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Abstract

Purpose — Selective electron beam melting (SEBM) is one of the popular powder-bed additive manufacturing (AM) technologies. The purpose of this
paper is to develop a simulation strategy for SEBM process to get data which are vital for realistic failure prediction and process parameters control
for real complex components.

Design/methodology/approach — Focusing on the SEBM process of tantalum, this paper presents a three-dimensional thermo-mechanical
modeling strategy based on ABAQUS and its subroutines. The simulation strategy used in this paper is developed for SEBM process of pure tantalum
but could be extended to other AM fabrication technologies and other metals without difficulties.

Findings — The simulation of multi-track multi-layer SEBM process of tantalum was carried out to predict the temperature field, the molten pool evolution
and the residual stress distribution. The key information such as inter-track molten pool overlapping ratio and inter-layer refusion state can be extracted
from the obtained molten pool morphologies, which are vital for realistic failure prediction and process parameters control for real components. The authors
finally demonstrate the capability of the strategy used by simulating a 2 mm x 2 mm x 10 mm lattice structure with total 200 layers.

Originality/value — The simulation of multi-track multi-layer SEBM process of tantalum was carried out. The key information such as inter-track
molten pool overlapping ratio and inter-layer refusion state can be extracted. The authors finally demonstrate the capability of the strategy used by
simulating a lattice structure. Not only temperature distribution but also stress evolution are captured. Our simulation strategy is developed for the
SEBM process of pure tantalum, but it could be extended to other AM fabrication technologies and other metals without difficulties.

Keywords Selective electron beam melting (SEBM), Additive manufacturing (AM), Multiple tracks and multiple layers simulation, Tantalum,
Lattice structure, Finite element method (FEM)

Paper type Research paper

1. Introduction Lattice structure material is composed of microstructures of
periodic architectures that include micro-truss assemblies. It
could be multifunctional, lightweight and easy to design (Evans
et al., 2001). Therefore, it has potential applications in medical
implants, spacecraft parts, engine parts and so on (Beyer, 2014;

Tantalum is a versatile refractory metal with diverse applications,
ranging from superalloys, capacitors and electronics, to biological
and medical applications. As tantalum has high melting point

(approximately 2980 C) and a high propensity for oxidation, its Lu et al., 2006; Tancogne-Dejean et al., 2018; Wong and
fabrication remains a challenge. The recently emerged additive Hernandez, 2012; Queheillalt and Wadley, 2005; Rahmani
manufacmring @‘ML however, provides a new solution to Fhe etal., 2019; Soro ez al., 2019; Dumas ez al., 2017; Vasiliev ez al.,
issues of fabrication of tantalum. Understanding and exploring 2012). The traditional manufacturing methods of lattice
the thermal process 'fmd resldual strf:ss evolution during AM materials mainly include investment casting, metallic wire
process of tantalum is crucial for failure control and process braiding, metallic wire assembly, superplastic forming and
optimization. The related studies on modeling of AM of extrusion (Pan er al., 2020; Wang et al., 2003; Wadley er al.,
tantalum are very sparse, albeit of a few experimental efforts using 2003). These methods have many obvious shortcomings
either selective laser melting (SLM) (Sing ez al., 2018; Thijs ez al., and limits in manufacturing lattice structure. Besides,

2013; Zhou et al., 2017) or selective electron beam melting
(SEBM) (Dong et al., 2019; Choi er al, 2009; Parthasarathy
etal.,2010; Herzog et al., 2016).
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time-consuming and cumbersome post-processing, resulting in
high energy consumption and low material utilization, is
inevitable. Comparatively, AM can produce complex structure
and has more adaptability and accuracy, which makes it very
suitable for manufacturing lattice materials.

As one of the typical powder-bed fusion AM technologies for
metallic components, SEBM is featured by low residual stress,
rapid fabrication speed and high energy efficiency. In addition
to vast efforts to use SEBM to fabricate various metals,
including titanium, stainless steel, aluminum, Inconel 718
and tantalum, numerical simulations, mainly finite element
methods (FEMs), have also been developed to model the heat
transfer and residual stress development during SEBM. Zih
and Lutzmann (2010) developed the FEM method to simulate
the SEBM process of stainless steel (316 L). Shen and Chou
(2012) built a FEM simulation framework based on the
commercial software ABAQUS to model the transient thermal
process of SEBM of titanium. Cheng and Chou (2015)
presented a two-dimensional thermo-mechanical coupling
analysis to predict the residual distortion of a Ti6Al4V
overhang structure. They also extended the simulations to
SEBM and SLM processes for Ti6Al4V and In718 (Cheng
et al., 2014; Cheng et al, 2016). Galati et al. (2017)
programmed several subroutines to model the energy source
and powder material properties for SEBM process, giving a
versatile and reliable SEBM simulation tool. In line with the
procedures of Cheng ez al. (2014) and Galati ez al. (2017), the
authors (An et al, 2021) described the finite element
implementation of both ABAQUS user subroutines and AM
Modeler plugins for thermal analysis of SEBM for Ti6Al4V.
For the state-of-art study on numerical simulation of SEBM,
see the review paper by Galati and Iuliano (2018). Denlinger
et al. (2017) described a three-dimensional finite element
model to predict the temperature, residual stress and distortion
in multi-layer SLM process. Li ez al. (2016, 2017) developed a
multi-scale modeling approach to predict residual stress and
distortion of SLM process. More recently, Yan et al. (2018)
reported in integrated simulation environment for SEBM
process of multi-track multi-layer, by merging discrete element
method for powder spreading and computational fluid
dynamics method for powder melting. Li er al (2018)
presented a thermo-mechanical model in the SLM process
considering the phase transition and volume shrinkage. In
addition, biological and medical applications of tantalum call
for the fabrication of cellular materials. Many scholars explored
the technological factors affecting the quality of some classic
lattice structures made by AM (Helou and Kara, 2018; Duan
et al., 2020; Yuan et al., 2017; Gorguluarslan ez al., 2016;
Helou ez al., 2016; Xiao et al., 2018; Dallago er al., 2019; Leary
et al., 20165 Sing et al., 2018; Li ez al., 2012; Xiao et al., 2019;
Warmuth ez al., 2016; Takezawa et al., 2018; Suard et al.,
2015). The SEBM process of cellular materials involves
complicated scanning strategies, and modeling of such a
process is untouched in literature, to the best knowledge of the
authors.

In this study, we model the SEBM process of multi-track and
multi-layer of pure tantalum. On the basis, we model the
SEBM process for lattice materials by exploiting the capability
of model change and progressive element activation. The paper
is organized as follows: the equations, methodologies and the
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parameters used in simulation are described in Section 2;
Section 3 provides the results for single track SEBM of
tantalum to give a better understanding of the molten pool
morphologies of tantalum and its influential factors; Section 4
gives the results of multi-track and multi-layer SEBM process,
with inter-track and inter-layer influences highlighted; Section
5 demonstrates the modeling of a periodic lattice structure
fabricated via 200 layers of SEBM process; finally, concluding
remarks and perspectives are given in Section 6.

2. Modeling

In this section, we will present the analyses that are used to
investigate the temperature and thermal stress distributions in
the SEBM process of multi-track multi-layer. First, we will
present the temperature-dependent thermo-physical properties
of both solid and powder tantalum. Then, we will focus on the
sequentially coupled thermal-stress analysis which is performed
by first conducting a transient heat transfer analysis for
predicting the temperature distributions in the structure and
then performing a stress/deformation analysis for the prediction
of thermal stress and deformation fields. Finally, we will outline
the implementation details of the analyses in ABAQUS
package.

2.1 Material parameters
One of the key issues associating with SEBM modeling is the
determination of thermo-physical properties of powders, which
are quite different from that of bulk solid. If experimental data
is available, then it can be used readily, but so far, the
experimental measurement of powder parameters remains a
challenge and the results are quite scattered. When no
experimental data is available, recourse is made to some
approximate theory to estimate the thermo-physical parameters
of powders by using the experimentally easily measurable
properties of solid materials. Here, we adopt the method by
Tolochko er al. (2003), which was originally proposed for
deriving conductivity of titanium powder from solid during
laser sintering. According to the model, the -effective
conductivity of the powder is composed of contributions from
radiation, %,, and from contact of powder particles, k., but the
contribution from convection is ignored in vacuum. X, is
approximated as:

by = 16,013 (1)

3

in which / is the mean free path which is set to the particle
diameter of powders, o = 5.67 x 10~ 8W/(m*K®) is the Stefan-
Boltzman constant and T is temperature. The conductivity
because of powder contact, k., is estimated as:

ke = Akpupx 2)
Here, A = /3, x = byecr /R is the relative size of contact necks
with b,,..., radio of contact neck and R radius of powder particle,
and k,,, 1s the conductivity of solid.

The density of powder is related to the density of solid via a
simple relation by considering the porosity effect and given by:
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ppowder = (1 _P)pmlid (3)
where p = 0.5 is the porosity of the powder and fixed as 0.5 in
the following analyses; p,ouqer and pyoq are respective densities
of the powder and the solid. The conductivity and the density
of the powders as mentioned above are plotted in Figures 1(a)
and 1(b) together with that of the solid materials. In simulation,
the material state, either solid or powder, is switched according
to a criterion 7 > T, and 4F < 0 with T, = 3,253 K. The
specific heat of powder is taken as that of the solid, as shown
in Figure 1(c). In addition, the temperature-dependent
mechanical properties such as Young’s modulus, yield stress
and thermal expansion coefficient of the solid tantalum taken
from literature (Shabalin, 2014; Powell ez al., 1968; Skoro ez al.,
2011; Skoro ez al., 2012; Tantalum, 2021) are also given in

Figures 1(d)—(f).

2.2 Thermal analysis
The thermal analysis of the SEBM process is governed by the
following transient heat transfer equation:

oT

(1) 57 (€))

ki V2T + Q = pipyc
where T'is the temperature, Q is the body heat flux and k1), pcry
and ¢¢py are thermal conductivity, density and specific heat as
function of temperature, respectively. In SEBM and other AM
processes, the body heat flux is the contribution of a moving
heat source, which is either approximated by a Gauss or Goldak
distribution. For the latter, it is given as (Goldak, 1985;
Fachinottiez al., 2011):

2 2 2
Jiexp 73(x :CO) 73(3} 2310)73(2 220) , x>t
6\/§P7] cr 7 a b
Q(x,y7z,t):ﬂ_ wab F X — xo)2 B 2 2 502
lexp(f’j( 20)73(3) 23)0)73< 0)>7 x <ot
c a b2
r T

)

Here, P = Ul, is power of heat source, U is the applied voltage,
I, is electron beam current, 7 is absorptivity of the material and
the four geometric parameters a, b, ¢s and ¢, represent the half
width, the depth, the front and rear length of the double
ellipsoidal heat source. In this paper, a= 0.25mm,
b=0.2mm, ¢f = ¢, = 0.25mm, 7= 0.8, fy = 2¢//(¢s + &), fr
2¢, /(¢ + ).

The heat transfer equation, equation (4), is supplemented by
boundary conditions. As shown in Figure 2(a), the powders are
typically put on the top of a solid substrate, whereby the heat
transfer equation is also invoked. For the bottom surface of
substrate, a fixed preheating temperature, 7, = 1,123 K, was
enforced during the manufacturing process, while a fixed
environment temperature, 7,,,, was assumed after the
completion of the part. The top and side surfaces of the system,
including substrate and powders, were enforced with radiation
boundary condition. The radiation condition is expressed as:

oT

9t 4 d
kan oe(T* — T2,

(6)

The ambient environment temperature, 7,,,, is set to the
preheating temperature, during the manufacturing process and
then to the room temperature upon the completion of the part.
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OT/On is the directional derivative of temperature along the
outward normal of the surface, o, is the Stefan—Boltzman
constant; € = 0.3 is the emissivity of material. The transient
heat transfer equation, equation (4), was solved by prescribing
initial conditions with the uniform temperatures of solid and
power all set to equal to preheating temperature 1,123 K.

2.3 Stress analysis

As mentioned above, the solid substrate, the printed part and
the surrounding powder are all considered in heat transfer
analysis. In contrast, only the substrate and the printed part are
considered in stress analysis, and the surrounding powders
are neglected. This assumption tremendously reduces the
computational cost.

Assuming the system is in the state of static equilibrium and,
furthermore, neglecting any body force such as the gravity, the
governing equation of mechanical equilibrium states that:

V-o=0 )
The total strain of a solid is split into three parts and expressed
as:

Ezaml: Ef‘jl+€$-l+€;" (8)

where osf-}7 eg»l and ez-jT- are elastic, plastic and thermal strains,

respectively. The linear relation holds for the thermal strain:
T _

€; = aATS; )

with « is the coefficient of thermal expansion. The solid was

assumed to be ideal elastic plastic, and the stress state is
dictated by:

when
when

o=Ee, €< €

€ > € (10)

0 =0,

where E is the Young’s modulus, ¢, is the yield strain and o; is
the yield stress. Plastic flow occurs when the calculated effective
stress o given below equals or exceeds the yield stress:

2
T= \/7—\/(‘711 —022)" + (022 = 033)> + (033 — o11)®  (11)

2.4 Implementation in software

The methodology is an extension of our previous simulation
method for titanium (An er al, 2021). User subroutines,
including DFLUX for moving heat source as well as
UMATHT for thermo-physical properties prescribing and
switching, were programmed and validated by solving some
benchmark problems. The layer-wise scanning strategy was
implemented by writing an input file for ABAQUS. The
powerfulness of pre- and post-processing of commercial
software, in together with some specific functionalities, such as
model change and progressive element activation, was
exploited to develop a strategy to model SEBM process of
multi-track multi-layer without interruption of running of
ABAQUS. This was realized by programming Python scripts to
execute these capabilities. The whole simulation domain for
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Figure 1 Thermo-physical properties of solid (Shabalin, 2014; Powell et al., 1968; Skoro et al., 2011; Skoro et al., 2012; Tantalum, 2021) and powder

tantalum materials
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properties of specific heat, Young’s modulus, yield stress and thermal expansion coefficient of solid tantalum materials, respectively
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Figure 2 Simulation of a single track scanning
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both thermal and mechanical analysis, including the substrate,
the solid part to be melted and the powders surrounding the
solid, was constructed and meshed once. The layer-by-layer
fabrication process and the layer-by-layer simulation of
temperature field were realized by “MODEL CHANGE. This
element birth and death technique is fully exploited here to
model the AM process. When the thermal analysis is
completed, a keyword *ELEMENT PROGRESSIVE
ACTIVATION is used to change the full model including both
solid and powder for thermal analysis to a mechanical model
which only has the solid part. All the codes and files used in this
paper can be found at https://github.com/X]JTU-Zhou-group/
ABAQUS-Codes-for-AM-Process-of-Tantalum.

3. Results of single-track selective electron heam
melting process

Figure 2(a) gives the schematic of the computational model for
the single-track SEBM process. A thin layer of tantalum
powder with thickness 0.05 mm is spread on the top of a solid
substrate with dimensions 4.2 mm X 2.1 mm X 2 mm. Also
inserted in Figure 2(a) is the meshing used for simulation, and
the zoom-in picture shows the local refined meshing adopted
in the powder layer. In Figure 2(a), the boundary conditions for
the transient heat transfer equation, equation (4), are also
shown schematically.

Figure 2(b) shows the predicted morphology and sizes of the
molten pool with beam power 600 W and scan speed 1,000
mm/s. Figures 2(c) and 2(d) plot the temperature distribution
in the neighborhood of the moving heat source under various

Volume 29 - Number 2 - 2023 - 232-245

electron beam powers and scanning speeds, respectively. It can
be seen that on the both sides of the peak temperature, there are
two plateaux which correspond to melting of the tantalum
powder and solidification of the liquid. The plateau on the left
is more obvious. In addition, the peak temperature increases
with the increase of power or decrease of scanning speed.
Figure 2(e) presents the predicted sizes of molten pools under
various electron beam powers, for example, 480 W, 540 W,
600 W, 660 W and 720 W, with the scanning speed 1,000 mm/s.
Figure 2(f) gives the sizes of molten pools under various scanning
speed with the beam power 600 W. Figures 2(e) and 2(f) indicate
that, with increase of power or decrease of scanning speed,
the length, width and depth of the molten pool all increase. The
simulation results in Figure 2 for the SEBM process of single
track lay a foundation for the following multi-track multi-layer
study.

4. Results of multi-track multi-layer selective
electron beam melting process

Figure 3(a) shows the schematic of the computational model of
SEBM process of multi-track multi-layer. The model was
constructed with a substrate 4 x 4 x 2 mm and two layers of
powders each with thickness 0.05 mm. The scanning area is
2 x 2 mm. The scanning strategy is inserted in Figure 3(a). The
scanning speed is 1,000 mmy/s and the source power is 600 W.
After the first layer is printed, there is 10 s cooling period to
account for the powder deposition of the second layer and allow
the temperature become uniform and reaches the preheating
temperature 1,123 K. After the second layer is printed, the part

Figure 3 Computational model of multi-track multi-layer selective electron beam melting of tantalum
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gradually cool down to the room temperature. Note that the
size of computation domain is larger than the size of scanning
area, implying that the part as-fabricated is surrounded by
powders. Figure 3(b) gives the top view of the multiple
scanning tracks. In all, ten sample points at the midpoints of ten
tracks are marked by crosses and are analyzed in details in the
following discussions.

Figures 4(a) and 4(b) present the thermal history curves of
the ten sampling points on the first layer and the second layer,
respectively. For each sampling point, the temperature steeply
increases to the maximum value once the moving heat source
reaches the point and decreases gradually and levels off
eventually when the heat source leaves. Because of the rapid
heating, no temperature plateau is observed during the heating
period. But the solidification plateau is still obvious. For a
typical thermal history curve, besides the major peak, there are

Volume 29 - Number 2 - 2023 - 232-245

still two minor peaks on two sides of the major peak which
indicates that the current point will be heated when the moving
source pass the midpoints on the adjacent tracks.

A close look at the curves in Figure 4(a) finds that the peak
temperature increase with the track number at first because of
the cumulative heating effect of previous tracks. But it almost
reached a steady state after the fifth track. The curves in
Figure 4(b) have the similar trend as those in Figure 4(a) but
reach higher peaks as compared to the corresponding track
sequence in Figure 4(a). The reason can be explained as
follows. In this computational model, the thickness of the
substrate is only 2 mm which makes the temperature gradient
and the conducive heat flux towards the substrate bottom very
large. During the printing of the second layer, the substrate
thickness is increased by a powder layer thickness which
increases the conductive thermal resistance towards the

Figure 4 Thermal history curves of the sample points at the midpoints of all tracks on the two layers
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238



Modeling SEBM process

Rapid Prototyping Journal

Mingkai Yue, Meie Li, Ning An, Kun Yang, Fian Wang and Finxiong Zhou

substrate bottom and results in higher peaks. For the
parameters used herein, the minor peaks of the tracks 5, 6, 7, 8
and 9 for the second layer reach the melting point of tantalum
(3,253 K).

Figure 5 presents the morphologies and the sizes of molten
pools extracted at the ten sampling points. The sizes of the
molten pool increase at first with the scanning track number

Volume 29 - Number 2 - 2023 - 232-245

and then level off after the fourth track. Accordingly, the inter-
track molten pool overlapping ratio increases with the scanning
track number and reaches about 100% for the last several tracks
in the second layer. As shown in Figure 5(b), the molten pool
depth levels-off around 0.1 mm, implying that for the
conditions considered here, the two layers can fuse well along
the thickness direction.

Figure 5 Predicted molten pool morphologies and sizes of multi-track multi-layer selective electron beam melting process extracted at the sampling
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When the transient heat transfer problem is solved and the
temperature of each node is obtained, a sequential coupling
scheme is adopted, and the temperature of each node is imported
as thermal load to calculate the deformation and the stress
distribution in the solid. An ideal elastic-plastic material law was
assumed for the solid, while the powders surrounding the printed
part were neglected in the stress analysis. Figure 6(a) illustrates
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the coordinate system and three paths along which distances are
measured and stress curves are plotted. Figure 6(b) shows
contours of von Mises stress, stress in X-direction (S11) and
stress in Y-direction (S22). Figure 6(c) plots the residual stress
profiles along three paths. It can be seen that the stresses in the
region of the substrate around the part is larger than other
regions. For the printed part, the center experiences larger

Figure 6 Predicted residual stress distribution when the printed part is cooled down to room temperature
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stresses than the edges because the edges have less constraints. As
shown in Figure 6(c), the maximum stresses appear in the region
nearly beneath the surface. For the residual stress components
S11 and S22 in Z-direction, the stress is tensile in the upper part,
then it decreases gradually and turns to compressive stress
towards the substrate bottom. This residual stress distribution is
consistent with the experimental results (Mercelis and Kruth,
2006) in the trend.

5. Modeling selective electron beam melting of a
lattice structure via multi-track multi-layer
fabrication

On the basis of the above-mentioned single track and multi-

track multi-layer results, we now turn onto the SEBM
fabrication of a cellular lattice structure. The experiments of

Figure 7 Schematic of a periodic lattice structure and the scanning strategy
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such structures are very common, while the numerical
simulation of such a complex process is very spare. Figure 7(a)
gives a periodic lattice structure comprising 5 x 5 x 5 BCC
unit cells with dimensions 2 mm x 2 mm x 2 mm as shown in
the figure. So far, it is prohibitive to model a structure with
dimensions 10 mm X 10 mm x 10 mm in Figure 7(a). Because
of the periodicity of the problem, we only model a part of
the structure but with proper conditions. More specifically, we
make use of periodicity in X- and Y-directions and enforce
periodic condition but model the real dimension in Z-direction.
The scanning strategy of such a lattice structure should be
carefully designed in a layer-wise fashion. Figure 7(b) shows
the scanning strategy for a BCC unit cell. During various stages
of SEBM process, the areas to be melted within different layers
are different, marked by 1, 2, 3 and 4 in both iso-view and top
view in Figure 7(b). In real simulation, a solid substrate was

(b)

Notes: (a) A 10 x 10 x 10 mm?® lattice composed of 5 x 5 x 5 unit cells in three directions. each
unit cell has dimensions 2 x 2 x 2 mm?®. (b) the iso-view and the top view of the scanning strategy

for the BCC unit cell
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also incorporated. Figure 8(a) gives the result of thermal
analysis corresponding to an instant of time, ¢t = 107.525s,
when the heating process of the tenth powder layer ends. For
the purpose of better view, two contours with and without
powders are given together. Figure 8(b) presents the
evolution of stress during the fabrication process. Only the
solid part is shown here. The instants 410.08 s, 810.16 s,
1,210.24's, 1,610.32 s and 2,010.40 s are corresponding to
the moments when the first, second, third, fourth and fifth
unit cell are completed. The modeling of such a complex
structure is time-consuming and a tedious task, which runs
over 500 h in a supercomputing cluster with 28 CPUs. It is
also an excellent example of the numerical technique
developed in this paper for the multi-track multi-layer
SEBM simulation.

Volume 29 - Number 2 - 2023 - 232-245

6. Concluding remarks

Tantalum is a refractory metal with diverse applications. AM
provides an alternative to the conventional fabrication
technologies. Experimental efforts of AM of tantalum by using
the popular powder bed-based methods, either SLM or SEBM,
have been carried out, and the effectiveness and versatility of
AM for tantalum have been demonstrated. No efforts,
nevertheless, have been devoted to the numerical simulation of
AM of tantalum, to the best knowledge of the authors.

Focusing on the SEBM AM technology, this paper presents
finite element simulation of SEBM for tantalum. We firstly
describe our implementation of modeling methodology and
technique. We present the result for single track scanning
simulation to have an understanding of the influence of
scanning power and speed on the morphology of melting pool

Figure 8 Simulation of a tantalum lattice structure fabricated via selective electron beam melting with multi-track multi-layer
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the selective electron beam melting process of a lattice structure
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of tantalum. Then the study is focused on the results of multi-
track multi-layer SEBM process. The key information such as
inter-track molten pool overlapping ratio and inter-layer
refusion state can be extracted from the obtained molten pool
morphologies, which are vital for realistic failure prediction and
process parameters control for real components. The predicted
residual stress distributions agree with the experimental results
given in literature in trend. With the help of developed
simulation strategy and the powerfulness of commercial
software, we finally demonstrate the SEBM manufacturing of a
lattice cellular structure. The scanning path is carefully
designed in a layer-wise fashion and tailored to meet the
structural variations for different layers. Not only temperature
distribution but also stress evolution are captured in a layer-by-
layer dynamic scenario. Our efforts shed light on thermal and
residual deformation control of AM products. The simulation
strategy we develop here can be modified and extended
straightforwardly for other AM technologies such SLM. We
also publicize the data and codes for simulation, hoping to
contribute the community and facilitate interaction between
academia and industry.
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