneous
temperature distribution satisfies the following 3D heat transport con-
duction equation:

oT
pcpE:kVZT-i-q @

where p is density, c, is specific heat capacity, T is temperature, k is
thermal conductivity, and q is the absorbed heat flux.

The latent heat of fusion, Ly, is considered in this model to trace the
solid-liquid interface of the melt pool. When temperature drops to be-
tween the solidus and liquidus temperature, Ts and T, respectively, the
latent heat of fusion is modeled as an additional term of the internal
thermal energy per unit mass, dU. Hence, the enthalpy is defined as:

H(T) = / odT + Lf @

where f is the volumetric fraction of the liquid, which is defined as
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The radiation between the top surface of the powder layer and sur-
rounding environment is expressed by:
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Fig. 1. Illustration of thermal modeling configuration with boundary condi-
tions. The whole model is preheated in a vacuum environment. The top light
blue part indicates powder layer, the below dark blue part indicates solid
substrate and the red spot indicates the current location of the electron beam.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).
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where ¢ is emissivity, ¢ is Stefan Boltzmann constant, and T, is the
environmental temperature. In addition, at the bottom surface of the
solid domain, a thermal Dirichlet boundary condition with a constant
temperature Tpreneq: is applied.

(2) Heat source equations: Two kinds of heat sources are considered in
this work: (a) Gaussian heat source model and (b) Goldak heat source
model.

(a) Gaussian heat source model is modeled as a conical moving heat
source with a Gaussian distribution and parabolically decaying along the
beam penetration direction [5]:

Hg x I

q(x,y,2) =1 x )

with 127(%< 225() +1.5(§)+0.75> and Hs—iilé’exp<

2[(""");?"3"’)2]) where the parameters include Gaussian distribution
function Hg, the parabolic decaying function I, electron beam absorp-
tion efficiency 5, voltage U, current I, penetration depth S, beam
diameter ®g, and the instantaneous horizontal position of the heat
source center xg and Y.

(b) Goldak heat source model is also known as double ellipsoidal
heat source model [17], in which the distribution of heat fluxes is
determined by four geometric parameters including width a, depth b,
rear length c;, and front length cy, as expressed in Eqgs. (6) and (7). Note
that f, = 2¢,/(c; + ¢p) and ff = 2c¢/(cr + cp) are the heat deposited frac-
tional factors in the rear and front quadrant respectively and its sum is
equal to 2.
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(3) Material Properties: The material used in this work is Ti-6Al-4V
alloy. Due to the rapid change in temperature during the EBM process,
the properties of material should be considered as a function of tem-
perature. Furthermore, the thermal properties of powder are signifi-
cantly different from those of corresponding solid, and therefore
material state change from powder to liquid and then from liquid to
solid would also cause changes in material properties. Temperature
dependent material properties of both solid and powder (with a porosity
of 50%) Ti-6Al-4V used in this work were taken from [5] and summa-
rized in Fig. 2. The specific heat and latent heat of fusion for solid and
powder material are considered to be same as many authors did [18,19].
The solidus and liquidus temperature are 1605 °C and 1655 °C,
respectively, and the latent heat of fusion is 440 kJ/kg.

To conclude, a successful thermal model for simulating the EBM
process must consider three main aspects: (1) an electron beam model
representing scanning heat flux input and its movement along the sur-
face; (2) a thermo-physical material model able to represent the
different phases of material (powder, solid, liquid) and the material state
change (from powder to liquid and from liquid to solid) during the
process; and (3) an evolving domain describing the layer build-up
process.

3. Finite element simulation techniques

Having introduced thermal modeling of the EBM process, in this
section, we move on to present the details on the finite element
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Fig. 2. Temperature dependent material properties of solid and powder (with a porosity of 50%) Ti-6Al-4V. (a) Thermal conductivity, (b) density, (c) specific heat

and (d) latent heat.
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simulation techniques used to simulate the physical phenomena rising in
the EBM process. The core techniques of the implementation of tradi-
tional Abaqus user subroutines, i.e., DFLUX and UMATHT, as well as
Abaqus new plugin AM Modeler for thermal analysis of the EBM process
are both summarized as follows.

3.1. User subroutines

(1) DFLUX subroutine: Abaqus DFLUX user subroutines, accounting
for both Gaussian and Goldak heat source models, have been developed
to model the moving heat sources. To be specific, the DFLUX subroutine
is used to define the nonuniform distributed heat fluxes as a function of
position and time according to Egs. (5)—(7). It would be called at the
beginning of each time increment and at each flux integration point, and
current position of the center of electron beam is determined by the
beam scan velocity and simulation time.

(2) UMATHT subroutine: The user subroutine UMATHT has been
developed to define the thermal behavior of Ti-6Al-4V (as shown in
Fig. 2) as a function of temperature and the material state (powder or
solid). A solution-dependent state variable (SDV), named MAT_ID, is
created to specify the material state as powder or solid at a time instant.
The material state change criterion used by many research teams are
slightly different [4,18-22], and in our simulations the criterion pro-
posed by Chou et al. [5,20] was adopted. Initially, the MAT _ID is set to
0 and the powder properties are assigned to the material calculation
points of all powder elements. When the powder is melted and under
cooling (i.e., T > Ty, & dT/dt < 0), the MAT_ID changes to 1 and the solid
properties are assigned instead. The UMATHT subroutine reads the
temperature at each material calculation point at the end of each
increment and then updates the MAT _ID value of those material calcu-
lation points which meet the state change criterion. Note that the ma-
terial state change in EBM process can only be one-way (i.e., from

EVENT SERIES
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powder to solid), which means that the MAT_ID will be locked as 1
whenever it becomes solid. In addition, the UMATHT subroutine also
modifies the enthalpy function in order to take into account latent heat
effects and the solid fraction during the melting and cooling phases.
More details can be found in [5].

3.2. AM Modeler plugin

As implemented in Abaqus 2018 or higher version [23], AM Modeler
plugin provides new features for the simulation of general additive
manufacturing (AM) processes. A number of special-purpose techniques
are provided for simulating the EBM process that do not require user to
write user subroutines. These new techniques are implemented as “in-
ternal” user subroutines in Abaqus using the same user subroutine
infrastructure and keyword interface but can be easily accessed by using
table collections with reserved string names starting with either
“ABQ_AM” or “ABQ_EIG”. In order to reflect the physical aspects as
mentioned in previous section, two basic ingredients are offered by the
new techniques, which are progressive element activation for simulating
controlled deposition of raw materials, and moving heat fluxes for
modeling electron beam-induced heating in a thermal analysis.

Taking advantage of AM Modeler, three new data types have been
introduced to manage input data for the EBM process simulation. (i)
Event Series. The event series can be imaged as a combination of path and
amplitude. Time (t) and position (x, y, 2) are mandatory columns in an
event series for defining the time and space variation of event path, and
user defined dependent variables can also be added to prescribe the
corresponding amplitude. In our simulations, two event series with
input files are defined for respectively simulating the deposition of raw
powder layers and the movement of electron beam. Specifically, roller
event series is used to define the motion of powder recoater and Goldak
event series is used to define the moving path and powder amplitude of

*EVENT SERIES, NAME -~ [EVGitiSeriesiViateHalDEposition

Time = TOTAL TIME, TYPE = "ABQ_AM.MaterialDeposition", INPUT = "es_roller.inp"

*EVENT SERIES, NAME = [ENCHUISeHesIVIOVingHeat.

Time = TOTAL TIME, TYPE = "ABQ_AM.PowerMagnitude",

"es_roller.inp"

[time] [x] [¥] [z] [on/off]
0.00, 0.00, 0.60, 5.07, 1.00
0.10, 9.90, 0.60, 5.07, 0.00
0.20, 0.00, 0.60, 5.14, 1.00
30, 9.90, 0.60, 5.14, 0.00
0.40, 0.00, 0.60, 5.21, 1.00
0.50, 9.90, 0.60, 5.21, 0.00

Parameter Tables & Property Tables

Input files to define event series data
INPUT = "es_ElectronBeam.inp"

"es ElectronBeam.inp"

[time]  [x] [yl [z]  [Power]
0.100, 1.350, 0.000, 5.070, 60000
0.110, 1.800, 0.000, 5.070, 0.000
0.130, 3.600, 0.000, 5.070, 60000
0.140, 4.050, 0.000, 5.070, 0.000
0.200, 8.550, 0.000, 5.070, 0.000

*PARAMETER TABLE, TYPE = "ABQ_AM.MaterialDeposition" JENCNUSCTcSIIVatctalDepositiony, "Roller"
*PARAMETER TABLE, TYPE = "ABQ_AM.MovingHeatSource" [EVCHBSericsINovingreaty, "Goldak"
*PARAMETER TABLE, TYPE = "ABQ AM.MovingHeatSource.Goldak"

100, 100, 100,| 0.55, 0.062, 0.55, 1.1,

0.667,

1.333, 1.0 Parameters to define Goldak’s heat source

v v R 2R 2R | vy
[ avz] [ ]

*PROPERTY TABLE, TYPE = "ABQ_AM.AbsorptionCoeff", 0.9 Parameters to define Absorption Coefficient

TABLE COLLECTIONS

*TABLE COLLECTION, NAME ="ABQ_AM Table Collection - Material Deposition"
*TABLE COLLECTION, NAME ="ABQ AM _Table Collection - MovingHeat"

Fig. 3. Data structures to manage input data in AM Modeler for the EBM process simulation.
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the electron beam. Examples of input files for each event series are
shown in the top panel of Fig. 3. (ii) Parameter table. The parameter table
collects all the necessary parameters for performing an event. For
example, in the middle panel of Fig. 3 we present the parameter table
used for defining a Goldak heat source model which includes all the
parameters as depicted by Eq. (7). (iii) Property table. The property table
is used to define dependent parameters which could be dependent on
temperature, field and SDVs. For example, the heat absorption coeffi-
cient in moving heat source modeling is defined using property table. All
the parameter tables and property tables are eventually encapsulated in
a table collection for each event as shown in the bottom of Fig. 3.

4. Verification and validation of FE simulation techniques
4.1. FE simulation model

In order to verify the accuracy of the proposed FE simulation tech-
niques, the EBM process of Ti-6Al1-4V alloy was investigated by using
both Abaqus user subroutines and AM Modeler plugin. The FE model was
realized by 3D solid elements with type DC3D8 for uncoupled heat
transfer analysis in Abaqus 2020. Fig. 4 shows the FE model with mesh
transition and boundary conditions. The FE model consists of a solid
substrate with dimensions of 21 mm x 2.5 mm x 10 mm (x x y x 2) and
a powder layer with dimensions of 21 mm x 2.5 mm x 0.07 mm. The
electron beam heating occurs at the left top corner of the powder layer
[position (0, 0, 10.07)] and travels along the x-axis with a constant
speed. Because of a high energy intensity and a fast travel speed in EBM,
temperature gradients are expected to be very high, and thus finer
meshing is required along the electron beam scanning path; coarser
meshing is then used in the regions away from the heat affected zone.
Specifically, the element size in the scanning area is
50 pm x 50 pm x 17.5 pm with mesh size gradually increases with the
distance away from the primary scanning area and the total element
number is 132, 435. A symmetric boundary condition was applied to the
surface of y = 0 mm, and a thermal Dirichlet boundary condition with a
constant temperature of 730 °C was applied to the surface of z = 0.0 mm,
and radiation boundary conditions were applied to the top surface of
powder layer with an emissivity of 0.7.

Surface Radiation Emissivity 0.7
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4.2. Verification of FE simulation techniques

We began by considering a simple case by assuming the materials are
all solid, i.e., solid properties were assigned to both the substrate and the
top layer. In this case, the material heated by the electron beam expe-
riences a phase change from solid to liquid and from liquid to solid (“S-L-
S™). This is not realistic; however, it is very appropriate for use in the
verification of user subroutines DFLUX and UMATHT by performing two
specific simulation jobs. In the first job, material properties were input
directly through Abaqus GUI, while in the second job they were input
through UMATHT subroutine. In accordance with [5], a Gaussian
distributed heat source with parameters listed in Table 1 was imple-
mented using DFLUX subroutine for both jobs. The melting pool shape
and temperature profile were predicted. The results obtained from two
jobs match excellently with each other and are both in very good
agreement with the numerical results reported by Cheng et al. [5] as
shown in Fig. 5a and c. We also find that by using UMATHT it takes
approximately 2.7 times CPU time as long as by using Abaqus GUI to
input the material properties, but the use of UMATHT makes it possible
to define a material state change in further analysis from powder to
liquid and from liquid to solid (“P-L-S”) in order to represent the physics
of EBM process, which cannot be achieved by merely using Abaqus GUL
We then consider the “P-L-S” case in which solid properties were
assigned to the solid substrate via Abaqus GUI and powder properties
were assigned to the powder layer via UMATHT and a
solution-dependent variable (MAT_ID) was used to update the material
state. The simulation results are also in good agreement with the nu-
merical and experimental results reported in [5] as shown in Fig. 5b and
d.

Table 1

Parameters of Gaussian Heat Source taken from [5].
Parameters Values
Electron beam diameter, ® (mm) 0.55
Absorption efficiency, 0.9
Scan speed, v (mm/s) 632.6
Beam voltage, U (kV) 60
Beam current, I (mA) 6.7
Beam penetration depth, S (mm) 0.062

2.5 mm

f 0.07 mm
Powder Layer

10 mm
Solid Substrate

Bottom Face T = 730°C

Preheat & Ambient Temperature 730°C

Fig. 4. Three dimensional FE model for thermal analysis of EBM process with boundary conditions.
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Fig. 5. Temperature contour with melting pool shape and temperature profile along beam center scan pass. (a) and (c) Solid properties were assigned to the top layer
and the material heated by electron beam experienced a phase change from solid to liquid, and from liquid to solid (“S-L-S). The results obtained by using Abaqus
GUI and UMATHT are both in good agreement with the numerical results reported in [5]. (b) and (d) Powder properties were assigned to the top layer and the
material heated by electron beam experienced a phase change from powder to liquid, and from liquid to solid (“P-L-S™). The results obtained by using combined
UMATHT and DFLUX are in good agreement with the numerical and experimental results reported in [5].

Next, to verify the accuracy of AM Modeler, we consider another “P-L-
S” case where a Goldak’s double ellipsoidal heat source model was
employed to simulate the heat fluxes within the same FE model. The
parameters of Goldak’s heat model are presented in Fig. 3. An event
series for simulating the movement of electron beam was defined so that
the electron beam moves along the x-axis with a constant speed of
632.6 mm/s and the power amplitude was set to 200 W. A DFLUX user
subroutine was also developed to model the Goldak’s heat source for
comparison. The simulation results obtained from using AM Modeler and
DFLUX are in a very good agreement, as shown in Fig. 6.

4.3. Validation of FEM simulations

Having verified the accuracy of the proposed FE simulation tech-
niques, we then applied these techniques to model the EBM additive
manufacturing process of two 3D characters “AM”, as an example to
validate the capability of the proposed methods. In this case, user sub-
routine UMATHT was adopted to define the material state change of “P-
L-S” and AM Modeler was employed to define the deposition of powder
layers and Goldak’s moving heat source. In Fig. 7 we show the investi-
gated geometry with tool path of event series. The powder layers were
added sequentially on a solid substrate of 9.9 mm x 1.2 mm x 5.0 mm
(length x width x height). The powder part has a height of 4.2 mm
which is composed of 60 powder layers and each layer has a height of
0.07 mm. The element size of powder layer along the height direction is
set to 0.035 mm; in such a way, two layers of elements represent one
physical layer of powder. The powders elements were activated layer by
layer according to the movement of the recoater blade defined by a
“Roller” event series as the tool path shown in Fig. 7a. The deposition of
each powder layer was then followed by selective melting by electron
beam following the prescribed path as depicted in Fig. 7b.

Fig. 8 shows the FE snapshots of the EBM additive manufacturing
process at various step times. Blue in Fig. 8 represents a MAT _ID value of
0, which the indicates initial deposited powder layers. As the electron
beam moves along the prescribed path, the powder material located in
the path were heated by the electron beam and experienced a state

(a)
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Fig. 6. “P-L-S” simulation results by Goldak’s double ellipsoidal heat source
model predicted using DFLUX and AM Modeler. (a) Temperature contour with
melting pool shape indicated by orange in the inserted image and (b) temper-
ature profile along beam center scan pass. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article).
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(®)

Fig. 7. Tool path of event series for (a) progressive elements activation and (b) moving heat source.

(@)  Powder-Liquid-Solid

Powder

Time =12 s

Time=9s

(b)

Fig. 8. FE simulation demonstration for 3D printing “AM” characters. (a) FE snapshots of the EBM additive manufacturing process with distribution of MAT_ID value.
Red represents a Mat_ID value of 1, indicating solid, and blue represents a Mat_ID value of 0, indicating powder. (b) The final 3D “AM” characters object manu-
factured from the EBM process. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

change of “P-L-S”. The color of these materials was turned into red,
which represents a MAT _ID value of 1 and indicates these materials have
been solidified. Fig. 8b presents the final design of the 3D printed “AM”
characters object. The outer surfaces of the object are quite rough due to
the layer by layer nature of the deposition techniques and post-
treatments are usually needed for improving the surface quality of ad-
ditive manufactured metallic parts [24].

5. Conclusion

Within this study, we present the implementation of Abaqus user
subroutines and plugin tool for thermal analysis of EBM additive
manufacturing process. There are three main physical aspects during the
EBM process, which are moving heat source, material state change, and
material deposition. From a computational point of view, a few finite

element based simulation techniques are proposed to model these
physical aspects and simulate the EBM process. In specific, DFLUX user
subroutines are developed for modeling the moving electron beam heat
source, UMATHT user subroutines are programmed for modeling the
material state change and the use of AM Modeler plugin for integrated
simulation of moving heat source and depositing powder materials is
also detailed. The simulation results with the use of subroutines and AM
Modeler plugin were verified against existing numerical and experi-
mental data from the literature. The simulation techniques are then
applied to simulate the heat transfer phenomena in the EBM additive
manufacturing process of 3D printing of “AM” characters.

The simulation results demonstrate the capability of the proposed
simulation techniques. We only model Ti-6Al-4V alloy but the proposed
method can be extended to other materials readily. We conclude that the
simulation techniques developed within this work is a sufficient method
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for thermal analysis of the EBM additive manufacturing process. We
hope our efforts contribute to the enhancement of understanding of the
EBM process and provide helpful case studies and available source codes
for users either from academia or industry.

Data availability

The raw/processed data required to reproduce these findings are
available to download from [https://github.com/Dr-Ning-An/e
bm-abaqus].
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