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Abstract

In this work, an improved but still rather simple computational analysis is presented for a more
detailed prediction of Electron Beam Melting (EBM) process outcomes. A fully coupled
thermomechanical analysis is developed in which nonlinearities due to the variation of material
properties when the material melts are included. A new analytical approach is developed to emulate
the volume variation of the powder bed during heating and melting. Particularly, the expansion of the
powder particles and the porosity reduction within the powder bed are considered simultaneously.
The thermal expansion and the shrinkage of solid material during heating and cooling and the stress
formation within the solid material are also modelled. The model can predict the geometrical
transformation of the powder into solid material in an efficient way. A comparison between
experimental and simulated cross-sectional areas of melted single lines is presented. Both continues
line melting and fractional line melting, multi beam melting, are considered. The model shows a good
ability to provide consistent and accurate forecasts. The maximum deviations between experimental
and numerical results are approximately 15% for the height and 5% for the width of the melted lines,
respectively. A comparison with a pure thermal model is also included, and benefits and differences

between the two models are discussed.
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1. Introduction

Electron Beam Melting (EBM) is a metal powder bed fusion (PBF) additive manufacturing (AM)
process in which an electron beam (EB) is used as heating source [1]. Unlike other metal powder bed
AM processes, EBM is used for mass production in several fields. Especially for materials for which
traditional manufacturing technologies have problems related to high melting temperatures and high
oxygen affinity [2]. For instance, titanium [3-8] and its alloys [7] are of particular interest for EBM.

The EBM process consists of different steps. After the powder layer distribution and before the
melting phase, the powder bed is preheated uniformly by a number of beam passages at high beam
current and high scan speed to increase temperature [9], e.g. up to 700°- 800° C for Ti6Al4V and up
to 1050° for Ti48AI2Cr2Nb. The aim of the preheating step is mainly to pre-sinter the powder
particles. Thus, the spreading of the powder during the melting phase is avoided [10] and the thermal
gradients between the melting area and the surrounding are decreased. During the melting phase, the

contour of the part is typically melted using a MultiBeam™ strategy [11, 12], while the inner area is



melted using a continuous line hatching mode [12]. After the melting phase, an additional step, called
postheating takes place [13]. In this step, the layer can be either cooled down or further heated
depending on the total amount of energy supplied during the previous steps. Since the sintered powder
has a certain strength [14], parts can be easily nested and the number of down-facing surfaces that
require support structures during the process is reduced [15]. The whole process takes place under
vacuum. The different heating steps and the vacuum environment assure high temperatures and low
thermal gradients during the process. For this reason, EBM—processed parts can be used without any

stress-relieving operation [16].

Since the EBM technology is an AM technology used for mass production for aerospace and medical
applications [15], the technology is attracting a lot of research activities. Particularly, EBM process
optimisation is of interest [17]. Today optimisation of the EBM process parameters is mostly based
on experimental trial and error methods. However, to enhance the reliability of the process, several
studies have been focused on developing models with different levels of complexity [10]. Due to the
significant high computational costs and limited access to commercial codes, many researchers [18-
28] are considering the finite element (FE) methodology as the most practical choice to simulate the
EBM process. Most of the FE models presented in the literature have considered thermal aspects only
[18-25]. Thermomechanical models have been introduced [27, 28], but only for considering thermal
stress and part distortion that occur during the cooling phase. Riedlbauer, Steinmann and Mergheim
[26] studied the performance of two different algorithms for solving a simplified mechanical problem
in which e.g. latent heat effects and powder density changes were not included. Such effects need to
be accounted for when predicting the size of the melt zone and the subsequent formation of melt
tracks. In addition, due to the lack and the problems of in-situ monitoring [25], experimental
validations are seldom performed. Instead, the numerical models were validated using measurements
from Selective Laser Melting, Selective Laser Sintering or Electron Beam Welding processes [20,
27, 28] or only numerically verified [26]. In [20, 28], the difference between the calculated melt pool
widths and the experimental ones fabricated by EBM was up to 50%. To reduce the differences
between numerical and experimental outcomes, tuning coefficients were used to calibrate the models.
Some of these coefficients have been used to emulate for instance the absorption efficiency of the EB
energy source [19, 24]. Although the match between experimental and numerical values was
improved, the applicability of these models may be limited to certain materials, powder fractions and

process settings only.

In this work, an improved but still rather simple computational analysis is presented for a more
detailed prediction of EBM process outcomes. A fully coupled thermomechanical analysis is

developed in which nonlinearities due to the variation of material properties when the material melts



are included. The thermal expansion and the shrinkage of solid material during heating and cooling
are modelled together with the stress fields formed within the solid material. A new analytical
formulation is introduced to model the powder bed behaviour during the heating. Additionally, the
porosity reduction and the shrinkage of the powder layer during the melting phase are considered
simultaneously. The model is validated by comparing experimental and numerical results for
Ti6AI4V. Single lines are melted using both continuous and MultiBeam™ strategies. To evaluate the
accuracy of the model, the calculated widths, heights and areas of the melted lines cross-sections are
compared with micrographs. A comparison, in terms of temperature distribution, melt pool geometry
and time of calculations between the thermomechanical model and a pure thermal model are also

presented.

2. Modelling

2.1 Thermal model

The numerical modelling has been based on the fundamentals presented in [29], in which a 3D local
scale model of the EBM process was used to consider thermal aspects. The thermal model used a
novel analytical model for the energy source and another model for emulating the thermal properties
of the powder. Monte Carlo simulations were used to develop the analytical energy source that
mimics the EB impact on the powder surface. From these simulations, it becomes possible to replace
the beam size with an effective beam diameter De that mimics the electron distribution at the surface.
On the powder surface, the model of the energy source was defined as a uniform heat distribution on
a circular area in which a coefficient n, including Dg, was used to couple the electron beam size with
the uniform heat source. The powder bed was modelled as a continuum, in which the thermal
properties depended on the average size of the particles and the powder bed porosity ¢. The analytical
models for both the powder and the solid material were developed from the corresponding
temperature-dependent bulk material properties [29]. The thermal transfer in the powder bed
considered both thermal radiation in the pores and the heat transfer through the powder necks that are
formed during the preheating [29]. The specific heat and the latent heat of fusion of the powder bed
were assumed to be equal to those of the solid bulk material [19, 20, 30, 31].

For each node of the model, a variable MAT _ID was used to indicate the material state. The material
state of the powder bed was defined as "powder" (MAT _ID=0) before the melting point and as "bulk"
(MAT_ID=1) after the melting point has been reached. The bulk material state (MAT_ID=1) was
used for both the liquid state and for all the solid material in the model. For a detailed description of

the basic thermal model, please see [29].



2.2 Coupled thermal and mechanical model

To consider a fully coupled thermal and mechanical analysis, the pure thermal model has been
updated with temperature and material state-dependent mechanical properties. The following material

properties have been modified or added to the model:

— Density

— Coefficient of linear thermal expansion (CTE)
— Young modulus

— Poisson ratio

— Annealing temperature

From a macroscopic point of view and for the typical powder size distribution for the EBM process,
the apparent density of the preheated powder bed can be approximated to 68% of the solid material
[23]. The porosity ¢ is then equal to 0.32 [32]. This means that the mass of a volume Vo in which the

powder is contained is equal to 68% of the corresponding solid material.

Considering the single powder particle, during the heating phase, the particles increase their
temperature. An increase in temperature leads to an increase in the volume of the particle up to
complete melting. During the heating, the expansion of each particle will fill partially the porosity of
the powder bed. After the melting point, however, the melted particles should fill completely the

residual porosity of the powder bed, to obtain a fully dense material.

To model the behaviour of the powder bed during heating, at the macroscopic scale, a balance
between the following two phenomena should be considered: 1) the thermal expansion of the single
powder particles; 2) the changing of the porosity of the powder bed. As the powder bed has been
modelled as a continuum, the powder bed proprieties are obtained under the following hypotheses.

— no thermal stress is generated in the powder. This means that thermal expansion within the
powder bed is completely free up to the melting point. Therefore, the particles can expand
their volume freely and the heat transfer by conduction increases.

— in any transition phase, the total mass is preserved. This means that the mass in a specified

volume does not change when the particles are expanding or shrinking.

The first corollary of the hypotheses allows for defining the volume variation by means of two
contributions. The first one represents the increase of the volume due to the thermal expansion of the
powder particles during the heating. The second one describes the volume lost due to the reduction
of the distance between the powder particles and the melting of the powder that in turn decrease the

porosity of the powder bed.



8V =68V, + 6V, = (1 — o(T))Vagyx6T — p(TIV (1)

Here V is the volume where the powder is contained, T defines the variable temperature, ¢ (T) is the
temperature-dependent porosity and agy.x IS the thermal volumetric temperature expansion
coefficient of the bulk material. The term (1 — @(T))V represents the temperature-dependent
quantity of the total volume occupied by powder. It should be noted that the powder particles are

expected to expand their dimensions according to the bulk material properties.

Considering that Equation 1 states a total volume variation due to thermal effects, it is possible to

define a pseudo volumetric temperature expansion coefficient «, that emulates the powder bed

behaviour below the solidus temperature.

T
Ay = (1 - (P(T))aBULK - %

Here ¢ (T) is defined as a linear function for which the porosity is equal to 0.32 at the preheating
temperature and zero at the melting temperature. Because of that, the density of the powder bed which
was already defined as a variable of the material state has been modelled to satisfy the second
hypothesis. Therefore, the density of the powder is modelled as a linear function as well. The initial
density of the preheated powder bed is set equal to the apparent density, while the density of the
powder bed at the melting point is calculated to have the same mass as the powder but in a smaller
volume. This volume is calculated by assuming zero porosity at the solidus temperature.
Consequently, the density of the powder bed at the melting temperature is somewhat higher than the
corresponding density of the bulk material at the same temperature. In the model, @, has been
implemented as a mechanical property of the powder material. The Young’s modulus has been
expressed as a function of the porosity considering the findings presented in [33, 34], while Poisson’s
ratio has been assumed to be temperature-dependent only [27, 35]. The annealing temperature has
been set equal to the solidus temperature, Ts,;iqus. t0 Satisfy the first hypothesis. Figure 1 depicts the
effect on a powder bed of Ti6AI4V when the presented formulations have been implemented. While
the beam is heating the powder, the volume of the powder bed slightly reduces. When the temperature
achieves the melting point the material state changes from powder to bulk (blue to red in Figure 1),
and above the melting point, a pure thermal expansion takes place. Gradually, even the surrounding

material is affected by the heat transfer and properties are updated according to the temperature.
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Figure 1 The modelled macroscopic effects obtained when heating the powder bed with the EB source. In the upper figure, the value
of the material state variable is displayed, whereas in the lower figure the corresponding temperature distributions are shown. The grey
part represents the solid substrate previously melted.

As for the pure thermal model, the material properties from powder to bulk material are updated

according to the material state variable MAT _ID [29]. The update of MAT _ID works as shown in

Figure 2.
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Figure 2 Workflow of the management of the material properties

3. Numerical model implementation

3.1 Model configuration

The overall modelling strategy reproduced the EBM process by simulating the melting of single lines.
Both continues line melting and MultiBeamTM melting were considered. The FE fully coupled
thermomechanical model was implemented in Abaqus/Standard. The model consisted of a substrate



of solid bulk material and one single layer of powder material. The thickness of the solid substrate is
9.95 mm and, to reduce the calculation time, 2D shell elements were used at the bottom whereas 3D
solid elements were used elsewhere. The thickness property of the shell elements was set to 9.4 mm.
The different regions between the elements are fused together by a tie constraint [36]. In the proximity
of the heat flux, a fine element size equal to 0.050 mm was used (Cf. Figure 3). The initial temperature
was set equal to the preheating temperature T, .cpeqc- The Same temperature was used for the adiabatic
boundary conditions on all surfaces except the top surface. On the top surface, heat losses due to
radiation were computed using the user code FILM. The melting of a single line was simulated by
moving the EB source along the x axis (Cf. Figure 3) at a fixed scan speed for a predefined distance.
A specific user code (DFLUX) controlled the EB movement. The material properties, as updated
according to the workflow in Figure 2, are managed by the user codes UMATH and USDFLD. As
far as the mechanical boundary condition was concerned, all the geometric degrees of freedom on the
bottom of the model have been constrained to simulate the adhesion to the build plate. Figure 3 depicts
the general model with the heat load and the boundary conditions. The overall dimensions of the

model in Figure 3 are 4x5x0.60 mm®.

Radiation

B 3D Elements (Powder)

33D Elements (Solid substrate)
— Tied Area
— Shell Elements

Constrained Elements

Figure 3 FE model configuration and boundary conditions

The thermal energy balance problem was solved fully coupled with the mechanical problem as a
function of both space and time. Latent enthalpy effects were included by calculating, for each time
step, the fraction of liquid in the system. Then, the energy density was updated with the amount of
the latent heat of fusion as well. The structural analysis for the mechanical problem considered that
the total strain tensor ¢ is a superposition of the three contributions: elastic strain, plastic strain and
thermal strain, respectively. The approach adopted followed the mechanical definitions reported in
[35].



The material Ti6Al4V was considered for the analysis. The bulk material properties were collected
from [28, 31, 35, 37-39]. In Table 1, a summary of the data used to calculate the powder material

properties is presented.

Material Properties

Density at 293 K [kg/mm3] 3.93
Solidus Temperature [K] 1,873
Liquidus Temperature [K] 1,928
Average particle size [um] 75

Table 1. Material properties.

3.2Model validation
The validation of the model has been carried out by comparing experimental and numerical results.
Several single melted lines have been simulated by varying the scanning strategy and the scan speed.
The inputs for the simulation are listed in Table 2. The parameters are a part of the full factorial DOE
plan used for the validation of the pure thermal model [40].

Simulation Parameters

Toreneat [K] 923 923
Troom [K] 923 923
Layer [mm] 0.05 0.05
Beam Current [mA] 5 5
Beam Diameter[mm] 0.318 0.318
Acceleration Voltage[kV] 60 60
Heat Flux [W/mm?] 788.56 788.56
v [mm/s] 450 650
Number of spots for the MultiBeam™ 70 70
Time-space between two subsequent jumping 0.7 0.7

points for the MultiBeam™ [ms]

Table 2. Simulation inputs and process parameters for both MultiBeam™ and continuous line melting.

Both the width and the height of the cross-sections of the simulated melted lines were used for the

comparison.

The samples were produced using an Arcam Q10 system with standard Arcam Ti6Al4V powder. The
average of the particle size was 0.075 mm. The layer was fixed to 0.050 mm. The geometry of the
samples was a parallelepiped with the length, the width and the height equal to 105 mm, 12.5 mm
and 10 mm, respectively. On top of this geometry, additional single layer perimeters were melted.
The dimensions of the perimeters are 5 mm x 10 mm and they are constituted by a single contour.



Each sample geometry has on the top 11 separate perimeters. The perimeters were melted with

different process parameters. Figure 4 depicts one example of the produced samples.

Figure 4 Example of the produced samples

In [40], a light microscope was used to measure the width of the melted lines. For each side of the
longer edges of the perimeter (C.f. figure 5-a, “right” and left”), seven widths were collected at
distinct positions (Figure 5-b) to consider the actual line shape and its non-uniformity. In this work,
the samples have been cut parallel to the longer side of the specimen and both the width and the height
of the melted line have been measured on the cross-sections by light microscope as showed in Figure
5-C.

-181.
342.322

Figure 5 (a) An example of a microscope picture of the top view of a single perimeter; (b) magnification of one side of the perimeter
and the measured widths; (c) cross-section of the melted line including measurements of width and height.

4. Result and Discussion

4.1 Cross-sections
Figure 6 and Figure 7 display experimental and numerical cross-sections of the MultiBeam™ and the
continuous melted lines. The figures also show examples of top views of the experimentally melted
lines. As can been seen, there are rather large variations of the cross-sections and of the form of the
melted lines. In [40] the widths of the lines were measured at several points along the lines as in
Figure 5. This approach was used for several lines melted with the same process settings, and a



detailed statistical analysis was performed. Below each top view in Figure 6 and Figure 7 the average
values of the widths as obtained in [40] are included. These values are more representative measures
than the rather few values obtained from the cross-sections. For practical reasons, similar statistical
analysis as in [40] will not be possible for the cross-sections. However, the results from the cross-
sections are believed to serve as good indicators of the melt track profiles and they provide useful

information when comparing the experimental and the numerical results.

For MultiBeam™ (Figure 6) there is a variation in the cross-sections along the melt track that depends
on the fractional melting of the line. The melted track consists of several short line segments that are
equal to the beam speed times the spot time. Therefore, this melting strategy causes a variable melt
pool geometry in which its cross-section, at the beginning of the short line, is smaller than at the end
of the line. To account for the differences in the cross-sections, the numerical cross-sections have
been collected at two different locations of the simulated line. The total length of the simulated line
consisted of three multi beam line segments. The simulated cross-sections to the left in Figure 6 are
close to the end of the second line segment whereas the ones to the right are obtained at the middle
of the third line segment. When comparing the results between the calculated values and the simulated
cross sections the model shows a good ability to predict the height of the melted line, while the width
of the melted track is slightly underestimated. When comparing the average melt widths from [40]

with the calculated melt widths the results are more similar.

As can been seen, there is a pronounced difference in height between the simulated cross-sections.
This seems to be supported by the experimental results as well. However, it must be noted that the
exact locations of the experimental cross-sections are not known. As will be discussed in Concluding
Remarks a more detailed investigation of both experimental and simulated MultiBeam™ melting is
planned. Here, the reason is assigned to the different cooling and heating sequences that take place.
When the beam has melted one short line it jumps away and stays away for 69x0.7ms, which is the
number of activated spots minus one multiplied by the time for each short line (spot time in Table 2).
Then the beam comes back and starts to melt the subsequent line segment. For the higher speed, less
line energy has been deposited. Thus, the underlying substrate has become less heated and therefore
there are larger distortions. Since the beam jumps away there is no additional energy for relaxation
as in the case of continues line melting. Then, when the beam comes back to a position close to the
point where there are large distortion different things could happen. If there is enough energy
supplied, the distortion may relax, or re-melt, and the height may become lower. But if the energy is
lower the distortion may become unaffected, or the increase in temperature may enhance the

distortion and thus the height may become higher.



In the case of continuous line melting (Figure 7), the experimental cross sections for the higher speed
are quite constant. For the same speed, the numerically melted line showed a cross-section that
matches the experimental results rather well. However, the width of the line seems to be a bit

overestimated when compared with the average value from [40].

For the lower value of the scan speed, the variations of the experimental cross-sections are rather
drastic. The reason behind this phenomenon is not known. Presumably, these cross-sections indicate
that there are variations in the powder layer thickness over the surface of the samples. However, the
simulated height is in the same range as the average experimental height although the width seems to
be overestimated. In this case, the simulated width compares well with the average value from [40].

The maximum deviation between the experimental and the numerical results was about 15% for the
width and below 5% for the height of the melted line. When estimating the maximum deviation, the
experimental cross-sections with a height lower than the layer thickness and a width smaller than the
beam diameter (0.318mm) were excluded. The reason for excluding them is that they are not
representative for lines melted with a layer thickness of 0.05 mm.

650 mm/s
Cross sections 200 um Lop view

104I

verae width
450 mm/s 369 um [40]
Cross sections Top view
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Figure 6 Experimental and numerical cross-sections in the case of MultiBeam™ melting. The values below the top views are the
average melt widths obtained in [40].
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Figure 7 Experimental and numerical cross-sections in the case of continuous line melting. The values below the top views are the
average melt widths obtained in [40].

As a final comparison between experimental and simulated cross-sections the total melted area above
the substrate is considered. Since the variation of the experimental cross-sections is rather large, the
same cross-sections as used for estimating the maximum deviations for the widths and the heights
were considered. The experimental and the simulated areas were measured in Illustrator CS6 Version
16.0.0 by cutting the image at the level of the substrate and then by calculating the number of pixels

having a pixel value above a threshold. The measured areas are reported in Table 3.

Process Parameters Experimental Numerical
Area Area
[10%um?] [10%um?]

Multibeam

650 mm/s 38.62 28.16
31.18 13.87
23.52

450 mm/s 17.94 18.21
21.68 14.38
25.00

16.69



Continuous

650 mm/s 11.16 18.21
12.84
10.03

450 mm/s 14.71 18.67
16.29

Table 3. The total melted area above the substrate.

The deviations between the experimental and the numerical measurements of the areas are below
30% for the MultiBeam™ melted lines and below 15% for the continuous melted lines. These
deviations are somewhat larger than the deviations obtained for the width and the heights. It is notable
that the detected deviations are comparable to the area of a single particle. Thus, the deviations are at
the margin of what can be expected, since dynamical effects such as absorption of particles into the

melt volume [29, 41] are not accounted for in the model.

4.2 Comparison between thermal and thermomechanical models

The fact that the thermomechanical model captures geometrical changes that take place when melting
the powder layer makes this model superior when comparing with the pure thermal model in
[40].However, it is interesting to compare the thermal response of the two models in detail to establish
differences and underpinning causes. To do so the numerical results of continuous line melting were

compared.

In Figure 8 the experimental and the calculated widths of the melted lines are displayed. The blue
points represent the experimental measurements at 450 mm/s and 650 mm/s, respectively, while the
red points are the corresponding averages. The black squares and triangles symbolize the numerical
results for the thermomechanical and the pure thermal models, respectively. Numerically, for both
models, MAT _ID was used to identify the width of the simulated melted line. The top views of the
thermomechanical simulations are also displayed in Figure 8, overlapping the experimental results.
As can be seen, the maximum deviation between experimental and numerical results is obtained for
the thermal model for the line melted with 450 mm/s. This difference is outside the experimental error
bars whereas the results obtained with the thermomechanical model are all within the variability of
the experimental data. For 450 mm/s the thermomechanical model emulated a certain irregularity of
the melted line width. This is due to the change of material properties that causes different shrinkages
along the line. The irregularity is represented by a dispersion of the width of the simulated line (See
the black interval bar in Figure 8). Similar irregularities were not observed with the thermal model
for the same speed. For 650 mm/s the irregularity is within the melted zone and closer to the centre
of the line (See the green area of the simulated line). Again, the pure thermal model did not display



the same effect. If there are similar thermal irregularities in the experimentally melted lines is not
possible to view. Presumably, fluid dynamic effects will prevent such small geometric irregularities
along the border of the melted line and maybe reduced thermal irregularities within the melt pool as

well.
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Figure 8 Comparison between experimental and calculated measures in the case of continuous line melting. Experimentally melted
lines are displayed together with the results from the thermomechanical model.

The temperature distributions calculated with the two models are displayed in Figure 9. Below the
liquidus temperature, the models provided quite similar results. However, above the liquidus
temperature, the models predict somewhat different temperature distributions. This is due to the
differences in heat transfer that arise as a result of the thermal expansion of the material.

Clearly, the thermomechanical model forecasts somewhat longer melt pool life and higher peak

temperatures than the thermal model.

The longer melt pool life is explained by the amount of material behind the melt pool that has changed
its state from powder (low conductivity) to solid (higher conductivity). For the thermomechanical
model the changes in volume that are not present in the thermal model increase this amount of
material, and since the material acts as a heat sink the lifetime of the melt pool will increase.

The higher temperature peak for the thermomechanical model is somewhat contradictory to the above
explanation about the melt pool lifetime. Now, the higher peak is explained by a difference in heat
transfer between the models at the front of the melt pool. For the thermomechanical model, the
distance between two material points is temperature-dependent. Just in front of the melt pool, the
distance between two points achieves the highest value. This is due to the high temperature and the
large thermal gradient at the front, which produce a large expansion of the liquid and a shrinkage of
the powder bed at the same time. Since there is no such increase in distance for the thermal model the

thermal transfer will be lower for the thermomechanical model.
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Figure 9 Comparison of the temperature profiles between the thermal and the thermomechanical models

In Figure 10 two sections of the melt pool along the melt lines are displayed. Although the maximum
depths are rather similar for the two models, the depth profiles of the melt pool along the lines are
rather different. This is due to the increased rate of the heat transfer caused by the volume change that
in turn is caused by both the pseudo expansion coefficient and the expansion of the material properties
during the melting and the cooling phases.

These thermal differences may be relevant when optimising the process parameters and the final
microstructure of the material. In fact, a proper melt pool prediction could help to identify some
quality issue such as the adhesion of the current layer with the previous one, the possible location of
porosity and the total time for which a certain area is above a certain temperature. The latter will be
important for understanding the evaporation of some alloy elements from the top surface and to

understand the grain formation.

Thermal model

Temperature [K]

3200
3000
2800
2600
2400
2200
2000
Melting

Figure 10 Section of the melt pools (Continuous line melting and scan speed equal to 650mm/s). The melt pool for the
thermomechanical model is plotted on top off the undeformed melt pool.



4.3 Thermal stresses

Figure 11 (a) shows a portion of the cross-section of a melted line in which the total equivalent Von
Mises thermal stress distribution during the beam passage is plotted. Along the line, the stress is zero
in the melt pool, whereas higher stress levels can be observed in the solidified material close to the
starting point. Stress gradients can also be observed at the interface between the melted line and
substrate. In general, due to the high substrate temperature, the stresses are quite low. The star in
Figure 11(a) indicates the location where the time evolution of temperature, material state variable
(MAT_ID), displacement and thermal stresses have been collected. The results are plotted in Figure
11(b). According to the reference system (cf. Figure 11(a)), positive displacements indicate a
shrinkage of the material and S11, S22 and S33 indicate the principal stresses along the X1, X> and
X3 axes, respectively. In the simulations, at the beginning and below the melting point, the
temperature increase causes a shrinkage of the powder material while the stresses are almost zero. A
further increase of the temperature up to the melting point of the material causes the material state to
change from powder (MAT_ID=0) to bulk (MAT_ID=1). The material starts to expand. In this phase
a low compressive stress state is present. After the beam passage and when the temperature drops
below the melting point, the material shrinks and the stress level increases. Within the solidified
material (below the melting temperature) there are only tensile contributions in the thermal stresses.
Because of the high thermal gradients along the beam direction, the magnitude of the longitudinal
component (S11) is higher than the transverse components. Presumably, these low residual stresses

will be relaxed during the melting of the material adjacent to the melted line or during a post-heating

phase.
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Figure 11 (a) Simulated equivalent stress (Von Mises) (b) Simulated displacement history, temperature history and thermal stresses
histories close to the beam centre. The star on (a) indicates where the data were acquired. The process parameters are continuous
strategy and scan speed equal to 650mm/s.



4.4 Computational considerations
The simulations have been performed on a personal computer equipped with an Intel® Core ™ i7-
6700K 4.00GHz processor and a 32GB RAM. Depending on the process parameters, the calculation
times were typically between 1-3 minutes for each mm for the thermal model [40] and between 45-
60 minutes for each mm for the thermomechanical model. A mesh convergence analysis was
performed, and it was verified that a mesh size that balanced time and accuracy for the thermal model
also could be used for the thermomechanical model. Finer meshes for the thermomechanical model
caused little variation in displacement but increased the calculation time significantly. As an example,
decreasing the mesh size from 0.05 mm to 0.025 mm increased the calculation time by a factor of 10.
However, the maximum difference in displacement between the two meshes was less than 10 pm,

and it was obtained directly at the beam passage point.

Since the main purpose of the presented work has been to evaluate the thermomechanical model, no
further optimization measures were done to improve the performance of the calculations. It is
expected that a better-adjusted mesh technique and an efficient implementation in a less general-

purpose FE software will decrease the calculation time considerably.

5. Concluding remarks

In this work, a coupled thermo-mechanical model was developed to simulate single-line melt-track
formations for Electron Beam Melting. The modelling considered the non-linear variations of the
material properties when the material melts. New analytical formulations were introduced to account
for physical aspects in both the powder layer and in the solid material. Particularly, the use of a pseudo
thermal expansion was proposed to account both for thermal expansion of powder particles and for
porosity reduction of the powder bed during the heating. Experimental and numerical results were
compared both for continues and MultiBeam™ line melting. The model appeared robust enough for

providing consistent and valuable outputs for the different process settings.

The presented results demonstrate that the proposed approach will be an efficient model for
simulating melt tracks in EBM. For instance, the results encourage further work on optimizing
MultiBeam™ line melting as well as for understanding process variabilities. In a longer-term, even
more ambitious applications might be considered such as: optimization of melted layer accuracy in
terms of actual height and surface roughness, powder layer evolution during the preheating phase,
possible location of microlocal stresses that can act as the nucleation of microcracks [42]. However,
more detailed comparisons between experiments and simulations will clearly be needed to fully

understand the applicability of the model.



Finally, it is suggested that the proposed approach might be useful for other powder-based AM
processes as well, and hopefully this work will spark further developments of new and efficient

models in the field.
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